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Javier Bernal, Daniel Mouzo, Marı́a López-Pedrouso, Daniel Franco, Lucio Garcı́a and 
Carlos Zapata

The Major Storage Protein in Potato Tuber Is Mobilized by a Mechanism Dependent on Its 
Phosphorylation Status
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1889, doi:10.3390/ijms20081889 . . . . . . . . . . . . . . 491

Cong Chen, Lanting Zeng and Qingsheng Ye

Proteomic and Biochemical Changes during Senescence of Phalaenopsis ‘Red Dragon’ Petals
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1317, doi:10.3390/ijms19051317 . . . . . . . . . . . . . . 507

vii



Sakura Matsuta, Aki Nishiyama, Genki Chaya, Takafumi Itoh, Kotaro Miura and 
Yukimoto Iwasaki

Characterization of Heterotrimeric G Protein γ4 Subunit in Rice
Reprinted from: Int. J. Mol. Sci. 2018, 19, 3596, doi:10.3390/ijms19113596 . . . . . . . . . . . . . . 532

Aki Nishiyama, Sakura Matsuta, Genki Chaya, Takafumi Itoh, Kotaro Miura and 
Yukimoto Iwasaki

Identification of Heterotrimeric G Protein γ3 Subunit in Rice Plasma Membrane
Reprinted from: Int. J. Mol. Sci. 2018, 19, 3591, doi:10.3390/ijms19113591 . . . . . . . . . . . . . . 549

Jiang Shi, Lin Zhao, Baiyuan Yan, Yueqing Zhu, Huasheng Ma, Wenyue Chen and 
Songlin Ruan

Comparative Transcriptome Analysis Reveals the Transcriptional Alterations in Growth- and 
Development-Related Genes in Sweet Potato Plants Infected and Non-Infected by SPFMV, 
SPV2, and SPVG
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1012, doi:10.3390/ijms20051012 . . . . . . . . . . . . . . 566

viii



About the Special Issue Editor

Setsuko Komatsu is a Professor at Fukui University of Technology, Japan. She has been working at

Meiji Pharmaceutical University since 1980, and then also at Keio University School of Medicine.

During this period, her research has been focused on the role of protein kinase-dependent

phosphorylation during fertilization in mammals. She began her work on plant proteomics using

protein sequencers and mass spectrometry as a unit leader at the National Agriculture and Food

Research Organization, and a Professor at the University of Tsukuba. Her main research interests

are within the field of proteomics, biochemistry, and molecular biology, with a special focus on

signal transduction in crops under environmental stress. Prof. Komatsu is section Editor-in-Chief

for International Journal of Molecular Sciences, and contributes towards improving the quality

of the research related to agricultural proteomics. Furthermore, as the president of Asia Oceania

Agricultural Proteomics Organization and as council member of Japanese Proteomics Society, she

is involved in promoting agriculture proteomics.

ix





 International Journal of 

Molecular Sciences

Editorial

Plant Proteomic Research 2.0: Trends and Perspectives

Setsuko Komatsu

Faculty of Environmental and Information Sciences, Fukui University of Technology, Fukui 910-8505, Japan;
skomatsu@fukui-ut.ac.jp

Received: 20 May 2019; Accepted: 20 May 2019; Published: 21 May 2019

Plants being sessile in nature are constantly exposed to environmental challenges resulting in
substantial yield loss. To cope with the harsh environment, plants have developed a wide range of
adaptation strategies involving morpho-anatomical, physiological, and biochemical traits [1]. In recent
years, there has been phenomenal progress in the understanding of plant responses to environmental
cues at the protein level. Advancements in the high-throughput “Omics” technique have revolutionized
plant molecular biology research. Proteomics offers one of the best options for the functional analysis
of translated regions of the genome and generates much detailed information about the intrinsic
mechanisms of plant stress response. This special issue has 29 articles, which includes one review
and 28 original articles on proteomic and transcriptomic studies. Various proteomic approaches are
being exploited extensively for elucidating master regulatory proteins, which play key roles in stress
perception and signaling. They largely involve gel-based and gel-free techniques, including both
label-based and label-free protein quantification.

In this special issue, out of the 27 original proteomic publications, 21 articles use the gel-free technique,
in which nine are label-free and 12 are label-based. Progress has been fueled by the advancement in
mass spectrometry techniques, complemented with genome-sequence data and modern bioinformatic
analysis; however, until now the two-dimensional electrophoresis based proteomic technique was used [2]
as shown in six articles of this special issue. The review by Ray et al. [3] summarized the potential and
limitations of the proteomic approaches and focused on Quercus ilex as a model species for other forest
tree species. Regarding the progress of techniques in proteomics with other plant species, the research in
Q. ilex moved from a gel-based strategy to a gel-free shotgun workflow. New directions in Q. ilex research
leads to the identification of allergens in pollen grains/acorns and the characterization of wood materials,
which are objectives clearly approached by proteomics [3]

The impact of diseases on crop production negatively reflects on sustainable food production and
the overall economic health of the world. Five publications focus on biotic stress using various proteomic
techniques. Khoza et al. [4] used a proteomic technique to identify Arabidopsis plasma-membrane
associated candidate proteins in response to fungal treatment as well as those possibly interacting
with the microbe-associated molecular pattern as ligands. They identified defense-related proteins
and elucidated unknown signaling responses to this microbe-associated molecular pattern, including
endocytosis. Furthermore, proteomic techniques were used to identify the mechanism in crops such
as tomato [5], sugarcane [6], potato [7], and wheat [8] under biotic stress. Plants and pathogens are
entangled in a continual arms race. Because plants have evolved dynamic defense and immune
mechanisms to resist infection and enhance immunity for second wave attacks from the same or
different types of pathogenic species, proteomics is a very useful technique for comprehensive analysis.

Wang et al. [9] and Gao et al. [10] performed proteomic analysis using the isobaric tag for relative and
absolute quantification of castor and jojoba, respectively, under cold stress. Wang et al. [9] summarized
that certain processes they identified cooperatively work together to establish the beneficial equilibrium
of physiological and cellular homeostasis under cold stress. Gao et al. [10] indicated that photosynthesis
suppression, cytoskeleton and cell wall adjustment, lipid metabolism/transport, reactive oxygen species
scavenging, and carbohydrate metabolism were closely associated with the cold stress response. On the
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other hand, Inomata et al. [11] and Hao et al. [12] performed proteomics to identify the mechanisms in rice
and lettuce, respectively, under high temperature. Inomata et al. [11] suggested that their results provide
additional insights into carbohydrate metabolism regulation under ambient and adverse conditions.
Hao et al. [12] indicated that a high temperature enhances the function of photosynthesis and auxin
biosynthesis to promote the process of bolting, which is in line with the physiology and transcription
levels of auxin metabolism. Furthermore, drought stress [13] and ultraviolet-B stress [14] were also used
for mechanism analyses in maize and Clematis terniflora DC, respectively.

To facilitate the biotechnological improvement of crop productivity, genes, and proteins that control
crop adaptation to a wide range of environments will need to be identified. This special issue includes
many functional mechanisms of plants with nitrogen utilization [15], ammonium nutrition [16],
cadmium exposure [17], nanoparticle treatment [18], and plant-derived smoke treatment [19].
Furthermore, various plants were used such as rice mutants [20], barley [21], Morus alba [22],
pea cultivars [23], maize [24], tea [25], Brunfelsia acuminate [26], potato [27], and Phalaenopsis [28]. Due to
the challenges faced in text/data mining, there is a large gap between the data available to researchers
and the hundreds of published plant stress proteomic articles. PlantPReS is a valuable database for
most researchers working in proteomics and plant stress areas [29].

Despite recent advancements, more emphasis needs to be given to the protein-extraction protocols,
especially for proteins that are not abundant. Matsuta et al. [30] and Nishiyama et al. [31] used the mass
spectrometry technique to identify heterotrimeric G γ4 and γ3 subunit proteins that are not abundant.
As RGG4/DEP1/DN1/qPE9-1/OsGGC3 mutants exhibited dwarfism, the tissues that accumulated Gγ4
corresponded to the abnormal tissues observed in RGG4/DEP1/DN1/qPE9-1/OsGGC3 mutants [30].
On the other hand, as RGG3/GS3/Mi/OsGGC1 mutants show the characteristic phenotype in flowers
and consequently in seeds, the tissues that accumulated Gγ3 corresponded to the abnormal tissues
observed in RGG3/GS3/Mi/OsGGC1 mutants [31]. An amalgamation of diverse mass spectrometry
technique, complemented with genome-sequence data and modern bioinformatics analysis, offers
a powerful tool to identify and characterize novel proteins. This allows for researchers to follow
temporal changes in relative protein abundances in developing/growing plant stage or under adverse
environmental conditions.

Furthermore, organelle function, post-translational modifications, and protein-protein interactions,
which are progress of proteomic research, provide deeper insight into protein molecular function.
The major subcellular organelles and compartments in plant cells are nucleus, mitochondria, chloroplasts,
endoplasmic reticulum, Golgi apparatus, vacuoles, and plasma membrane. The intracellular organelles
and their interactions during stressful conditions represent the primary defense response. Subcellular
proteomics has the potential to elucidate localized cellular responses and investigate communications
among subcellular compartments during plant development and in response to biotic and abiotic stresses.
This special issue includes the proteomic results in plasma membrane [4,30,31], chloroplast [11], and cell
wall [17]. Additionally, the progress of proteomic research is understanding the post-translational
modification such as phosphorylation [11,21,27].

Furthermore, proteomic data will be improved with convention regarding metabolomics and
transcriptomics [32]. Although there have been significant advances over the years, a big gap still
exists between the number of protein-coding genes and proteins detected with sufficient experimental
evidence [33]. The guest editor hopes that proteomic data can detect the proteins with less experimental
evidence and identify the missing proteins, which mainly use mass spectrometry-based experimental
approaches. Although proteomic articles are independently published, the systematic collaborative
network will be useful for further functional analyses in the near future. The articles in this special
issue will be of general interest to proteomic researchers, plant biologists, and environmental scientists.

The guest editor hopes that this special issue will provide readers with a framework for
understanding plant proteomics and insights into new research directions within this field. The guest
editor thanks all of the authors for their contributions and thanks the reviewers for their critical
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assessments of these articles. Moreover, the guest editor renders heartiest thanks to the Assistant Editor,
Ms. Chaya Zeng for giving me the opportunity to serve “Plant Proteomic Research 2.0” as guest editor.
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it for publication.
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Abstract: Proteomics has had a big impact on plant biology, considered as a valuable tool for several
forest species, such as Quercus, Pines, Poplars, and Eucalyptus. This review assesses the potential and
limitations of the proteomics approaches and is focused on Quercus ilex as a model species and other
forest tree species. Proteomics has been used with Q. ilex since 2003 with the main aim of examining
natural variability, developmental processes, and responses to biotic and abiotic stresses as in other
species of the genus Quercus or Pinus. As with the progress in techniques in proteomics in other
plant species, the research in Q. ilex moved from 2-DE based strategy to the latest gel-free shotgun
workflows. Experimental design, protein extraction, mass spectrometric analysis, confidence levels
of qualitative and quantitative proteomics data, and their interpretation are a true challenge with
relation to forest tree species due to their extreme orphan and recalcitrant (non-orthodox) nature.
Implementing a systems biology approach, it is time to validate proteomics data using complementary
techniques and integrate it with the -omics and classical approaches. The full potential of the protein
field in plant research is quite far from being entirely exploited. However, despite the methodological
limitations present in proteomics, there is no doubt that this discipline has contributed to deeper
knowledge of plant biology and, currently, is increasingly employed for translational purposes.
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1. Introduction

Quercus ilex is the dominant tree species in natural forest ecosystems over large areas of the
Western Mediterranean Basin, as well as in the agrosilvopastoral Spanish “dehesa”, with relevance
from an environmental, economic, and social point of view [1–3]. These ecosystems are currently
subjected to different threats including: very old individuals, overexploitation and poor regeneration,
inappropriate livestock management, and the severe effect of forest decline attributed to fungal attack
(such as Hypoxylon mediterraneum or Phytophthora cinnamomi), extreme temperatures and extended
drought periods, among other factors [3–5]. This already worrisome situation could become even
worse under the threat of the foreseen climate change scenario [6,7]. In order to preserve such an
invaluable ecosystem, these problems must be faced, and biotechnology is a valid alternative that
could contribute to resolving some of these problems. However, the development of biotechnological
approaches for the conservation, sustainable management and regeneration of Q. ilex, and other forest
ecosystems is hampered by the limited knowledge of their biology, especially at the molecular level.
Biochemical and molecular biology research is a priority for designing biotechnological approaches for
simultaneously conserving and exploiting forest ecosystems. Plausible, realistic, and impactful first
steps to ameliorate this situation could include the characterization of its biodiversity and the selection
of elite genotypes based on molecular markers. In this context, protein profiling through different
proteomic approaches would be highly useful [8].

Since 2003, our research group has worked on the proteomics of forest tree species, with a first
publication in 2005 [9]. Our investigations have been focused mostly on Quercus ilex subsp. ballota
[Desf.] Samp., and, to a lesser extent, on various Pinus spp., including P. radiata [10], P. occidentalis [11],
P. halepensis [12], and P. pinea [13]. All these forest tree species can be classified and catalogued as
orphan due to the absence of molecular studies and, depending on their seed characteristics, properties,
and maturation, as highly recalcitrant (non-orthodox) plant systems [8], because unlike orthodox seeds,
non-orthodox seeds are damaged by loss of water and are unstorable for practical purposes.

So far, our proteomics-based research on Q. ilex has focused on descriptive and comparative
proteomics sub-areas (Figure 1). In addition, we have begun to explore the field of posttranslational
protein modifications, specifically phosphorylation [14]. Using 2-DE based strategy coupled with
mass spectrometry (MS), and, to a lesser extent, shotgun approaches, the proteome of seeds, pollen,
roots, and leaves, both in adult plants and plantlets, have been partially characterized, and differences
in protein profiles among provenances have been identified [9,15–17]. In an attempt to study the
non-orthodox character of the species, we have further investigated the proteome of mature acorns,
as well as the differences between developmental stages of seed maturation and germination [18,19].
Furthermore, our research has been focused on studying plant responses to abiotic and biotic stresses
related to decline syndrome, mainly drought and P. cinnamomi infestation, as well as differences
among Q. ilex provenances from Andalusia combining proteomics, morphometry, and physiological
analysis [17,20–23]. This manuscript does not intend to be a review of the field of proteomics,
because there are already a high number of publications available in the literature [24–32], or discuss
terminology or scientific standards mandated by the corresponding Minimum Information about
Proteomics Experiment (MIAPE) guidelines [33]. On the other hand, the application of proteomics
in forest tree research has also been the subject of some previous reviews, with a quite descriptive
point of view [34,35]. So, in this review, we intend to emphasize all the lessons learnt through fifteen
years working on Q. ilex, which includes everything from the experimental design, protein extract
preparation, MS analysis, confident identification and quantification of protein species to data
interpretation from a biological perspective [36,37]. For most of the mentioned issues, all the studies
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carried out on an orphan and extremely recalcitrant experimental system such as Q. ilex have been
highly challenging. Proteomics is more than only a single table of possible protein identifications,
i.e., database matches, or, even in the best of cases, ortholog identifications and their technical
validation. Literature, including our own publications, may contain errors, speculations, and incorrect
interpretations, which are waiting to be revised.

 

Figure 1. Workflow of a proteomics experiment, from sample preparation to data analysis and
validation. It includes alternative, complementary approaches or strategies, based on MS analysis
of proteins (top-down) or tryptic peptides (bottom-up), either gel-based or gel-free. LC: liquid
chromatography; MS: mass spectrometry.

2. How Quercus ilex Is Seen by Proteomics

2.1. ‘Only a Small Percentage of the Total Protein Is Extracted and Solubilized, So We Deal with the Extractome
Rather Than with the Real Proteome’

There are two major approaches for making protein extracts, independently of the subcellular
compartment, based on either precipitation or solubilization. Both approaches are the most common
protocols to extract proteins and these should be optimized in each organism. In our hands,
precipitation methods have always given the best results in terms of protein yield as determined
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by colorimetric methods, generally using Bradford assay (20 mg g−1 fresh weight from Q. ilex leaf,
as an example) [17]. Depending on the chemical composition and protein content of the organ analyzed
and the amount of tissue available, trichloroacetic acid (TCA)-acetone precipitation alone or combined
with phenol partitioning, followed by ammonium acetate-methanol precipitation, have consistently
yielded the best results [37]. Table 1 collects the main features of the Q. ilex publications cited in
this review. Protein yield and even recovery across a wide range of proteins is a constant concern
in protein biochemistry. Remarkably, the protein concentrations of extracts are commonly absent in
many publications, although the protein quantification of the extracts has been expressly stated in the
material and methods section.
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It is true that absolute quantification by current protocols (Lowry, Bradford, bicinchoninic acid
(BCA), amido black) is not always reliable, as up to ten-fold difference may be observed between
different protocols. Still, they may be valuable for comparative purposes and reproducibility [42].

We have extracted proteins from different organs of more than 25 different plant species,
both woody and herbaceous. Protein content in those extracts was consistently lower than 10% (in the
1-20 mg g−1 Dry Weight (DW) range [43]) of the total as determined using the Kjeldahl method [44],
with some legume species having the highest values [43]. For the acorns, pollen, and leaves of Q.
ilex, values of 3–6, 8-14, and 10–40 mg g−1 DW were reported, respectively [16,17,38,45] (Table 1).
Even when applying Osborn′s sequential extraction protocol to Q. ilex seeds [46], the total protein
content obtained was around 15 mg g−1 DW as determined using Bradford assay, which represents
around 30% of the total protein as determined using near-infrared spectroscopy (NIRS) [47]. These data
lead us to estimate mistakes and make speculations while interpreting our proteomics data from
a biological point of view, as we are clearly not recovering and therefore not examining the huge
submerged part of the proteome iceberg.

2.2. The Plant Proteome is Highly Variable and Therefore Requires Careful Experimental Design

This was one of the first major lessons that we learnt when working with Q. ilex. We have
observed that the 2-DE protein profile of leaf samples collected from field trees is not reproducible.
Only after systematic analysis of the protein pattern obtained, we could show that results strongly
depended on leaf position (top, bottom), leaf orientation (north, south, east, west) and sampling
time (morning, afternoon, evening) [9]. These observations were more than obvious considering the
sessile and plastic nature of plants, but they were not considered when the experiments were designed.
The average value of the coefficient of biological variance (CV) for protein abundance (spot intensity)
was found close to 60 % for field samples and close to 45% for plantlets grown under controlled
conditions, while values of 20-25 % were found for analytical variability [9,15]. The average standard
error of spot intensity decreased by a factor of two when the number of biological replicates increased
from two to twelve (from an average of 120 to 60 ng protein per spot) [9,15]. High variability is
a common feature for plants. Plant organs are complex mixtures of tissue and cell types, each with their
own protein signature. In addition, individuals of non-domesticated plants exhibit high variability.
Because of these issues, a significant number of biological replicates should be considered to decrease
the effect of variability in our results. The direct consequence of this is the need to characterize the
variability beforehand using test measurements and then perform an exhaustive analysis to determine
the number of required replicates. Alternatively, the analytical approach may have to be refined.
Due to obvious limitations (space, time, equipment, and costs), it is not always possible to perform
experiments based on a large number of replicates. However, the actual concern is how the data are
interpreted. For comparative purposes, we only consider as variable spots those that are consistent
(present in all the replicates), and with lower CVs than the average of the sample [9,48]. A higher ratio
between samples makes more confident those quantitative differences observed, although sometimes
only qualitative differences may be trusted. All these issues, together with tips to be considered
for proper experimental designs and statistical tests (mostly multivariate and clustering), should be
contemplated when a 2-DE based proteomics experiment is planned. Moreover, the correct analysis
and interpretation of the data should be contemplated, thus, both are discussed in more detail in this
review [36,48].

Generally, the proteome is discussed as a sum of the individual proteins identified and analyzed
using a univariate approach, such as ANOVA, instead of being considered globally as a part of
a biological entity and analyzed using a multivariate approach. Since univariate approaches are
negatively affected by the raw structure of the data, they do not detect trends or groups increasing the
false positives. On the other hand, multivariate analyses such as principal component analysis (PCA),
partial least squares (PLS), principal coordinate analysis (PCoA), or partial least squares-discriminant
analysis (PLS-DA), should be employed because they describe trends and reduce the complexity of
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the data [49]. Despite these multivariate approaches being intended to reduce data dimensionality,
PCA seeks a few linear combinations of variables that can be used to summarize data while PLS
considers how each predictive variable may be related to the dependent variable [49]. In any
case, the combination of both univariate and multivariate approaches that provide a comprehensive
overview of the data with single protein analyses and multiprotein tendency maximize the information
obtained from the datasets [36].

2.3. Only a Small Fraction of the Present Protein Species Is Visualized and Identified by Any Given Approach

The number of spots resolved in different Q. ilex samples subjected to 2-DE analysis was in the
range of 200-600 spots, depending on organ of the plant (seed, pollen, or leaf), range of isoelectric
focusing (IEF) pH (5-8 as a general strategy), and staining protocol. Of the total spots subjected to mass
spectrometry less than 50% of hits could be identified, depending on the database used (see above
section on protein identification, Table 1) [15–18,20–22,45,47]. However, assuming the possibility of
spot comigration, the maximum number of resolved proteins is below 1000. This amount of protein
is notably increased into the thousands when a nLC-ESI-MS/MS shotgun approach is employed.
Thus, up to 4500 peptides could be resolved in germinating seeds through LC-MS/MS shotgun
analysis [19]. Assuming a theoretical calculation based on 3 peptides per protein, around 1650 protein
species could be resolved. Thus, the use of a shotgun approach and a huge growth in bioinformatics
has led to an explosion of data in the field of proteomics. Nevertheless, although the integration of
both approaches is expanding their application in the identification of a higher number of peptides,
their focus and strengths remain in the analysis of DNA sequences and genomes of plant species.
The sequencing of the Q. ilex genome, which is indeed one of our next objectives, would be considered
as a final step to integrate all the proteomics data obtained so far. However, this issue can currently
be solved using the recently published genomic data available for other species of the genus Quercus,
such as. Q. robur [50], Q. lobata [51], and Q. suber [52]. The genome of Q. robur has an estimated
size of 740 Mb/C [53] and consists of 17,910 scaffolds, of length 2 kb or longer, with a total length
of 1.3 Gb [50]. On the other hand, the first draft of the genome of Q. lobata has a genome size of
approximately 730 Mb/C and 18 512 scaffolds (> 2 kb) [51]. A comparison of nuclear sequences
between both Quercus species indicated 93% similarity [51]. Lesur et al. [54] have reported the most
comprehensive transcript catalog assembled to date for the genus Quercus, with 91,000 annotated
contigs. With the aim of sequencing the Q. ilex genome, our group has started to address basic aspects
of the genome, such as estimation of the nuclear DNA content and the number of chromosomes
of Q. ilex. The estimated genome size was approximately 930 Mb/C with a total length of 1.87 Gb,
as assessed using flow cytometry [55] (Figure 2A). Zoldos et al. [56] and Chen et al. [57], using the
same methodology as with Q. ilex, reported a higher Q. robur genome size than the data reported
in Plomión et al. [50] (approximately 914 Mb/C and 890 Mb/C, respectively). Previous cytological
studies established that the number of chromosomes in the genus Quercus has remained stable over
time, being mainly 2n = 24. Cytogenetic methods were used for chromosome count in root tip squashes
of Q. ilex [58]. As expected, Q. ilex had the same chromosome number as Quercus spp. (Figure 2B).
All chromosomes are quite similar morphologically, so that other cytogenetic methods should be used
to identify all the chromosomes individually.
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Figure 2. (A) Uniparametric histograms of fluorescence intensities of the nuclei of Q. ilex and
Pisum sativum, used as a control, after staining with propidium iodide (PI). The 2C nuclear DNA
content of P. sativum is 9.09 pg. (B) Somatic chromosomes in root tip cells of Q. ilex. Scale bar = 10 μm.

The proteome data can also be complemented using a transcriptomic approach. The first de novo
assembled transcriptome of the non-conventional plant Q. ilex has recently been published [39,40,59].
The transcriptome of a mixture of different tissues of Q. ilex using two sequencing platforms,
Illumina and Ion Torrent, and three different algorithms, MIRA, RAY, and TRINITY, was analyzed.
Firstly, around 62,628 transcripts were identified using the Illumina platform (Illumina HiSeq 2500) [39].
Then, in a revised version of the de novo assembled transcriptome, the Ion Torrent sequencing platform
was used, and 74,058 transcripts were identified [59]. The data reported for Q. robur and Q. lobata
genomes and for the Q. ilex transcriptome express at least one order of magnitude higher than the
number of expressed, visualized, and identified protein species in 2-DE or shotgun observed in our
experiments—even without considering possible posttranslational modifications (PTMs)—although
the non-consolidated nature of our data is considered. With these values in mind, we should only deal
with a minimum fraction of the total proteome and any biological interpretation of the data should be
made with caution, being as conservative as possible and avoiding speculations, especially if data are
not validated.

The integration of omics approaches (genomics, transcriptomics, proteomics, and metabolomics)
are commonly used to further our knowledge about plant biology. The data identified in each
approach is quite variable, which depends on the available databases. For example, a total of
62,629 transcripts, 2380 protein species, and 62 metabolites were recently described in Q. ilex [39].
In spite of having a considerably lower number of proteins and metabolites than transcripts,
proteomics and metabolomics could give a more connected understanding of the phenotype of
the plant species. Thus, the integration of multi-omics studies with phenotypic and physiological
data in the systems biology direction are necessary to obtain a better understanding of the molecular
mechanisms underlying phenotypes of interest.

2.4. Gene Product Identification? Or Just Hits or Matches to Orthologs?

Proteome analysis of Q. ilex has been prevented for a long time due to the almost total
absence of DNA or protein sequence entries in the available databases and, possibly, errors in the
deposited sequences themselves. Consequently, protein identification from MS data usually had
low peptide-to-spectra matching, even using de novo sequencing and sequence similarity searching
(i.e., [9,15]). The concern that proteomics was only possible with organisms whose genome are
properly sequenced and annotated, was a recurrent matter of discussion with Dr. Juan Pablo Albar
(1953-2014, R.I.P.). Even considering that the possibility of orthologs identification already provided
useful information on mechanisms and metabolism in many cases, some issues remained unresolved.
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In parallel, plant breeding programs request increasingly accurate gene information rather than
just the ortholog approximation. For this reason, we changed our strategy and decided to build
a custom Quercus protein sequence database to improve the success rate of peptide and protein
identifications and assignments [41]. This database is continuously updated and allows successful
reviewing of existing data sets for the scientific community. The latest version of our custom Q. ilex
database contained 3541 annotated proteins from the Ion Torrent platform [59]. At this moment, the
number and confidence of the identifications can be carried out using the presence of whole genome
sequencing of several forest tree species [60]. However, despite admitting positive identification
(matches in some cases), the confidence value is not the same for all the proteins, although we assigned
them the same probabilistic value when the data were interpreted from a biological point of view.
Thus, the shotgun strategy in the proteome analysis of a pool of tissues (embryo, cotyledon, leaves,
and root) from Q. ilex resulted in 7000 peptides and 1600 putative protein identifications when the
species-specific database created from the Q. ilex transcriptome was used [40]. The confidence values
obtained in this study was in the range 1-35 peptides per protein, 1-93 % sequence coverage, and
1-335 score values (using SEQUEST algorithm) [61]. However, almost 50% of identifications showed
at least one parameter of low confidence (1 peptide per protein, sequence coverage <10%, or score
value <2). These issues, although relevant, were rarely discussed openly, as blind acceptance of
the results provided by the matching algorithm was in many cases easier and considered enough.
However, publication of a list of sequence assignments is no longer enough to justify it. In the case of
orphan species, ortholog identification does also not resolve the doubts about what protein species
(different products of the same gene), isoforms, or allelic variants are present in a biological system
nor indicate what they signify. If the aim is to obtain biological understanding of the data beyond
description, proteomics data must be validated, especially in the case of orphan species; otherwise it
remains largely speculative.

2.5. Methods and Protocols Must Be Validated and Optimized for Each Experimental System

The final goal of a proteomics experiment is to identify, characterize, and quantify as many
protein species as possible. Different workflows, protocols, technology platforms, and algorithms
are available, each one with its own signature and characteristics [27]. Small variations in a protocol
used, such as different gel stains, may result in a different partial view of the protein ‘firmament’.
In our experience with different biological systems, including plants, bacteria, yeast, fungi, and animal
cells [27,62,63], each protocol should be optimized for the experimental system under investigation,
due to the presence of polysaccharides, phenolics, nucleic acids, salts, and other small metabolites in
each biological sample.

Biologists are often far away from an analytical chemist’s orthodox thinking, and this sometimes
leads us to commit important errors in our biological interpretation of analytical results. It is
of paramount importance to understand the properties of the analytical techniques employed,
including selectivity, precision, accuracy, recovery, linearity range, limit of detection and quantification,
robustness, and stability. Both the linearity and the limit of detection, outside of their working range,
are of special relevance considering that the comparisons are not valid. This is equally applied to 2-DE
and shotgun approaches [41,61,64–66]. Nevertheless, the output of analytical proteomics workflows
should never be taken at face value, but they must be validated and corroborated for each experimental
system. Both for 2-DE and shotgun, we usually perform a calibration curve based on different dilutions
of a sample; from these serial dilution assays and depending on the protein concentration of the sample,
we will see how many proteins are identified (major and minor proteins) and how many are confidently
identified, proven using similar ratios in dilution and protein or peptide amount [41,61,64–66].

2.6. 2-DE and Shotgun Platforms Are Complementary

Roughly up to the year 2000, 2-DE based workflows were the predominant platforms employed in
plant proteome analysis, and since then, analytical technology has been progressing to second (isotopic
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or isobaric labelling) and third generation (shotgun, gel-free label-free) approaches, with the latter
nowadays being dominant [26]. Considered as an obsolete technique by some scientists, 2-DE based
workflows are still valid for some purposes such as top-down proteomics and the identification of
protein species or proteoforms of the same gene [32,67]. In our investigations on Q. ilex, we have
followed the same tendency. The choice of one or other strategy depends on different factors,
such as equipment availability, expertise, technical skills, and cost, among others. It is outside
the scope of this paper to discuss the potential and limitations of the different techniques; for that,
we refer the reader to previously published literature [24,27,30]. Usually, thousands of proteins are
identified using a shotgun approach versus hundreds when using a 2-DE based strategy (Table 1).
However, both approaches are complementary as the number of common proteins identified using each
approach is not always high. Thus, we have used both approaches in parallel (2-DE/MALDI-TOF/TOF,
and nLC-ESI-LTQ Orbitrap) in the analysis of seed extracts at different times after germination [19].
The Quercus_DB protein database [41], combined with UniProtKB/TrEMBL, UniProtKB/SwissPrto
and NCBInr databases, the taxonomy restriction to Viridiplantae, and the SEQUEST algorithm were
used. A total of 540 consistent spots were resolved using 2-DE in the 5-8 pH range. Out of
the 103 variable spots subjected to MALDI-TOF/TOF analysis, 90 were identified [19]. On the
other hand, up to 1650 protein species were identified using nLC/MSMS, with 25% of them not
annotated. Both proteomics approaches (gel-based and shotgun) were complementary, with shotgun
increasing the coverage of the proteome analyzed by over two-fold, and both providing similar
results and supporting the same conclusions on the metabolic switch experienced by the seed upon
germination [19]. The highest number of matches was obtained when 1-D SDS-PAGE was combined
with nLC/Orbitrap/MS (Q- Exactive), with up to 9000 peptides and 1800 proteins identified at
an estimated 1 % FDR from a Q. ilex extract obtained from a mixture of organs (seeds, leaves,
roots, and pollen) [65]. The number of identified proteins depended on the algorithm (Mascot,
ProteinPilot, and Maxquant) and database (NCBInr with restrictions to Viridiplantae, Fabids, Rosids,
or Quercus) [65].

2.7. How Proteomics Sees Quercus ilex

Proteomics has been a helpful approach for our current research projects with Q. ilex, both from
a basic research and from a translational point of view. Below, we will briefly summarize what
contributions have been made with references to original articles for deeper discussion.

2.8. Characterizing Biodiversity

One of our first objectives was to characterize and catalog Andalusian Q. ilex populations and
provenances based on the leaf 2-DE profile, using field and greenhouse samples [9,15]. Due to
the high variability existing in this species, we failed with the leaf proteome, so we decided to
analyze different plant tissues with a more stable proteome, such as seed and pollen. Protein extracts
from these tissues were subjected to 1-DE (SDS-PAGE) or 2-DE (IEF/SDS-PAGE) protein separation,
and variable bands or spots among the provenances were analyzed using MALDI-TOF/TOF MS
after tryptic digestion [16,68,69]. In seed extracts, 1-DE data allowed the grouping of populations
defined by their geographical location (North, South, East, West) and climate conditions (mesic
and xeric). Thus, acorn flour extracts from the most distant populations were analyzed using 2-DE,
and 56 differential spots were proposed as markers of variability (Table 1) [16]. A comparison of 1-DE
and 2-DE protein profiles of pollen extracts from four provenances in Andalusia revealed significant
differences, both qualitative and quantitative (18 bands and 16 spots, respectively), with most of them
related to metabolism, defense/stress processes, and cytoskeleton [69]. Similar results have been found
when triploid and tetraploid Populus deltoids pollen were compared [70].

A multivariate statistical analysis carried out on bands and spots clearly showed distinct
associations between provenances, which highlighted their geographical origins. Other complementary

15



Int. J. Mol. Sci. 2019, 20, 692

approaches, including morphometric, NIRS, and microsatellite analysis, have been used for cataloguing
Q. ilex populations, with good agreements between the different techniques [16,38,45,69,71].

2.9. Adaptation to Biotic and Abiotic Stresses

Responses to biotic and abiotic stresses are considered as the most covered topic in plant
research, in general, and forest tree research, in particular. For instance, nutritional deficiency
studies have been approached using proteomics in Fagus sylvatica and P. massoniana [72,73],
oxidative stress in Populus simonii x P. nigra [74], salt in Robinia pseudoacacia and Paulownia fortune [75,76],
drought in Platycladus orientalis [77], P. halepensis and Larix olgensis [78,79], UV light in P. cathayana,
and P. radiata [80–82], heavy metals in P. yunnanensis [83], and pathogens in P. tomentosa [84]. Quercus ilex
responses to abiotic (drought) and biotic (P. cinnamomi) stresses and the variability in such response
among populations are a key objective of our research, ultimately aimed at characterizing and
selecting elite genotypes with high levels of tolerance and resistance to both stresses, conferring fitness
advantages in a climate change scenario.

For that purpose, changes in the leaf protein profile occurring in drought stressed or
fungal inoculated plants were analyzed using 1-DE and 2-DE coupled twith MALDI-TOF/TOF
MS [15,17,20,21,69]. The resulting proteomics data were correlated with drought tolerance,
plantlet growth, presence of toxicity symptoms, and physiological (water regime and
photosynthesis) parameters.

Plantlets from seven Q. ilex provenances distributed all over the Andalusian geography showed
different levels of tolerance to drought as well as differential changes in their 1-DE and 2-DE protein
profiles upon water withholding [21]. Variable spots in leaf extracts from the most contrasting
populations in terms of drought tolerance were subjected to 2-DE MALDI-TOF/TOF MS analysis,
resulting in 28 consistent spots varying in abundance, with 18 unique protein species identified
(Table 1) [21]. A general tendency of reduction in protein abundance, especially in proteins related to
ATP synthesis and photosynthesis, was observed upon water withholding. The most dramatic decrease
was observed in the less tolerant seedling population [21]. The same trend was observed in sunflower
plants subjected to drought stress [85]. Upon water availability reduction, changes in the protein profile
were observed in two sunflower genotypes, a susceptible and a tolerant one. Two genotype-dependent,
and 23 (susceptible genotype) and 5 (tolerant genotype) stress-responsive variable proteins were
identified. A general decrease in enzymes of the photosynthesis and carbohydrate metabolism was
observed in the susceptible genotype, suggesting inhibition of energetic metabolism. Such changes
were not observed in the tolerant genotype, indicating a normal metabolism under drought stress [85].

In a similar study, responses to the fungal pathogen Phytophthora cinnamomi, one of the agents that
triggers the decline syndrome in Quercus spp., were studied by our research group using one-year old
seedlings from two Andalusian provenances with different levels of susceptibility [17]. Leaf protein
profiles were analyzed in non-inoculated and inoculated seedlings using a 2-DE coupled with MS
proteomics strategy. Seventy-nine protein species that changed in abundance upon inoculation
were identified after MALDI-TOF/TOF analyses (Table 1) [17]. Out of them, 35 were chloroplastic,
with 7 being a part of the photosynthetic electron transport chain and ATP synthesis, 19 belonged to
the Calvin cycle and carbohydrate metabolism (with 8 large RubisCO protein spots), and 10 involved
in other carbon and nitrogen pathways [17]. A general decrease in protein abundance was observed,
being less pronounced in the least susceptible provenance [17]. The same trend clearly manifested
in their photosynthesis, amino acid metabolism, and stress/defense proteins. On the contrary,
some proteins related to starch biosynthesis, glycolysis, and stress related peroxiredoxin showed
an increase upon inoculation [17]. These changes in protein abundance correlated with the estimated
physiological parameters and were frequently observed in plants subjected to drought stress [17].
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2.10. Development: Seed Maturation and Germination

Last but not least, proteomics has been employed to analyze the proteome of seeds and changes
associated to seed maturation and germination in an attempt to characterize and differentiate, at the
molecular level, orthodox and non-orthodox species and zygotic and somatic embryos ([18,19,86–93];
this study is of great importance for propagation and seed conservation programs.

Sghaier-Hammami et al. [18] reported on the 1-DE and 2-DE protein profile of the different
parts of the seed: embryonic axis, cotyledons, and tegument. One hundred and ninety variable
proteins among the three parts of the seed analyzed were identified using MALDI-TOF/TOF (Table 1).
Cotyledon presented the highest number of metabolic and storage proteins (89% of legumins), while the
embryonic axis and tegument had the largest number of fate group and defense-/stress-related
proteins, respectively. This distribution was in good agreement with the biological role of the tissues
and demonstrated a compartmentalization of pathways and a division of metabolic tasks between the
embryonic axis, cotyledon, and tegument.

Romero-Rodríguez et al. [19] analyzed changes in the protein profile of Q. ilex seeds
upon germination using complementary 2-DE coupled with MALDI-TOF/TOF and shotgun
nLC-ESI-MS/MS approaches. Proteins from embryos at 0 h and 24 h post imbibition, as well as from
shoot seedlings at 1 and 4 cm stages were separated using 2-DE, resulting in a total of 540 spots resolved,
103 of which were changes between developmental stages. Ninety differentially accumulated proteins
were identified after MALDI-TOF/TOF analysis (Table 1). Proteins related to energy metabolism and
photosynthesis were accumulated during seedling establishment. Few proteins showed quantitative
differences during the germination period (0 to 24 h post imbibition). When a gel-free shotgun approach
was used, 153 differentially accumulated proteins between non-germinated and germinated seeds
were identified. Data suggested that the mature non-orthodox seeds of Q. ilex have the mechanisms
necessary to ensure the rapid resumption of the metabolic activities required to start the germination
process and to de novo synthesize the biomolecules required for growth, and this makes a big difference
from orthodox seeds [19].

3. Conclusions and Perspectives

With this review, we aimed to illustrate the potential and limitations of a proteomics approach
applied to non-model forest tree species. These species are considered experimental system that
have been quite challenging due to their biological characteristics, recalcitrant nature, and the lack
of phenotypic, physiological, or molecular information. The full potential of proteomics has been
far from fully exploited in investigations in most plant biology research such as Q. ilex. In order
to obtain a deeper coverage of the Q. ilex proteome, subcellular fractionation techniques or protein
depletion and fractionation based on physicochemical or biological properties should be implemented.
Apart from proteome subfractionation (e.g., [94]), future research will go in the direction of selected
reaction monitoring (SRM), multiple reaction monitoring (MRM), and MS-western or data independent
searches based on proteotypic peptides [95]. Some areas of proteomics, such as PTMs and interactomics,
have not been approached so far in Q. ilex studies, the latter being necessary for understanding the
mechanisms that result in a phenotype from the genotype. The lack of an accurate and annotated
sequenced genome of Q. ilex is an important gap in our research because this is essential for obtaining
confident gene product identification and describing protein species or forms as a result of alternative
splicing and posttranslational events. Moreover, a sequenced genome would open the door to the
application of newly developed approaches such as targeted proteomics.

We have learnt the importance of a proper experimental design and statistical analysis of the data,
as well as the relevance of optimizing and validating the techniques employed in each experimental
system, plant species, organ, and tissue. We have the possibility of using a range of platforms, methods,
and protocols that are complementary, helping us to acquire broader proteome knowledge. In some
regards, we may have to broaden our biologist mentality and assume the mindset of an analytical
chemist. Plant biologists publishing papers on proteomics should go beyond the blind acceptance
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of the data provided by the algorithms that come from proteomics services; we should not expect
proteomic technicians to be familiar with plant biology. Proteomics by itself may be considered
mostly descriptive, and the biological interpretations following, to some extent, as just speculations.
Thus, it is necessary to integrate proteomics research with other techniques, including morphometry
phenotyping, physiology, classical biochemistry, and other -omics in order to validate the data and
procure a more realistic and non-biased view of living organisms [96–100]. It is still astounding how in
some publications the whole biology of an organism is discussed and compared with others using
data from a poorly designed experiment with a small number of replicates and a minimum fraction of
the proteome covered.

Even so, proteomics is making important contributions to the knowledge of living organisms
and can be confidently employed for translational purposes. By using proteomics, we have been able
to discriminate provenances of Q. ilex from Andalusia, find out the differential responses to biotic
and abiotic stresses among them, and establish some of the differences existing between orthodox
and non-orthodox plant species. New directions in Q. ilex research will lead to the identification of
allergens in pollen grains and acorns and the characterization of wood materials, which are objectives
clearly approached by proteomics [101–103].
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Abstract: The impact of fungal diseases on crop production negatively reflects on sustainable
food production and overall economic health. Ergosterol is the major sterol component in
fungal membranes and regarded as a general elicitor or microbe-associated molecular pattern
(MAMP) molecule. Although plant responses to ergosterol have been reported, the perception
mechanism is still unknown. Here, Arabidopsis thaliana protein fractions were used to identify
those differentially regulated following ergosterol treatment; additionally, they were subjected to
affinity-based chromatography enrichment strategies to capture and categorize ergosterol-interacting
candidate proteins using liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS). Mature plants were treated with 250 nM ergosterol over a 24 h period, and plasma
membrane-associated fractions were isolated. In addition, ergosterol was immobilized on two
different affinity-based systems to capture interacting proteins/complexes. This resulted in
the identification of defense-related proteins such as chitin elicitor receptor kinase (CERK),
non-race specific disease resistance/harpin-induced (NDR1/HIN1)-like protein, Ras-related proteins,
aquaporins, remorin protein, leucine-rich repeat (LRR)- receptor like kinases (RLKs), G-type
lectin S-receptor-like serine/threonine-protein kinase (GsSRK), and glycosylphosphatidylinositol
(GPI)-anchored protein. Furthermore, the results elucidated unknown signaling responses to this
MAMP, including endocytosis, and other similarities to those previously reported for bacterial
flagellin, lipopolysaccharides, and fungal chitin.

Keywords: affinity chromatography; ergosterol; fungal perception; innate immunity; pattern recognition
receptors; plasma membrane; proteomics

1. Introduction

Plants lack an adaptive immune system and solely depend on a multi-complex innate
immunity to defend themselves. The first line of defense occurs on the plant cell surface,
where membrane-bound pattern recognition receptors (PRRs) recognize conserved motifs within
microbes. These microbe-associated molecular patterns (MAMPs) are typically essential components
for microorganism functioning and include the bacterial flagellin epitope, flg22. This MAMP
is recognized by the PRR receptor, flagellin sensitive 2 (FLS2), which was proven by showing
that mutated epitope residues did not lead to flagellin perception but instead, susceptibility and
infection was observed [1,2]. Similarly, a lipopolysaccharide (LPS) receptor was identified in the
Brassicaceae family. It was found that Arabidopsis thaliana detected LPS of Xanthomonas campestris
and Pseudomonas species using a bulb-type (B-type) lectin S-domain (SD)-1 receptor like kinase (RLK)
termed lipooligosaccharide-specific reduced elicitation (LORE) [3]. The recognition of MAMPs by
PRRs leads to activation of the primary defense termed microbe-triggered immunity (MTI). Due to the
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co-evolution of both microbes and host, several organisms have the ability to suppress MTI components
by releasing virulent molecules called effectors, which leads to effector-triggered susceptibility (ETS).
This marks the second line of defense, known as effector-triggered immunity (ETI), where these
effectors are recognized by intracellular nucleotide-binding leucine-rich repeat (NB-LRR) proteins [4–6].
Subsequent processes include the transcription of defense genes and expression of pathogenesis-related
(PR) proteins. General cellular events associated with MTI and ETI include changes in cytoplasmic
Ca2+ levels, activation of mitogen-activated protein kinase (MAPK) cascades, bursts of reactive oxygen
species (ROS) and nitric oxide (NO), deposition of callose to reinforce the cell wall, production of
anti-microbial compounds such as phytoalexins, and often, localized cell death [4,7–10].

Currently, crop yield and food security are global concerns due to often devastating fungal–plant
interactions [11], which also impact economies, particularly those of third world countries. Fungal
MAMP molecules such as chitin and β-glucan have been shown to possess a common elicitor activity
in various hosts irrespective of the different molecular structures. Here, the MAMP specific to
this investigation is ergosterol, which is the major sterol component of the phospholipid bilayer
of fungal cell membranes and functions in membrane stability and signaling. Ergosterol is found in
several pathogens such as Cladosporium fulvum and Botrytis cinerea, but surprisingly some biotrophic
fungi, including the powdery mildew (Erysiphe cichoracearum) and rust (Puccinia triticina) fungi,
lack ergosterol [12]. Ergosterol contains two additional double bonds when compared to cholesterol
and β-sitosterol, the most abundant phytosterol that is also an analogue of cholesterol [11,13].
Even with the aforementioned similarities of ergosterol to sitosterol, it is still perceived as a “non-self”
MAMP [14], as has previously been shown in plant studies. Intracellular defense occurs within minutes
in response to sub-nanomolar concentrations of ergosterol in tobacco and tomato cells. Included here
is an increase of cytosolic Ca2+ levels, production of ROS, ion fluxes across the plasma membrane,
protein phosphorylation, and production of phytoalexins [15–22]. It has been found that inhibiting the
ergosterol biosynthesis pathway in colonizing fungi not only reduces fungal growth but also alters
the sterol composition [12]. According to Dohnal et al. [23], ergosterol can be used as a fungal marker
to evaluate infection levels in barley and corn crops, while treatment was also found to increase the
expression of genes for PR1a, PR1b, PR3Q, and PR5 [16], acidic PR proteins used as markers for systemic
acquired resistance (SAR) in host plants. Additionally, ergosterol elicitation has also shown expression
of proteinase inhibitors, phenylalanine-ammonia lyase and sesquiterpene cyclase [16]. Although
the perception mechanism is unknown, it is hypothesized that plants may possess an ergosterol
receptor/receptor complex, or ergosterol penetrates the lipid bilayer and leads to perturbations of
the plant cell system due to its ability to form stable microdomains in the plasma membrane [24,25].
In this study, we describe the use of proteomic approaches to identify differentially regulated plasma
membrane-associated proteins following ergosterol treatment, as well as subsequent affinity-based
chromatographic strategies of the said fraction to capture and enrich ergosterol-interacting candidate
proteins so as to shed light on the unknown perception mechanism(s).

2. Results

2.1. Plasma Membrane (PM)-Associated Fraction Isolation and Verification

The plasma membrane (PM) outlines the interface between the cell and extracellular environment
and is also the primary unit for signal recognition and transduction. Thus, elucidating and characterizing
changes in the PM-associated proteome could identify possible receptor(s) and interacting/complementary
complexes that are involved in immune responses to ergosterol. A challenge faced when extracting the
PM proteome is the highly hydrophobic integral proteins that have a tendency of precipitating out of
solution [26]. The conventional method of isolating PM proteins is the two-phase partitioning system,
which requires 100–150 g of plant material [26]. However, the small-scale procedure has been found to
result in PM-associated proteins comparable to the conventional method while employing much less
starting material [26] and was the method followed in this investigation. The successful isolation of the
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PM-associated fraction during the ergosterol-treatment time course was routinely verified using Western
Blot analysis (Figure S1) and the H+-ATPase assay. Furthermore, any non-PM-associated proteins were
eliminated in the sequencing data analysis, as well as non-specific interacting proteins by the inclusion of
control samples where no ergosterol was immobilized to the capture resins. Figure S2 shows the different
isolated fractions with differentially regulated band intensities for each lane, thus implying successful
enrichment of the PM-associated fraction.

2.2. PM-Associated Ergosterol-Responsive Candidate Protein Identification

Data analysis was initially conducted on the ergosterol-induced PM-associated fractions
subsequent to isolation and prior to enrichment. The results are shown for the 1D and 2D
SDS-PAGE gels (Figures 1 and 2) where differentially (densitometrically/electrophoretically) regulated
bands/spots were selected for identification.

Figure 1. Representative 12% 1D-SDS PAGE gels stained with the Fairbanks method and showing the
homogenate (HM), microsomal (MF), and plasma membrane (PM)-associated fractions subsequent to
isolation. Gels represent all time point treatments with ergosterol, where A = control, B = 0 h treated,
C = 6 h treated, D = 12 h treated, and E = 24 h treated. Equal volumes (20 μL) of the samples were
mixed with 2X sample buffer, and electrophoresis was carried out at 90 V for 3 h. The red blocks
indicate bands that were excised (A1–A13) for liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) identification.
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Figure 2. Comparative 2D-SDS-PAGE analysis for ergosterol-treated Arabidopsis thaliana PM-associated
extracts. Proteins were precipitated with acetone, and 100 μg total protein was loaded onto immobilized
pH gradient (IPG) strips, pH 4–7, for isoelectric focusing (IEF). The protein regulation differences are
shown for A = control, and B = 0 h -, C = 6 h -, D = 12 h -, and E = 24 h-treated samples. The red blocks
(B1–B8) indicate the protein spots excised for LC-MS/MS identification.

As previously mentioned, one band on a 1D gel may consist of multiple proteins. This emphasizes
the need to identify the proteins affected/induced by ergosterol treatment and the role in perception
of/response to this MAMP. Selected bands/spots from both the 1D- (Figure 1, A1–A13) and 2D
SDS-PAGE (Figure 2, B1–B8) gels subsequent to ergosterol treatment were excised and prepared
for liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) identification.
The LC-MS/MS sequencing runs were repeated (separate experiments) for confirmation of protein lists
obtained. The resulting spectra of the peptides were analyzed using the Byonic™ software (Protein
Metrics, Cupertino, CA, USA). The program produces two plots, a protein score plot and mass error
loadings plot (Figures S3 and S4). The protein score plot was used for the selection of proteins showing
differential abundance or variable selection. This is known as the variable importance in projection
(VIP) method and ranks proteins based on their contribution to the total variation of the samples.
Differentially abundant proteins/peptides were selected on the VIP score where the set threshold was
equal to one [27], and this value was presented as the log probability in all tables. The latter (as well
as the Byonic score) determined the significance of the identified proteins. Even though these two
said parameters could have been used individually, the values would have been less dependable.
However, used together, they increased the significance. The dataset acquired was then normalized
to the peptides of Arabidopsis proteins using the UniprotKB database. The identified A. thaliana
PM-associated responsive proteins are summarized according to functional categories in Table 1 for the
1D SDS-PAGE bands and Table 2 for the 2D SDS-PAGE spots, respectively. There was better qualitative
resolution for protein identification from the former to the latter. Furthermore, the differences between
the theoretical and the experimental molecular weights (MW) for all proteins (low and high abundant)
could be justified by the existence of structured water layers on the protein surface that affected the
experimental MW determination on the SDS- PAGE [28].
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Table 1. LC-MS/MS identification of A. thaliana PM-associated responsive proteins from selected 1D
SDS-PAGE bands of control, 0-, 6-, 12-, and 24 h fractions subsequent to ergosterol treatment and
organized according to functional categories (Supplementary Data Sheet 1).

Sample No. Protein Name
Accession

No.
Biological
GO Term

Molecular
GO Term

Calculated Mass a

(M + H)
Mass Error b

(ppm)

Byonic ™
Score c

|Log
Prob|d

Perception and signaling (17)

A5

Calcium-dependent
lipid-binding (CaLB

domain) family protein
At3g61050

Q9LEX1 Response
Signaling DNA-binding 1214.699 −0.6 422.1 8.18

A7
Non-lysosomal

glucosylceramidase
At4g10060

F4JLJ2 Lipid
Metabolism Glycosidase 1294.627 −1.9 395.8 7.88

A10

G-type lectin
S-receptor-like

serine/threonine-protein
kinase CES101

At3g16030

Q9LW83 Perception
Response Transferase 1113.626 −0.6 350.0 3.23

A5 Nicalin At3g44330 Q9M292 Signaling — 1142.642 0.4 335.6 5.34

A7, A12
Cysteine-rich

receptor-like protein
kinase 41 At4g00970

O23081 Signaling Transferase 973.531 0.3 328.0 1.53

A3 Axi 1 protein-like
protein At2g44500 O64884 Biosynthesis

Metabolism Transferase 928.535 −2.9 289.7 2.72

A7
Cysteine-rich

receptor-like protein
kinase 10 At4g23180

Q8GYA4 Signaling Transferase 1223.667 0.0 285.9 6.63

A7
PQQ_DH

domain-containing
protein At5g11560

F4JXW9 Biosynthesis — 992.541 1.2 251.0 5.58

A8
Probable

serine/threonine-protein
kinase At4g35230

Q944A7 Defense Transferase 1269.741 −2.3 236.2 6.31

A4 14-3-3-like protein GF14
epsilon At1g22300 P48347 Signaling Protein

binding 1229.580 −1.5 230.0 5.62

A9
Phosphoinositide
phospholipase C 2

At3g08510
Q39033 Defense Hydrolase 996.645 −0.5 228.4 4.97

A7 AMP deaminase
At2g38280 O80452 Response Hydrolase 1123.563 0.9 224.0 4.69

A10

Probable inactive
leucine-rich repeat

receptor-like protein
kinase At3g03770

Q8LFN2 Signaling Kinase 1041.515 0.4 217.2 1.30

A13
Mitogen-activated

protein kinase 8
At1g18150

Q9LM33 Signaling Kinase 1028.537 0.4 200.2 8.87

A7

Putative leucine-rich
repeat receptor-like

serine/threonine-protein
kinase At2g24130

Q9ZUI0 Signaling Transferase 1149.626 2.2 174.2 1.02

A7
Leucine-rich repeat
receptor-like protein

kinase At2g01210
Q9ZU46 Signaling Transferase 870.541 0.1 164.6 0.9

A7 Receptor-like kinase
TMK4 At3g23750 Q9LK43 Signaling Kinase 1020.572 0.6 121.5 1.15

Membrane trafficking and transport (16)

A5 V-type proton ATPase
subunit B2 At4g38510 Q9SZN1 Transport Hydrolase 1563.801 −1.4 574.5 9.38

A7 Patellin-1 At1g72150 Q56WK6 Growth Lipid
binding 1231.689 −0.7 515.8 7.93

A3 Ras-related protein
RABE1c At3g46060 P28186 Signaling

Transport GTPase 1071.641 −0.9 412.5 8.36

A7
ATPase 1, plasma
membrane-type

At2g18960
P20649 Transport Translocase 1040.574 0.5 401.7 7.98

A6 Ras-related protein
RABA1g At3g15060 Q9LK99 Signaling

Transport GTPase 1043.610 −0.1 384.7 8.14

A7 Clathrin heavy chain 1
At3g11130 Q0WNJ6 Transport Clathrin

binding 992.578 0.5 289.6 5.65

A3, A7 Probable aquaporin
PIP1-5 At4g23400 Q8LAA6 Transport Water

transport 1049.599 −0.5 288.9 6.62
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Table 1. Cont.

Sample No. Protein Name
Accession

No.
Biological
GO Term

Molecular
GO Term

Calculated Mass a

(M + H)
Mass Error b

(ppm)

Byonic ™
Score c

|Log
Prob|d

A5 Aquaporin PIP1-2
At2g45960 Q06611 Transport Water

transport 1033.604 −0.7 282.3 6.57

A7 CSC1-like protein ERD4
At1g30360 Q9C8G5 Transport Ion channel 1251.612 0.5 271.5 7.51

A4
Probable ADP, ATP

carrier protein
At5g56450

Q9FM86 Transport ATP:ADP
transport 1021.531 −0.3 254.1 5.24

A3 Ras-related protein
RABA1e At4g18430 O49513 Signaling

Transport GTPase 1274.612 −1.4 240.9 7.40

A8 Aquaporin TIP1-2
At3g26520 Q41963 Transport Water

transport 1980.030 0.0 239.9 6.69

A4, A5, A8 Aquaporin PIP2-1
At3g53420 P43286 Transport Water

transport 1069.568 0.2 215.3 5.98

A5 Probable aquaporin
PIP2-6 At2g39010 Q9ZV07 Transport Water

transport 1311.669 −0.8 214.5 1.65

A7
Exocyst complex

component SEC3A
At1g47550

Q9SX85 Transport GTP-Rho
binding 1015.578 −1.7 183.9 1.26

A1
Aluminum-activated
malate transporter 6

At2g17470
Q9SHM1 Transport Malate

transporter 1606.832 2.8 40 1.29

Defense (6)

A5
Trans-cinnamate

4-monooxygenase
At2g30490

P92994 Biosynthesis
Defense

Monooygenase
activity 1271.721 −0.3 377.3 8.02

A9 Protein BONZAI 2
At5g07300 Q5S1W2 Response Phospholipid

binding 1199.663 0.2 340.2 7.66

A3 Temperature-induced
lipocalin-1 At5g58070 Q9FGT8 Response Storage

protein 1110.531 −0.5 329.0 7.88

A7 Disease resistance
protein RPP8 At5g43470 Q8W4J9 Defense ATP:ADP

binding 1140.557 −2.1 267.7 6.39

A4
Hypersensitive-induced

response protein 3
At3g01290

Q9SRH6 Response — 949.547 −1.6 237.0 5.91

A4

Uncharacterized protein
(LOW PSII

ACCUMULATION-like
protein) At4g28740

F4JM22 Chloroplast — 995.600 -0.1 131.8 1.24

Structure (1)

A2
Putative clathrin
assembly protein

At1g14910
P94017 Transport Clathrin

binding 1314.742 −1.3 122.2 1.22

Unknown (8)

A11 Triacylglycerol
lipase-like 1 At1g45200 Q8L7S1 Metabolism Hydrolase 1222.622 −0.2 336.6 6.54

A11

TNF receptor associated
factor (TRAF)-like

family protein
At1g58270/F19C14_8

Q9SLV3 Signal
transduction —- 1434.722 −0.8 286.2 6.92

A7 Uncharacterized protein
At4g16180 F4JLQ2 — — 1293.669 −2.2 235.3 5.38

A1
Putative

uncharacterized protein
At3g19340

Q8RWC3 — Aminopeptidase 1219.632 −0.9 229.5 5.94

A12
Putative

uncharacterized protein
F14P22.240 At3g58650

Q9M2F2 Growth — 472.288 −1.1 160.4 1.04

A12
Putative

uncharacterized protein
F3A4.21 At3g50130

Q9SN05 — — 472.288 −1.1 160.4 0.92

A2 Uncharacterized protein
At4g38260 F4JTM0 — — 1245.520 −5.2 142.3 0.98

A2 EMB|CAB72473.1
At5g22560 Q9FK83 — — 1467.731 0.1 133.6 1.21

a = the computed M + H precursor mass for the peptide spectrum matches (PSMs); b = a calculated mass error
(parts per million) after correcting the observed M + H (single charged) precursor mass and the computed M +
H precursor mass; c = Byonic score, and primary indicator of PSM correctness. A score of 300 is considered to be
a significant hit [29]; d = the log p-value of the PSM, of which the value should be ≥ 1 for a hit to be significant.
Proteins highlighted in red are known plasma membrane (PM) markers.
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Table 2. LC-MS/MS identification of A. thaliana PM-associated responsive proteins from selected 2D
SDS-PAGE spots of control, 0- , 6- , 12-, and 24 h fractions subsequent to ergosterol treatment and
arranged according to functional categories (Supplementary Data Sheet 2).

Sample No. Protein Name
Accession

No.
Biological
GO Term

Molecular GO Term
Calculated

Mass a (M + H)
Mass Error b

(ppm)

Byonic ™
Score c

|Log
Prob| d

Perception and signaling (10)

B7
Probable

serine/threonine-protein
kinase At4g35230

Q944A7 Signaling Transferase 1269.741 0.1 480.6 7.29

B4

At2g34560 protein
(P-loop containing

nucleoside triphosphate
hydrolase) At2g34560

B9DGC0 Transport ATPactivity 1156.672 −0.8 401.3 8.95

B3
Aspartyl

aminopeptidase
At5g60160/f15|12_20

Q9LST0 Biosynthesis Metalloaminopeptidase 1148.679 0.3 382.0 8.65

B8
Probable protein

phosphatase 2C 20
At2g20630

Q9SIU8 Signaling Hydrolase 1288.711 −0.1 363.1 7.51

B6 Abscisic acid receptor
PYL1 At5g46790 Q8VZS8 Signaling Receptor 1442.760 −0.5 357.2 9.01

B7
Phosphotidylinositol

4-kinase alpha 1
At1g49340

Q9SXA1 Signaling Kinase 1964.041 0.1 345.5 6.85

B2 Protein SGT1 homolog
B At4g11260 Q9SUT5 Signaling — 1435.709 −1.4 351.9 8.86

B1
Fasciclin-like

arabinogalactan protein
7 At2g04780

Q9SJ81 Biosynthesis — 981.500 0.9 322.0 6.49

B2
1-Phosphotidylinositol-3-

phosphate 5-kinase
FAB1A At4g33240

Q0WUR5 Signaling Kinase 1470.816 −1.8 303.8 7.75

B8

Plasma
membrane-associated

cation-binding protein 1
At4g20260

Q96262 Response Ion binding 1146.641 0.0 281.2 7.00

Membrane trafficking and transport (16)

B2 V-type proton ATPase
subunit B3 At1g20260 Q8W4E2 Transport Hydrolase 1563.801 −1.9 442.2 9.76

B8
Alpha-soluble NSF

attachment protein 2
At3g56190

Q9SPE6 Transport — 1259.684 −0.8 426.3 8.35

B6 Ras-related protein
RABA1d At4g18800 Q9SN35 Signaling GTPase 1043.610 0.0 414.7 7.96

B4, B7 Patellin-2 At1g22530 Q56ZI2 Transport Lipid-binding 1520.784 −0.7 391.9 9.24

B4, B7 Patellin-1 At1g72150 Q56WK6 Transport Lipid-binding 1231.689 −2.0 372.2 5.53

B2 Clathrin light chain 3
At3g51890 F4J5M9 Transport Clathrin binding 855.530 0.0 363.4 4.96

B6 Ras-related protein
RABA5b At3g07410 Q9SRS5 Signaling GTPase 1071.641 −0.9 357.3 8.16

B3
SNAP25 homologous

protein SNAP33
At5g61210

Q9S7P9 Transport SNAP receptor 1302.715 −1.3 352.6 6.82

B1, B4, B8 V-type ATPase catalytic
subunit A At1g78900 O23654 Transport Hydrolase 1019.552 −1.6 338.6 5.50

B7 Sugar transport protein
7 At4g02050 O04249 Transport Transmembrane

transporter 1006.469 0.9 338.1 6.27

B3 Auxin transport protein
BIG At3g02260 Q9SRU2 Signaling Zinc binding 589.356 −1.4 331.2 5.39

B3 Protein NETWORKED
1C At4g02710 Q9ZQX8 — Actin binding 478.251 0.1 311.4 6.18

B3
ABC transporter C
family member 8

At3g21250
Q8LGU1 Transport Translocase 530.330 −0.3 303.2 5.82

B8 Syntaxin-71 At3g09740 Q9SF29 Transport SNAP receptor 1081.636 0.7 299.7 7.30

B4, B7 Flotillin-like protein 1
At5g25250 Q501E6 Transport — 1526.909 −1.8 273.6 6.93

Defense (9)

B2, B4, B7 Jacalin-related lectin 35
At3g16470 O04309 Perception

Response Carbohydrate binding 1469.763 −2.5 518.7 9.21

B6
Aluminium induced

protein with YGL and
LRDR motifs At5g19140

Q94BR2 — — 1439.738 −1.6 420.4 8.77
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Table 2. Cont.

Sample No. Protein Name
Accession

No.
Biological
GO Term

Molecular GO Term
Calculated

Mass a (M + H)
Mass Error b

(ppm)

Byonic ™
Score c

|Log
Prob| d

B6, B8

At3g11930 protein
(Adenine nucleotide

alpha hydrolases-like)
At3g11930

B9DG73 — Hydrolase 1189.631 −2.2 380.6 8.02

B4 Callose synthase 9
At3g07160 Q9SFU6 Biosynthesis

Defense Transferase 557.402 −0.9 334.8 2.44

B8
Hypersensitive-induced

response protein 4
At5g51570

Q9FHM7 Defense
Signaling — 1466.764 1.7 345.6 8.36

B8
Binding partner of ACD

(accelerated cell
death)11 1 At5g16840

Q9LFD5 Signaling RNA-binding 1132.621 −1.0 332.1 7.69

B5, B8
Hypersensitive-induced

response protein 2
At1g69840

Q9CAR7 Defense
Signaling Kinase binding 871.500 −1.3 327.2 4.57

B6 Dessication responsive
protein At2g21620 Q94II5 — Hydrolase 980.614 −0.8 293.5 6.84

B8
Hypersensitive-induced

response protein 1
At5g62740

Q9FM19 Defense
Signaling Kinase-binding 949.547 −0.5 281.6 7.29

a = the computed M + H precursor mass for the peptide spectrum matches (PSMs); b = a calculated mass error
(parts per million) after correcting the observed M + H (single charged) precursor mass and the computed M +
H precursor mass; c = Byonic score, and primary indicator of PSM correctness. A score of 300 is considered to be
a significant hit [29]; d = the log p-value of the PSM, of which the value should be ≥ 1 for a hit to be significant.
Proteins highlighted in red are known PM markers.

2.3. Identification of PM-Associated Ergosterol-Interacting Candidate Proteins

2.3.1. Epoxide Magnetic Microspheres-Based Ergosterol Immobilization

In order to capture and enrich ergosterol-interacting candidate proteins from the PM-associated leaf
tissue fraction, MagResynTM magnetic microspheres were used. The binding and elution events that showed
the resulting protein elution to changing in eluents is represented in Figure 3 for the PM-associated proteins
following a 6 h treatment. The elution profiles for the other time points are presented in the Supplementary
Data as Figures S5–S9. The NaCl and SDS fractions for each time study were analyzed by SDS-PAGE and are
illustrated as Figure 4. Proteins eluted with 0.5 M NaCl were not detectable in contrast to those eluted with
1% SDS, which disrupted non-covalent interactions between native proteins and the ligand. Table 3 lists the
ergosterol-interacting candidate proteins that were identified following LC-MS/MS according to functional
categories, while proteins with low scores are presented in Table S1. The negative control (no ergosterol
immobilized) protein list is given in Table S2.

Figure 3. Representative elution profile of binding events between ergosterol-immobilized MagResyn™
magnetic microspheres and A. thaliana PM-associated proteins at 6 h following treatment. The blue
curve represents the absorbance of the flow-through (unbound) fractions eluted with 10 mM Tris-HCl,
pH 7.5. The green curve is the absorbance of the weakly bound proteins removed with 0.5 M NaCl,
and the grey curve represents absorbance of proteins desorbed from the column with 1% SDS solution.
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Figure 4. Comparative 12% 1D-SDS-PAGE analysis of ergosterol-interacting candidate proteins eluted
with 0.5 NaCl and 1% SDS during the affinity-capture procedure using epoxide magnetic microspheres,
where A = control, and B = 0 h-, C = 6 h-, D = 12 h-, and E = 24 h-treated samples. For each fraction,
20 μg total protein was loaded and electrophoresed at constant 90 V at room temperature. The red
blocks (A1–A14) were excised subsequent to silver staining and analyzed using LC-MS/MS.

Table 3. LC-MS/MS identification of A. thaliana PM-associated candidate proteins interacting with
ergosterol immobilized on epoxide magnetic microspheres for control, 0-, 6-, 12-, and 24 h subsequent
to treatment and listed according to functional categories (Supplementary Data Sheet 3).

Sample No. Protein Name
Accession

No.
Biological
GO Term

Molecular
GO Term

Calculated
Mass a (M + H)

Mass Error b

(ppm)

Byonic™
Score c

|Log
Prob|d

Signaling

A12

Uncharacterized
glycosylphophatidylinositol

(GPI)-anchored protein
At5g19250

P59833 — — 1910.898 −3.1 464.4 8.69

A13
Binding partner of ACD
(accelerated cell death)11

1 At5g16840
Q9LFD5 Signaling

Response RNA-binding 1132.621 −1.0 428.4 8.21

A4 Probable inactive receptor
kinase At3g02880 Q9M8T0 Response Receptor 1426.706 −3.0 392.2 6.99

A13
Uncharacterized

GPI-anchored protein
At5g19250

P59833 — — 1910.898 −3.5 388.2 7.32

A11
Leucine-rich

repeat-containing protein
At5g07910

Q8RWI2 Response — 1269.727 −0.5 336.8 7.18

A4 Probable inactive receptor
kinase At5g16590 Q9FMD7 Response Receptor 2127.170 −1.5 324.5 8.27

A11
Leucine-rich repeat
protein kinase-like
protein At1g10850

Q940B9 Signaling
Response Kinase 984.584 1.0 322.0 6.56
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Table 3. Cont.

Sample No. Protein Name
Accession

No.
Biological
GO Term

Molecular
GO Term

Calculated
Mass a (M + H)

Mass Error b

(ppm)

Byonic™
Score c

|Log
Prob|d

A11, A14 Chitin elicitor receptor
kinase 1 At3g21630 A8R7E6 Perception

Signaling Kinase 1132.596 −0.6 313.8 6.87

Membrane trafficking and transport

A1, A5 Aquaporin PIP2-7
At4g35100 P93004 Transport Water channel 1312.653 −1.4 541.6 7.44

A1 Aquaporin PIP1-2
At2g45960 Q06611 Transport Water channel 1017.548 −0.3 509.0 6.59

A1 Aquaporin PIP2-1
At3g53420 P43286 Transport Water channel 2000.996 −1.2 473.2 10.44

A1 Probable aquaporin
PIP1-5 At4g23400 Q8LAA6 Transport Water channel 1230.632 −1.1 464.3 9.05

A8

Plasma
membrane-associated

cation-binding protein 1
At4g20260

Q96262 Response Ion-binding 1425.711 −2.6 418.8 8.56

A4
ATPase 2, plasma
membrane-type

At4g30190
P19456 Transport Translocase 1040.574 −0.2 412.0 7.60

A6 At2g34250 protein
At2g34250 O80774 Transport Protein

transport 1164.601 −2.0 408.2 6.50

A1 Ras-related protein
RABE1c At3g46060 P28186 Signaling GTPase 1071.641 −0.7 394.8 8.40

A9, A12 CASP-like protein 1D1
At4g15610 Q9FE29 — — 1127.657 −0.3 389.4 9.41

A11 Plasma membrane
ATPase At4g30190 F4JPJ7 Transport Translocase 1040.574 −0.2 381.3 8.04

A11
ATPase 5, plasma
membrane-type

At2g24520
Q9SJB3 Transport Translocase 1040.574 0.0 362.8 7.00

A11
Fasciclin-like

arabinogalactan protein 8
At2g45470

O22126 — — 967.484 −0.8 348.8 7.71

A11 Patellin-1 At1g72150 Q56WK6 Transport Lipid-binding 1078.589 −1.2 326.8 7.67

A1 F-box/LRR-repeat protein
At3g60040 Q8GWI2 Response — 784.529 −0.3 309.1 1.05

A9 ABC transporter G family
member 41 At4g15215 Q7PC83 Transport ATP-binding 543.386 −0.9 301.8 4.38

A6 CSC1-like protein ERD4
At1g30360 Q9C8G5 Transport Ion channel 1583.850 2.7 301.4 7.40

Defense response

A5
Hypersensitive-induced

response protein 3
At3g01290

Q9SRH6
Defense

Signaling
Response

— 1519.775 −1.6 489.0 8.32

A6 Syntaxin-121 At3g11820 Q9ZSD4 Defense SNAP receptor 1329.701 −1.4 439.9 7.40

A10 NDR1/HIN1-like protein
3 At5g06320 Q9FNH6 Defense — 1496.843 −1.8 394.3 8.73

A10 Protein BONZAI 2
At5g07300 Q5S1W2 Defense Phospholipid-binding1060.615 0.0 372.4 7.25

A11, A14 Remorin At2g45820 O80837 — — 617.409 −1.8 358.2 4.82

A11, A14 Blue copper protein
At5g20230 Q07488 Transport Electron

transfer 1425.664 −0.4 337.8 9.34

Unknown

A11 At1g55160/T7N22.11
At1g55160 Q9C542 — — 1174.631 −0.2 384.7 8.38

A11 At3g08600/F17014_7
At3g08600 Q9C9Z6 — — 903.453 −0.2 352.4 7.93

A14 Expressed protein
At2g18690 Q9ZV49 — — 1115.606 −1.0 319.2 6.03

a = the computed M + H precursor mass for the peptide spectrum matches (PSMs); b = a calculated mass error
(parts per million) after correcting the observed M + H (single charged) precursor mass and the computed M + H
precursor mass; c = Byonic score, primary indicator of PSM correctness. Score of 300 is considered to be a significant
hit [29]; d = the log p-value of the PSM, which the value should be ≥ 1 for hit to be significant.

2.3.2. EAH Sepharose 4B Immobilized with Ergosterol-Hemisuccinate

Ergosterol contains a diene group within its structure that is very reactive and requires protection
by treatment with 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) prior to derivatization. Following
protection, ergosterol was derivatized and validated using thin-layer chromatography (TLC) (shown

34



Int. J. Mol. Sci. 2019, 20, 1302

in Figure S10). Figure 5 along with Figures S11–S15 show the binding events of the plasma membrane
(PM)-associated fraction to the column immobilized with ergosterol-hemisuccinate. The NaCl and SDS
fractions were analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and are illustrated in Figure 6. Selected bands were excised and analyzed using LC-MS/MS-based
proteomics. The identified proteins are listed in Table 4, and proteins with low scores are in Table S3.
The negative control (no ergosterol immobilized) protein list is presented on Table S4.

Figure 5. Representative elution profile of binding events between ergosterol-hemisuccinate
immobilized on EAH Sepharose 4B resin and A. thaliana PM-associated proteins for the 6 h time
point. The blue curve represents the flow-through fractions removed with 10 mM Tris-HCl, pH 7.5
buffer. The green curve represents the non-specifically bound fractions removed with 0.5 M NaCl in
buffer, and the grey curve represents the proteins of interest eluted with 1% SDS in buffer.

Figure 6. Comparative 12% 1D-SDS-PAGE analysis of ergosterol-interacting candidate proteins eluted
with 0.5 M NaCl and 1% SDS during the affinity-capture procedure using EAH Sepharose 4B resin,
where A = control, B = 0 h-, C = 6 h-, D = 12 h-, and E = 24 h-treated samples. For each fraction,
20 μg total protein was loaded and electrophoresed at constant 90 V at room temperature. The red
blocks (A1–A11) were excised subsequent to silver staining and analyzed using LC-MS/MS for
protein identification.
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Table 4. LC-MS/MS identification of A. thaliana PM-associated candidate proteins interacting with
ergosterol-hemisuccinate immobilized on EAH Sepharose 4B resin for the time study (Supplementary
Data Sheet 4).

Sample No. Protein Name
Accession

No.
Biological
GO Term

Molecular
GO Term

Calculated
Mass a (M + H)

Mass Error b

(ppm)

Byonic™
Score c

|Log
Prob|d

A7 Ras-related protein
RABG1 At5g39620 Q948K6 Signaling GTP-binding 1071.641 0.0 515.00 6.92

A4 Aquaporin PIP1-2
At2g45960 Q06611 Transport Water channel 1033.604 −1.2 336.3 6.55

A10
1-Phosphotidylinositol-3-

phosphate-5-kinase
FAB1B At3g14270

Q9LUM0 — Kinase 956.480 −0.5 328.4 6.19

A6 Ras-related protein
RABE1c At3g46060 P28186 Signaling GTP-binding 1164.590 0.6 319.2 6.34

A1 Aquaporin PIP2-1
At3g53420 P43286 Transport Water channel 1069.568 0.4 284.5 5.82

a = the computed M + H precursor mass for the peptide spectrum matches (PSMs); b = a calculated mass error
(parts per million) after correcting the observed M + H (single charged) precursor mass and the computed M + H
precursor mass; c = Byonic score, primary indicator of PSM correctness. Score of 300 is considered to be a significant
hit [29]; d = the log p-value of the PSM, which the value should be ≥ 1 for hit to be significant.

3. Discussion

3.1. Functional Classification of Identified Ergosterol-Responsive – and Interacting Candidate PM-Associated
Proteins from A. thaliana Leaf Tissue

The PM is known to participate in a wide spectrum of important functions, including
transport of ions across the membrane, communication with the extracellular environment, cell wall
biosynthesis, and defense against invading microorganisms. These functions are achieved by transport
and membrane trafficking proteins and receptor kinases [30–32]. As seen with most biochemical
processes, proteins are not limited to one functional group, e.g., a transport protein may also be
regulated during a defense response event. Such proteomic approaches (prior to enrichment and
subsequent to affinity-based strategies) aimed to provide a comprehensive understanding of both
ergosterol-responsive and interacting candidate proteins at the PM-localized interface, as well as those
possibly associated with the PM subsequent to MAMP treatment.

3.1.1. Membrane Trafficking and Transporters

In a plant cell, responses to a MAMP occurs within minutes [33]. As mentioned, ergosterol
treatment causes ion fluxes across the PM and intracellular increase of Ca2+ levels. These changes are
due to transport proteins and those involved in endocytosis/exocytosis. Aquaporins, identified
in Table 1, Table 3, and Table 4 (i.e., both non-enriched and enriched PM-associated fractions),
are water carrier proteins identified within all the time study samples and are also considered as PM
markers. The PM intrinsic proteins (PIP) were differentially regulated in the samples, likely due to
a defense response, and isolated during affinity chromatography. The Arabidopsis aquaporin AtPIP1
and AtPIP2 groups are well-known to be localized in PMs and are involved in defense responses
within the plant [34].

ATP-dependent binding cassette (ABC) transporters have previously been shown to be involved
in various processes such as transport of phytohormones, surface lipid deposition, and pathogen
response during plant-microbe interactions [35]. In this study, an ABC transporter was identified
in Table 3 (enriched PM-associated fraction) following capture affinity. The G family (AtABCG)
group is the largest subfamily of ABC transporters in A. thaliana, and evidence was found
by Ji et al. [36] that AtABCG16 is involved in basal resistance and abscisic acid (ABA) tolerance against
the virulent bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000. Additionally, patellin-1
(Table 1, non-enriched PM-associated fraction) is a carrier protein involved in membrane trafficking
by binding to hydrophobic molecules (such as the steroid-like ergosterol) and promoting their transfer
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between different cellular sites [37,38]. Vilakazi et al. [39] also identified this phosphoinositide-binding
protein, patellin-1, in the study of capturing LPS-binding PM-associated proteins in A. thaliana.

Lastly, clathrin-dependent membrane trafficking is critical for determining cell polarity,
and clathrin light chains are predominantly localized at the PM and early endosome compartments [40].
Both light chains (CLCs) and clathrin heavy chains (CHCs), including CHC1 and CLC3, were identified
in the non-enriched PM-associated fraction (Tables 1 and 2). In this regard, Mgcina et al. [41] also
speculated that the binding-site of lipopolysaccharide (LPS) as a bacterial MAMP to A. thaliana
protoplasts is internalized into the cell by endocytosis, thus leading to the reduced level of receptors
on the surface.

3.1.2. Signaling

Pathogens that successfully overcome the initial physical defense barrier are mostly recognized
by PRR proteins on the cell membrane. Recognition at the PM is immediately transmitted internally
to activate other defense factors [42]. Some of the proteins involved during basal resistance fall
within the signaling category and are associated with the PM during a defense response event.
Here, a GPI-anchored protein was identified in the 12 h- and 24 h-treated PM-associated samples,
as listed in Table 3 of the enriched fractions. These proteins are known to exist independently in
a soluble form and are also associated with the PM [43]. GPI anchoring acts as a PM targeting signal,
either in a localized or a polarized manner, by transferring signals from activated transmembrane
receptors to various constituents inside the cell [44]. Due to these targeting mechanisms, GPI-anchored
proteins are associated with lipid rafts/microdomains [43,45,46] and, since Peskan et al. [44] found
evidence for such rafting in plants, these proteins have been used as a model or marker for
raft sorting [47].

A LRR protein kinase-like protein and LRR-containing protein were identified in non-enriched as
well as enriched PM-associated proteins (Tables 1 and 3). LRR-containing RLKs are well known to
confer resistance to bacterial and fungal pathogens [48]. A well-studied LRR-containing receptor is the
FLS2 from A. thaliana that perceives the bacterial flagellin and triggers the binding of brassinosteroid
intensive 1 (BRI1)-associated kinase (BAK1) to the receptor and acts as a signal enhancer [49].
Furthermore, FLS2 is said to migrate to highly organized membrane raft compartments of the
PM where interaction with BAK1 takes place, forming a heterodimer [50]. Another protein kinase
identified includes the G-type lectin S-receptor-like serine/threonine-protein kinase (GsSRK) listed in
Table 1 (non-enriched fraction). Sanabria et al. [51] proposed a role for S-domain RLKs in M/PAMP
perception, specifically for LPS. In the study, it was shown that LPS perception transiently up-regulates
the expression of a G-type lectin receptor kinase in tobacco. This was also seen in the study of LPS
perception in A. thaliana by Baloyi et al. [52], as the GsSRK protein was up-regulated during the time
study. Plant lectins are proteins that are known to reversibly bind carbohydrates and are assumed to
play a role in plant resistance and development. It was shown by Esch and Schaffrath [53] that the
lectin domain of a jacalin-related lectin protein was responsible for relocating the protein towards the
site of pathogen attack, and jacalin-related lectin 35 was identified in the 2D set of proteins analyzed
subsequent to isolation (Table 2). The 14-3-3-like protein, GF14 epsilon, was also identified in the
non-enriched fraction (Table 1). These proteins are known to be important components in biological
pathways involved in signal transduction in response to biotic and abiotic stresses. In rice, 14-3-3
proteins regulate complex defense responses and interact with cellular components; 14-3-3 genes have
also been found to be expressed in response to inoculation with rice fungal pathogens, thus suggesting
functions in defense signaling [54].

CERK1 is a PM protein with three LysM motifs in the extracellular domain that was identified
following affinity-capture (Table 3). LysM proteins have been shown to play a vital role in basal
immunity by recognizing peptidoglycan and chitin via the N-acetylglucosamine (GlcNAc) moiety [52].
The Arabidopsis CERK1 (AtCERK1) is said to function as a ligand-binding protein and as a signaling
molecule with kinase activity [55]. Lastly, the binding partner of accelerated cell death (ACD) 11
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was identified for the first affinity-based approach (Table 3) and is known to mediate sphingolipid
metabolism and regulate programmed cell death (PCD) upon pathogen infection in plants [56]. It has
also been shown that Arabidopsis ACD mutant plants displayed excessive cell death upon infection
with bacterial P. syringae [57].

3.1.3. Defense responses

During the early stages of M/PTI, upon pathogen recognition, defense-related proteins are either
activated, enhanced, or transcribed. Microbes can also deliver effectors into the cytosolic space of the
plant cell during ETI, thus challenging the plant’s defense proteins [50]. The NDR1/HIN1-like protein
3 (NHL3), listed in the enriched fraction (Table 3), is predicted to be a membrane protein that has been
shown to be triggered by avirulent Pst instead of the virulent strains. Hitherto, Varet et al. [58] reported
that the expression of NHL3 is suppressed by virulent bacteria, and therefore the protein is
hypothesized to participate in disease resistance. SNARE (soluble N-ethylmaleimide sensitive factor
attachment protein receptors) complexes are also known to be necessary for immune responses and
have been associated with targeted exocytosis of various antimicrobial compounds and proteins.
Multiple SNARE complex constituents have been identified in previous studies, including the syntaxin
of plants 122 (SYP122), and soluble N-ethylmaleimide-sensitive factor adaptor protein 23 (SNAP33)
was identified in the 2DE samples (Table 2) in this study. These proteins were previously found to be
highly enriched at the PM during an immune response [59].

Remorins, identified during the affinity-capture (Table 3), are proteins that play a role in cell-to-cell
signaling and plant defense and have been shown to be associated with the PM in potato leaves.
Furthermore, remorin 1.2 from tobacco (NtREM1.2) revealed primary accumulation in isolated DRMs
and showed distinct localization in domains in the PM when expressed as a green fluorescent protein
(GFP) fusion protein. These experiments showed that remorins are marker proteins for DRMs in
plants that form higher order oligomers, impacting the binding affinity to these microdomains [46,60].
In A. thaliana, remorins are differentially phosphorylated, and this event is dependent on the presence
of the NBR-LRR resistance protein RPM1. This is triggered upon perception of various M/PAMPs [61].
Within the Arabidopsis genome genes named, AtONB1, AtBON2, and AtBON3 (bonzai, also known as
copine) were shown to be regulators of plant immunity. The identified ergosterol-interacting candidate
BONZAI-2 (enriched fraction in Table 3) plays a role in suppressing programmed cell death and defense
in plants during pathogen attack [62]. This was supported by Zhou et al. [63], where Arabidopsis and
rice plants were inoculated with Pst DC3000, and the pathogen’s interaction with the plant was limited
to the PM. Hypersensitive-induced response (HIR) proteins are found on the PM and interact with LRR
proteins during a defense response. The A. thaliana AtHIR1, AtHIR2, AtHIR3, and AtHIR4, identified
in both non-enriched and enriched fractions (Tables 1–3), are associated with the intracellular side
of the PM and involved in the development of programmed cell death during pathogen attack [39].
Baloyi et al. [52] and Vilakazi et al. [39] identified HIR protein 1, HIR protein 2, HIR protein 3, and HIR
protein 4 in their studies pertaining to LPS as a M/PAMP.

Lastly, plant disease resistance (R) proteins are quantitative and rate-limiting regulators. Disease
resistance protein RPP8, listed in the non-enriched fraction (Table 1), has been seen to be up-regulated
in response to multiple avirulent pathogens and by wounding. It is also suggested that RPP8 is
connected to multiple pathways [64].

4. Materials and Methods

4.1. Plant Growth and Elicitor Treatment

For the study, A. thaliana seedlings were grown in CulterraTM Germination Mix (Culterra,
Johannesburg, South Africa) soil in trays placed in a plant growth room at 20–24 ◦C under a 12-h
light/12-h dark cycle until mature. Plants were routinely watered and fertilized with 1:300 (v/v) diluted
NitrosolTM Natural (Nitrosol, Manukau City, New Zealand). Mature plants with fully developed
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rosettes (~2 months old) were treated with 250 nM ergosterol (Sigma, Steinheim, Germany) during the
day cycle using gentle pressure infiltration into the abaxial side of the leaves. An elicitor stock solution
was prepared in absolute ethanol and diluted in dH2O to a working solution containing less than
0.2% ethanol, and elicitation included a time study of 0, 6, 12, and 24 h, respectively, in accordance
with related citations with untreated plants as the control. To eliminate any variation, all experiments
included 3 biologicals and 3 repeats of each experiment, including sequencing. The raw data files
containing the most significant proteins (Section 4.7) were merged to produce Supplementary Data
Sheets 1–4 and compile Tables 1–4.

4.2. Small-Scale Isolation of the Plasma Membrane(PM)-Associated Fraction

The isolation protocol was taken from Giannini et al. [26] and modified to optimize the yield
of isolated fractions. Approximately 20 g of leaf tissue was homogenized in 60 mL homogenizing
buffer containing 250 mM sucrose (Merck, Darmstadt, Germany), 3 mM ethylenediaminetetraacetic
acid (EDTA) (MerckDarmstadt, Germany), 10% (v/v) glycerol, 0.5% (w/v) poly(vinylpolypyrrolidine)
(PVPP) (Sigma, St. Louis, MO, USA), 2 mM phenylmethane sulfonyl fluoride (PMSF) (Boehringer
Mannheim, Mannheim, Germany), 15 mM β-mercaptoethanol (Sigma, St. Louis, MO, USA), 4 mM
1,4-dithiothreitol (DTT) (Fisher Chemicals, Loughborough, UK), 250 mM potassium iodide (KI)
(Saarchem, Johannesburg, South Africa), and 70 mM tris(hydroxymethyl)aminomethane (Tris) (Merck,
Modderfontein, South Africa) using an Ultraturax homogenizer. Homogenates (HM) were filtered
through 2 layers of miracloth (Millipore/Merck, Darmstadt, Germany) and centrifuged at 6000× g for
4 min at 4 ◦C using a Beckman CoulterTM AvantiTM J-20 I centrifuge. Cell debris was discarded, and the
supernatants were collected and centrifuged at 13,000× g for 25 min at 4 ◦C. After centrifugation,
the supernatants were discarded, and the pellets were resuspended in 800 μL microsomal resuspension
buffer containing 250 mM sucrose, 10% (v/v) glycerol, 1 mM DTT, and 1 mM PMSF. Five hundred μL
of the microsomal fraction was layered onto a sucrose gradient containing 700 μL of 25% (w/v) and 38%
(w/v) sucrose each to create a discontinuous gradient in 1 mM Tris-HCl, 1 mM EDTA, and 0.1 mM DTT,
pH 7.2. The gradients with the microsomal fractions were centrifuged at 13,000× g for 1 h, after which
the PM-associated fraction formed an interface within the gradient and was aspirated using a pipette
and transferred into a new tube. To validate the successful isolation of the said fractions, MAPK
Western blot analysis (Figure S1) and plasma membrane H+-ATPase assays were routinely conducted.

4.3. Identification of PM-Associated Ergosterol-Responsive Candidate Proteins

Prior to affinity chromatography, SDS-PAGE was performed of the homogenates, microsomal,
and PM-associated fractions in order to identify proteins that could be categorized as
ergosterol-responsive candidates. The 12% 1D-SDS-PAGE gels were visualized using the Fairbanks
staining protocol [65], and differentially (densitometrically) regulated protein bands were excised
for identification. The PM-associated fractions also underwent 2D-SDS-PAGE with immobilized
pH gradient (IPG) strips of narrow range (pH 4–7) in order to identify elecrophoretically distinct
spots that could be responsive candidates to ergosterol treatment. Samples were prepared for the
first dimension of separation with a concentration of 100 μg total protein. A final volume of 120 μL
sample was prepared containing 2 μL 50% DTT, 1.3 μL ampholyte (Bio-Rad, Hercules, CA, USA),
x μL sample, y μL urea buffer with trace amounts of bromophenol blue. The samples were loaded
onto the Immobiline™ Reswelling Dry-strip tray, and non-linear IPG strips [pH 3–10 or 4–7, 7 cm
ReadyStrip™ IPG, Bio-Rad, Hercules, CA, USA)] were gently laid on top of the sample with the gel
side down. The strips with samples were overlaid with mineral oil to prevent drying, and the tray
was covered with foil. The strips were left to hydrate overnight at RT. Following hydration, the strips
were placed on the Etthan IPGphorII electrophoresis unit (Amersham Bioscience, Buckinghamshire
,UK) with the gel side facing up. Electrode wicks were soaked with dH2O and placed on opposite
ends of the strips. Conditions for isoelectric focusing (IEF) included step 1 at 250 V for 15 min, step 2
at 4000 V for 1 h, and step 3 was 4000 V for 12,000 V/h. Once IEF was completed, strips were rinsed
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with dH2O to remove excess mineral oil and then with 1X tank buffer for 5 min. The strips were
incubated in DTT equilibration buffer (0.8 g DTT, 6 M urea, 30% glycerol, 2% SDS, 50 mM Tris-HCl,
pH 8.8) for 20 min with constant shaking. Strips were rinsed again with 1X tank buffer and then
incubated in iodoacetamide (IAA) (Sigma, St. Louis, MO, USA) equilibration buffer (0.2 g IAA, 6 M
urea, 30% glycerol, 2% SDS, 50 mM Tris-HCl, pH 8.8) for 20 min with constant shaking, followed by 1X
tank buffer prior to loading the strip on top of a 12% resolving gel, as previously prepared. Protein
spots that showed differential regulation were excised and analyzed by LC-MS.

4.4. Affinity Chromatography

4.4.1. Magnetic Epoxide Microspheres

The MagReSynTM magnetic epoxide microspheres (ReSyn Biosciences, AEC-Amersham,
Midrand, South Africa) were supplied as a 20 mg/mL suspension in 20% (v/v) ethanol.
The microspheres contain high functional group intensity throughout the fiber surface network,
which allows a ligand (in this case, ergosterol) to react and be immobilized to the lattice by covalent
bonding [66]. Microspheres were resuspended in the shipping solution, and 50 μL (±1 mg) was
collected with a pipette and transferred to a new tube. The tube was placed on a magnetic
separator, and once microspheres were clear, the shipping solution was discarded. Microspheres
were equilibrated with three washes of 200 μL milliQ H2O. The activation solution supplied by the
manufacturer consisting of 5.2 M 1,4-butanediol diglycidyl ether was diluted 4× to a working solution.
Microspheres were resuspended in 500 μL activation solution and continuously agitated for 48 h
at RT before removal thereof and washing of the microspheres two times with 200 μL 90% (v/v)
tetrahydrofuran (THF) (Sigma, Steinheim, Germany), which was also used as the coupling buffer.
Thirty mg/mL of ergosterol was prepared with 90% (v/v) coupling buffer. Five hundred μL of the
ergosterol was added to the activated microspheres and continuously agitated for 48 h at 4 ◦C. On the
magnetic separator, the unbound ergosterol was removed, and microspheres were washed three times
with 200 μL coupling buffer. Epoxide residues that did not bind to the ergosterol were quenched
with 500 μL ethanolamine, pH 8.5 blocking solution for 24 h at RT. The blocking agent was discarded,
and 1 mg/mL (~1.25 mL) of PM-associated protein sample was added. The microspheres with the
samples were incubated for 24 h at RT with constant agitation followed by removal of the liquid
fraction and washing of the microspheres five times with 1 mL 10 mM Tris-HCl, pH 7.5 to remove
unbound proteins. The microspheres were then washed with 1 mL 0.5 M NaCl in 10 mM Tris-HCl,
pH 7.5 to remove non-covalently bound proteins. Ergosterol-interacting candidate proteins were
subsequently eluted with five washes 1 mL 1% (w/v) SDS in 10 mM Tris-HCl, pH 7.5. The absorbance
of the collected fractions was measured spectrophotometrically at 280 nm for monitoring absorption
and desorption reactions.

4.4.2. EAH Seharose 4B

This approach required the derivatization of ergosterol to the hemisuccinate for affinity
chromatographic applications, as reported by Tejada-Simon and Pestka [67]. Thirty mg/mL ergosterol
was treated with 4-phenyl-1,2,3-triazoline-3,5-dione (PTAD) (Sigma, Steinheim, Germany), resulting
in cyclic adducts. For the formation of the adducts to ergosterol-hemisuccinate, 2.5 mM succinic
anhydride (Sigma, Steinheim, Germany) was dissolved in 800 μL pyridine (Sigma, St. Louis, MO, USA)
in a reaction vessel. The ergosterol adducts were added to the mixture and refluxed for 60 min.
The reaction was allowed to cool down for ±5 min before the reaction vessel was submerged in
boiling water and a nitrogen steam was applied to remove pyridine. Excess succinic anhydride was
removed by portioning the mixture in equal volumes of water and chloroform. The chloroform phase
containing ergosterol-hemisuccinate (Erg-HS) was dried under nitrogen. To authenticate the successful
derivatization of ergosterol, 30 mg/mL ergosterol and 30 mg/mL Erg-HS were separately dissolved in
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toluene:acetone (70:30, v/v). High-performance thin layer chromatography (HP-TLC) was conducted
with a mobile phase of toluene:acetone (70:30, v/v), and plates were visualized under UV at 254 nm.

One mL of 1,6-diaminohexane (EAH) Sepharose 4B beads were swollen in 10 mL 0.5 M NaCl and
washed two times with 5 mL water, pH 4.5. Erg-HS (0.05 g) was dissolved in 2 mL 50% (v/v) 1,4-dioxane
(Sigma, Steinheim, Germany) and added to the beads. One-ethyl-3(3-dimethylaminopropyl)-carbodiimide
(Sigma, Steinheim, Germany) was added to the beads to a final concentration of 0.13 M and manually
inverted for 60 min at RT. The carbodiimide-promoted condensation reaction was then continuously inverted
for 24 h at 4 ◦C to allow the coupling of Erg-HS to the beads. This was followed by washing with 10 mL
100% 1,4-dioxane, 10 mL 80% (v/v) ethanol, 20 mL water, and 10 mM Tris-HCl pH 7.5, respectively. Beads
were transferred into a column, 1 mg/mL of the PM-associated extract was added on the resin bed, and the
column was blocked for 1 h at RT to allow binding of proteins to Erg-HS. The column was then washed six
times with 50 mM Tris-HCl pH 7.5 to remove all unbound proteins followed by six washes with 0.5 M NaCl
in 50 mM Tris-HCl 7.5 to remove non-specifically bound proteins. Lastly, ergosterol-interacting candidate
proteins were eluted with 1% (w/v) SDS in 50 mM Tris-HCl pH 8.0. The absorbance of the collected fractions
was spectrophotometrically measured at 280 nm to determine the elution profile.

4.5. Protein Precipitation and SDS-PAGE

Proteins from the desorbed affinity fractions were precipitated with absolute acetone at a 1:2 (v/v)
ratio at −20 ◦C overnight to remove any substances that may have interfered with SDS-PAGE and
mass-spectrometry and to achieve maximum protein yield. Fractions with acetone were briefly vortexed
prior to centrifugation at 13,000× g for 10 min at 4 ◦C, after which the supernatant was carefully discarded.
Pelleted proteins were washed twice with ice cold 80% (v/v) acetone, centrifuged at 13,000× g for
10 min between each wash step, and solubilized in SDS sample buffer. SDS-PAGE was performed by
resolving ergosterol-interacting candidate proteins on 12% gels using the Hoefer Scientific miniVE vertical
electrophoresis system at constant voltage of 90 V for 3 h at RT (Section 4.2). Gels were stained using the
silver staining protocol adapted from Switzer III et al. [68] and Blum et al. [69].

4.6. In-Gel Trypsin Digestion

Coomassie-stained gel slices were destained twice in a solution containing 100 mM ammonium
bicarbonate (NH4HCO3) (Sigma, Steinheim, Germany) and 50% (v/v) acetonitrile (ACN) for 45 min
at RT with constant agitation, while silver-stained gel pieces were covered with a solution of 30 mM
potassium ferricyanide and 100 mM sodium thiosulfate and agitated until clear at RT. Solutions
were discarded, and gel pieces were washed with milliQ H2O followed by an addition of 2 mM
Tris(2-carboxyethyl) phosphine (TCEP) (Sigma, Steinheim, Germany) that was made up in 25 mM
NH4HCO3 and incubated for 15 min at RT with constant agitation to reduce proteins. Excess TCEP was
removed, and gel pieces were washed three times with 500 μL NH4HCO3 for 15 min. Concentrated
ACN was added, and samples underwent desiccation under vacuum centrifugation. Thereafter,
gel pieces were covered with sequencing grade trypsin (20 ng/μL) (Promega, Madison, WI, USA)
dissolved in 50 mM NH4HCO3 and incubated on ice for 1 h. Excess trypsin solution was removed,
and sufficient 50 mM NH4HCO3 was added, followed by incubation for 18 h at 37 ◦C. Peptides were
extracted from gel pieces using 0.1% (v/v) trifluoroacetic acid (TFA) (Sigma, St. Louis, MO, USA) and
incubation for 1 h at 37 ◦C. Peptides were then collected by centrifugation at 40× g for 5 min and dried
under vacuum, followed by resuspension in 12 μL loading buffer [2% ACN, 0.1% formic acid (FA)
(Sigma, St. Louis, MO, USA)] prior to analysis.

4.7. LC-MS/MS Analysis

Analysis was conducted at the Centre for Proteomics and Genomic Research (CPGR) (Cape Town,
South Africa). Nano-RP LC was performed on a Dionex Ultimate 3000 nano-HPLC system coupled
with a Q-Extractive Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) for LC-MS/MS analysis. The mobile phase solvent system employed was solvent A:
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water/0.1% FA and solvent B: 100% ACN/0.1% FA. Solubilized peptides were loaded onto a C18 trap
column (300 μm × 5 mm × 5 μm). Separation was performed on a C18 column (75 μm × 20 cm ×
1.7 μm), and a linear gradient was generated at 300 nL/min with a change of 2–60% solvent B over
52 min. The mass spectrometer was operated in positive ion mode with a capillary temperature of
320 ◦C. The applied electrospray voltage was 1.95 kV. Lastly, mass spectrometry was performed using
data-dependent acquisition MS/MS scans with a mass range of 350–2000 m/z.

4.8. Data analysis

Data analysis was performed using the Byonic software (Protein Metrics, Cupertino, CA, USA),
product version PMI-Byonic-Com: v2.6.46. The Arabidopsis UniProt Knowledgebase (UniprotKB)
database [70] was used to match peptide fragments resulting from the MS/MS. Peptides were
fragmented using the collision-induced dissociation (CID) low energy, and the parameters were
as follows: trypsin was a C-terminal cutter end, and carbamidomethyl (C) and deamination (NQ)
were set for fixed and variable modification, respectively. The precursor tolerance was 7 ppm, and the
fragment tolerance was 20 ppm. Maximum number of missed cleavage was 2, and the protein false
discovery rate (FDR) cut-off was 1% with the best score range of 0–1000 m/z. A target protein with
a best score of >300 was considered significant.

5. Conclusions

The purpose of the study was to identify Arabidopsis PM-associated candidate proteins in the
response to ergosterol treatment as well as those possibly interacting with the MAMP as ligands.
A small-scale isolation protocol was used to fractionate the Arabidopsis leaf tissue and resulted in the
successful isolation of said fraction for different time points. This was confirmed by identification of
PM and DRM markers subsequent to LC-MS/MS-based proteomics in excised 1D- and 2D-SDS-PAGE
protein bands and spots from the non-enriched fraction (i.e., responsive candidate proteins). Thereafter,
enrichment of PM-associated proteins (i.e., ergosterol-interacting candidate proteins) resulted in
some that had been identified in previous studies using different elicitors, such as the bacterial
flg22 and LPS, as well as fungal chitin. The perception mechanism of ergosterol in Arabidopsis
is still unclear, but the identified candidate proteins show that there could possibly be a receptor
complex (including non-PM yet associated proteins) involved in signaling the recognition of this
MAMP to the intracellular components of the plant cell, and that is similar to other reported elicitors.
Additionally, the second affinity-enrichment, which was meant to reduce non-specific binding,
yielded very few ergosterol-interacting PM-associated candidate proteins, and this may suggest
that derivatization of ergosterol resulted in critical alterations to molecular features that could have
affected the association/interaction of the MAMP molecule with proteins.

Lastly, this study is a first of its kind because affinity chromatography has not yet been
employed for capturing ergosterol-interacting PM-associated candidate proteins. As previously
mentioned, the PM is the recognition site of many microorganisms and associated MAMPs, therefore
understanding or identifying the interface proteomic changes involved during ergosterol-induced MTI
may assist in further elaborating the protein network and pathways regulated during activation of
immune responses that form part of plant defense.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/6/1302/
s1.
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Abstract: Plants and pathogens are entangled in a continual arms race. Plants have evolved
dynamic defence and immune mechanisms to resist infection and enhance immunity for second
wave attacks from the same or different types of pathogenic species. In addition to evolutionarily
and physiological changes, plant-pathogen interaction is also highly dynamic at the molecular
level. Recently, an emerging quantitative mass spectrometry-based proteomics approach named
data-independent acquisition (DIA), has been developed for the analysis of the proteome in a
high-throughput fashion. In this study, the DIA approach was applied to quantitatively trace the
change in the plant proteome from the early to the later stage of pathogenesis progression. This study
revealed that at the early stage of the pathogenesis response, proteins directly related to the chaperon
were regulated for the defence proteins. At the later stage, not only the defence proteins but also a
set of the pathogen-associated molecular pattern-triggered immunity (PTI) and effector triggered
immunity (ETI)-related proteins were highly induced. Our findings show the dynamics of the
plant regulation of pathogenesis at the protein level and demonstrate the potential of using the DIA
approach for tracing the dynamics of the plant proteome during pathogenesis responses.

Keywords: plant pathogenesis responses; data-independent acquisition; quantitative proteomics;
Pseudomonas syringae

1. Introduction

Plants are sessile organisms that are in close contact with a variety of organisms,
including pathogens and have thus evolved an efficient innate immune system to defend themselves
from those biotic stresses. The typical passive defence of plants actually starts from physical barriers,
including the trichomes, waxy cuticle and cell wall [1]. On the other hand, successful active
defence responses are initiated from the ability of plants to sense pathogens using extracellular
and intracellular innate immune receptors, to induce subsequent cellular reprogramming for defence.
Plants have evolved to express receptors that recognize conserved pathogen-associated molecular
patterns (PAMPs) or microbial associated molecular patterns (MAMPs) such as FLS2 receptor that
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perceives bacterial flagellin via the minimal epitope flg22, one of conserved pathogen molecules
essential for its reproduction [2]. Another type of plant sensing ability is initiated by endogenous
damaged-associated molecular patterns (DAMPs) which are molecules produced by cell-damage or
necrosis caused by pathogen invasion or herbivore attack, including fragments of cell wall structure,
signalling peptides/polypeptides from cleaved precursor proteins like systemin [3], PLANT ELICITOR
PEPTIDES (PEPs) [4] and CAP-derived peptide 1 (CAPE1) [5] and extracellular molecules like
nucleotides [6]. Currently known DAMPs have been demonstrated to be able to induce similar
innate immune responses in plants as microbe-derived PAMPs/MAMPs and it has been proposed that
DAMPs could be used to amplify the responses triggered by PAMPs [7].

After perceiving the danger signals of pathogen attacks, plants initiate a series of defence
responses. The first one, often thought as the basal pathogen resistance of plants, is triggered by
the binding of PAMPs/MAMPs by the plasma membrane-localized receptor (pattern recognition
receptors; PRRs) and is therefore called PAMP-triggered immunity (PTI) [8]. PTI includes the increased
ion influx, a burst of reactive oxygen species, activation of the mitogen-activated protein kinase
(MAPK) cascade and increased level of defence phytohormones like salicylic acid (SA), jasmonic acid
(JA) or ethylene (ET). However, pathogens that have become successfully adapted though evolution
can suppress or bypass the PTI responses by injecting proteins—termed effectors through a type
III secretion system to the apoplast or cellular region of the host, resulting in effector-triggered
susceptibility (ETS) [9,10]. To counter-attack ETS, plant species have also evolved another kind of
defence response, effector-triggered immunity (ETI), which uses intracellular or transmembrane
receptors (R proteins) to specifically target the effector proteins of pathogens, resulting in much
stronger resistance responses, usually leading to hypersensitive response (HR) cell death. A “zig-zag”
model has been proposed to interpret how/why the plant immune system is made up of this complex,
multi-layered innate immune system of PTI and ETI responses through evolutionary development [10].
Although from the transcriptomics data, a significant number of genes could both be regulated
by PTI and ETI, the later causes faster and greater amplitude of induction, leading scientists to
speculate that PTI and ETI could result in synergistic effects [11–13]. However, when examining
specific defence-related phytohormones (SA, JA and ET) in Arabidopsis, it has been shown that
in PTI there are more evident synergistic relationships; while in ETI there are more compensatory
relationships among the signalling sectors [14–16]. There are still gaps in understanding how these
sophisticated mechanisms are regulated such as how PTI and ETI together form an effective defence
network, since a large number of the transcripts involved in the regulation of immune and defence
response are known to be time-dependent [17]. This is also related to the fact that regulation at the
protein level should also be time dependent and highly dynamic.

The isobaric labelling approach has been used to study the dynamics of proteome regulation
in plants during pathogenesis responses. This approach has been used to trace the change in the
proteome of tomato in response to infection with Pseudomonas syringae pv. tomato (Pst) DC3000 at
early and late time points. Using a combination of strong off-line cation exchange chromatography
and liquid chromatography coupled with mass spectrometry (LC-MS), a total of ~2300 proteins
were identified [18]. Although the isobaric approach is a promising technology to perform multiplex
quantitative proteomics analysis, it is often required to fractionate the sample to minimize the effect
of ratio compression [19]. The use of an additional fractionation step will require a higher quantity
of sample to compensate for sample loss during the fractionation step and reduce the throughput of
the proteome analysis. This limits its application to the analysis of a large quantity of the proteomics
samples. Recently, a new MS analysis approach called data independent acquisition (DIA) was
proposed to solve this issue. The DIA approach is considered a promising approach for performing
quantitative proteome profiling in a high-throughput manner. The DIA approach is based on the
acquisition of fragment-ion information for all precursor ions within a certain range of m/z values,
as demonstrated by the sequential window acquisition of all theoretical mass spectra (SWATH)
approach [20]. It has been demonstrated that the application of the DIA approach was able to identify
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and quantify thousands of proteins without performing fractionation and only a few micrograms of the
protein sample is required [20]. In the DIA approach, selected reaction monitoring (SRM)-like extracted
ion chromatography (XIC) on sequence specific ion transitions can be used for the identification and
SRM-like quantification of the peptides after the data acquisition. To demonstrate this technology
in the study of the plant pathogenesis responses, here we used the tomato proteome regulated by
infection of Pst DC3000. P. syringae, a hemi-biotroph bacteria, is one of the most studied bacterial
pathogens due to its ability to infect a great variety of plant species including reference plants like
Arabidopsis and tobacco and crops like tomato and potato. P. syringae relies on effector proteins
belonging to the bacterial type III secretion system to suppress the plant defence system thus achieving
pathogenesis. More than 40 P. syringae effectors have been identified with their host targets in plants,
demonstrating complex plant-pathogen interactions which makes P. syringae an important model
system for examining the molecular mechanisms of plant pathogen defence [21]. We quantitatively
profiled the total tomato proteomes regulated by the infection of Pst DC3000 from early to later time
points using the LC-MS/MS operated in DIA mode. Using this approach, the change in the proteomes
of mock and Pst DC3000-inoculated samples were analysed to identify the proteins with significant
change in abundance in the early to the later stage of the pathogenesis responses. Without the hideous
labour requirement for sample preparation that is required for peptide fractionation, the one-shot
sample analysis using the DIA approach should provide researchers an efficient way to identify not
only well-known but also potential protein markers for further biological studies.

2. Results and Discussion

2.1. Experimental Design and the Identification and Quantification Result

To mimic natural bacterial infection of tomato leaves without causing physical damage in cells,
we optimized the dipping method without using the vacuum infiltration. Pst DC3000 infection
symptoms and bacterial growth were recorded until 7 days post-inoculation (dpi) (Figure 1,
Supplementary Figure S1). The growth of Pst DC3000 started 4 h post-inoculation (hpi) and
dramatically increased at 3 dpi (Figure 1B) although the disease phenotype became more obvious at 3,
5 or 7 dpi.

Figure 1. Disease phenotypes and population dynamics of Pst DC3000 on tomato leaves. (A) Visible
disease symptoms in tomato leaves after leaves were dipped into bacterial suspension at an OD600 of
0.02. Photos were taken at 5 days post-inoculation. (B) Bacteria titres in leaves at 0, 4, 8, 24 h or 3, 5, 7
days after inoculation with Pst DC3000. Error bars represent the standard deviation of three biological
replicates. A statistical significance difference is shown between different time points using analysis of
variance (ANOVA) with post-hoc Tukey’s honestly significant difference (HSD) test by labelling bars
with different lowercase letter (a, b, and c).
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Mysore et al. [22] have examined the transcriptomic change in tomato upon 0 to 8 hpi of Pst and
showed that the majority of defence-related transcriptional responses were significantly activated
at 8 hpi. In addition, Parker et al. have examined the proteome change of tomato after 4 and 24 h
inoculation of Pst using isobaric tags for relative and absolute quantitation (iTRAQ) approach and
the 24 hpi of Pst was considered as the later time point for detecting the ETI responses [18]. In this
study, in order to cover early to the later phases of the pathogenesis responses in protein level, 4, 8
and 24 hpi of Pst DC3000 were selected for the proteomics analysis. Three different pooled tryptic
peptide samples, each combining Pst DC3000-inoculated and mock-treated samples from the same
time point, were used in the data-dependent acquisition (DDA) method and results were searched
from 3 different programs, Mascot, X!tandem and Comet, which were then merged to construct the
spectral library. In total, 2174 proteins were identified by DIA analysis across the 3 time points of 4, 8
and 24 hpi and the mock group, at 4, 8, 24 h-post treatment (hpt). Of 1472 proteins being quantified in
3 biological replicates, 114, 147 and 337 proteins had a change in quantity between inoculation and
mock at 4, 8, 24 h time points, respectively using the Student’s t-test (Supplementary Tables S1 and
S2). Among those, 20, 65 and 189 proteins had significant change in abundance with fold change
greater than 1.5 or less than 0.67 at 4, 8 and 24 hpi, respectively, compared to the mock (p < 0.05).
Comparing to the previous protein quantitation results using iTRAQ approach, even though > 1.2- or <
0.83-fold change with p-value < 0.05 was used to identify differentially expressed proteins, there were
128 tomato proteins found to be regulated at 24 hpi of Pst DC3000 [18]. In this study, we identified
189 regulated proteins at 24 hpi using the protein fold change >1.5 or <0.67 with p-value < 0.05 as the
criteria. The higher number of regulated proteins identified in this study as compared to previous
iTRAQ study at 24 hpi may possibly due to different experimental design or the ratio compression
issue of the use of isobaric tagging proteomics approach.

The majority of proteins (~90%) were identified in all 3 time points and only about 1 to 2% of
the proteins were identified at one time point (Figure 2A). A similar situation was observed with the
quantified proteins, most of which were shared between all the time points. However, there were
no proteins with significant up- (>1.5-fold change) or down- (<0.67-fold change) regulation found at
all the time points and only ~8% of up-regulated or ~24% of down-regulated proteins were shared
between the 8 and 24 h time points. There were also more proteins with significant change, either
up- or down-regulated, at 24 hpi than 8 or 4 hpi (Figure 2B), indicating that between 4, 8 and 24 hpi,
a different set of proteins were regulated in tomato leaves. More proteins showed a change in quantity
at both 8 and 24 hpi, than between 4 and 24 or 4 and 8 hpi.
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Figure 2. Proteomic change in tomato leaf between time points of Pst DC3000 inoculation 4, 8 or
24 hpi compared to each mock: 4, 8 or 24 hpt, respectively. (A) Venn diagrams showing unique and
shared proteins between 3 time points which are (a) identified across replicates and (b) quantified in
all 3 biological replicates or with significant increase, with fold change (c) greater than 1.5 or (d) less
than 0.67 in quantity (p < 0.05), due to inoculation. (B) Volcano plots showing protein abundance ratio
of Pst DC3000-inoculated over mock group at 4 hpi, 8 hpi and 24 hpi. Following LC-MS analysis and
DIA quantification, t test-based significance values (log10 (p-value)) were plotted versus log2 (protein
quantity ratio for all proteins between infected and mock). Differentially regulated proteins with p < 0.05
are plotted in red. Proteins with p > 0.05 are plotted in black. The level of protein abundance change with
1.5 or 0.67-fold is marked by a dashed line. The data of quantified proteins in 3 biological replicates were
listed in Supplementary Table 1 while the data of each replicate were listed in Supplementary Table 2.

2.2. Functional Classification of the Proteins Regulated by Pst DC3000

2.2.1. Function Categories of Proteins That are Significantly up- or down-Regulated during Pst
DC3000 Inoculation

Because there are more thorough gene annotations in the Arabidopsis Information Resource (TAIR)
database, using Protein Basic Local Alignment Search Tool (BLASTP), Arabidopsis homolog proteins
were identified in TAIR from the tomato proteins that had a significant change between the inoculated
and mock group. Regulated proteins with >1.5 or <0.67-fold change were categorized by protein
function (Figure 3). More unique function categories were identified for the up-regulated proteins than
the down-regulated proteins, including “response to other organism,” “response to external stimulus,”
“response to biotic stimulus,” “organic substance metabolic process,” “multi-organism reproductive
process,” “immune response” and “developmental process involved in reproduction.” This suggests
that the proteins in these categories could be positive regulators in pathogen defence and immune
responses. On the other hand, only one category, “response to endogenous stimulus,” was identified
in the down-regulated proteins.
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Figure 3. Biological process function analysis for tomato leaf proteins with a (A) significant increase
or (B) decrease in quantity at different infection time points, 4, 8 or 24 hpi compared to the mock
group. Only proteins with fold change greater than 1.5 or less than 0.67 (p < 0.05) were analysed
and used for searching the Arabidopsis homolog proteins by Protein Basic Local Alignment Search
Tool (BLASTP) against the Arabidopsis Information Resource (TAIR) database. Gene Ontology (GO)
categorization of these Arabidopsis homolog proteins was performed by using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) v6.8.

2.2.2. Proteins Related to the Key Mechanisms of Pathogenesis

About 70 proteins with significant change in protein abundance upon Pst DC3000 inoculation
across 4, 8 and 24 hpi were selected and grouped with their protein function category (Tables 1–3).
Table 1 summarizes the proteins involved in defence, immune response and ROS (reactive
oxygen species)/redox metabolism. Proteins involved in these categories mostly were up-regulated
at 8 and/or 24 hpi, except zeaxanthin epoxidase (ZEP; Solyc02g090890) and one peroxisome
(Solyc09g072700). Interestingly, none of these were up-regulated at the early time point 4 hpi.
Several pathogenesis-responsive proteins with known ROS/redox function were found to be
differentially expressed in our results. However, these proteins did not show significant change
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in quantities in either the Pst-resistant (PtoR) or susceptible (Prf3) tomato genotypes at 4 hpi and
24 hpi in the iTRAQ analysis [18], suggesting our findings could help researchers identify more
protein candidates in response to pathogenesis. Table 2 summarizes proteins participating in protein
translation, protein folding, degradation and transportation. Most proteins with function in translation
and folding were up-regulated at 24 hpi. However, Heat shock proteins 90 (HSP90) and calnexin were
the two early up-regulated proteins at 4 hpi. The protein product of Solyc04g080960, pre-pro-cysteine
proteinase, also named as RD19A-like and DNA damage-inducible protein 1 (Solyc10g005890) were the
ones with down-regulated protein level. DNA damage-inducible protein 1 belongs to a family of shuttle
proteins targeting polyubiquitinated substrates for proteasomal degradation. Table 3 summarizes
proteins involved in carbohydrate and energy metabolisms, including glycolysis/tricarboxylic acid
(TCA) cycle, pentose phosphate pathway and carbon fixation (photosynthesis). Generally speaking,
proteins involved in energy-generation, such as glycolysis and the TCA cycle, were up-regulated at 8
and 24 hpi; while proteins involved in photosynthesis and ATP synthesis were all down-regulated.
Our data indicate that within the first 24 h of pathogenesis progression in plants, the plant required
more energy for defence response and sacrificed the carbon fixation process. Table 4 summarizes
proteins involved in oxidation phosphorylation, amino acid, fatty acid and secondary metabolisms
like polyamine synthesis and shikimate pathway. Proteins grouped in amino acid metabolisms were
up-regulated at 24 hpi and the downstream compounds of these metabolic pathways are involved in
the stress response, like polyamine, flavonoids and aromatic amino acid and phytohormones.

Table 1. Proteins involved in defence, immunity and ROS/redox mechanism with significant change
in abundance at 4, 8, 24, hpi of Pst DC3000.

Protein Description Gene
Accession

4 hpi 8 hpi 24 hpi

log2

Ratio a p-Value b log2

Ratio a p-Value b log2

Ratio a p-Value b

Defence
Pathogenesis-related protein 4 (PR-4) Solyc01g097240 −0.183 0.496 0.885 0.049 NQ NQ
PIN-I protein (PR-6) Solyc09g083440 −0.023 0.971 −1.163 0.052 1.484 0.004
Wound-induced proteinase inhibitor 1 Solyc09g084465 NQ NQ NQ NQ 1.183 0.019
Major allergen Pru ar 1 (PR-STH 2) Solyc09g090970 0.239 0.038 0.827 0.003 1.106 0.036
Biotin-binding protein Solyc09g065540 0.067 0.695 0.093 0.794 0.615 0.048
Chitinase Z15140 Solyc10g055810 −0.195 0.487 0.869 0.006 0.101 0.907
Beta-1,3-glucanase (PR-2) Solyc01g008620 0.123 0.669 0.291 0.290 1.111 0.008

Immune Regulation
Pathogenesis-related protein 1 (PR-1) Solyc00g174340 −0.182 0.153 0.949 0.052 3.059 0.001
1-aminocyclopropane-1-carboxylate
oxidase 1 Solyc07g049530 0.132 0.705 NQ NQ 2.831 0.004

Arginase 2 (ARG2) Solyc01g091170 0.407 0.356 0.289 0.466 2.691 0.011
Cathepsin D Inhibitor Solyc03g098780 NQ NQ NQ NQ 1.947 0.040
Activator of 90 kDa heat shock ATPase Solyc10g078930 0.204 0.442 0.544 0.065 0.936 0.005
FKBP-like peptidyl-prolyl cis-trans
isomerase family protein Solyc09g008650 0.084 0.827 0.851 0.006 0.925 0.035

Kunitz trypsin inhibitor Solyc03g098730 −0.355 0.187 NQ NQ 0.714 0.046
Zeaxanthin epoxidase (ZEP) Solyc02g090890 0.112 0.353 −0.799 0.067 −0.711 0.047

ROS/Redox
Glutathione S-transferase/peroxidase Solyc07g056480 0.041 0.814 NQ NQ 1.870 0.005
Peroxidase Solyc09g072700 −0.345 0.089 −0.500 0.336 −0.814 0.029
Thioredoxin reductase Solyc02g082250 0.064 0.930 0.813 0.022 NQ NQ
Peroxidase Solyc04g071900 NQ NQ 0.906 0.016 NQ NQ
Glutathione Reductase (GR) Solyc09g091840 0.476 0.086 0.368 0.290 0.902 0.010
Glutathione S-transferase-like protein Solyc09g011570 0.158 0.430 0.765 0.038 0.812 0.001
Glutathione S-transferase Solyc06g009040 0.201 0.401 0.865 0.049 0.429 0.210

a The average log2 ratio of protein quantity representing (inoculated/mock) from 3 biological replicates. b p-value
calculated from Student t-test. Color-coded: red, significant quantity change greater than 0.58 of log2 ratio; blue,
significant quantity change less than −0.58 of log2 ratio; grey, no significant change between the inoculated and
mock group (p ≥ 0.05); white, non-quantifiable (NQ).
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Table 2. Proteins involved in translation, protein folding, degradation and transportation with
significant change in abundance at 4, 8, 24, hpi of Pst DC3000.

Protein Description Gene
Accession

4 hpi 8 hpi 24 hpi

log2

Ratio a p-Value b log2

Ratio a p-Value b log2

Ratio a p-Value b

Protein Translation, Folding, Degradation and Transportation
Importin subunit alpha Solyc01g060470 −0.122 0.473 0.185 0.449 1.138 0.016
Protein transport protein sec23, putative Solyc05g053830 −0.023 0.894 0.262 0.271 1.012 0.016
Golgin candidate 6 Solyc08g081410 −0.087 0.655 −0.095 0.612 0.680 0.040
Cathepsin B-like cysteine protease Solyc02g069110 NQ NQ NQ NQ 1.802 0.000
T-complex protein 1 subunit beta Solyc11g069000 −0.487 0.460 0.101 0.597 1.352 0.017
26S proteasome non-ATPase regulatory subunit 3 Solyc01g111700 0.116 0.811 0.300 0.034 0.960 0.013
DNA damage-inducible protein 1 Solyc10g005890 −0.612 0.038 −0.417 0.298 −0.021 0.862
Pre-pro-cysteine proteinase Solyc04g080960 0.313 0.193 −0.634 0.025 −0.388 0.316
Chaperonin 60 alpha subunit Solyc06g075010 −0.128 0.579 −0.080 0.607 1.506 0.012
Heat shock 70 kDa protein, putative Solyc07g043560 0.233 0.194 0.251 0.298 1.223 0.002
Peptidyl-prolyl cis-trans isomerase Solyc06g076970 0.211 0.697 0.759 0.500 1.212 0.033
Heat shock protein 90 Solyc06g036290 1.140 0.050 1.475 0.109 0.841 0.050
Calnexin Solyc03g118040 0.672 0.028 0.256 0.576 −0.067 0.881

a The average log2 ratio of protein quantity representing (inoculated/mock) from 3 biological replicates. b p-value
calculated from Student t-test. Color-coded: red, significant quantity change greater than 0.58 of log2 ratio; blue,
significant quantity change less than −0.58 of log2 ratio; grey, no significant change between the inoculated and
mock group (p ≥ 0.05); white, non-quantifiable (NQ).

Table 3. Proteins involved in carbohydrate and energy metabolisms with significant change in
abundance at 4, 8, 24, hpi of Pst DC3000.

Protein Description Gene
Accession

4 hpi 8 hpi 24 hpi

log2

Ratio a p-Value b log2

Ratio a p-Value b log2

Ratio a p-Value b

Metabolism-Primary-Carbohydrate Metabolisms-Glycolysis & TCA
Glucose-6-phosphate 1-dehydrogenase Solyc02g093830 0.289 0.111 0.752 0.146 0.955 0.013
Pyruvate kinase family protein Solyc10g083720 −0.104 0.326 0.316 0.208 0.915 0.001
Glyceraldehyde 3-phosphate dehydrogenase Solyc05g014470 0.219 0.501 0.155 0.400 0.773 0.022
Glyceraldehyde-3-phosphate dehydrogenase Solyc04g009030 0.258 0.027 0.196 0.208 0.663 0.004
2-oxoglutarate dehydrogenase E1 component family
protein Solyc05g054640 −0.193 0.360 0.490 0.007 0.654 0.033

Fructokinase 2 Solyc06g073190 0.030 0.805 0.254 0.149 0.624 0.019
Metabolism-Primary-Carbohydrate metabolism-PPP

6-phosphogluconate dehydrogenase, decarboxylating Solyc04g005160 −0.372 0.392 0.919 0.016 1.221 0.006
Transaldolase Solyc00g006800 −0.183 0.302 0.159 0.641 0.604 0.039

Metabolism-Primary-Carbon fixation
Photosystem II oxygen-evolving complex protein 3 Solyc02g079950 −0.739 0.057 −0.694 0.028 −0.250 0.157
Chlororespiratory reduction31 Solyc08g082400 −0.529 0.136 −1.402 0.033 −1.397 0.042
ATP-dependent zinc metalloprotease FTSH protein Solyc07g055320 0.118 0.646 −1.340 0.029 −2.270 0.008
Protein CURVATURE THYLAKOID 1A, chloroplastic Solyc10g011770 −0.072 0.814 −1.558 0.040 −2.373 0.007
Cytochrome b6-f complex iron-sulphur subunit Solyc12g005630 −0.087 0.801 −1.758 0.039 −2.812 0.002
Chlorophyll a-b binding protein, chloroplastic Solyc07g063600 −0.353 0.601 −1.891 0.011 −2.993 0.047
Photosystem I reaction centre subunit III Solyc02g069450 0.220 0.625 −1.496 0.079 −3.137 0.026
Chlorophyll a/b-binding protein Solyc03g005760 −0.540 0.493 −1.788 0.024 −3.159 0.024

Metabolism-Primary-Carbohydrate Metabolism-Others
Sucrose synthase Solyc07g042550 0.250 0.297 1.258 0.031 1.542 0.031
Beta-fructofuranosidase Solyc04g081440 0.261 0.367 NQ NQ 0.818 0.005
xyloglucan endotransglucosylase-hydrolase 7 Solyc02g091920 0.066 0.888 0.590 0.022 0.573 0.323
Starch synthase, chloroplastic/amyloplastic Solyc03g083095 −0.134 0.339 −0.601 0.013 −0.231 0.588

a The average log2 ratio of protein quantity representing (inoculated/mock) from 3 biological replicates. b p-value
calculated from Student t-test. Color-coded: red, significant quantity change greater than 0.58 of log2 ratio; blue,
significant quantity change less than −0.58 of log2 ratio; grey, no significant change between the inoculated and
mock group (p ≥ 0.05); white, non-quantifiable (NQ).

Table 4. Protein involved in other primary and secondary metabolisms with significant change in
abundance at 4, 8, 24, hpi of Pst DC3000.

Protein Description Gene
Accession

4 hpi 8 hpi 24 hpi

log2

Ratio a p-Value b log2

Ratio a p-Value b log2

Ratio a p-Value b

Metabolism-Primary-Oxidative phosphorylation
ATP synthase subunit alpha, chloroplastic Solyc06g072540 −0.244 0.124 −0.708 0.011 −0.879 0.001
ATP synthase delta-subunit protein Solyc12g056830 −0.546 0.011 −1.014 0.018 −1.061 0.020

Metabolism-Primary-Amino Acid & Polyamine Metabolism
S-adenosylmethionine synthase 2 (SAM2) Solyc12g099000 0.045 0.924 −0.345 0.564 1.194 0.006
Chorismate synthase 1 precursor Solyc04g049350 0.151 0.259 0.335 0.072 0.830 0.030
S-adenosylmethionine synthase 1 (SAM1) Solyc01g101060 0.224 0.091 0.190 0.034 0.681 0.012
S-adenosylmethionine synthase Solyc10g083970 NQ NQ NQ NQ 0.630 0.007
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Table 4. Cont.

Protein Description Gene
Accession

4 hpi 8 hpi 24 hpi

log2

Ratio a p-Value b log2

Ratio a p-Value b log2

Ratio a p-Value b

Methylthioribose kinase Solyc01g107550 0.125 0.156 0.333 0.169 0.626 0.005
Dehydroquinate dehydratase/shikimate: NADP
oxidoreductase Solyc01g067750 −0.191 0.086 0.090 0.755 0.598 0.014

Ornithine decarboxylase Solyc04g082030 0.153 0.211 0.728 0.293 1.673 0.037
Spermidine synthase Solyc05g005710 −0.494 0.048 −0.020 0.955 1.007 0.014

Metabolism Primary-Fatty Acid/Lipids
Fatty acid beta-oxidation multifunctional protein Solyc12g007170 0.340 0.573 0.663 0.204 2.662 0.004
Acetoacetyl-CoA thiolase Solyc07g045350 0.210 0.020 0.849 0.050 2.195 0.030
12-oxophytodienoate reductase 3 Solyc07g007870 −0.045 0.860 0.347 0.198 1.468 0.023
4-coumarate-CoA ligase Solyc03g117870 0.004 0.987 0.382 0.233 1.282 0.005
ATP-citrate synthase, putative Solyc05g005160 0.091 0.649 0.587 0.045 0.998 0.117
Lipoxygenase Solyc01g006560 −0.437 0.184 NQ NQ 0.767 0.038

Metabolism-Secondary
5-enolpyruvylshikimate-3-phosphate synthase Solyc01g091190 0.166 0.744 0.351 0.242 1.442 0.043

a The average log2 ratio of protein quantity representing (inoculated/mock) from 3 biological replicates. b p-value
calculated from Student t-test. Color-coded: red, significant quantity change greater than 0.58 of log2 ratio; blue,
significant quantity change less than −0.58 of log2 ratio; grey, no significant change between the inoculated and
mock group (p ≥ 0.05); white, non-quantifiable (NQ).

2.3. Changes Associated with Defence and Immune Regulation

In this study, several proteins involved in the defence of pathogenesis were observed to be
regulated mainly at 8 and 24 hpi. The two chitinases, pathogenesis-related protein 4 (PR-4) and
chitinase Z15140 and major allergen Pru ar 1 (also known as Pathogenesis-Related Protein-STH 2-like;
PR-STH 2-like) were found to be regulated at 8 hpi. Chitinases are enzymes catalysing the hydrolysis
of chitin into N-acetyl-D-glucosamine monomers therefore this enzyme can damage fungal cell walls
and the exoskeleton of arthropods. PR-4 was found to be induced not only by pathogen attack but
also induced by ethylene in Arabidopsis [23,24]. Although PR-4 was classified as an endochitinase,
its chitinase activity was found to be weak [25]. A more recent study indicated that PR-4 is a bifunctional
enzyme with both RNase and DNase activity [26,27], which suggests that PR-4 may be involved in the
regulation of HR. It was reported that the transient expression of PR-4b triggers hypersensitive cell
death in Arabidopsis and the induction of PR4b is necessary to defend P. syringae and Hyaloperonospora
arabidopsidis (Hpa) infection [28]. For major allergen Pru ar 1, this protein was also named as PR-10a
and found to be induced after wounding, elicitor treatment or infection by Phytophthora infestans of
the plants [29]. It has been shown that the parsley homologs of PR-l0a are highly similar to a partial
sequence of a ginseng ribonuclease [30], suggesting the protein encoded by the PR-10a domain could
exhibit ribonuclease activity. Moreover, many of these genes have been shown to be controlled at the
transcriptional level and to be expressed during the defence response or after wounding [24,31,32].
The function of the PR-10a protein is currently unknown.

At the later time point, 24 hpi, immune-related proteins, including the well-known SA-responsive
marker genes/proteins, pathogenesis-related protein 1 (PR-1; Solyc00g174340), Kunitz trypsin
inhibitor (KTI; Solyc03g098730) and arginase 2 (ARG2; Solyc01g091170) appeared to be dramatically
up-regulated with up to 8-fold increase compared to the mock. PR-1 was observed to be highly
up-regulated specifically at 24 hpi with a fold change of ~8.33. PR-1 is triggered by SA, a hormone in
the deployment of systemic acquired resistance (SAR). SAR is the defence response occurring at the
non-infected site (and thus called “systemic”) to establish a long-term and broad-spectrum resistance
throughout the entire plant after local pathogen infection is activated by avirulent pathogens [33].
Activation of the PR-1 gene requires the recruitment of a transcriptional enhanceosome to its promoter
for which the SA receptor, Non-Expressor of Pathogenesis-Related Gene 1 (NPR1), is the key
regulator [34]. Our previous study demonstrated the function of the PR-1 in the regulation of the
immunity, in which PR-1 acts as a precursor for the signalling peptide CAPE1 to trigger defence
responses regulated by methyl-jasmonic acid (MeJA) and SA [5]. We also demonstrated that the
production of CAPE1 in tomato is regulated by the wounding response and MeJA may further enhance
the production of this peptide elicitor [5]. This implies that the plant defence mechanism had started
to significantly activate the SAR at 24 hpi. The wound- or JA-dependent responses during the later
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stage of pathogenesis response may further trigger CAPE1 to induce different sets of the defence
responses. On the other hand, the protease KTI, which belongs to the Kunitz-type protease inhibitor
(PI) whose serine protease activity specifically inhibits trypsin proteases which cleave polypeptides at
the C-terminus of lysine and arginine, was up-regulated ~1.64-fold at 24 hpi of Pst DC3000. The PI
family are usually induced by JA-mediated response to wounding, pathogens or herbivore attack.
The Arabidopsis homolog of Kunitz trypsin inhibitor, ARABIDOPSIS THALIANA KUNITZ TRYPSIN
INHIBITOR 1 (AtKTI1), is a functional serine protease inhibitor that antagonizes pathogen-associated
programmed cell death [35]. The gene expression of AtKTI1 is increased by 24 hpi of Pst DC3000
(especially with the effector avrB) in the microarray database [36] and also induced by H2O2, wounding,
SA and some programmed cell death (PCD)-eliciting toxins from necrotrophic fungal pathogens.
Since PCD, a cell-suicide act that needs to be tightly controlled for plant development and pathogen
defence, it is speculated that plant induces KTI1 in the infected tissue in order to finely control the
fate of plant cells under hemi-biotrophic pathogen inoculation. Previously researchers also found
that AtKTI1 in plants can trigger both SA- and JA/ET-dependent defence gene expression, indicating
the diverse role of this protein in defence responses including PTI and ETI [35]. In addition, another
immune related protein ARG2 was observed to be ~ 6.5-fold expressed when inoculated by Pst DC3000
only at 24 hpi. ARG2 targets the mitochondria, hydrolyses the first step of arginine degradation to
ornithine and urea, also provides the upstream production of proline, histidine and the polyamine
biosynthetic pathway [37]. It has been found that the level protein expression and enzyme activity
can be induced by wounding, JA treatment and Pst DC3000 phytotoxin coronatine in tomato [38].
In our study, ARG2 was severely up-regulated; however, in previously published research, the RNA
level was induced as early as 1 hpi and peaked at 8 hpi [38]. This difference could be due to the
difference between the different pathogen inoculation methods, as our method could avoid causing
wounding compared to the traditional vacuum infiltration in the early stage of the treatment and
thus delay the overexpression at the translational level. Besides polyamine, ARG2 may be involved
in regulating nitric oxide (NO) accumulation. ARG2 has been shown to be important in the defence
against necrotrophic pathogen Botrytis elliptica [39]. NO-mediated defence and immunity could be
related to SA-JA antagonism as NO induces the accumulation of SA while inhibiting the expression of
JA-responsive genes [40]. The late-induction level of ARG2 suggests that the HR-directed PCD by NO
signalling could be triggered at 24 hpi.

2.4. Changes Associated with the Reactive Oxygen Species (ROS) and Oxidation-Reduction Reactions

ROS, including hydrogen peroxide (H2O2) and superoxide (O2
−) are involved in the early

signalling for defence responses and also has direct toxicity against pathogen function, underlying
PTI, ETI and SAR. The activity for mediating rapid accumulation of ROS during the oxidative burst
is dependent on two classes of enzymes: NADPH oxidases and class III heme peroxidases [41,42].
NADPH oxidases synthesize the superoxide and peroxidases convert superoxide into a more stable
form of ROS, H2O2. One peroxidase (Solyc04g071900) which belongs to the class III heme peroxidases
was observed to be ~1.8-fold up-regulated at 8 hpi, suggesting a diverse ROS-related mechanism could
be triggered at 8 hpi. Glutathione S-transferases (GSTs) are known for their function in anti-oxidative
reactions to eliminate ROS and lipid hydroperoxides that accumulate in infected tissues thus limiting
the excessive spread of HR- associated cell death [43]. Several GST family members have been shown to
be PAMP-responsive genes in Arabidopsis [44]. In our study, the major antioxidant enzymes including
several GSTs and GST-like proteins and glutathione reductase (GR) were up-regulated at 8 and/or
24 hpi upon Pst DC3000 inoculation.

In addition to glutathione and ascorbate, the most abundant antioxidant compounds in plant cells
are oxidoreduction-active proteins called redoxins [45]. Thioredoxin (Trx) is a multigenic superfamily
of ubiquitous redox proteins with multiple functions. Thioredoxin reductase (Solyc02g082250), one of
ROS-detoxifying enzymes, was also up-regulated upon Pst DC3000 infection at 8 hpi, confirming that
plants also trigger the redox change by thioredoxin reductase during pathogen inoculation.
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Although the up-regulation of plant GST proteins as a consequence of bacterium-induced
oxidative stress was recognized as above mentioned, there were also some predicted peroxidases,
GST proteins and ascorbate peroxidase (Table 1 & Supplementary Table 1) were down-regulated at
Pst DC3000 at 24 hpi. This is probably due to the effect of SA mediating ROS accumulation in cells
by first promoting ROS accumulation (as these ROS are essential in the early defence response) and
then inhibiting catalase and cytosolic ascorbate peroxidase, the main H2O2-detoxifying enzymes,
to promote further accumulation of ROS which triggers the ETI response [37,46]. The effectiveness
of SA-mediating defence response is also supported by our observation that between 4 and 24 hpi,
the colony growth did not show significant change in our experiments (Figure 1B).

2.5. Changes Associated with Protein Folding, Transportation and Degradation

2.5.1. Protein Folding: Heat Shock Proteins and Chaperones

Heat shock proteins (HSPs) are a huge protein family participating in plant growth, development
and fitness, mainly by helping mature protein folding or degrading mis-folded proteins. HSPs
like HSP70, HSP90 and HSP60 belong to molecular chaperone families. Molecular chaperones bind
and catalytically unfold misfolded and aggregated proteins as a primary cellular defensive and
housekeeping function [47]. Plastidic chaperonin 60 (CPN60) alpha and beta are required for plastid
division in Arabidopsis. CPN60 proteins are required to be maintained at a proper level for folding
stromal plastid division proteins and are essential for the development of chloroplasts [48]. In our
study, CPN60 alpha subunit (Solyc06g075010) was up-regulated by ~2.8-fold, suggesting its important
role in bacteria defence response.

The HSP90 family have been shown to be involved in regulating drought, salt and oxidative
stress and involved in ATP-dependent assembly of the 26S proteasome [49]. We found that at Pst
DC3000 4 hpi in tomato, HSP90 (Solyc06g036290) was induced ~2.2-fold compared to the mock. It has
been suggested that HSP90 protein could be an important helper to the regulation of the receptor
proteins involved in plant immunity, nucleotide-binding site leucine-rich repeat (NB-LRR) type R
proteins. This interaction is apparently required for the NB-LRR type R proteins to maintain the
protein stability, especially their sensor signal-competent state [50]. HSP90 could physically interact
with various R proteins, including RPM1 (RESISTANCE TO PSEUDOMONAS MACULICOLA 1),
RPS2 (RESISTANCE TO P. SYRINGAE 2) and RPS4 (RESISTANCE TO PSEUDOMONAS SYRINGAE
4) in Arabidopsis [51,52]. In Nicotiana benthamiana, the complex formed by HSP90 and Suppressor
of the G2 Allele of skp1 (SGT1) or Required for Mla12 Resistance 1 (RAR1) which is required for
resistance gene Mla12 or both, is essential for plant survival against tobacco mosaic virus [53,54].
Our data showed that the quick induction of HSP90 at 4 hpi may function in improving the protein
stability of NB-LRR, possibly by helping the protein folding, thus enhancing pathogen recognition and
signal transduction.

2.5.2. Protein Degradation

The papain-like Cathepsin B-like cysteine protease (CathB), localized in the apoplast region,
has proven to be a positive regulator of the HR defence [55]. One predicted gene product of
Solyc02g069110, CathB protein, was dramatically increased in protein quantity at 24 hpi with ~3.5-fold.
This protease family has endopeptidase activity at the C-terminus of the YVAD substrate and the
enzyme activity was restricted predominately to acidic pH [56]. At 8 h of Pst DC3000 inoculation in
tomato, Solyc04g080960 protein product, a cysteine protease (also known as Response to Dehydration
19A-like proteases; RD19A-like) was down-regulated with 0.64-fold change compared to mock
treatment (Table 2). Liu and colleagues recently found that the expression level of Solyc04g080960 was
reduced after 24 h of inoculation of the hemi-biotrophic pathogen Fusarium oxysporum f. sp. lycopersici
(FOL) in tomato [57]. On the other hand, RD19 protease activity is required for RPS1-R-dependent
immune activation to enhance resistance against the necrotrophic pathogen Ralstonia solanacearum by
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being the interacting protein of R. solanacearum type III effector, Pseudomonas outer protein P2 (PopP2),
thus initiating the downstream resistance response [58]. In Arabidopsis, AtRD19A also acts as an
important protein marker for dehydration stress adaptation and could be highly induced by drought
and salt stresses [59]. Taking our quantitative results into consideration, RD19A-like protein may be
one of the responsive ends to the danger signals from necrotrophic pathogen attack and abiotic stress
like drought or salt stress. Therefore, during the infection of Pst DC3000, plants could down-regulate
RD19A-like protein in order to be more cost-effective in defence response.

2.6. Changes Associated with Phytohormone Synthesis and Fatty Acid Metabolism

In our data, Zeaxanthin epoxidase (ZEP; Solyc02g090890), participating in the biosynthetic
pathway upstream of ABA (abscisic acid), was down-regulated at 24 hpi by ~0.61-fold (Table 1).
This kind of down-regulation could be the result of the antagonism between ABA and SA [60],
since the phytohormone SA is induced by diverse biotrophic/hemi-biotrophic pathogens to activate
SAR responses [54].

It has been long believed that there is also antagonism between SA and JA, including the control
of each one’s biosynthetic pathway. In our data, several proteins possibly involved upstream of
the JA-biosynthetic pathway have been identified, such as fatty acid beta-oxidation multifunctional
protein (Absent In Melanoma 1-like; AIM1-like; Solyc12g007170) which showed a ~6.3-fold increase at
24 hpi and lipoxygenase (Solyc01g006560) with ~1.7-fold increase at 24 hpi. The results of 24 h-time
point suggest that the JA/ET-mediated defence response could be induced. Our results showed the
ET biosynthetic enzyme, 1-aminocyclopropane-1-carboxylate oxidase 1 (ACO; Solyc07g049530) was
dramatically up-regulated at the 24 h-time point by ~7-fold. Several S-adenosylmethionine synthase
family proteins were also up-regulated by ~2.3-fold at 24 hpi and they are involved in the shikimic
acid pathway, which is the upstream of ET and polyamine biosynthesis, suggesting the level of ET
should be hugely increased at this late time point.

3. Materials and Methods

3.1. Plant Materials and Growth Condition

Tomato seeds (Solanum lycopersicum cv CL5915, originally provided by AVRDC—The World
Vegetable Centre at Tainan, Taiwan) were germinated in soil and grown in a growth chamber
for 4–5 weeks. The growth chamber condition was set as 25 ◦C/22 ◦C (day/night) temperature,
50%/70% (day/night) humidity and 16 h/8 h (day/night) photoperiod using the light source providing
photosynthetic photon flux density (PPFD) 80 μmole/m2·s. Leaflets with similar size from the 3rd to
5th pair of true leaves were collected for the following inoculation experiment.

3.2. Pseudomonas Preparation and Inoculation Assays

Pst DC3000 from B. N. Kunkel (Washington University, St. Louis, MO, USA) [61] was used
as a pathogenic strain on tomato plants. The growth and isolation method were referred to the
work published by Desclos-Theveniau et al. [62]. The dipping inoculation method for detached
leaf is adapted from previous studies [18,63]. Pst DC3000 was grown overnight in liquid King’s B
medium [64] with 50 μg/mL rifampicin at 28 ◦C then resuspended in 10 mM MgSO4 and Pst DC3000
suspension was adjusted to OD600 of 0.02 (~107 cfu/mL). The detached leaves from tomato plants
were dipped in Pst DC3000 suspension solution with 0.005% Silwet L-77 for 2 min and then placed on
water-saturated paper in a petri dish. The dishes were covered and incubated in the growth chamber.
The control inoculum as the mock group contained the same components as the bacteria inoculum
but without Pst DC3000. Disease symptoms and bacterial population were evaluated 0, 4, 8, 24 h
and 3, 5, 7 days after inoculation. To estimate the internal bacterial population, leaves were surface
sterilized with 70% ethanol, washed twice with sterile distilled water and then homogenized in 10 mM
MgSO4. The solution was diluted and spotted onto the King’s B agar medium [64] with 50 μg/mL
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rifampicin. Colonies were counted and reported as means and standard deviations of results for three
biological replicates.

3.3. Sample Preparation: Protein Extraction and Digestion

Three biological replicates of mock-treated (4, 8, 24 hpt) and Pst DC3000 inoculated (4, 8, 24 hpi)
leaves were prepared for the proteomics experiments. For each sample, leaves were ground into
powder in the chilled mortar and pestle with liquid N2 then 0.5 g of powder was collected. The sample
was then homogenized with 2.5 mL of ice-cold homogenization buffer (50 mM HEPES-KOH, pH 7.5,
250 mM sucrose, 5% glycerol stock, 10 mM EDTA, pH 8.0, 0.5% Soluble polyvinylpyrrolidone (PVP-10),
3 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and 1× protease inhibitor cocktail) by
vortexing for at least 3 min or until completely homogenized. The sample was further incubated in the
buffer by Intelli Mixer RM-2L (ELMI Ltd., Riga, Latvia) in the cold room for 30 min. The homogenate
was filtered through two layers of miracloth. The volume of filtrate should be relatively close to the
initial amount of added homogenization buffer. The supernatant of the filtrate was then collected
by centrifugation at 15,000× g for 10 min under 4 ◦C. The protein concentration of each sample was
measured by the Bradford assay to quantify the protein amount of total protein.

For each sample, 100 μg of the total protein was precipitated by addition of acetone to 80% with
incubation at −20 ◦C overnight and recovered by centrifugation at 16,000× g for 15 min under 4 ◦C.
The reduction and alkylation steps were adapted from the literature as previously described [65].
Re-solubilized proteins were reduced in 50 mM ammonium bicarbonate (ABC) buffer and 8 M urea
with 5 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) for 1 h at 37 ◦C and alkylated using
20 mM iodoacetamide for 45 min in the dark at room temperature. Each sample was diluted 4-fold
using 50 mM ABC to decrease the urea concentration to less than 2 M then digested with lysyl
endopeptidase (LysC; Wako Chemicals, Japan) to a final ratio of 1:50 at room temperature for 3 h. Next
the sample was diluted using 50 mM ABC to decrease the urea concentration to ~1 M before digestion
with sequencing grade trypsin (Promega, Madison, WI, USA) to a final ratio of 1:50. The proteolysis
was continued overnight (14 h) at room temperature and terminated by addition of formic acid to a
final concentration of 1% (vol/vol). The digest sample was then desalted using the 50-mg tC18 SepPak
cartridge (Waters Corporation, Milford, MA, USA) as described previously [66]. The tryptic peptides
from individual sample was dissolved by deionized water containing 2% acetonitrile and 0.1% (v/v)
formic acid to the concentration of 500 ng/μL. Three different pooled tryptic peptide samples for DDA
analyses in order to construct the DIA spectral library were prepared by combining 4 μg peptides from
the same time point of Pst DC3000-inoculated and mock-treated sample. For the purpose of retention
time calibration, the iRT-standard peptides (Biognosys, Schlieren, Switzerland) were added into the
pooled sample and also each individual sample at 1/10 by volume.

3.4. Liquid Chromatography-Mass Spectrometry Analysis

The nanoLC-MS/MS was equipped with a self-packed tunnel-frit [67] analytical column
(ID 75 μm × 50 cm length) packed with ReproSil-Pur 120A C18-AQ 1.9 μm (Dr. Maisch GmbH,
Ammerbuch-Entringen, Germany) at 40 ◦C on a nanoACQUITY UPLC System (Waters Corporation,
Milford, MA, USA) connected to a Q Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Scientific, Bellefonte, PA, USA). The peptides were separated by a 135-min gradient using the
mobile phases including Solvent A (0.1% (v/v) formic acid) and Solvent B (acetonitrile with 0.1% formic
acid). With a flow rate of 250 nL/min, the gradient started with a 40 min equilibration maintained at
2% of B and set as the following segments: 2 to 8% of B in 8 min, 8 to 25% of B in 90 min, then 25%
to 48% of B in 5 min, 48 to 80% of B in another 5 min followed by 80% of B wash 10 min and the last
equilibrium to 2% B in the last 20 min.

The instrumentation and parameters for DDA and DIA analysis were referred to the previous
studies using Q Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometer [68,69]. Two micrograms
of the pooled and individual tryptic peptide samples were analysed by DDA and DIA mode,
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respectively. For DDA analysis, the MS instrument was operated in the positive ion mode and DDA
methods for detection of proteome. The instrument was configured to collect high resolution (R = 60,000
at m/z 200 at an automatic gain control target of 3.0 × 106) broadband mass spectra (m/z 350–1650 Da)
with a maximum IT of 20 ms and MS/MS events (R = 15,000 at an automatic gain control target of
1.0 × 105) with a dd-MS2 IT of 25 ms when a precursor ion charge was 2+, 3+, 4+ and 5+ and an intensity
greater than 1.0 × 104, isolation window was set to 1.6 m/z, was detected. The 15 most abundant
peptide molecular ions, dynamically determined from the MS1 scan, were selected for MS/MS using a
relative higher energy collisional dissociation (HCD) energy of 28% with the dynamic exclusion was
35 s. For DIA analysis, MS/MS proteome profiling, was analysed by the same LC-MS/MS system.
The instrument was operated in the positive ion mode and configured to collect high resolution
(R = 120,000 at m/z 200 at an automatic gain control target of 3.0 × 106) broadband mass spectra
(m/z 350–1650 Da) with a maximum IT of 60 ms and MS/MS events (R = 30,000 at an automatic gain
control target of 3.0 × 106) with an auto MS2 IT, isolation window was set to 52.0 m/z, fixed first
mass was set to 200 m/z. The 25 segments were selected for MS/MS using a relative higher energy
collisional dissociation (HCD) energy of 28%. The acquisition window covered a mass range from 350
to 1650 m/z through 25 consecutive isolation windows.

3.5. Data Analysis for LC-MS

With the DDA data files, the Mascot (ver. 2.3, http://www.matrixscience.com/), X!Tandem
(ver. 2013.06.15.1) [70] and Comet (ver. 2017.01 rev.1) [71] were used to do a protein database
search against a combined database of ITAG (ver. 3.1, https://solgenomics.net/organism/
Solanumlycopersicum/genome; 34881 entries reverse sequence generate as the decoy database) and
the iRT standard peptides and BSA (SwissProt Accession: P02769) sequence. Search parameters were
set as follows: MS tolerance, 20 ppm, allow precursor monoisotopic mass isotope error; number of
trypsin missed cleavage: 2; Fragment Mass tolerance, 0.2 Da; enzyme, trypsin; static modifications,
carbamidomethyl (Cys, + 57.021 Da); dynamic modifications, oxidation (+15.995 Da) of methionine.
Next the software on the Trans-Proteomic Pipeline (TPP, ver. 5.1) [72] was used to combine the search
result from different search engines and different repeats; there were a total 116,422 peptide-spectrum
matches. In the constructed library, there were a total 67,536 transitions, 9343 peptides and
3070 proteins.

OpenMS (ver. 2.2.0) [73] was utilized for decoyed spectral library construction. We employed
the OpenSWATH (ver. 0.1.2) [74] to search the DIA files against the spectral library we constructed.
The retention time alignment used the information of iRT transitions. In addition to the chromatogram
alignment, the spike-in iRT peptide standards were also used for the quality control of the DDA
and DIA analyses. In all DDA and DIA analyses across the sequence of the instrument in the study,
the coefficient of variation (CV) of iRT peptide retention time should be less than 3% and the CV of
iRT peptide peak intensity should be less than 20%. Search parameters were set as follows: peptide
false-discovery rate (FDR), 0.05; protein FDR, 0.01; alignment method, LocalMST; re-alignment method,
lowest; retention time (RT) difference, 60; alignment score, 0.05. The ratios of protein quantitation
between the Pst DC3000-inoculated and mock-treated sample in each replicate were normalized by the
most-likely ration normalization principle as previously applied in the DIA study [75].

3.6. Quantitation Data Analysis

Only proteins detected and quantified in all runs (3 biological replicates) were included in
the data set. To perform a significance test, the students’ t-test was calculated. Any protein with
differential abundance with a p-value of less than 0.05 and fold change greater than 1.5 or less
than 0.67 was defined as being “significantly” regulated in protein quantity. Functional annotations
of the quantified tomato proteins were obtained via PANTHERN (ver. 13.1) [76,77]. To show the
functional distribution of the regulated proteins, the up- and down-regulated protein sequences
were searched against the Arabidopsis thaliana TAIR10 database (http://arabidopsis.org) using
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BLASTP with E-value < 1.0 × 10−5 (https://blast.ncbi.nlm.nih.gov/Blast.cgi) first and the matched
Arabidopsis homolog proteins were categorized by the GO biological function level 2 using DAVID v6.8
(https://david.ncifcrf.gov/) [78,79].

4. Conclusions

This study demonstrated a successful example of using the DIA approach for a time course
analysis of plant pathogenesis proteomics. A total of ~2200 proteins were identified and quantified from
the tomato subjected to different treatments and 90% of the totally identified proteins were commonly
observed across all the treatments. This study indicates different sets of proteins are regulated from
the early to the later stage of the Pst DC3000 infection. We showed that no defence-related protein
was observed to be up-regulated but the chaperone proteins for helping the activity of R proteins was
induced at 4 hpi of Pst DC3000. Several major defence and immune-related proteins were found to
be up-regulated at 8 and 24 hpi. One of the peroxidase proteins related to the production of H2O2

was up-regulated at 8 hpi. We have shown that plants do not only express proteins for accumulating
H2O2 but also detoxification proteins to avoid the over-accumulation of ROS. The proteins involved
in the later stage of the pathogenesis which are related to the HR and PCD were up-regulated at
24 hpi. We also discovered that the proteins involved in the biosynthesis of JA and ET were induced
at 24 hpi, indicating ET/JA may be induced in the later pathogenesis response. More time points
and treatments can be further analysed and compared with the current DIA datasets based on the
library established in this study. The number of proteins identified and quantified with the use of the
current DIA approach can also be increased when a more comprehensive spectra library for the tomato
proteome is established.
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4/863/s1. Supplemental Figure S1, disease phenotypes and population dynamics of Pseudomonas syringae pv.
tomato on the tomato leaves at 24 hpi, 3 dip and 7 dpi. Supplemental Table 1, list of quantified proteins with
significant change in abundance at 4 hpi, 8 hpi or 24 hpi compared to mock. Supplemental Table 2, full list of
quantified proteins and peptides in three biological replicates of the Pst DC3000-inoculated (4 hpi, 8 hpi, 24 hpi)
and mock-treated (4 hpt, 8 hpt and 24 hpt) experiments. All the mass spectrometry raw data files were deposited
to the ProteomeXchange Consortium via the PRIDE [80] partner repository with the dataset identifier PXD012226.
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Abstract: Smut disease is caused by Sporisorium scitamineum, an important sugarcane fungal pathogen
causing an extensive loss in yield and sugar quality. The available literature suggests that there are two
types of smut resistance mechanisms: external resistance by physical or chemical barriers and intrinsic
internal resistance mechanisms operating at host–pathogen interaction at cellular and molecular
levels. The nature of smut resistance mechanisms, however, remains largely unknown. The present
study investigated the changes in proteome occurring in two sugarcane varieties with contrasting
susceptibility to smut—F134 and NCo310—at whip development stage after S. scitamineum infection.
Total proteins from pathogen inoculated and uninoculated (control) leaves were separated by
two-dimensional gel electrophoresis (2D-PAGE). Protein identification was performed using BLASTp
and tBLASTn against NCBI nonredundant protein databases and EST databases, respectively.
A total of thirty proteins spots representing differentially expressed proteins (DEPs), 16 from F134
and 14 from NCo310, were identified and analyzed by MALDI-TOF/TOF MS. In F134, 4 DEPs
were upregulated and nine were downregulated, while, nine were upregulated and three were
downregulated in NCo310. The DEPs were associated with DNA binding, metabolic processes,
defense, stress response, photorespiration, protein refolding, chloroplast, nucleus and plasma
membrane. Finally, the expression of CAT, SOD, and PAL with recognized roles in S. scitamineum
infection in both sugarcane verities were analyzed by real-time quantitative PCR (RT-qPCR) technique.
Identification of genes critical for smut resistance in sugarcane will increase our knowledge of
S. scitamineum-sugarcane interaction and help to develop molecular and conventional breeding
strategies for variety improvement.

Keywords: sugarcane; Sporisorium scitamineum; smut; proteomics; RT-qPCR; ISR

1. Introduction

Sugarcane (Saccharum spp.) is one of the most important industrial sources for crystal sugar, and it
is cultivated across the world in tropical and subtropical countries. It is also the second largest biofuel
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crop and is an important source for many biomaterials. China is the fourth largest sugar producer in
the world and the Guangxi province accounts for 92% of sugar production in China [1,2]. Sugarcane
diseases are caused by bacteria, fungus, nematodes, virus, protozoa, phytoplasma, etc. with fungal
diseases becoming a dominant group. Sugarcane smut disease, caused by the basidiomycete fungus
Sporisorium scitamineum (Syn. Ustilago scitaminea), is a major sugarcane disease worldwide, and it can
cause a 20–50% loss in cane yield [3], and up to 75% reduction in sugar production [4,5]. The fungus
infects plants mainly through germinating buds in the soil or buds on standing stalks and grows in the
plant in close association with the growing points or meristems, showing the presence of elongated
whip, thin stalks, profuse tillering, and small narrow leaves.

Smut infection might also take place through the open stomata in leaves and the open areas in
buds or wound in plant tissues and it is hard to control with chemicals in commercial crops [6]. To date,
resistant varieties are the only practical, environmentally benign solution for managing sugarcane
smut [7]. Breeding of smut-resistant sugarcane cultivars is a more economical and efficient approach to
control the disease as compared to chemical treatments and agronomic practices [5,8,9]. Crop protection
by modern genetic engineering technology is a potential tool to generate smut resistant varieties [10,11].
However, the complexity of sugarcane genetic background and the commercial viability of transgenic
solutions for smut resistance make the genetic modification option unattractive [9,12]. Therefore,
a better understanding of the biology, genetics, and molecular biology of smut resistance will greatly
facilitate breeding sugarcane varieties for smut resistance.

Resistance mechanisms of sugarcane to smut involve external and internal disease
resistance [13,14], and both mechanisms may confer resistance individually or in combination [15].
The external resistance is achieved by a physical barrier resulting from a mixture of bud structural
characteristics [16], the thickness of the bud scales and chemicals such as phenyl-propanoids and
glycosyl-flavonoids [17–19]. In the case of internal resistance, expressed after the pathogen attacks
and penetrates through the bud scale: this is by several defense responses as well as increased lignin
concentration [20], production of glycoprotein, phytoalexins, and polyamines [21–24]. At present,
the exact nature of internal molecular defense mechanisms induced by smut remains less studied [15].

In previous reports, biochemical and genomics aspects of smut resistance were investigated,
but not so much from a host–pathogen interaction perspective. A series of biochemical and
molecular responses, such as triggering of specific defense signal transduction pathways, secretion
of pathogenesis-related (PR) proteins and phytoalexins, and oxidative bursts occur in plants, during
the stage of pathogen attack and the subsequent plant–pathogen interaction [25–27]. Next-generation
sequencing based approaches were used to analyze the total changes in transcripts of resistant
and susceptible sugarcane cultivars during sugarcane–S. scitamineum interaction [28,29]. Proteomic
approaches offer powerful tools to study the expression of proteins and their function associated
with plant-microbe interactions etc. [30]. One-dimensional gradient polyacrylamide gels (1DE), 2DE,
and MS methods have been previously utilized to analyze the sugarcane proteome under various
abiotic and biotic stresses [31]. Barnabas et al. [32] reported a total of 53 sugarcane differentially
expressed proteins (DEPs) related to defense, stress, protein folding, and cell division. In addition,
a putative effector of S. scitamineum pathogenesis, chorismate mutase, was found in sugarcane after
S. scitamineum inoculation. The identification of DEGs during pathogen interaction is essential to
enhance our understanding of plant resistance and offer clues as to what kind of defensive and
biochemical mechanisms being regulated in a particular situation.

Therefore, the present study was mainly aimed at understanding the proteomic changes in the
leaf of two sugarcane varieties with contrasting smut resistance (F134- resistant to S. scitamineum race
1 but susceptible to race 2 and NCo310- resistant to S. scitamineum race 2 but susceptible to race 1),
which were planted after artificial inoculation with smut pathogen (susceptible to race 1 and race
2). The changes in contents of phyto-hormones (cytokinin (CYT) and ethylene (ETH)), as well as
changes in the activity and expression of antioxidant enzymes (superoxide dismutase (SOD), catalase
(CAT), and phenylalanine ammonia lyase (PAL)), were analyzed at different time intervals during the
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interaction. This also included a detailed study of proteome level alterations, gene expression, as well
as biochemical changes sugarcane and smut pathogen interaction. To the best of our knowledge,
the current study is the first comprehensive comparative proteomic analysis of sugarcane–smut
pathogen interaction process in varieties with contrasting smut resistance after whip appearance
stage. Expression of genes thought to be important for the pathogenesis is quantified to validate the
proteomic data. The results obtained from this study clearly advance our molecular understanding of
smut resistance in sugarcane, providing leads for identifying candidate genes and molecular markers
for smut resistance.

2. Results

2.1. DE Analysis of Differentially Expressed Proteins in Sugarcane after S. scitamineum Inoculation

The infection of sugarcane plants inoculated with teliospores was first detected by a positive
PCR reaction for molecular detection of S. scitamineum with pathogen species-specific primer in both
varieties F134 and NCo310 (Figure S1), and it was further confirmed by anatomical changes observed
between the healthy and infected plantlets under TEM. Figure 1 presents a 2D gel profile showing
DEPs observed in control and smut-inoculated sugarcane plantlets, in which alteration was apparent
for in the order of 80% of the spots. In the present study, a total of thirty DEPs were found, sixteen
in F134 and fourteen in NCo310. Out of these proteins, the expression of four of them (spots 3, 4,
6, and 9) were upregulated and twelve (spots 1, 2, 7, 8, 16–19, and 21–24) were downregulated, as
shown in Table 1. Whereas, in NCo310, the expression of eleven proteins (spots 1–4, 6, 7, 9, 10, 21, 23,
and 24) were upregulated and three (spots 11, 20, and 22) were downregulated, as shown in Table 2.
The identity of all the above proteins was established except for those located in spots 3, 8, and 21 in
F134 and spots 3 and 21 in NCo310. All DEPs were individually collected for matrix assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF-TOF/MS) analysis.
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Figure 1. 2-DE SDS-PAGE gel pictures of sugarcane varieties F134 and NCo310 with their controls.
(A) control (F134), (B) treatment (F134), (C) control (NCo310), and (D) treatment (NCo310). Yellow for
the protein spots of interest, red for upregulated proteins, and blue for downregulated proteins.

2.2. MALDI-TOF-TOF/MS Analysis of Differentially Expressed Proteins

The results of MALDI-TOF-TOF/MS analysis of sixteen and fourteen differentially expressed
proteins in F135 and NCo310 sugarcane varieties are shown in Figure S2 and S3. In both varieties,
the function of some proteins was not identified. In infected F134, three spots (16, 17, and 19), and
two spots (23 and 24) were identified as the same protein, whereas three spots (3, 8, and 21) were not
identified (Table 1). However, in infected NCo310 variety two spots number (7 and 10), (23 and 24)
were identified as the same protein, whereas two spots (3 and 21) were not identified (Table 2).
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Peptide mass fingerprinting and tandem mass spectra of thirty proteins were achieved (Figure 2).
Thirteen and twelve proteins had known functions and the sequence similarity was known to
those proteins in both varieties. Based on bioinformatics analysis these proteins were found to be
related to molecular processes, cellular components and categorized into numerous functional
groups, i.e., peroxidase activity, DNA binding, metabolic processes, defense and stress responses,
photorespiration, protein refolding, chloroplast thylakoid membrane, nucleus, plasma membrane,
chloroplast, and proton-transporting ATP synthase complex (Table S1).

 
Figure 2. Peptide mass fingerprinting of differentially expressed proteins associated with sugarcane
varieties F134 and NCo310 after Sporisorium scitamineum inoculation.
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2.3. Genes Expression Analysis by Real-Time Quantitative PCR (qRT-PCR)

In the present study, gene expression of CAT, SOD, and PAL were studied by qRT-PCR in leaf
tissues at different stages of crop growth (Figure 3). The data showed a significant change in the
expression level of all the three selected genes in both sugarcane varieties in response to smut infection.
In comparison, the expression level of CAT increased significantly during the 180 days after planting
in both F134 and NCo310. The maximum difference in CAT expression was observed between the two
varieties at 30 days as compared to 60 and 90 days after planting. The difference in CAT expression
between 60 and 90 days after planting in both varieties was not significant (Figure 3A). In response
to smut infection, the expression patterns of SOD were similar in F134 and NCo310 varieties and
continuously increased from day 30 to 180 sampling period after planting, although there was a dip
in the expression on day 90 in both varieties (Figure 3B). There was no consistent expression pattern
for PAL in both sugarcane varieties (Figure 3C). For F134, a significant increase in PAL expression
was observed at 30 and 180 days, while it was decreased on day 60 and 90. There was no significant
change in the level of PAL expression in NCo310 (Figure 3C). The comparative expression level of
all the three genes was calculated and the results indicate that the highest expression of CAT, SOD,
and PAL was approximately 20, 3, and 28 times at 180, 60, and 30 days, respectively, while the lowest
(3, 2, and 3 times) was observed on day 90, 180, and 90 days in F134 as compared to NCo310.

 

Figure 3. qRT-PCR analysis of differentially expressed genes in leaf tissue of sugarcane varieties
F134 and NCo310 during sugarcane–S. scitamineum interaction. (A) Catalase (SuCAT), (B) superoxide
dismutase (SuSOD), and (C) phenylalanine ammonia lyase (SuPAL). Data were normalized to the
GAPDH expression level. All data points are the mean ± SE (n = 3).
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2.4. Induction of Antioxidant Defense System by S. Scitamineum Infection

The activities of antioxidant enzymes SOD, PAL and CAT, and hormone contents were calculated
for different time intervals (30–180 days) in both F134 and NCo310 following smut infection. Both leaf
and root tissues were separately tested to measure the enzyme activities (Figure 4).

 

Figure 4. Analysis of enzyme activities in leaf and root tissues of sugarcane varieties F134 and NCo310
infected with S. scitamineum stress. (A,B) Superoxide dismutase, (C,D) phenylalanine ammonia lyase,
and (E,F) Catalase. All data points (with the subtraction of their controls) are the mean ± SE (n = 3).

The data revealed that S. scitamineum inoculation caused an increase in the SOD activity in F134
sugarcane variety. In the leaf tissue of F134, the SOD activity was highest at 30 days (17.54 U.g−1FW)
after planting and then it decreased with time. In NCo310, the activity of SOD was lower as compared
to the control (Figure 4A). For root, the activity of SOD in F134 variety showed a small increase at
180 days, but in general, both varieties showed a reduction in SOD activity (Figure 4B). The SOD
activity was higher in leaf, after the smut pathogen treatment for F134 than the control and NCo310.

After S. scitamineum infection, the initial activity of PAL in the leaf showed a significant increase in
both varieties and that trend was observed up to 90 days as compared to control (Figure 4C). The PAL
activity was significantly higher in root for both varieties and peaked at 90 and 180 days after infection
in NCo310 and F134, respectively. (Figure 4D).

The CAT activity in the leaf did not significantly differ in the first 30 days following inoculation
but it increased subsequently with the maximum activity occurring on day180 in F134 (34.26 U.g−1FW)
and on day 60 in NCo310 (18.10 U.g−1FW) compared with the control (Figure 4E). In the root system
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of both sugarcane varieties, a significant difference in CAT activity was found compared to the control.
In F134, the maximum CAT activity was observed on day 90 following smut. But in the case of NCo310,
except at 60 days, an increasing trend in the CAT activity was noticed for the other time intervals
(Figure 4F).

2.5. Phytohormone Levels as Affected by S. Scitamineum Infection

The levels of different hormones (ethylene and cytokinin) in roots and leaves of infected and
control sugarcane plants showed a large, significant difference between treatments. The treatment
of plants with S. scitamineum led to elevated cytokinin levels in leaves at different time intervals.
In comparison with the control, the highest cytokinin activity was recorded at 90 and 180 days in
F134, and it was increased with time reaching a maximum of 9.87 ng.g−1FW; whereas, in the infected
NCo310, a lower level of cytokinin was produced as compared to control (Figure 5A). In the root
tissue, change in cytokinin content was less and nonsignificant as compared to control except for that
at 60 days in F134 and at 60 and 180 days in NCo310 (Figure 5B).

 

Figure 5. Analysis of phytohormone levels in leaf and root tissues of sugarcane varieties F134 and
NCo310 infected with S. scitamineum stress. (A,B) Cytokinin and (C,D) ethylene. All data points (with
the subtraction of their controls) are the mean ± SE (n = 3).

For ethylene, the level was lower in the leaves and higher in the roots as compared with the
control (Figure 5C,D). The ethylene level was significantly higher in the leaf of F134 at 60 and 90 days
than that in the control and showed a maximum (208.24 ng.g−1FW) at 90 days. In NCo310, the level of
ethylene was not significantly different to that of control (Figure 5C). In the root, the level of ethylene
was increased in both varieties as compared to the control at each time interval expect for that at
180 days in F134, A maximum hormone level was observed at 30 days (704.26 ng.g−1FW) followed
by 90 days in F134 (Figure 5D). Whereas, in NCo310, the ethylene level showed a maximum value
(284.30 ng.g−1FW) at 90 days.

3. Discussion

Proteomics based studies of plant–pathogen interaction contributes to a better understanding of
the molecular and biochemical aspects of plant diseases. Plant–pathogen interaction is very complex
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due to the interaction of morphological, environmental, physiological, molecular, and metabolic
factors with the pathogen. [31]. In the present research, for the most part, discusses the proteomic
and gene expression responses occurring between two sugarcane varieties—F134 and NCo310—after
the appearance of smut symptoms. A total of 16 DEPs in F134 and 14 in NCo310 were observed
compared to their controls. After MALDI-TOF/TOF analyses these proteins were classified into
different categories based on their association with various molecular, biological, and cellular processes.

Defense associated proteins: Heat shock protein 70 (HSp70), thioredoxin/transketolase fusion
protein, putative thioredoxin peroxidase 1, and Cu/Zn superoxide dismutase are defense-related
proteins that were differentially expressed and identified in this study. Upregulation of both HSp70
(spots 2 and 6) and thioredoxin/transketolase fusion protein (spot 4) was shown in NCo310. However,
downregulation of HSp70 (spot 2), putative thioredoxin peroxidase 1 (spots 16, 17, and 19), and Cu/Zn
superoxide dismutase (spot 22) was observed in F134, which suggest that in smut resistant sugarcane
stress and defense-related proteins were upregulated during S. scitamineum infection as a defense
strategy. HSP is a group of specific, conserved, and ubiquitous proteins distributed in the nucleus,
cytoplasm, endoplasmic reticulum, mitochondria, and chloroplasts, and play an essential function in
maintaining cellular functions when plants are subject to a variety of biotic and abiotic stresses such as
heat stress, high salt, and heavy metal contamination [33,34]. In this research, the upregulation of two
HSP70 proteins in NCo310 may be related to sugarcane defense response to smut invasion to protect
the cellular structure, participate in denatured proteins refolding, maintain cell homeostasis and repair
cellular dysfunction [35]. Previous studies also found that Hsp70s were upregulated under stress
conditions during sugarcane–S. scitamineum interaction [6,36]. Downregulation of defense responsive
proteins HSP-70 and DNAK-HSP 70 was observed in smut infected meristem cells at whip emergence
stage by Barnabas et al. [32].

Peroxidases played important functions in defense and stress mechanisms and could be induced
by several other physiological processes such as auxin catabolism, biosynthesis of lignin, cell wall
stability, and senescence [37,38]. Many previous studies confirmed that reactive oxygen species
(ROS), for example, hydrogen peroxide (H2O2), hydroxyl free radical (OH), and superoxide anion
(O2

−), are involved in the early resistance response in plants against pathogen attack [6]. In this
study, the induction of three oxidative stress associated proteins—thioredoxin/transketolase fusion
protein, putative thioredoxin peroxidase 1, and Cu/Zn superoxide dismutase—in F134 were observed.
Likewise, the involvement and increased abundance of defense-related proteins—NTR, GST 1, STP,
MDH, BQR, and SOD—accumulated probably because of damage related by means of extreme intra-
and intercellular colonization, oxidative burst reaction of the host, and perturbance of normal cellular
processes of sugarcane in infected meristem cells during whip emergence [32]. Thioredoxin-dependent
peroxidases scavenge the excessive ROS and defend the sugarcane from smut pathogen attack [6].

Photosynthesis-associated proteins: Photosynthesis is an essential physiological process of the
plant which plays a vital role in the development of the C4 crop. RuBisCO is a key enzyme in
photosynthesis and a heteropolymer consisting of eight large subunits (RbCLs) and eight small
subunits (RbCSs), which regulates photosynthesis and light respiration [39]. RuBisCO activity could be
induced in several biotic and abiotic stress conditions [40,41] and increases photorespiration plus ROS
production: the essential component of the hypersensitive defense response. The addition of these toxic
components impairs cell death suppression and counteracts the efficiency of plant defenses to control
pathogen infection [42]. In the present research, the expression of RuBisCO small subunit protein (spots
23 and 24) was upregulated in F134 and downregulated in NCo310, which suggested that upregulation
of this enzyme may improve the growth of the NCo310 sugarcane variety with increased smut
resistance. Similarly, two RuBisCO large subunits and one RuBisCO small subunit were upregulated
after smut pathogen infection [6]. The expression of photosynthesis-related proteins was upregulated
during the sugarcane and S. scitamineum interaction, which was favorable for the protection of the
photosynthetic system in opposition to pathogen attack [36]. A Nicotiana benthamiana RuBisCO small

77



Int. J. Mol. Sci. 2019, 20, 569

subunit also played a vital role in tobacco virus movement and plant antiviral defense [43]. RuBisCO
was upregulated significantly in Rosa roxburghii Tratt resistance to powdery mildew infection [44].

Pyruvate, orthophosphate (Pi) dikinase (PPDK) (spot 1), which is another photosynthesis-related
protein, was also found to be upregulated in NCo310, whereas it was downregulated in F134
after S. scitamineum interaction. PPDK is a chloroplastic C4 cycle enzyme, catalyzes the ATP- and
Pi-dependent formation of phosphoenolpyruvate (PEP), the primary CO2 acceptor molecule [45].
Chen et al. [46] observed that PPDK protein was considerably downregulated in maize responding to
sugarcane mosaic virus (SCMV) infection using the first systemically infected leaves.

Other functional proteins: Translational elongation factor Tu (EF-Tu) is a protein that plays an
essential function in the elongation phase of protein synthesis in plastids in plants. Spots 7 and 10 in
NCo310 and spot 7 in F134 were identified as translational elongation factor Tu, and upregulation was
observed in both. Fu et al. [47] indicated that EF-Tu plays a key role in the mechanisms of disease
resistance and heat tolerance in plants. Nucleic acid binding protein 1 (spot 9) was upregulated in both
varieties. In NCo310 variety, spot 20 identified as adenosine diphosphate glucose pyrophosphatase
protein was downregulated but not expressed in F134. AGPPase catalyzes the hydrolytic breakdown
of ADP glucose (ADPG) to produce equimolar amounts of glucose-1-phosphate and AMP in both
mono- and dicotyledonous plants [48]. The induced expression of all the above proteins in sugarcane
was useful for resisting the S. scitamineum infection.

Unknown and hypothetical proteins: The expression of two unknown proteins (spot 3 and
21) were also observed in both varieties, which may play a role in smut resistance in sugarcane.
One hypothetical protein (spot 18) in F134 along with Os12g0277500 (spot 11) and Os01g0675100 (spot
22) were also identified in NCo310.

The RT-qPCR method was used to compare the expression of antioxidant enzymes (CAT, SOD,
and PAL) at different developmental stages in both sugarcane varieties after smut pathogen interaction.
The expression of all these enzymes was constantly elevated in F134 than NCo310, showing a positive
response against disease resistance. In previous reports, PAL, which catalyzes an important step in
the phenylpropanoid pathway, participated in sugarcane resistance to smut [32,49] and also played
a role in resistance to chilling, drought, and salt stresses in sugarcane [50]. The activity of catalase,
an iron porphyrin enzyme, was always higher in a smut resistant sugarcane variety than a susceptible
variety, which protected sugarcane against reactive oxygen-related stimuli [51]. The expression of
three different maize catalase genes was regulated differentially in response to fungal toxin [52].
Jain et al. [53] reported higher activity of SOD protects cells against ROS in water deficit conditions.

Phytohormones cytokinin and ethylene play an essential role in plants against the pathogen
attacks [54]. In the present study, the different levels of both hormones were observed in leaves and
roots, and their increased levels in F134 variety suggest their possible involvement in defense response.
According to Rivero et al. [55], transgenic plants over producing cytokinins protected the plants
from the harmful effects of abiotic stresses. Ethylene synthesis as a response to different stresses [56]
is typically associated with various environmental stresses including in the resistance response of
sugarcane to S. scitamineum [57,58].

In conclusion, the present study reports the proteomic responses of two sugarcane varieties with
contrasting resistance to smut infection, F134 and NCo310, to S. scitamineum infection. The results
showed significant DEPs expression in both varieties, and also in the plants inoculated with
S. scitamineum. A total of 30 proteins including four upregulated and nine downregulated in F134,
and nine upregulated and three downregulated in NCo310 after smut infection were identified.
The protein peptide mass finger printing and tandem mass spectra of these proteins were successfully
obtained in both verities. Bioinformatics investigation discovered that the functions of these
30 DEPs were related to various molecular and cellular functions associated with pathogenesis
and plant defense mechanisms. The identified proteins were categorized into functional groups
involved in peroxidase activity, DNA binding, metabolic processes, defense, stress responses,
photorespiration, protein refolding, chloroplast thylakoid membrane, nucleus, plasma membrane,
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chloroplast, and proton-transporting ATP synthase complex. This is the first report of the proteomic
exploration of the interactions between sugarcane interactions and S. scitamineum.

4. Materials and Methods

4.1. Plant Material, Source of Inoculum, and Inoculation

Two sugarcane varieties (F134 and NCo310) with contrasting Sporisorium scitamineum susceptibility
were used in this study. F134 is resistant to S. scitamineum race 1 but susceptible to race 2 and NCo310
is resistant to S. scitamineum race 2 but susceptible to race 1. For the isolation of teliospores, mature
plants of sugarcane variety ROC22 (susceptible to S. scitamineum race 1 and 2) were cut into 10 to 20 cm
below the shoot top and placed in a sterile polythene bag. The plantlets of all sugarcane varieties were
provided by Sugarcane Research Institute, Guangxi Academy of Agricultural Sciences, Nanning, China.
The suspensions of teliospore were made by adding 0.1 g of S. scitamineum teliospores into 100 mL
of sterile distilled water with a drop of Tween 20 and mixed properly with a magnetic stirrer [15].
The suspension of spore concentration was maintained to 5 × 106 teliospores mL−1 by counting with a
hemocytometer. The teliospores were incubated on potato dextrose agar (2%) at 30 ± 2 ◦C for 5 to 6 h
to evaluate the germination rate. The viability of teliospores before inoculation was tested to confirm
the sprouting ratio of > 90% [59]. The seedcanes of sugarcane varieties used in this study were cut
into single-bud setts after removal of all the leaves and grown in the trays under controlled conditions
(30 ± 2 ◦C, >80% relative humidity) for one month. For inoculation, one group of 30 healthy sugarcane
plantlets was selected and immersed in S. scitamineum teliospores suspension for 2 h (treatment),
and the other group of 30 sugarcane plantlets was treated with water as a control [1]. Then planted in
pots (35 cm in diameter, 40 cm in depth) containing soil and sand mixture (3:1 w/w) in the greenhouse
at Guangxi University, Nanning, China. Each variety had five sets of biological replicates with three
plantlets in each replicate. Plants were arranged in a completely randomized design in the greenhouse.
All sugarcane plants were irrigated once a day. Leaf and root samples were collected after 30, 60,
90, and 180 days of infection. Plant infection was confirmed by PCR based method and microscopic
examination in both F134 and NCo310 [1]. All collected samples were immediately stored at −80 ◦C,
until used for protein and RNA extraction.

4.2. Protein Extraction and Quantification

Sugarcane leaf samples were ground to fine powder under liquid nitrogen using a pestle and
mortar. Extraction of total proteins followed the modified procedure described earlier [30]. Two grams
of test sample powder were homogenized with 4 mL of cold extraction buffer (4 ◦C)([containing
(g·L−1) Tris-HCl 0.25 M (pH-7.5), Sucrose 24%, EDTA-Na2 (Ethylene diamine tetra acetic acid
disodium salt) 50 mM, SDS 2%, β-mercaptoethanol 2%, and PVP (Polyvinylpyrrolidone) 2%) and
8 mL of saturated phenol with Tris-HCl (0.25 M, pH 8.0) and β-mercaptoethanol (2%) was added
before completing the maceration. Again 6 mL of extraction buffer was added and continued
homogenizing till the preparation became a fine slurry. The homogenates were transferred to the
centrifuged tube and mix properly for 1 min, and then centrifuged at room temperature at 14,000× g
for 30 min. The supernatant was collected and re-extracted twice by adding an equal volume of
extraction buffer without PVP in the centrifuged tube, followed by centrifugation at 14,000× g for
15 min. The supernatants were combined and proteins were precipitated overnight at −20 ◦C with
cold methanol solution (1:5 v/v) (containing ammonium acetate 100 mM and β-mercaptoethanol
10 mM), then centrifuged at 12,000 × g for 10 min at 4 ◦C. The protein pellets were washed with
cold methanol solution and centrifuged again at 4 ◦C to collect the protein pellets which were air
dried under ice. The protein pellets were solubilized in rehydration solution (containing urea 8 M,
CHAPS [3-(3-cholamidopropyl) dimethylammonio-1-propanesulfonate] 2% (w/v), thiourea 2 M,
DTT (dithiothreithol) 40 mM, EDTA-Na2 5 mM, and IPG buffer 1% (pH 4–7)) for 4 h at 28 ◦C. Finally,
the proteins were centrifuged at 12,000 × g for 30 min at 4 ◦C to remove all undissolved particles and
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kept them at −80 ◦C. Total protein concentration was estimated according to the method described by
Bradford [60] using bovine serum albumin (BSA) as the standard.

4.3. 2-DE, Image Acquisition, and Analysis

The immobilized pH gradient (IPG) gel strip (17 cm, pH 4–7, Bio-Rad) was carried out with
first dimensional isoelectric focusing (IEF) on a PROTEAN IEF Cell apparatus (Bio-Rad). The protein
extracts were dissolved at room temperature before rehydrating with rehydration solution containing
urea 8 M, CHAPS 4%, DTT 65 mM, IPG buffer (pH 4–7) 0.2%, and Bromophenol blue 0.001%. The IPG
gel strips were rehydrated at 18 ± 2 ◦C for 10 ± 12 h with 200 mL of rehydration solution and mixed
with 500 μg protein. The protein was focused at 20 ◦C: 50 V for 12 h, 250 V for 30 min, 1000 V for 1 h,
3000 V for 2 h, 10,000 V for 2 h, to provide an overall of 60 kVh. When IEF was complete, the IPG strips
were incubated for 15 min in the equilibrated buffer solutions containing DTT for reduction (Buffer I)
and then the strips were re-equilibrated for 20 min in the equilibrated buffer containing iodoacetamide
for alkylation (Buffer II) respectively, following Bio-Rad protocol.

The second-dimensional separation (sodium dodecyl sulfate polyacrylamide gel electrophoresis,
SDS-PAGE) was implemented with the gel concentration of 12.5% T (Bio-Rad), and after solidification of
the gel, the strips were placed and 0.5% of low melting agarose containing a drop of bromophenol blue
was used for gel sealing. The gels were run at 40 V for 30 min and then 100 V until the bromophenol
blue dye reached at the end of the gel on a Bio-Rad PROTEAN II system, and the plate temperature
was maintained at 18 ± 20 ◦C by water flow from thermostatic circulator. When the SDS-PAGE
was completed, the gel was kept out from the tank, stained with the BioSafe Coomassie (Bio-Rad),
and destained with clean dH2O according to the manufacturer’s procedure. Stained gels were imaged
by a Gel Doc 2000 (Bio-Rad) image scanner. Protein spots detection, spot matching, background
subtraction, normalization, quantitative intensity, and statistical analysis were accomplished by using
PD-Quest advanced 2D analysis software (version 8.0 Bio-Rad). The spots that exhibited as a minimum
2-fold-change were taken for the further experiment and differences were considered significant at
p ≤ 0.05 level based on Student’s t-tests.

4.4. Mass Spectrometry and Data Analysis

The protein spots of interest on 2-DE gels were excised using Proteome Works Spot Cutter
(Bio-Rad) with a 1.5 mm cutting diameter. After three times washing with Milli-Q water, peptide
samples were prepared as by Song et al. [6]. The eluted samples were suspended in 0.1 % trifluoroacetic
acid and spotted on a 384 well MALDI target plate through air drying until all solvent was evaporated.
The peptides analysis was completed by 4700 MALDI TOF/TOF plus analyzer (Applied Biosystems
Sciex, Foster, California, USA). The initial MS data was observed via reflector mode with the
4000-laser intensity. The MS spectra were collected in 2kV positive mode with fragments produced
by collision induced dissociation. The scope of Peptide Mass Fingerprinting ranged from 800 to
4000 Da. GPS Explorer (Applied Biosystems Foster, California, USA) software was used for raw data
search and Mascot as a search engine by NCBI (nr) protein database. Product mass tolerance was
set at ± 0.3 Da with trypsin as a search parameter; alkylation and phosphorylation modifications
were accepted. The match peptides with confidence intervals more than 98 were considered to be
statistically significant, while peptides with lower scores were excluded. The function of identified
proteins was determined by the Gene Ontology.

4.5. RNA Extraction, cDNA Synthesis, and qRT-PCR

To investigate the expression patterns of the associated genes, i.e., the gene for CAT, SOD,
and PAL enzymes, at the time points of 30, 60, 90, and 180 days following S. scitamineum inoculation,
tissue samples were collected from the two test varieties—F134 and NCo310—for RT-qPCR analysis.
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene served as the reference gene.
Total RNA was extracted from100 mg leaf tissue collected in triplicate from control and infected
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sugarcane varieties after symptom appearance with trizol reagent (Tiangen, Beijing, China) following
the manufacturer’s guidelines. DNase I (Promega, Fitchburg, Wisconsin, USA) was used to eliminate
the DNA impurity of RNA; the extracted RNA sample yield and purity were tested by a Nano
photometer (Pearl, Implen-3780, Westlake, California, USA). One microgram of total RNA was used
for single stranded cDNA synthesis by the Prime-ScriptTM RT Reagent Kit (TaKaRa, Dalian, China).
Primers were designed as previously described with a reference gene [61] (Table 3). The specificity of
primer sets was tested by melt curve examination and relative gene expression was determined by
2−(ΔCt target gene − ΔCt reference gene) method [62]. The relative expression of both genes was calculated by
the expression level of the infected sample minus the expression level of control at individual time
intervals. Quantitative Real-Time PCR analysis was carried out in a Real-Time PCR Detection System
(Bio-Rad, Hercules, California, USA) in SYBR Premix Ex Tap™ II (TaKaRa, Kyoto, Japan) with five
replicates. Each 20 μL reaction mixture contained 2 μL template (10 x diluted cDNA), 10 μL SYBR
Premix Ex Tap™ II, 0.8 μL of each primer (10 μM), and 6.4 μL ddH2O. For control, no RNA sample
was used as the template. PCR conditions were 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C for 5
s and 60 ◦C for 20 s in 96-well optical reaction plates. To confirm the specificity and amplification,
a melting curve analysis was conducted. The relative quantification of SuSOD, SuPAL, and SuCAT
genes to GAPDH was calculated by the 2−ΔΔCt methods [62].

Table 3. Primers used in this study.

Gene Primer Sequence (5′-3′) Strategy Reference

GAPDH GAPDH-F
GAPDH-R

CTCTGCCCCAAGCAAAGATG
TGTTGTGCAGCTAGCATTG RT-qPCR [61]

SuPAL PAL-F
PAL-R

CTCGAGGAGAACATCAAGAC
GTGATGAGCTCCTTCTCG RT-qPCR [50]

SuCAT CAT-F
CAT-R

CTTGTCTGGAGCACATACACTTGGA
TTCTCCGCATAGACCTTGAACTTTG RT-qPCR [63]

SuSOD SOD-F
SOD-R

TTTGTCCAAGAGGGAGATGG
CTTCTCCAGCGGTGACATTT RT-qPCR [53]

bEast mating-type bE4-F
bE8-R

CGCTCTGGTTCATCAACG
TGCTGTCGATGGAAGGTGT Genome PCR [64]

4.6. Determination of Biochemical Changes in Sugarcane

The quantitative changes in hormone (ethylene and cytokinin) content and enzyme (superoxide
dismutase, phenylalanine ammonia lyase, and catalase) activity were estimated at 30, 60, 90,
and 180 days after smut inoculation. Samples were randomly collected from both sugarcane varieties.
Three replicates were used for all analyses. Fresh tissue samples were ground to make a fine
powder under liquid nitrogen by using prechilled pestle and mortar. The measurements of hormone
concentration level and enzyme activities were conducted by plant enzyme linked immune sorbent
assays (ELISA) kit (Wuhan Colorful Gene Biological Technology Co., Ltd., Wuhan, China), following
the manufacturer’s procedure [1].

4.6.1. Antioxidant Enzyme Activities

Two grams of pulverized tissue samples from both treatment and control were homogenized in
9 mL of a 0.05 M phosphate buffer (pH 6.6) in a prechilled pestle and mortar. The homogenates were
filtered through a C-18 extraction column and the filtrates were centrifuged at 15,000 for 20 min at 4 ◦C.
The supernatant was collected and used for different enzymes activity analyses by plant ELISA kits.
The whole extraction method was done at 4 ◦C. Briefly, ELISA was performed in 96-well microtiter
plates coated with antigens against the selected enzymes. Forty microliters of test samples and 10 μL
of antibodies were added in the antigen-coated wells and mixed gently. Along with, all three enzymes
standard, blank and control wells was prepared separately according to manufacturer instructions,
afterward, the plate was incubated for 30 min at 37 ◦C. The liquid in the plates was discarded after
incubation, washed five times with washing buffer, and plates were air dried. Fifty microliters of
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HRP-Conjugate (different for each enzyme) reagent was added to each well of all plates, except blank
well. Later, another time incubated for 30 min at 37 ◦C and washed as described above. After adding
a chromogen solution, A and B (50 μL) to each well, kept in dark condition for color development
for 15 min at 37 ◦C. The reaction was stopped by adding 50 μL stop solution to each well and color
change was observed, i.e., from blue to yellow. The standard and control wells showed appropriate
color development. For the assay of all enzymes, the plates were read on an ELISA Reader (Thermo
Scientific, Multiskan GO, Waltham, Massachusetts, USA) at 450 nm within 15 min after the addition of
stop solution. Enzyme activities were calculated with a standard curve and represented as U.g−1FW.

4.6.2. Hormone Extraction and Assay

One gram each of powdered test samples (leaf and root) was mixed with 1 mL of 80% chilled
methanol slowly in mortar and pestle and homogenized thoroughly and then kept at 4 ◦C for overnight.
The mixture was then centrifuged at FF [12,000 rpm for 15 min at 4 ◦C. The collected supernatant was
filtered through a C-18 extraction column. The extracted samples from the column were vaporized
to remove the methanol under vacuum condition with ice, the samples were dissolved in phosphate
buffer (pH 7.5), and the level of different hormone concentrations was measured by plant ELISA kit as
described above.

4.7. Statistical Analysis

All biochemical activities were measured by the concentration level of treatment with the
subtraction of their controls at each time interval. Standard errors were calculated for all mean values
of three replicates and differences were considered significant at the p ≤ 0.05 level by Student’s t-test.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/3/
569/s1.
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Abstract: In order to get a better understanding of protein association during Solanum tuberosum
(cv. Sarpo Mira)–Phytophthora infestans incompatible interaction, we investigated the proteome
dynamics of cv. Sarpo Mira, after foliar application of zoospore suspension from P. infestans isolate,
at three key time-points: zero hours post inoculation (hpi) (Control), 48 hpi (EI), and 120 hpi (LI);
divided into early and late disease stages by the tandem mass tagging (TMT) method. A total
of 1229 differentially-expressed proteins (DEPs) were identified in cv. Sarpo Mira in a pairwise
comparison of the two disease stages, including commonly shared DEPs, specific DEPs in early and
late disease stages, respectively. Over 80% of the changes in protein abundance were up-regulated in
the early stages of infection, whereas more DEPs (61%) were down-regulated in the later disease stage.
Expression patterns, functional category, and enrichment tests highlighted significant coordination
and enrichment of cell wall-associated defense response proteins during the early stage of infection.
The late stage was characterized by a cellular protein modification process, membrane protein
complex formation, and cell death induction. These results, together with phenotypic observations,
provide further insight into the molecular mechanism of P. infestans resistance in potatos.

Keywords: late blight disease; potato proteomics; Phytophthora infestans; Sarpo Mira; early and late
disease stages

1. Introduction

Potato late blight disease caused by Phytophthora infestans is one of the most critical crop diseases
in the world. Late blight was responsible for the European potato famine in the 19th century [1]. It
poses a severe threat to potato production worldwide, with estimated annual economic losses of over
six billion dollars, mainly due to yield loss and the high cost of fungicide [2]. Management of the late
blight disease pathogen is challenged by global warming, environmental regulations against the use of
chemical fungicides, and P. infestans remarkable pathogenicity [3].

P. infestans shows an initial asymptomatic biotrophic phase of infection followed by a necrotrophic
phase. During the biotrophic stage, P. infestans forms appressoria, primary and secondary hyphae, and
specialized structures called haustoria, through which effectors are delivered into the host apoplast
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or adjacent cells [4]. Plants have evolved an array of innate immune systems to detect and respond
to a wide range of these P. infestans effectors. For example, PTI (Pathogen-associated molecular
pattern-triggered immunity), which uses transmembrane pattern recognition receptors (PRRs) that
respond to evolving microbial- or pathogen-associated molecular patterns (MAMPS or PAMPs).
PRRs include a class of leucine-rich repeat (LRR)-receptor kinases (RK), for example CEBiP [5] and
OsCERK1 [6,7] in rice; AtCERK1 [8–11], LYM2 [12–14], RBGP1 [15], and RLP30 [15] in Arabidopsis;
and EIX2 [16], Ve1 [17,18], and Cf-9 [15]. However, knowledge about PRRs in the potato host is scarce.
PTI has the potential to fend off various microbes, pathogenic or not, due to the conserved nature of
PAMPs (e.g., fungal chitin) across species, genera, family, or class. Thus, PRRs can provide resistance
to most non-adapted pathogens, as well as contribute to basal immunity during infection or disease
process. In response to these PTI defense systems, pathogens that could breach PTI successfully deploy
a huge number of effectors to render pathogen virulence. Such effectors change the normal function
of PTI, resulting in effector-triggered susceptibility (ETS) [19]. A large number of extracellular and
cytoplasmic effectors in the P. infestans genome have been identified and increasing evidence for their
role in establishing ETS exists [20,21].

However, to combat pathogens with established ETS, host plants have evolved a race-specific
immunity, a well-described host resistance mechanism that is governed by dominant R-genes. Many
R-genes have been cloned, and most of them encode proteins with N-terminal nucleotide-binding sites
(NBSs) and C-terminal leucine-rich repeats (LRRs). R-genes encode proteins that recognize pathogen
effectors to establish effector-triggered immunity (ETI). This recognition triggers a cascade of defense
responses, mediated by a complex-signaling network, in which plant hormones, like salicylic acid
(SA) and jasmonic acid (JA), play a significant role and the resistance is manifested as a localized
hypersensitive cell death response (HR) at the site of infection.

Recently, next-generation sequencing (NGS) technologies are transforming biology research [22,23].
Genome sequences of potato and P. infestans have been published [2,24], making sequencing-based
“omics” studies more accessible to potato late blight researchers. Proteomics has become a viable
alternative for molecular analysis, providing information and tools for a better understanding of the
plant-pathogen relationship. Recently, proteomics has dramatically evolved in the pursuit of large-scale
functional assignment of candidate proteins and, by using this approach, several proteins expressed
during potato–P. infestans interaction have been identified [25–27]. Two-dimensional electrophoresis
(2-DE) based proteomics [25], gel-based protein shotgun mass spectrometer [28], and, most recently,
label-free proteomics analysis [26,27], have shed light on our understanding of compatible and
incompatible interactions between P. infestans and potato.

The recently developed isobaric label proteomics, such as isobaric tags for relative and absolute
quantification (ITRAQ) [29] and tandem mass tags (TMT) [30], are chemically conjugated to the primary
amines of peptides after tryptic digestion and are compatible with samples from multiple sources [29].
Therefore, in this study, we used the TMT method to measure and compare the changes in protein
abundance of potato cv. Sarpo Mira after foliar application of zoospore suspension of P. infestans at
three key timepoints, covering potato–P. infestans oomycete early (EI) and late (LI) stage of interaction.
A total of 1229 differentially-expressed proteins (DEP) were identified, 75 DEPs at the early stage
and 723 DEPs at the late stage of the disease process. The proteins identified at the early and late
stage could play an essential role in early pathogen recognition, signal transduction, disease resistance
processes against P. infestans, and possibly disease pathogenesis. This study will contribute to a better
understanding of the molecular mechanism of P. infestans interaction with potato.

2. Results and Discussion

2.1. Subsection Phenotypic Differences between the Three Stages of Disease Conditions

A time series assessment of Sarpo Mira leaf phenotype challenged with P. infestans is shown in
Figure 1a,b. Three replicates were used for each treatment in these tests. After spraying the whole

87



Int. J. Mol. Sci. 2019, 20, 136

potato plant with P. infestans zoospores, there was no observable microscopic hypersensitive reaction
(HR) lesions at 0 Hours post inoculation hpi (Control); however, by 48 hpi (EI), HR lesions had
appeared, which resulted in a localized necrosis that resembled a P. infestans-induced hypersensitive
response, and at 120 hpi (LI) the leaves had developed much larger H -induced necrosis, consistent
with a typical R gene-mediated HR lesions expansion, as previously reported in Sarpo Mira [31]. There
was a significant difference in the lesion size of LI relative to EI, as seen in (Figure 1b), and consistent
with previous studies [32,33]. Based on these results, we designated the interval between time-points
Control and EI as early disease stage and timepoint EI to LI as late disease stage.

  
(a) (b) 

Figure 1. Phenotypic observation of the three time-points. Control corresponds to time-point 0 Hours
post inoculation, EI corresponds to 48 hpi, and LI corresponds to 120 hpi. (a) Sizes of lesions induced
by the P. infestans zoospores at different exposure times. The diameter of each lesion was measured
at 2 and 5 days after inoculation (b). Three replicates were used for each treatment in these tests.
Bars represent the standard deviation of three replicates. Statistical significance was analyzed using
Student’s t-test. The asterisk indicates the significant difference (* p < 0.05).

2.2. Overview of Protein Expression in Potato Leaves Challenged with P. infestans Oomycete

Potato cv. Sarpo Mira was previously reported to have incompatible interaction with P. infestans [29];
however, systematic analysis of protein association during Sarpo Mira–P. infestans interaction, and their
resultant changes in abundance leading to incompatibility, are incompletely understood. Therefore,
to shed more light on the changes in protein abundance during the early and late stages of late
blight disease, we performed a comparative proteome survey by TMT method [29] at three key
time-points (Control, EI, and LI time-points. See method section) on leaves of potato clone Sarpo
Mira inoculated with P. infestans oomycete. Three biological replicates were collected at the same
time. With these measurements, a total of 15,813 high-quality peptides (in at least two replicates
per time-point) corresponding to 4643 proteins were identified in the time series analysis (Table S1).
Of the 4643 proteins, 1229 (at least one unique peptides) were found to be differentially expressed
proteins (DEP) in a pairwise comparison between the time-points. Among the 1229 DEPs, 952
had functional annotations (Table S2). In all, a total of 1082 DEP could be classified into 70
different significantly-enriched protein domains and features by InterProScan analysis, 21 PFAM
protein domains, and 56 significantly-enriched Kyoto Encyclopedia of Genes and Genomes pathways
(Table S2) [34]. The total number of DEPs observed in each pairwise comparison is shown in Figure 2a
and Tables S3–S5. For example, 1022 DEPs were observed in the group pair of H/L, covering the
whole-time course. The pair of EI/Control had 75 proteins representing DEPs in the early stage of
pathogen invasion, and LI/EI had 723 DEPs active during the late stage of the disease process.

Large scale comparative quantitative proteomic studies produce numerous lists of proteins
containing biological identifiers, and often it is useful to highlight the overlapping sets between groups

88



Int. J. Mol. Sci. 2019, 20, 136

of biological data, enabling quick and easy observation of the similarities and differences between
the data sets. In this study, dataset overlap between the early and late stage revealed about 2.3%
(18/780) of the DEPs were commonly-shared induced proteins throughout the time course (Figure 2b),
suggesting that these proteins could be necessary for the sustained HR phenotype observed in the later
stages of the disease condition. More strikingly, 90.4% (705/780) of DEPs were specific to LI/EI, while
7.3% (57/780) was unique to EI/Control (Figure 2b).

  
(a) (b) 

Figure 2. Differentially expressed proteins between the early and late stage (a). Bar chart showing the
number of up- and down-regulated proteins in each of the pairwise comparisons: EI/Control, LI/EI,
and LI/Control. green color indicates down-regulated proteins and blue color indicates up-regulated
proteins. Overlaps among differentially expressed proteins (DEPs) between the early and late stage
(b). Venn diagrams depict overlap of DEPs from each pairwise comparison between the timepoints,
EI/Control (early) and LI/EI (late).

2.3. Gene Ontology Classification of Differentially Expressed Proteins

Gene ontology classification and KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis
was used to reveal the implication of all DEPs identified in this study (Figure 3a). Gene Ontology
analysis showed that much more biological process categories were highly abundant in the DEPs.
The protein classes “Metabolic processes” (41.3%), “Cellular processes” (32%), and “Response to
stimulus” (6.1%) were the most abundant categories (Figure 3a). The label “Metabolic process”
covers several sub-biological process categories; notable among them were primary and secondary
metabolism, such as carbohydrate, lipid, protein, amino acid, and nucloeobase-containing compound
metabolism. Also, within this category are systemic-acquired resistance and defense response to fungus.
The proteins involved in this group were mostly up-regulated in the early disease stage. The “Cellular
processes” includes protein folding, microtubule-based process, signal transduction, cell death, protein
secretion cellular homeostasis, and oxidant detoxification. “Response to stimulus“ covered response
to stress, response to biotic and abiotic stimulus, response to endogenous stimulus, and response
to chemical. Several of these proteins encoded peroxidase, pectinesterase, and endochitinase-like
compounds, and were also up-regulated in both disease stages (Figure 3a and Table S6).

Molecular function classification highlighted over-representation of “Catalytic Activity” (45%)
and “Binding” (40%) as the major function of the DEPs. The “Catalytic Activity” heading included
oxidoreductase activity, transferase activity, hydrolase activity, lyase activity, isomerase activity,
and ligase activity. The “Binding” category encompassed protein binding, protein-containing
complex binding, ion binding, drug and cofactor binding, iron-sulfur cluster binding, heterocyclic
compound binding, glutathione binding, and carbohydrate derivative binding (Figure 3a and Table S6).
The majority of the proteins in this category were uncharacterized. Other molecular function categories
worthy of mention include antioxidant activity, enzyme regulator activity, and nuclear import signal
receptor activity. About half of the DEPs were in the cellular component, of which the majority
were in the “Cell” (24.10%), which included the extracellular region and apoplast. “Cell part”

89



Int. J. Mol. Sci. 2019, 20, 136

(23.96%), covering intracellular plasma membrane and chloroplast envelope; “Organelle” (17.65%),
covering organelle membrane, intracellular organelle, and organelle lumen; “Protein complex”
(11.68%), including THO complex, U1 snRNP, nucleosome, transcription factor complex, chloroplastic
endopeptidase Clp complex, and eukaryotic translation elongation factor 1 complex; “Membrane”
(8.39%) and “Membrane part” (5.28%), which encompasses membrane protein complex and inner
mitochondrial membrane protein complex (Figure 3a and Table S6).

A functional enrichment test was used to identify over-represented proteins that may have an
association with early and late disease phenotypes, by interrogating the data for the GO enrichment of
protein sets. The KEGG database was used to determine significantly enriched pathways in the early
or late disease stage (Table S6).

In the early disease stage, the GO enrichment test revealed response to stimulus and detoxification
as the most significantly-enriched biological processes (Figure 3b). The significantly-enriched molecular
functions were antioxidant activity and catalytic activity, which included peroxidase activity (Figure 3b),
while several of these enriched proteins were located within the extracellular region of the cellular
component (Table S6). Considering the late disease stage, we observed that metabolic process and
single-organism process were highly significantly-enriched biological processes (Figure 3c). Other
enriched biological processes included detoxification, cellular component and biogenesis, and positive
regulation of biological processes (Table S6). Enriched molecular functions included structural
molecular activity, antioxidant activity, and catalytic activity (Figure 3c). In the cellular component, we
noticed overrepresentation of proteins in the cell, cell part, organelle, and organelle part (Figure 3c).

Pathway coverage analysis using the KEGG database found that the phenylpropanoid biosynthetic
pathway was the most significantly-enriched in the early disease stage (Figure 3d); most of these
proteins encoded peroxidase/peroxidase-like and hydroxycinnamyl proteins. Other enriched
pathways included fatty acid metabolism and biosynthesis of unsaturated fatty acid (Figure 3d).
As reported by others, the phenylpropanoid pathway is essential to plants because of its role in
the production of the hydroxycinnamyl alcohols, which serve as the building blocks of lignin, and
confers structural support, vascular integrity, and pathogen resistance to plants [35]. Additionally,
high induction of several genes mapped to the phenylpropanoid pathway has been reported following
P. infestans invasion [36]. Meanwhile, biosynthesis of secondary metabolism, ribosome, glutathione
metabolism, biosynthesis of amino acid, porphyrin and chlorophyll metabolism, ribosome biogenesis,
valine, leucine and isoleucine degradation, synthesis and degradation of ketone bodies, and fatty
acid metabolic pathways were identified as the most significantly-enriched pathways in the late
disease stage (Figure 3d). Together these results suggested that the identified proteins represent a
functionally-active subset of the entire proteome associated with the potato response to P. infestans
oomycete infection.
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Figure 3. (a) Gene Ontology functional classification of all DEPs; bar chart shows the distribution of
differentially-expressed proteins among the GO biological process (BP), molecular function (MF), and
cellular component (CC). (b) GO-based functional enrichment analysis of DEPs at early disease stage.
(c) GO-based functional enrichment analysis of DEPs at late disease stage. (d) Kyoto Encyclopedia of
Genes and Genomes pathway enrichment of DEPs at the early and late disease stages.

2.4. Differential Expression Pattern of Proteins Involved at the Early and Late Disease Stages

To better understand potato–P. infestans interaction, it is important to distinguish the potato’s
specific response to the invading pathogen and protein signatures at various stages of the disease
process, which can help shed light on the pathogenic life style, whether in biotrophic relationships (in
which the pathogen feeds from living host cells) to necrotrophic associations (in which the microbe
feeds on nutrients released from killed cells [37]). Therefore, we examined the expression pattern of
proteins involved at the early and late disease stages.

2.4.1. Early Disease Stage Response Proteins

As stated earlier, 75 proteins showed a significant difference in protein abundance at the early stage
of the disease process (EI/Control-compared proteins, Table S3), of which 60 DEPs were up-regulated,
and 15 DEPs were down-regulated (Figure 2a); their expression profile is shown in (Figure 4). GO
enrichment test results (False Discovery Rate < 0.05, p < 0.01) revealed these proteins were mostly
related to detoxification and response to a stimulus, which covers stress response, defense response,
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oxidative burst, and cellular catabolic process (Figure 3b). Further analysis uncovered enriched
proteins were most active in the apoplast, cell wall, cell periphery, and external encapsulating structure
during pathogen invasion (Table S6). To elucidate cv. Sarpo Mira response to P. infestans at the initial
stages of infection, we further examined the expression pattern and the role of DEPs in EI/Control
comparison (Table S3). We found a general trend among the DEPs in EI/Control comparison, here
most of the proteins significantly increased in abundance from timepoint L to M (Figure 4). Also,
we noticed specific enrichment of positively regulated (from time-point Control to EI) functional
categories related to defense and oxidative stress response. The most prominent early response
proteins present in this group were cell wall degrading enzymes, for example, wall-associated kinase,
annexin, osmotins, osmotin-like proteins, serine protease, and proteinase inhibitors, pectinesterase
and putative endochitinase; the later are cell-wall degrading enzymes (CWDEs). We also observed
five highly up-regulated peroxidase proteins involved in the reactive oxygen species (ROS) metabolic
process. The rapid production of reactive oxygen species (ROS) upon pathogen attack has been
associated to the defense mechanism for microbial killing and early initiation of host defense responses
in plants [38]. In the present study, the up-regulation of these five peroxidase proteins suggests the
induction of oxidative burst, which is typically associated with PTI and HR-specific induced cell death,
which is consistent with the phenotypic observation (Figure 1a) and previous studies [33].

We also noticed other proteins, including the specific up-regulation of glucan
endo-1,3-beta-glucosidase and serine carboxypeptidase-like-33. In this regard, it is well known that
extracellular enzymes of plant pathogenic fungi (e.g., glucanases) may have a diversity of roles in
host invasion and pathogenesis, either as an inducer or suppressor [39]. Indeed, there are reports that
cell walls of oomycetes consist mainly of (1/3)-b-D-glucans, (1/6)-b-D-glucans, and cellulose, which
might be required for normal appressorium formation and successful infection of the potato [39].
However, the specific up-regulation of glucan endo-1,3-beta-glucosidase suggests that it either played
a significant role in facilitating P. infestans penetration of the host cell wall, or the destruction of
papillae, blocking the invading pathogen by releasing glucans from the host wall polymers or by
hydrolyzing biologically-active glucans, which could act as elicitor. In contrast it may digest wall
components of the invading fungal pathogen [40]. Serine carboxypeptidase belonged to a large
family of hydrolyzing enzymes, which are believed to play roles in processing and degradation of
proteins/peptides, and studies have shown that this protein family are typically up-regulated during
pathogen invasion [39]. In the current study, it may be part of the fungal mechanisms of efficient
protein digestion during invasion or a past host cell proteolytic machinery against P. infestans [41,42].
Additionally, we identified another set of DEPs that showed significant up-regulation at the early
stage, whose domains possess a binding function possibly involved in the production of antimicrobial
compounds. They include the pathogenesis-related protein PR-10 family and the NtPRp27-like protein,
which suggests a distinct counter-defense mechanism because most PR proteins are reported to exhibit
direct antimicrobial activities and may play a role in both constitutive and induced basal defense
responses [43].

Contrastingly, few DEPs were repressed at this stage; notable among them are significantly
down-regulated proteins such as dehydrin, pyruvate dehydrogenase, light-inducible tissue-specific
protein, and three uncharacterized proteins, M0ZKB0, M1AM40, and M1BUI4 (Table S3). These
proteins have functions related to amino acid metabolism and transport, sterol biosynthesis, and
abscisic acid signaling. To put these results into perspective, the increased abundance of the
majority (60/75) of DEPs in EI/Control indicated an early activation of cell wall-associated defense
proteins involved in signal transduction, deployment of basal resistance, and initiation of R
gene-mediated resistance processes, which reflects a coordinated activation and repression of specific
cell wall-associated proteins to correlate with the precise cellular defense requirement to restrict P.
infestans invasion.
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Figure 4. Hierarchical clustering of differentially-expressed proteins at the early disease stage. Heat
map showing the changes in protein expression: Proteins with high expression levels (red); proteins
with low expression level (blue).

2.4.2. Late Disease Stage Response Proteins

The profile of the 723 DEPs identified during the late stage is reported in Figure 5. Within
this group, a total of 280 DEPs were up-regulated and 443 were significantly down-regulated, as
shown in Figure 2a and Table S4. Functional enrichment showed that the majority of the proteins
were involved in cellular component organization, metabolic process, and single-organism process,
which encompasses cellular protein modification process and membrane protein complex formation
(Figure 3c and Table S6). We noticed a consecutive up-regulation of several proteins with the binding
function, including the resistance (R) gene product containing CC-NB-ARC and LRR domains,
as well as chitin-binding domains. Typically, R proteins are conserved across the plant kingdom,
and have been shown to mediate the resistances of race-specific diseases in plants by recognizing
effectors and initiating effector triggered immunity (ETI) [20,21,38]. Several other proteins that were
significantly up-regulated were identified within this group, which included proteins possessing
acid phosphatase-class B domain, osmotin/thaumatin-like domain, endochitinase activity, and kunitz
proteinase inhibitor. The latter is a part of potato proteolytic enzyme inhibitors, which may play
an important role in the natural defense mechanisms of the potato plant against phytopathogen
attack [27,44] In addition to the above were hyoscyamine-beta-hydroxylase (H6H), Puroindoline-A
(PIN-A), Puroindoline-I (PIN-I), lipoxygenase, and hydroxy-methylglutaryl coenzyme A reductase
(HMGR). H6H is an enzyme belonging to the family of oxidoreductases, and the last rate-limiting
enzyme directly catalyzing the formation of scopolamine in the tropane alkaloids (TAs) biosynthesis
pathway [45]. Earlier studies have shown that H6H was concurrently significantly up-regulated,
among other R gene proteins, following P. infestans treatment in resistant potato cultivars relative to
susceptible genotypes [46]. PIN-A and PIN-I are transmembrane proteins involved in auxin efflux [47];
their specific role in potato–P. infestans interaction is not clear. Similarly, HMGR is known to be strongly
induced by fungal elicitors in rice [45]. In the present study, and generally, it is likely that these proteins
together might play a role in the production of highly complex toxic anti-microbial or anti-fungal
compounds as defense against invading pathogens [46].

To survive in a peroxidative environment, microbes produce natural antioxidants within host cells,
or modulate host cells to produce protectants, including vitamin C, glutathione (GSH) carotenoids,
reductases, peroxidases, and several others [48,49]. Here, we identified proteins that are possibly
associated with these processes mentioned above and may be implicated in the expansion of late-stage
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disease processes. These included: peroxidase family proteins and threonine dehydratase, an enzyme
involved in isoleucine biosynthesis by catalyzing the deamination of threonine. It was reported to
have similar function to serine-threonine dehydratase, a versatile catalyst that functions as a coenzyme
in a multitude of reactions, including amino–sugar breakdown [50]. Others were: sucrose synthase,
formate dehydrogenase, biotin, and lipoic acid-binding proteins, which may serve as sources of
energy for the pathogen. Additional up-regulated proteins were serine-threonine kinases, possibly
P. infestans secreted kinases [51]. Calcium-dependent protein kinase, arginine N-methyltransferase
(their function in the late stage disease process is unknown) and Tyrosine Phosphatase (reported in
bacteria is an effector protein), when overexpressed, significantly increases bacterium Pseudomonas
syringae virulence [52,53].

Several studies have reported that genes encoding hydrolytic enzymes, such as serine protease,
glucosidases, glucanases, and lyases, constituted a major portion of Phytophthora potential
pathogenicity factors [48]. Among the significantly induced pathogenesis factors were enzymes:
beta-glucanase, glycosyl hydrolases, cysteine protease, and pectate lyase. We also noticed ATP synthase
and proton ATPase transmembrane transporter; their specific role in pathogenesis is unknown.

Notable significantly down-regulated proteins were those involved in the structural integrity
of the ribosome, such as ribosome recycling factor domain proteins, 60S ribosomal protein L18a,
acidic ribosomal protein P1a-like, 50S ribosomal protein L32, and ribosomal-L12 proteins. We noticed
other proteins with catalytic and binding domain functions, such as cellulose synthase, histone
H2A, Nicotinamide adenine dinucleotide phosphate (NADPH)-protochlorophyllide oxidoreductase,
pectinesterase, endoglucanase, FK506-binding protein, and PPM-type phosphatase domain. The latter
being dephosphorylate serine and threonine residues. Among the down-regulated proteins were also:
thioredoxin-like protein CITRX a chloroplastic protein, demonstrated to be involved in the negative
regulation of cell death and tomato Cf-9 resistance protein function by specifically interacting with
Cf-9 [54]. Silencing of CITRX accelerated the Cf-9/Avr9-triggered hypersensitive response in both
tomato and Nicotiana benthamiana, together with the enhanced high accumulation of reactive oxygen
species, and the induction of down-stream defense-related genes. In the same study, silencing of
CITRX also conferred increased resistance to the fungal pathogen Cladosporium fulvum in susceptible
Cf0 tomato [54,55]. Several uncharacterized proteins with acetyltransferase-like domain proteins,
including M1BC65, a member of the chloramphenicol acetyltransferase-like domain superfamily, was
also identified. In addition to enzyme inhibitor and peptide regulator proteins, such as Clone PI9149
apoptosis inhibitor 5-like protein and Proteinase inhibitor I, the high number of down-regulated DEPs
(443/723) among the proteins in the LI/EI seems consistent with a shut-down of the cellular metabolic
process caused by HR induced necrosis. Collectively, the cellular metabolic process, protein folding,
and modification processes, including cell wall re-organization, seem to be the most common roles
of the LI/EI-DEPs; therefore, we speculate that these proteins play an essential role in the biological
processes possibly involved in disease conditioning and the shut-down of cell metabolic processes at
the late infection stage, which are geared towards containment of the invading pathogen.
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Figure 5. Hierarchical clustering of differentially-expressed proteins at the late disease stage. Heat map
showing the changes in protein expression: proteins with high expression levels (red); proteins with
low expression level (blue).

2.4.3. Differential Regulation of Commonly Shared Proteins in Response to P. infestans during Early
and Late Disease Stages

Our comparative analysis identified 18 proteins shared between the EI/Control comparison
and LI/EI comparison (Figure 2b, Table S7). We reasoned that these common set of proteins might
respond to the same signal that controls the switch from general plant defense induction, based on
PAMPs (PTI), to effector-triggered immunity (ETI), and might have a similar pattern of expression.
Indeed, 10 out of the 18 common DEPs showed a similar expression profile throughout the time
course. For instance, they were up-regulated explicitly from Control to EI and reached their maximum
expression level by time-point LI. Based on GO analysis, these 10 proteins were mostly located within
the extracellular region, cell membrane, and protein-containing complexes, and are involved in energy
production, vesicle-mediated transport, and response to oxidative stress. From this group we noticed
two uncharacterized proteins, M0ZTQ4 (FC = 2.40) and M1CUM0 (FC = 5.6), with at least two- and
five-fold increase in abundance. The M0ZTQ4 contained the osmotin/thaumatin-like domain, and
osmotins are members of pathogenesis-related proteins, secreted into the cell wall to promote basal
resistance responses [56]. Whereas M1CUM0 has a domain function related to terpene biosynthesis, a
part of antifungal phytoalexins shown to limit the growth hypha during pathogen invasion [57,58].

Remarkably, six out of the remaining eight DEPs (M1ABL9, M1D1L9, M1A3A0, M1A4R1,
M1C8Q0, M0ZZ55) showed a dynamic reprogramming in response to P. infestans. It is noteworthy
that after inoculation these proteins were up-regulated from timepoint Control to EI and reached
their highest expression level at time-point EI, afterward they were significantly repressed (Table S7).
Further analysis showed that they contained vacuolar protein sorting-associated VPS4 binding domain,
ribosomal protein L24 binding domain, pentatricopeptide repeats, histone H1/H5 globular binding
domain, 26S proteasome subunit RPN7 domain, and vesicle transport protein, respectively. Generally,
plants activate numerous defense mechanisms that can contribute to resistance against pathogen
invasion. Considering that a significant increase in lesions’ size was observed on the leaves of cv. Sarpo
Mira at the LI time-point, compared to the EI timepoint, it follows that the dynamic reprogramming
of these proteins might be very significant. This highlights the tight regulation of defense activities
within the host cell and demonstrates the urgency for cell wall modification and reinforcement, as well
as an efficient transport mechanism for defense-related compounds upon pathogen invasion consistent
with the incompatible pathogen–host interaction and observed phenotype in Figure 1a,b.
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Contrastingly, two DEPs, K7WNX1 and M1C639, were consecutively down-regulated throughout
the whole-time course; K7WNX1 is a light-inducible tissue-specific ST-LS1 protein and M1C639
contained the transmembrane helix domain. Their role in potato–P. infestans interaction is unknown.

2.5. Validation of Differentially-Expressed Proteins in Early and Late Disease Stages

To validate DEPs from the time series proteomics experiments, a total of seven proteins were
selected, of which four were randomly selected from the early disease stage and the remaining three
were selected from late stage, to verify the expression level, via western blot analysis (Figure 6).
Osmotin (fold change = 1.62, p = 0.00471), pectinesterase (fold change = 2.53, p = 0.0083), endochitinase
(fold change = 1.94, p = 0.0453), and annexin (fold change = 2.37, p = 0.0264) were significantly
up-regulated in EI relative to the Control (Figure 6(A1)–(A4)). In the late stage, peptidyl-prolyl
cis-trans isomerase (fold change = 1.74, p = 0.0051) and type I serine protease inhibitor (fold change =
2.63, p = 0.0382) were significantly increased in LI relative to EI (B1, B3). In contrast, photosystem I
assembly protein Ycf4 (fold change = −1.67, p = 0.0036) was significantly down-regulated relative to
EI (Figure 6(B2)). Potato actin represented loading control. The western blot results were consistent
with the times series proteomics data, which strongly support the reliability of the results reported in
this paper.

Figure 6. Western blot analysis of differentially expressed proteins at early disease stage (A) and late
disease stage (B). Expression levels of Osmotin (fold change = 1.62, p = 0.00471), Pectinesterase (fold
change = 2.53, p = 0.0083), Endochitinase (fold change = 1.94, p = 0.0453) and Annexin (fold change
= 2.37, p = 0.0264) were significantly increased in EI relative to Control (A1, A2, A3, A4); PPIA (fold
change = 1.74, p = 0.0051) and SPINK1 (fold change = 2.63, p = 0.0382) were significantly increased in LI
relative to EI (B1, B3); Ycf4 (fold change = −1.67, p = 0.0036) was significantly decreased in LI relative
to EI and (B2). Potato actin represented loading control.

2.6. Essential Proteins for Early and Late Disease Stages

In this study, we systematically identified several proteins that are important for the potato
defense response against P. infestans at the early and late stages of infection, including those which
may otherwise contribute to pathogenesis. The criteria described in the Methods allowed us to select
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several proteins that play a significant role in both disease stages, which are listed in Table 1 and some
of which are described hereafter.

Table 1. Proposed candidate proteins that played an essential role at the early and late disease stages.

Accession Description
Fold

Change
p Value GO Names

Early stage up-regulated proteins

M0ZZ55
Uncharacterized protein containing
longin N-terminal domains with
C-terminal coiled-coil/SNARE motif.

1.77 0.02 C: integral component of membrane;
P: vesicle-mediated transport

M0ZTM7 Osmotin 1.58 0.03

Q5XUH0 Osmotin-like protein 1.54 0.002

M0ZMK7

Uncharacterized protein with domain
named as Bet v 1. Bet v 1 belongs to
family 10 of plant
pathogenesis-related proteins (PR-10)

1.51 0.004 P: defense response;
P: response to biotic stimulus

P52402 Glucan endo-1,3-beta-glucosidase,
basic isoform 3 (Fragment) 1.45 0.03

F: hydrolase activity, hydrolyzing O-glycosyl
compounds;
P: carbohydrate metabolic process

Q2HPK8 Putative endochitinase (Fragment) 1.43 0.04
F: chitinase activity;
P: chitin catabolic process;
P: cell wall macromolecule catabolic process

M1D1L9 Uncharacterized protein containing
domain 2 of Ribosomal protein L2, 1.36 0.02

F: structural constituent of ribosome;
C: ribosome;
P: translation

M1CUM0
Uncharacterized protein containing a
domain found in the isoprenoid
synthase family

1.34 0.04
F: magnesium ion binding;
P: metabolic process;
F: terpene synthase activity

M1D578 Peroxidase 1.34 0.04

F: peroxidase activity;
P: response to oxidative stress;
F: heme binding;
P: hydrogen peroxide catabolic process;
P: oxidation-reduction process

M1BQC2 Pectinesterase 1.32 0.03

F: enzyme inhibitor activity;
C: cell wall;
F: pectinesterase activity;
P: cell wall modification

M1A3A0 Uncharacterized protein containing
Pentatricopeptide repeat (PPR) 1.29 0.02 F: protein binding

M1A035 Carboxypeptidase 1.28 0.03 F: serine-type carboxypeptidase activity;
P: proteolysis

M1D051 Wall-associated kinase 1.28 0.03
F: protein kinase activity;
F: ATP binding;
P: protein phosphorylation

Q9M3H3 Annexin 1.27 0.01 F: calcium ion binding;
F: calcium-dependent phospholipid binding

M0ZXE4 Uncharacterized protein contains a
domain found in serine peptidases 1.27 0.02 F: serine-type endopeptidase activity;

P: proteolysis

Q4FE26 Proteinase inhibitor 1 PPI3B2 1.26 0.03
F: serine-type endopeptidase inhibitor
activity;
P: response to wounding

M1ABL9 Uncharacterized protein contains
AAA+ ATPase domain 1.25 0.003 F: ATP binding and hydrolysis

Q84XQ4 NtPRp27-like protein 1.25 0.02

M1A4R1 Uncharacterized protein with AT
hooks a DNA-binding motif 1.24 0.004

C: nucleosome;
F: DNA binding;
C: nucleus;
P: nucleosome assembly

M1C8Q0
Uncharacterized protein contains
Proteasome component Initiation
(PCI) domain

1.22 0.02 F: enzyme regulator activity
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Table 1. Cont.

Accession Description
Fold

Change
p Value GO Names

Early stage down-regulated proteins

K7WNX1 Light-inducible tissue-specific ST-LS1 0.83 0.001 C: photosystem II oxygen-evolving complex;
P: photosynthesis

M0ZJ30 Uncharacterized protein contains
Major facilitator domain 0.74 0.002

C: membrane;
F: transmembrane transporter activity;
P: transmembrane transport

M1BNJ1 Uncharacterized protein contains
Carotenoid oxygenase binding site. 0.68 0.05

F: oxidoreductase activity, acting on single
donors with incorporation of molecular
oxygen, incorporation of two atoms of
oxygen;
P: oxidation-reduction process

Late stage up-regulated proteins

M1BD67 Uncharacterized protein with Acid
phosphatase, class B-like domain 5.68 0.03 F: acid phosphatase activity

M0ZTQ4 Uncharacterized protein predicted
with Osmotin/thaumatin-like domain 5.62 0.05

M1CJS7 Uncharacterized protein contains
CC-NB-ARC and LRR Domains. 4.00 0.01 F: ADP binding

M1B864 Uncharacterized protein contains
Kunitz inhibitor STI-like domain. 3.65 0.04 F: endopeptidase inhibitor activity

M1AU65 Peroxidase 2.94 0.01

F: peroxidase activity;
P: response to oxidative stress;
F: heme binding;
P: hydrogen peroxide catabolic process;
P: oxidation-reduction process

E0WCF2 PIN-A 2.92 0.0001
F: serine-type endopeptidase inhibitor
activity;
P: response to wounding

A0A097H185 PIN-I-Protein 2.52 0.01
F: serine-type endopeptidase inhibitor
activity;
P: response to wounding

M0ZZF1 Peptidyl-prolyl cis-trans isomerase 1.64 0.02 P: protein peptidyl-prolyl isomerization;
F: peptidyl-prolyl cis-trans isomerase activity

M1BAS6 Uncharacterized protein
(CC-NB-ARC and LRR Domains) 1.62 0.03 F: ADP binding

Q8H9B9 Hyoscyamine 6-beta-hydroxylase-like
protein (Fragment) 1.62 0.03 F: oxidoreductase activity;

P: oxidation-reduction process

A5A7I8 Calcium-dependent protein kinase 5 1.32 0.04

F: protein kinase activity;
F: calcium ion binding;
F: ATP binding;
P: protein phosphorylation

M1AKD9
Uncharacterized protein contains a
Histidine kinase/HSP90-like ATPase
domain

1.30 0.02

F: ATP binding;
P: protein folding;
P: response to stress;
F: unfolded protein binding

Q8VX50 Putative receptor-like
serine-threonine protein kinase 1.22 0.05

F: protein kinase activity;
F: ATP binding;
P: protein phosphorylation

M1D3S7 Uncharacterized protein contains a
CC-NB-ARC and LRR Domain. 1.22 0.05 F: ADP binding

M0ZWQ0 V-type proton ATPase proteolipid
subunit 1.21 0.03

F: proton transmembrane transporter activity;
P: ATP hydrolysis coupled proton transport;
C: proton-transporting V-type ATPase, V0
domain
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Table 1. Cont.

Accession Description
Fold

Change
p Value GO Names

Late stage down-regulated proteins

K7WNV9 Thioredoxin 0.82 0.05
P: glycerol ether metabolic process; F: protein
disulfide oxidoreductase activity;
P: cell redox homeostasis

G1CCA4 Photosystem I assembly protein Ycf4 0.71 0.03
C: photosystem I;
P: photosynthesis;
C: integral component of membrane

M1D260 FK506-binding protein 0.63 0.03

P: histone peptidyl-prolyl isomerization;
F: peptidyl-prolyl cis-trans isomerase activity;
F:FK506 binding;
C: nucleolus

M1B8N6 NADPH-protochlorophyllide
oxidoreductase 0.37 0.04 F: protochlorophyllide reductase activity;

P: oxidation-reduction process

2.6.1. Cv. Sarpo Mira Protein–Protein Interaction during the Early Stages of Infection

Most proteins carry out essential biological functions, like signal transduction, protein
modification, cellular metabolism, cytokinesis, DNA replication, RNA transcription, and targeted
degradation, by interacting with other proteins in a protein complex. To uncover functional
interactions among proteins during the early stages of P. infestans invasion, we analyzed the 75
DEPs in the EI/Control comparison by Search Tool for the Retrieval of Interacting Genes/Proteins
(https://string-db.org) in Cytoscape (Figure 7a). Of interest, was the association among nine proteins:
wall-associated kinase protein (WAKP, M1D051), an integral component of the cell membrane;
a ubiquitin-conjugating enzyme protein (M1BLH0); a chloroplast nucleoid DNA-binding protein
(M1B6K1); a ribosomal L24 domain (M1D1L9); a 26S proteasome subunit-containing RPN7 protein
domain (M1C8Q0); endochitinase (Q2HPK8); osmotin (M0ZTM9); a pathogenesis-related PR1 protein
containing a RlpA-like double-psi beta-barrel domain (M1A2A4); and finally, protein disulfide
isomerase inhibitor (PDI, M1C517).

We reasoned that P. infestans might directly or indirectly elicit the induction of these proteins,
and their association was important to promote coordination of several processes, including signal
transduction, cellular metabolic process, and defense against P. infestans. For example, WAKP (M1D051,
FC = 1.28) was predicted as a major functional node having multiple protein interactions, and it was
specifically significantly up-regulated from Control to EI time-points, through to LI. Previous studies
have shown that WAK proteins are important oligogalacturonide receptors, required for the activation
of the plant immune response, as well as for growth and development [59]. Additionally, there
are reports of the arabidopsis RFO1 gene coding for a wall-associated kinase protein that conferred
quantitative resistance against Fusarium oxysporum [60]. In the present study, it is likely that WAKP, in
association and coordination with other proteins, acted as an elicitor by binding to damage-associated
molecular patterns (DAMPs) or cell wall defense proteins [61,62]. We also noticed that a putative
ribosomal protein in the network was highly abundant (M1D1L9, FC = 1.36), and a protein possessing
ubiquitin-binding domain (M1C8Q0, FC = 1.22). Previous studies have reported the involvement of
these two proteins in P. parasitica–tomato interaction [63]. Next are the constitutively highly-expressed
Endochitinase proteins (Q2HPK8, FC = 1.43; M1AH25, FC = 1.33), which have common function in
defense-related signaling to boost the non-specific defense response by releasing elicitor-active chitin
oligomers [60]. It has been shown that basic chitinase and osmotin-like protein possess actin-binding
capabilities and cooperate to promote cytoplasmic aggregation in the potato cells, as a defense against
penetration of Phytophthora [64]. In the present study, the significant up-regulation of these several
osmotins, (M0ZTM9, FC = 1.34) from Control to EI, and through to LI, suggest significant coordination
among pathogenesis-related proteins within the cell wall to promote basal resistance responses. Indeed,
the PR1 gene was implicated in basal resistance against P. infestans oomycete [65]. In this study, PR1
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protein (FC = 1.30) was up-regulated, its expression level was highest at the late stage (1.40), which
indicates that this protein was significantly induced throughout the time course, which is consistent
with previous studies [66]. Also, the KiTH-2 protein was strongly up-regulated (FC =1.82) upon
infection with P. infestans; its specific role in potato–P. infestans interaction or pathogen resistance is
not clear [67]. Although it belongs to the Kiwellin family and contains the rare lipoprotein A (RlpA)
domain, which has been shown to act as a prc mutant suppressor in Escherichia coli [68]. Here, we
speculate that it may function as part of elicitor machinery during pathogen infection.

Meanwhile, studies have shown that the PDI gene (FC = 1.31, M1C517) plays a crucial role in
host–pathogen interaction and that PDI protein is localized to the haustoria of Phytophthora, a major
site of pathogen protein export into the host cell during infection [69]. In the present study, the
significant up-regulation of PDI from Control to EI, and subsequent decrease in abundance at LI,
suggests this protein might be acting as a virulence factor of P. infestans at the early infection stage,
and potentially contributes to plant infection and the late-stage disease process [70]. Additionally,
the plant’s secretory system is crucial for building resistance at the cell periphery. It also enables
attacked cells to transport antimicrobial compounds and cell wall material to the site of attempted
penetration [38]. In this study, we found a vesicle-mediated transport protein (M0ZZ55, FC = 1.77)
containing the v- SNARE domain, significantly up-regulated from Control to EI, and with stable
expression afterward, which suggests a tightly coordinated transport process during early stages of
pathogen attack, which has been previously reported [69]. Together, these results show that during
the early stages of disease infection there was a coordinated up-regulation of defense arsenal, like
the pathogen recognition proteins, signaling molecules, antimicrobial compounds, cellular trafficking,
primed to initiate a broad-based resistance against P. infestans.

2.6.2. Cv. Sarpo Mira Protein–Protein Interaction during the Late Stages of Infection

We analyzed the protein interaction of DEPs identified in LI/EI comparison and found
multifactorial interactions with several hub proteins in the network (Figure 7b). Prominent among
the proteins in the network was urease (Q93WI8, FC = 1.27), with over 67 connections. In this
study, urease increased slightly in abundance from Control (avg. = 0.86) to EI (avg. = 0.90), but
was significantly induced at LI (avg. = 1.14). Studies have shown that urease inhibits the growth of
phytopathogenic fungi [71,72]. We also found an uncharacterized protein, M1E0E5 (FC = 1.22), with 57
connections, which contained a pyridoxal-phosphate-binding site, and was predicted to participate
in aminotransferase activity, oxidoreductase, and mononucleotide binding. Similarly, we observed
two other proteins (57 connections) coding for Hydroxyacyl-CoA dehydrogenase (M0ZHQ8, FC
= 1.26), with functions related to oxidoreductase activity. Other proteins included metalloenzyme
(39 connections, O81394, FC = −1.20), involved in catalytic conversion of 2-phosphoglycerate to
phosphoenolpyruvate; GA3PDH enzyme (34 connections, Q8LK04, FC = 1.20), involved in glycolysis
and gluconeogenesis; citrate synthase protein (32 connections, M1AD15, FC = 1.38); histidine
kinase/HSP90-like ATPase (32 connections, M1C5D1, FC = 1.21); thioredoxin (28 connections,
M1CXH6, FC = 1.24); and glutathione peroxidase (20 connections, M1AWZ7, FC = 1.37).

The late stage of the P. infestans disease process is usually characterized by colonization and
necrotrophy [48]. At this stage, it is also likely that the pathogen faced a shortage of nutrients, like
glucose, fatty acid, amino acids, and energy, from the shut-down of the host’s cellular metabolism
by HR-induced cell death, and may attempt to induce host metabolic changes to enable nutrient
supply and growth. For example, GA3PDH was up-regulated and is required for the breakdown of
glucose for energy and carbon molecules. Hydroxyacyl-CoA dehydrogenase is essential for fatty acid
beta-oxidation, which can also provide energy. While pyridoxal phosphate P5P is an active form of
vitamin B6, which is known to be involved in various reactions, including amino acid break-down,
transamination, decarboxylation, and racemization reactions. It is likely that P5P acts to counteract
the toxic effects of the oxidative burst and, alternatively, to break down amino acids for energy,
possibly contributing to pathogenesis. Additionally, for the pathogen colonization to succeed, it must
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inactivate or remove the host-induced reactive oxygen species (ROIs), and thioredoxin proteins can
counteract or protection the pathogen against ROIs [48]. Other proteins that showed sparse interaction
included: cytochrome P450 proteins, possibly involved in efflux and detoxification [62]; and anamorsin;
interestingly, anamorsin has been reported to be involved in negative regulation of apoptosis as well as
cellular iron homeostasis [73]. Likewise, we noticed glycosyl hydrolase, a cell wall-degrading enzyme,
was probably involved in virulence as well as nutrition or growth at the late disease stage.

We also identified glutathione S-transferase and glutathione peroxidase, which were previously
reported to be involved in pathogen antioxidant defenses and host cell detoxication [62,74]. Based on
these results we hypothesize that in an incompatible interaction some of the DEPs at the late stage
may have a function-related late-stage disease-susceptible process. Notwithstanding, a strong domain
self-interaction was observed among the cell death regulator proteins (M1D3S7, M1CJS7, M1BAS6) at
this stage.

 
(a) (b) 

Figure 7. Network analysis results for significantly changed proteins in the (a) early and (b) late stages
of infection.

2.6.3. Correlation Analysis of Protein Expression and mRNA by Real Time-qPCR

In order to evaluate the correlation between mRNA and protein levels, we analyzed the
relative expression pattern of genes encoding eight representative proteins in the context of the
three time-points by RT-qPCR. For each of the eight genes, we found that the transcript level increased
in the early and late stage of the disease process, in agreement with their protein expression levels,
as revealed by TMT data. For example, in the early stages of disease infection, three of the eight
genes, coding for proteins involved in cell wall structure modification, had a higher expression level
(Figure 8a). A similar pattern was observed for the remaining five genes at the later stage of the
infection cycle (Figure 8b). These results validate the increased levels of the encoded proteins that
were observed in the proteomic analysis and suggest that the abundance of these proteins is likely
regulated at the transcriptional level.
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(a) (b) 

Figure 8. Real-time polymerase chain reaction (PCR) quantitative analysis of eight
differentially-expressed proteins and mRNA at early (a) and late (b) disease stages. The green bar
indicates the expression level determined by Tandem mass tag (TMT) and orange bar shows relate
expression of mRNA. All data are presented as mean ± SD (n = 3 in each time-point).

In summary, this study sheds light on the changes in protein abundance and physiological roles
of proteins in potato during the early and late stages of P. infestans oomycete infection. We have also
inferred protein interaction that occurred during the two disease stages, either physical interactions
verified through experiments, or predictions to further understand the disease process. Overall, our
analysis suggests that differentially-expressed proteins, identified at the early stage of infection, played
significant roles in signal transduction and the basal defense response, while the late stage disease
process was characterized by the significant abundance of R proteins related to disease resistance
processes and cell death. However, some of proteins in the late disease stage could be related to
late-stage disease-susceptible processes. Therefore, the data reported here is a valuable resource for
practical use to further characterize the mechanisms that are potentially involved in the potato late
blight disease resistance process.

3. Materials and Methods

3.1. Plant Material and Growth Conditions

Potato plants of cultivar Sarpo Mira were grown in a greenhouse with controlled conditions set at
20 ◦C, 16:8 light to dark cycle, and 70% relative humidity. Five-week-old plants were transferred to an
infection chamber with 100% humidity and 10:14 light:dark cycle. After 6 h, plants were sprayed with
an encysted zoospore suspension from P. infestans isolate until the leaf surfaces were fully saturated
with the zoospore suspension (15,000 sporangia/mL). Samples were collected at 0, 48, and 120 h
post inoculation (hpi) according to [75], and labelled as Control, EI, and LI, respectively. The 0 dpi
samples were collected immediately after inoculation with a contact time of less than one minute [75].
Afterwards, the relative humidity was maintained at 100% for two days after inoculation and then
adjusted to 90% for the rest of the experiment. For each time-point, samples of fully-expanded upper
leaves were collected from three independent biological experiments. All the materials were frozen in
liquid nitrogen and stored at −80 ◦C until use [31].

3.2. Protein Extraction

For each sample, 1 g was weighed and homogenized by grinding in liquid nitrogen and transferred
to a 50 mL precooled test-tube. Afterwards 25 mL of precooled acetone (−20 ◦C), containing 10% (v/v)
trichloroacetic acid (TCA) and 65 mM dithiothreitol (DTT), was added. After thorough mixing, the
homogenate was precipitated for 2 h at −20 ◦C and then centrifuged for 30 min at 16,000× g at 4 ◦C.
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The supernatant was carefully removed, and the pellet was rinsed three times with 20 mL of cold
acetone (−20 ◦C), followed by centrifugation (20,000× g for 30 min at 4 ◦C). The precipitation was
collected and vacuum freeze-dried. A 250 mg sample of the freeze-dried pellets was weighed and
placed in a 1.5 mL Eppendorf tube. The pellets were dissolved in SDT lysis buffer (4% SDS, 100 mM
Tris-HCl, 100 mM DTT, pH 8.0) and then boiled for 5 min. After boiling and vortex mixing for 30 s, the
mixture was intermittently sonicated in an ice bath, with 5 s sonication followed by 10 s break, for 5 min
at 100 W. The mixture was then boiled again for 5 min, followed by 30 min centrifugation (12,000× g,
20 ◦C). The supernatant was collected in a new 1.5 mL Eppendorf tube, filtered through a 0.22-μm
Millipore filter and collected as lysate. Protein concentration in the lysate was determined using the
bicinchoninic acid (BCA) protein assay reagent (Beyotime Institute of Biotechnology, Shanghai, China).
The rest of the lysate was frozen at −80 ◦C until use.

3.3. Protein Digestion

TMT analysis was performed according to the method described by [76], Briefly, protein
concentrates (300 μg) in an ultrafiltration filtrate tube (30 kDa cut-off, Sartorius, Gottingen, Germany)
was mixed with 200 μL Urea buffer (8 M urea, 150 mM Tris-HCl, pH 8.0) and the sample was
centrifuged at 14,000× g at 20 ◦C for 30min. The sample was washed twice by adding 200 μL UA and
centrifuged at 14,000× g at 20 ◦C for 30min. The flow-through from the collection tube was discarded.
Next, 100 μL Indole-3-acetic acid (IAA) solution (50 mM IAA in UA buffer) was added to the filter
tube and vortexed at 600 rpm in a thermomixer comfort incubator (Eppendorf, Germany) for 1 min.
Subsequently, the sample was incubated at room temperature for 30 min in the dark and spun at
14,000 g for 30 min at 20 ◦C. Next 100 μL UA was added to the filter unit and centrifuged at 14,000 g
for 20 min, and this step was repeated twice. The protein suspension in the filtrate tube was subjected
to enzyme digestion with 40 μL of trypsin (Promega, Madison, WI, USA) buffer (4 μg trypsin in 40 μL
of dissolution buffer) for 16–18 h at 37 ◦C. Finally, the filter unit was transferred to a new tube and
spun at 14,000 g for 30 min. Peptides were collected in the filtrate and concentration of the peptides
was measured by optical density with a wavelength of 280 nm (OD280).

3.4. TMT Labeling and LC-MS/MS Analysis

Approximately 50ug of digested peptides from each sample, including the internal standard,
were labeled with TMT reagents (Thermo Fisher Scientific, San Jose, CA, USA) following procedures
recommended by the manufacturer. Briefly, peptides from the samples LI1, LI2, LI3, Control 1, Control
2, Control 3, EI 1, EI 2, and EI3 were labeled with TMT reagents 126, 127N, 127C, 128N, 128C, 129N,
130N, 130C, and 131, respectively. All labeled peptides were pooled together. Labeled and mixed
peptides were subjected to high-pH reversed-phase fractionation in the 1100 Series High-performance
liquid chromatography Value System (Agilent, Palo Alto, CA, USA) equipped with a Gemini-NX
(Phenomemex, 00F-4453-E0) column (4.6 × 150 mm, 3 μm, 110 Å). Peptides were eluted at a flow rate of
0.8 mL/min. Buffer A consisted of 10 mM ammonium acetate (pH10.0) and buffer B consisted of 10 mM
ammonium acetate and 90% v/v Acetonitrile (pH 10.0). Buffer A and B were both filter-sterilized.
The following gradient was applied to perform separation: 100% buffer A for 40 min, 0%–5% buffer
B for 3 min, 5%–35% buffer B for 30 min, and 35%–70% buffer B for 10 min. Then, 70%–75% buffer
B for 10 min, 75%–100% buffer B for 7 min, 100% buffer B for 15 min, and 100% buffer A for 15 min.
The elution process was monitored by measuring absorbance at 214 nm, and fractions were collected
every 75 s. Finally, the collected fractions (approximately 40) were combined into 10 pools. Each
fraction was concentrated via vacuum centrifugation and was reconstituted in 40 μL of 0.1% v/v
trifluoroacetic acid. All samples were stored at −80 ◦C until further analysis.

The TMT-labeled samples were analyzed using easy-nLC nanoflow HPLC system connected to
an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). A total of 1 μg
of each peptide sample was loaded onto Thermo Scientific EASY column (two columns) using an
autosampler at a flow rate of 150 nL/min. The sequential separation of peptides on Thermo Scientific
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EASY trap column (100 μm × 2 cm, 5 μm, 100Å, C18) and analytical column (75 μm × 25 cm, 5 μm,
100 Å, C18) was accomplished using a segmented 2 h gradient from Solvent A (0.1% formic acid in
water) to 35% Solvent B (0.1% formic acid in 100% Acetonitrile) for 100 min. Followed by 35%–90%
Solvent B for 12 min and then 90% Solvent B for 8 min. The mass spectrometer was operated in positive
ion mode, and MS spectra were acquired over a range of 350–2000 m/z. Resolving powers of the
MS scan and MS/MS at 100 m/z for the Orbitrap Elite were set as 60,000 and 15,000, respectively.
The top sixteen most intense signals in the acquired MS spectra were selected for further MS/MS
analysis. The isolation window was 1 m/z, and ions were fragments through higher energy collisional
dissociation with normalized collision energies of 35 eV. The maximum ion injection time was set at
50 ms for the survey scan, and 150 ms for the MS/MS scans, and the automatic gain control target
values for full san modes was set to 10 × 10−6, and for MS/MS it was 5 × 104. The dynamic exclusion
duration was 30 s.

3.5. Database Search, Protein Identification, and Quantification

The Proteome Discoverer 2.1 (Thermo Fisher Scientific) was used to analyze raw data. The
Mascot 2.1 (Matrix Science) embedded in Proteome Discoverer was used to search raw data against
the UniProt potato database (December 21, 2017; 55,715 sequences). Search parameters were as
follows: monoisotopic mass; trypsin as cleavage enzyme; two max missed cleavages; TMT 10plex
(N-term), TMT 10plex (K), and carbamidomethylation of cysteine as fixed modifications; and oxidation
of methionine as variable modifications. Peptide mass tolerance of ±20 ppm and fragment mass
tolerance of 0.1 Da were used for parent and monoisotopic fragment ions, respectively. Results were
filtered based on a false discovery rate of (FDR) ≤0.01. Relative quantitative analyses of proteins were
based on ratios of TMT reporter ions from all unique peptides representing each protein. For protein
quantitation, each reporter ion channel was summed across all quantified proteins and normalized
assuming equal protein loading of all ten samples. The protein ratios of each sample were normalized
to the TMT-126 label [77]. The mass spectrometry proteomics data are available at ProteomeXchange
Consortium via the PRIDE [78] partner repository with identifier PXD010045.

3.6. Bioinformatics and Statistical Analysis

Proteome Discoverer 2.1 Protein quantitation values were exported for further analysis in Excel.
Proteins of p-values <0.05 by Student t-test and a fold-change of >1.20 or <0.83 in expression between
any two groups were considered significant. Differentially expressed proteins (DEPs) were classified by
their gene functions and also by biological pathways using the publicly available gene ontology (GO)
database provided by the Gene Ontology Consortium (http://geneontology.org/) [79]. The identified
protein sequence information was extracted from the UniProt knowledge base and retrieved in FASTA
format. The functional information of the homologous proteins was used to annotate targeted proteins.
Top 10 blast hits with E-values of less than 1e-3, for each of the query proteins, were retrieved and
loaded into Blast2GO (Version 2.7.2) [80], a high-throughput online tool for gene ontology (GO)
analysis, for GO mapping, and annotation. Enriched GO terms were identified with Fisher’s exact
test and hypergeometric distribution test cutoff of 0.05. Information on the biological pathways was
obtained from the Kyoto Encyclopedia of Genes and Genomes pathways database (http://www.
genome.jp/kegg/pathway.html) [81]. Visualization of these pathways and enrichment analysis was
performed using the KOBAS 2.0 software [82–84]. p < 0.05 was set as the threshold used for enrichment
analysis of KEGG pathways. Interactions among differentially-expressed proteins in early and late
disease stages were analyzed by Cytoscape software, and were used to draw the protein interaction
network [82].

3.7. Antibodies and Western Blot Analysis

For western blot analysis, the procedures of electrophoresis, transfer, and immunodetection
were performed according to Howden et al. [85]. The primary antibodies used were as follows:
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antibody for the Osmotin-like protein (Q5XUH0, Biorbyt orb27915, 1:1000); pectinesterase (M1BQC2,
PLLABS PL0304687, 1:500); endochitinase (Q2HPK8, PhytoAB PHY1514S, 1:2000); annexin (Q9M3H3,
PhytoAB PHY0729S, 1:2000); peptidyl-prolyl cis-trans isomerase (M0ZZF1, PhytoAB PHY0920S,
1:2000); photosystem I assembly protein Ycf4 (G1CCA4, PhytoAB PHY1363S, 1:1500); type I serine
protease inhibitor (E0WCF2, PhytoAB PHY0146S, 1:2000). Horseradish peroxidase-conjugated
anti-rabbit IgG (dilution 1:15,000, Bio-Rad, Hercules, CA, USA) were used as secondary antibodies.
After immunodetection, the intensity of the immuno-stained bands were normalized for the total
protein intensities measured by Coomassie blue from the same [86]. The images were subjected to
densitometric analysis performed using Quantity One software (Bio-Rad).

3.8. Criteria for Selecting Essential Proteins

Candidate proteins were selected belonging to the following groups: (a) Common and unique
DEPs belonging to the early disease stage, chosen based on their protein abundance, fold change
value, and functional category enrichment. Additionally, candidates were further selected based on
the inferred protein interaction as well as those with putative function that are relevant to late blight
disease infection response during early infection. Furthermore, previously reported proteins were also
considered in candidate gene selection in both stages. (b) Common and unique DEPs from the late
disease stage, chosen based on expression profile, fold change value, functional category enrichment,
and putative function relevant to the late disease stage disease process, in addition to the inferred
protein interactions in the network.

3.9. Correlation between mRNA and Protein Levels by Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Leaf samples were collected at 4, 48, and 120 h for protein and total RNA isolation. Total RNA was
extracted from each sample using TRIzol Reagent Kit (AmbionTM) according to the manufacturer’s
instructions. Next, each of the RNA samples was treated with RNase-free DNase (Takara, Dalian,
China). Complementary DNA (cDNA) was retro-transcribed from 2μg of total RNA using the
Thermo Scientific RevertAid Kit according to the manufacturer’s instructions. Quantitative real-time
polymerase chain reaction (qPCR) was performed on a Bio-Rad real-time detection system (Bio-Rad).
PCR conditions were 95 ◦C for 1 min, followed by 44 cycles at 95 ◦C, 12 s, 60 ◦C, 30 s, and 72 ◦C,
30 s. After cycling, melting curves of the reaction were run from 55 ◦C to 95 ◦C. Each reaction was
performed in three technical replicates, and the expression profiles of 8 genes were analyzed, with
potato ef1a gene used as the constitutive gene for normalization. The quantification of gene expression
levels was calculated relative to ef1a with the 2−ΔΔCT method [87]. Primer sets used for qRT-PCR are
reported in Table S8.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/
1/136/s1. Table S1: List of all proteins identified in the time series analysis. Table S2: List of all differentially
expressed proteins, functional annotation, significantly enriched INTERPRO protein domains and features, PFAM
domains, and KEGG pathways classification. Table S3: List of differentially-expressed proteins during the
early stage of P. infestans infection. (EI/Control). Table S4: List of differentially-expressed proteins during the
late stage of P. infestans infection. (LI/EI). Table S5: List of differentially-expressed proteins from time-point
LI/Control. Table S6: Gene Ontology classification of differentially-expressed proteins. Table S7: List of common
differentially-expressed proteins throughout the whole time course of the experiment. Table S8: List of primer sets
used in the qRT-PCR correlation analysis of protein expression and mRNA.
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Abstract: Plants, including Triticum aestivum L., are constantly attacked by various pathogens which
induce immune responses. Immune processes in plants are tightly regulated by proteases from
different families within their degradome. In this study, a wheat degradome was characterized. Using
profile hidden Markov model (HMMer) algorithm and Pfam database, comprehensive analysis of the
T. aestivum genome revealed a large number of proteases (1544 in total) belonging to the five major
protease families: serine, cysteine, threonine, aspartic, and metallo-proteases. Mass-spectrometry
analysis revealed a 30% difference between degradomes of distinct wheat cultivars (Khakasskaya
and Darya), and infection by biotrophic (Puccinia recondita Rob. ex Desm f. sp. tritici) or necrotrophic
(Stagonospora nodorum) pathogens induced drastic changes in the presence of proteolytic enzymes.
This study shows that an early immune response to biotic stress is associated with the same
core of proteases from the C1, C48, C65, M24, M41, S10, S9, S8, and A1 families. Further liquid
chromatography-mass spectrometry (LC-MS) analysis of the detected protease-derived peptides
revealed that infection by both pathogens enhances overall proteolytic activity in wheat cells and
leads to activation of proteolytic cascades. Moreover, sites of proteolysis were identified within the
proteases, which probably represent targets of autocatalytic activation, or hydrolysis by another
protease within the proteolytic cascades. Although predicted substrates of metacaspase-like and
caspase-like proteases were similar in biotrophic and necrotrophic infections, proteolytic activation
of proteases was not found to be associated with metacaspase-like and caspase-like activities. These
findings indicate that the response of T. aestivum to biotic stress is regulated by unique mechanisms.

Keywords: degradome; wheat; cultivar; protease; papain-like cysteine protease (PLCP); subtilase;
metacaspase; caspase-like; wheat leaf rust; Puccinia recondita; Stagonospora nodorum
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1. Introduction

Wheat (Triticum aestivum L.) is a major grain species of value to both industry and biotechnology.
One of the main factors that influence the use of wheat is its resistance to pathogens. Resistance itself
is defined by the fact that wheat is a hexaploid organism, which harbors three genomes with an overall
haploid size of more than 15 Gbp [1]. Genome A was obtained from Triticum urartu, Genome B from
an unknown grass related to Aegilops speltoides and Genome D from Aegilops tauschii. In addition to
the complexity of wheat genomes, there are also variations between wheat cultivars. Differences in
protein levels expressed amongst the cultivars have previously been analyzed and assessed as being
up to 30% [2,3]. These differences determine wheat resistance to pathogens and growth conditions,
and the suitability of wheat cultivars for different applications.

In fact, wheat constantly suffers from various pathogens: bacterial (Pseudomonas spp. [4],
Xanthomonas translucens [5], etc.), fungal (Puccinia recondita, Fusarium spp., Blumeria graminis,
Zymoseptoria tritici [6], etc.), viral (barley stripe mosaic virus [7], wheat streak mosaic virus [8], yellow
leaf mosaic virus [9], etc.), herbivorous insects (Sitobion avenae [10]) and even nematodes (Heterodera
avenae [11]). Pathogens have distinct strategies during plant cell infection: necrotrophic pathogens
(Botrytis cinerea [12]) and herbivores [13] promote plant growth and lead to necrosis of the infected cell
through consumption of its content, whilst biotrophic pathogens (Pseudomonas syringae [14]) feed on
living cells, suppressing plant growth and launching programmed cell death (PCD) of infected cells.

PCD is regulated by proteolytic enzymes in living organisms and the degradome is an overall
complex consisting of all the proteases in a cell. It is known that the human genome contains 588 genes
for proteases, including about 150 proteases that are transcriptionally active, depending on the type of
tissue [15]. The number of encoded proteases amounts to 723 in Arabidopsis thaliana L. [16], 997 for
rice [17–19] and 901 for tomatoes [20].

The most widely studied form of PCD (apoptosis in humans) is regulated by proteolytic cascades,
which include caspases—Asp-specific cysteine proteases. Caspases are divided into upstream initiator
caspases (-2, -8, -9 and -10), and downstream executioner caspases (-3, -6 and -7) [21]. Caspases
are synthesized as inactive procaspases. Upstream procaspases undergo autocatalytic processing
and activate downstream procaspases through limited proteolysis. Downstream caspases activate
proapoptotic proteins, including other proteases, through the proteolytic cascades that lead to massive
degradation of proteins and cell death.

As with humans, plant PCD is also regulated through proteolytic cascades [21]. Although
caspases are absent in plants, caspase-like activity can be detected in vegetation after induction
of PCD with DEVDase [22,23], VEIDase [24] and YVADase [25] activities. These are attributed to
proteases from different families, e.g., subtilases (S8) [26], proteasome subunits (T1) [23] and vacuolar
processing enzymes (VPEs, C13) [27]. As with caspases, these proteases are synthesized as zymogens
or preproenzymes and require proteolytic activation. They usually contain three regions: a signal
peptide, an inhibitory prodomain and a proteolytic domain. A prodomain is often (autocatalytically)
processed, resulting in the release of an active, mature enzyme. The other main characteristic of
PCD in plants is metacaspase activity. Metacaspases cleave after R and K, and have been shown to
participate in a variety of processes associated with the death of cells [28–32]. The nature of such
processes in metacaspases has been described earlier [33]. It is worth noting that although a number of
substrates are known for having caspase-like proteases and metacaspases [34], no data exist on their
exact substrate specificity and the cellular proteolytic cascades with which they are associated.

In the case of wheat, its response to pathogens, e.g., to Blumeria graminis f. sp. tritici [35],
or Fusarium graminearum [36], and to numerous abiotic stresses [37], has been characterized only in
general terms without focusing on particular groups of proteins. Moreover, the degradome of wheat
has not yet been characterized despite its importance for immunity and PCD-related processes. It is
known that expression of the wheat metacaspase 1 gene (TaMCA1) increases when infected with
Puccinia striiformis [38]. However, there are no data available on proteolytic cascades and proteases
that regulate wheat immunity in healthy and infected plants.
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Liquid chromatography-mass spectrometry (LC-MS) is a powerful technique, which has been
successfully used to study the properties of different wheat cultivars [2,3,39], plant development [40,41],
and wheat responses to biotic [35,36] and abiotic stresses [37]. An LC-MS approach has been adopted
in this study for characterization of all wheat proteases that were identified using Pfam identificators
attributed to all the proteases with the use of profile hidden Markov model (HMMER) algorithm [42]
that was previously successfully used for identification of proteins [43]. We performed classification
of identified proteases. Comparison of two wheat cultivars in terms of proteolytic activity was
done. LC-MS enabled identification of changes in the wheat degradome upon infection by biotrophic
(Puccinia recondita Rob. ex Desm f. sp. tritici) and necrotrophic (Stagonospora nodorum) pathogens,
and assessment of the impact of these infections on proteolytic activity in wheat cells. LC-MS also
facilitated analysis of proteases present in healthy and infected wheat plants, determining the role of
caspase-like and metacaspase-like proteases in proteolytic cascades, and the overall proteolytic activity
in wheat cells.

2. Results

2.1. Degradome of T. aestivum Is Represented by Diverse Protease Families

First, proteases encoded in the wheat genome were identified. Release 39 proteome of T. aestivum
was obtained from the Ensembl genomes database (ftp://ftp.ensemblgenomes.org/) and used in
identification of the wheat degradome. Protein families included cysteine, serine, aspartic, threonine,
and metallo-proteases. The HMMER algorithm [42] was used to search sequence homologs for the
domain IDs of each peptidase family, obtained from the Pfam database [44]. Several protease families
were identified (Table 1, Figure 1) in the wheat proteome.

In total, 1544 proteases were discovered: 459 cysteine proteases from 12 families, 275
metallo-proteases from 17 families, 336 aspartic proteases from two families, 446 serine proteases from
five families, and 28 threonine proteases.

The C1 family consisted of 181 members. This family was represented by the C1A subfamily of
papain-like cysteine proteases (PLCPs) according to MEROPS nomenclature [45]. It is noteworthy
that some proteases were simultaneously annotated with two distinct Pfam IDs: Peptidase_C1 and
Peptidase_C1_2 with E value in the order of e-100 and e-10, respectively. These peptidases form an
independent group with no homologs characterized across A. thaliana papain-like cysteine proteases
(PLCPs). Peptidase_C1_2 corresponds to the C1B subfamily (according to MEROPS nomenclature).
Thus, it was concluded that the T. aestivum genome contained no C1B peptidases. Nevertheless, C1
peptidases formed two distinct branches on the phylogenetic tree, divided by several proteases from
families C2 and C78, indicating possible divergent processes within the C1A subfamily of cysteine
proteases (Figure 1, “Cysteine”). There were some peculiarities on this vast tree of distantly related
cysteine proteases. For example, sequences annotated to the C48 family according to its Pfam domain
were widely “dispersed”, whilst some “C48 sequences” were closer to other families than to each other
(Figure 1, “Cysteine”).

Serine proteases formed distinct family groups containing close homologs, whereas the other
groups were distant from each other (Figure 1, “Serine”). Metallo-proteases were represented
in a variety of families (Table 1), which were mixed up on the phylogenetic tree (Figure 1,
“Metallo-proteases”). Proteases from M1 and M3 families occurred in different parts of the tree,
whereas M10, M16, M24, M28, M41, and M48 formed distinct. Aspartic proteases from different
families (the A1 family and A22B subfamily) did not align properly with each other, indicating an
independent evolutionary relationship within the group of aspartic proteases (Figure 1, “Aspartic”).
Proteases from the A1 family are unique for T. aestivum and are composed of Triticum aestivum xylanase
inhibitor N (TAXi_N) and TAXi_C domains, which are distant but homologous to each other’s domains.
It is noteworthy that the TAXi_N domains from different proteases are closer to each other than the
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TAXi_N and TAXi_C domains within one protease. Thus, the phylogenetic tree (Figure 1, “Aspartic”)
indicates the divergent processes between the TAXi domains.

 

Figure 1. The T. aestivum degradome landscape. Metallo-proteases are indicated in green, threonine–in
yellow, aspartic–in blue, cysteine–in orange, serine–in purple. Unrooted phylogenetic trees display
diversity across protease families. The trees are drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. Evolutionary distances were
computed using the p-distance method [45] and their units correspond to the number of amino acid
differences per site.

The phylogenetic trees based on the alignment of relevant domains were constructed for families
currently known to be associated with plant immunity such as C1, C13, C14 (Figure 2), and S8
(Figure 4) [34]. Domain structures were identified for all proteases. Some criteria were introduced
to demarcate discrete subgroups the following criteria were used based on the “from leaves to
roots” principle:

1. Check the common node for two leaves. If the bootstrap value for this node is more than 70, then
merge these leaves into one subgroup. Otherwise, these leaves should be considered as distinct,
independent groups. Repeat this step as many times as needed.

2. Check the common node for the node with a low bootstrap value. If the bootstrap value for the
upper node is more than 70, then subgroups should be considered as members of a larger group.
However, the topology of tree nodes with a low bootstrap value cannot be resolved, although a
highly credible, common node clearly indicates the shared origin of these subgroups.

3. If uniquely specific features are shown as representative of some subgroups, they should be
considered as independent.
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Table 1. Representation of different protease families in the wheat genome.

Protease Family Protease Families and Subfamilies (According to Pfam Nomenclature)

Cysteine C1, C2, C12, C13, C14, C15, C26, C48, C50, C54, C65, C78
Serine S8, S9, S10, S15, S28

Aspartic A1, A22B
Metallo-proteases M1, M3, M8, M10, M14, M16_M, M16_C, M17, M18, M20, M22, M24, M28, M41, M48, M49, M50B, M50

Threonine T1

 

Figure 2. Phylogenetic tree of families C1, C13, and C14 of cysteine proteases. Triangles represent the
contracted clades and the size of each protease group. Bootstrap values above 70% are shown with
black circles at the relevant nodes. The closest homologs of the groups of proteases are indicated on the
right of the phylogenetic tree: At—A. thaliana, Os—Oryza sativa, Bn—Brassica napus and Vm—Vigna
mungo. Unique for T. aestivum groups are shown in red.

As proteases from the C1A, C13, and C14 families are closely related, a single phylogenetic tree
was constructed for these families (Figure 2). In total, 25 clusters of C1A proteases were identified.
Nine clusters corresponded to the nine groups identified by Richau et al. [46] for the A. thaliana PLCP
subfamilies (Figure 2): Responsive to Dehydration 21-like (RD21), Xylem cysteine peptidase 2-like
(XCP2), Cysteine EnsoPeptidase 1-like (CEP1), Senescence-Associated Gene 12-like (SAG12), Xylem
Bark Cysteine Peptidase 3-like (XBCP3); and Responsive to Dehydration 19-like (RD19), Arabidopsis
Aleurain-like Protease-like (AALP), cathepsin B-like and THIol protease 1-like (THI1). In addition,
protease groups homologous to those from rice (Oryza sativa) were also identified (indicated as O. sativa
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cysteine proteases (OsCPs) in Figure 2). Moreover, proteases from other groups had previously
undescribed homologs (shown in red in Figure 2). Several of the homologous proteases closest to some
of these newly identified groups were indicated (Figure 2): 16 were COTyledon abundant protease
44-like (COT44), 19 were vignain-like and 22 were Senescence-Associated Gene 39-like (SAG39).

Typically, C1A proteases consist of a prodomain and catalytic domain, and, in the case of
XBCP3-like and RD21-like proteases, a granulin domain (Figure 3). Some of the other clades
possess distinct features: group 15 contains proteins with Domain of Unknown Function 4371
(DUF4371); and the SAG39-like cluster (group 22) contains the No Apical Meristem-associated
(NAM-associated) domain.

Figure 3. Typical domain organization of proteases from families C1, C13, and C14. The numbers of
groups correspond to those indicated in Figure 2. The length of all the schemes are indicated on a
scale according to the bar below the schemes. Pfam ID: Peptidase_C in orange—proteolytic domain of
families C1, C13, and C14 of proteases; I29 in blue—Inhibitor_I29; NAM in yellow—NAM-associated;
P_C1 in blue—Propeptide_C1; zf in purple—zf-LSD1 domains.

The C13 peptidases indicated on the phylogenetic tree (group 26, Figure 2) were classified into
five closely related groups encompassing the homologs of VPEs α, β, γ, and δ. Analysis of the domain
architecture of proteases from the C13 family revealed only the presence of the catalytic domain.
Metacaspases from the C14 family formed three clades, which included Type I and Type II metacaspases.
Type I metacaspases had an N-terminal zinc-finger domain (zf-Lysine-specific histone demethylase 1
(LSD1)), which coincided with the already described features of Type I metacaspases [46].

Eighty-two serine proteases from the S8 family, also known as subtilases, were classified into
nine groups, for which the closest homologs from A. thaliana were identified: 1—subtilase 3.8-like
(SBT3.8-like), 2—SBT1.7-like, 3—SBT1.4-like, 4—SBT5.3-like, 5—CO2-response secreted protease-like,
6—SBT1.8-like, 7—SBT1.7-like, 8—SBT2.5-like, 9—tripeptidyl peptidase 2-like (Figure 4). Proteases
from almost all the groups carried not only a catalytic domain (Peptidase_S8), but also a conservative
prodomain (Inhibitor_I9, Figure 5). Groups three to six and eight contained proteases with a
Protease-associated (PA) domain. Subtilases from groups eight and nine contained a fibronectin
Type III-like (fn3_5) domain.
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Figure 4. Phylogenetic tree of S8 family of proteases from wheat. Triangles represent the contracted
clades and the size of each protease group. Bootstrap values above 70% are shown with black circles at
the relevant nodes. The closest homologs of the groups of proteases are indicated on the right.

Figure 5. Domain architecture of S8 proteases from wheat. The numbers of groups correspond to
those indicated in Figure 4. The length of all the schemes are indicated on a scale according to the
bar below the schemes. Pfam IDs: Peptidase_S8 in orange—proteolytic domain of S8 proteases; I9 in
blue—Inhibitor_I9; PA in magenta—Protease-associated; FN3_5 in yellow—fibronectin Type III-like;
TPPII in purple—Tripeptidyl Peptidase 2 domains.
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2.2. Differences in Degradomes of Two Wheat Cultivars Were Revealed

Using LC-MS data, proteases present in healthy plants of two cultivars, Khakasskaya and
Darya, were quantified on the basis of full-specific peptides (full-tryptic and full-AspN peptides) [47].
This indicated that the degradome of wheat varies within the species (Figure 6). According to a
comparative analysis, the Khakasskaya and Darya cultivars of wheat express an almost equal number
of proteases (94 and 79 proteases, respectively) and share 49 proteases, representing 52,1% and 62% of
the overall number of proteases in Khakasskaya (Table S1) and Darya (Table S2) cultivars, respectively.
Serine proteases are relatively abundant in both cultivars: half that amount of cysteine, metallo- and
aspartic proteases were detected. The most prevalent families of proteases in both cultivars are C1, S8,
S9, S10, M20, M24, and A1 (Tables S1 and S2).

 
Figure 6. Venn diagrams representing the number of reproducibly quantified proteases for Khakasskaya
(green shades) and Darya (cyan shades) wheat cultivars. Proteases found in both cultivars are indicated
in yellow. Dotted lines divide proteases of different catalytic types.

2.3. Infection by Pathogens Leads to an Increase in the Number of Expressed Proteases

Based on the LC-MS approach, a comparison was made of proteases expressed in healthy plants
and those infected by P. recondita (biotrophic pathogen) and S. nodorum (necrotrophic pathogen) plants
at 24 h post inoculation (hpi). Identification of proteases was based on quantification of full-specific
tryptic and full-specific AspN peptides. An increased number of detected proteases was found upon
both infections (Figure 7): 117 and 77 proteases were detected in plants infected by P. recondita (Table S3)
and S. nodorum (Table S4), respectively, which share 55 (58,5%) and 45 (60%) proteases with controls
(healthy Khakasskaya (Table S1) and Darya (Table S2) plants, respectively).

In the case of P. recondita infection, induction of proteases occurred mostly from families C1, C13,
C48, C65, M3, M41, M20, M24, M17, S8, S9, S10, A1, whilst in the case of S. nodorum infection, induction
occurred mostly from families C1, C14, C26, C48, C65, M3, M41, M24, S8, S9, S10, A1 (Tables S1–S4).

2.4. The Pool of Substrates Cleaved by Proteases In Vivo Expands upon Both Types of Infection

On the basis of these LC-MS data, a search was undertaken for potential substrates cleaved by
proteases in healthy plants of both cultivars. This was done through identification of semi-specific
peptides released after digestion with trypsin, or AspN proteases used in the present study.
One terminal of the peptide corresponds to a specific hydrolysis site (cleavage after R and K for
trypsin, and before C and D for AspN), and the other corresponds to non-specific hydrolysis sites. It is
worth stating that semi-specific peptides may arise from two main sources: as a result of hydrolysis by
endogenous proteases within the sample, or as a result of the truncation of regular tryptic peptides
through in-source fragmentation (ISF) within the electrospray ionization (ESI) source [48]. The impact
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of ISF in generation of semi-specific peptides was assessed earlier, and it depended to a large extent
on the complexity of the biological sample, ranging from 1% (in a mouse-brain sample) to 57%
(in a standard protein mixture) of the total amount of tryptic peptides (including both full-specific
and semi-specific peptides) [48]. How ISF affects truncation of the peptides in plant samples has
not yet been analyzed. However, despite the described limitations, identification of semi-specific
peptides was originally used to analyze complex protein samples in shotgun proteomics [49].
Identifying more peptides, e.g., non-tryptic peptides, may increase the peptide coverage and
improve protein identification and/or quantification. Moreover, the semi-specific peptide approach
identified processing patterns of N-terminal signal peptide in human aspartyl-tRNA synthetase, by
combining immuno-enrichment of the protein samples with classical shotgun LC-MS/MS analysis
and semi-tryptic database searching [50]. Similarly, as semi-specific peptides are likely to be a product
of in vivo hydrolysis by endogenous proteases, this method may be successfully used for studying
both the maturation of proteases in vivo and their involvement in cellular proteolytic cascades.

Figure 7. Venn diagrams representing the number of reproducibly quantified proteases in proteomes
of (A) healthy Khakasskaya (green shades) plants and Khakasskaya plants infected by P. recondita (rose
shades); (B) healthy Darya (cyan shades) and Darya plants infected by S. nodorum (purple shades).
Proteases found in intersection between different samples are indicated in yellow.

The search for potential substrates of endogenous proteases in healthy plants revealed an almost
equal number of cleaved substrates: 220 (Table S5) and 178 (Table S6) proteins were identified
(85 shared) in healthy Khakasskaya and Darya plants (Figure 8A). The presence of substrates presumed
to be cleaved by caspase-like and metacaspase-like proteases was also investigated. As stated earlier,
plant immune responses and PCD are associated with caspase-like and metacaspase activities, which
include hydrolysis of substrates at very specific sites such as VEID, DEVD and YVAD sites. However,
it should be noted that there are limited number of known proteolytic sites for such proteases
and overall substrate specificities of caspase-like proteases [51]. Most metacaspases also remain
uncharacterized. A generalized rule for identifying substrates was subsequently applied: XXXD for
caspase-like and XXXR, XXXK for metacaspase-like proteases, where X is any amino acid. The number
of probable substrates of caspase-like proteases was found to be almost equal amongst healthy
Khakasskaya and Darya plants (10 and nine, respectively, with five shared), whereas slightly more
substrates of metacaspase-like proteases were found in healthy Khakasskaya and Darya plants (11 and
19, respectively, with eight shared; Figure 8A).

As the number of expressed proteases increased upon both infections (see previous section),
the number of substrates cleaved by endogenous proteases was checked to determine whether they
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also increased upon infection. A significant increase in the number of substrates was observed. In the
case of P. recondita infection (Figure 8B, Table S7) this number increased from 220 to 518 (121 shared),
in the case of S. nodorum infection (Figure 8C, Table S8)—from 178 to 300 (77 shared. Substrates of
caspase-like and metacaspase-like proteases were also detected. Both healthy and infected plants are
characterized by increased number of proteins cleaved at XXXD sites. 10 and 28 (four shared) sites
were identified in the case of P. recondita infection (Figure 8B); nine and 15 (three shared)—in the case
of S. nodorum infection (Figure 8C). In addition, both types of infection are characterized by an increase
in metacaspase-like activity. 11 and 22 (seven shared) sites were identified in the case of P. recondita
infection (Figure 8B); 19 and 17 (11 shared) sites—in the case of S. nodorum infection (Figure 8C).

Figure 8. Venn diagrams representing the number of reproducibly quantified in vivo cleavage sites
(detected with LC-MS) in all proteins across proteomes of (A) healthy Khakasskaya (green shades)
and healthy Darya (cyan shades); (B) healthy Khakasskaya (green shades) and wheat plants infected
with P. recondita (rose shades); and (C) healthy Darya (cyan shades) and wheat plants infected with S.
nodorum (purple shades). Proteases found in intersection between different samples are indicated in
yellow. XXXD—caspase-like site; XXXR, XXXK—metacaspase-like sites; X—any amino acid; numbers
in bold and black—total number of cleavage sites across the proteomes; number of caspase-like sites
are indicated by blue text, number of metacaspase sites—by red text.

Potential substrates of caspase-like and metacaspase-like proteases cleaved in response to
infections were also investigated to ascertain which were caused by both P. recondita and S. nodorum
24 hpi. Among these substrates, seven caspase-like and three metacaspase-like substrates were found
cleaved upon both infections. These substrates are summarized in Table 2.
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Table 2. Probable substrates of caspase-like and metacaspase-like proteases detected only in samples
upon both P. recondita and S. nodorum infections. Annotation of proteins were made with Blast: the best
hits with E-values < 1 × 10−50 are shown. The sites of hydrolysis are indicated by arrows.

Protein Site of Hydrolysis

Potential substrates of caspase-like proteases

Uncharacterized protein VPTD↓AQLE
Protein Translocon at the inner envelope membrane of
chloroplasts 22 (TIC 22), chloroplastic-like ITLD↓QVYM

Disease resistance protein Rho-type GTPase-activating
protein 2-like (RGA2) VSAD↓GVTR

5′-3′ exoribonuclease 2-like ILRD↓MVPL
Homeobox-DDT (DNA-binding homeobox-containing
proteins and the different transcription and chromatin
remodeling factors) domain protein Ringlet 3-like (RLT3)

KPED↓LTEY

Protein Fatty Acyl-CoA Reductase 1 (FAR1)-Related
Sequence 5-like LAAD↓HPRR

Constitutive Photomorphogenic1 (COP1)-interacting protein
7 IDID↓AELG

Potential substrates of metacaspase-like proteases

Adenine/guanine permease Azaguanine Resistant 2 (AZG2) CLAR↓TKSD
Wall-associated receptor kinase 5-like LSTR↓NELI
Protein FAR1-Related Sequence 5-like LFKK↓GVGA

2.5. Infection Induces Synthesis and/or Proteolytic Activation of Proteases through Recruitment of Proteases
Other Than Caspase-Like and Metacaspase-Like Proteases

It has been shown that caspase-like and metacaspase-like activities are present in wheat cells after
infection by both P. recondita and S. nodorum. The impact of such activities on proteolytic activation of
all proteases was examined in healthy plants and those infected by both pathogens 24 hpi. To do this,
the same approach was implemented, based on identification of semi-specific peptides after digestion
by trypsin or AspN for LC-MS. A search was undertaken for peptides mapped around the bordering
prodomain-proteolytic domain (±40 amino acids from the border), since a large number of proteases
contain autoinhibitory prodomain, which needs to be cleaved to obtain an active protease. In the case
of metacaspases, semi-specific peptides at known processing sites for homologous enzymes [46] were
selected. The processing status of the proteases was, therefore, identified in healthy plants and those
infected by P. recondita 24 hpi (Table 3, Tables S9 and S10) and S. nodorum (Table 3, Tables S11 and S12).

Upon biotrophic infection, a significant decrease in the number of processed proteases was
detected, in comparison to the control (Table 3). Healthy and infected plants share six processed
proteases (Tables S9 and S10); eight proteases from families M17, M20, M24, M41, S8, S10, A1 were
detected, presumably activated upon infection (Table S10); healthy plants are characterized only by
1 unique protease (Table S9). Upon necrotrophic infection, three processed proteases were detected
both in healthy and infected plants (Tables S11 and S12). However, infection caused processing of
more proteases from families C1, C13, S8, S49, M24, A1 (six proteases; Table S12) in comparison to the
control (four proteases; Table S12).

It is worth mentioning that no recognition sites of metacaspases (XXXR, XXXK) was found among
detected activation sites of proteases (Table 3). Moreover, the number of caspase-like sites (XXXD)
has not changed upon S. nodorum infection (1 activation site, shown in Table 3, Tables S11 and S12)
and slightly increased after infection with P. recondita (from zero to three, shown in Table 3, Tables S9
and S10).
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Table 3. Proposed activation sites in proteases from different families based on LC-MS data in healthy
Khakasskaya plants (exact sites and names of proteases are summarized in Table S9); Khakasskaya
plants infected with P. recondita (Table S10); healthy Darya plants (Table S11); and Darya plants infected
with S. nodorum (Table S12).

Catalytic Type
of proteases

Family
Number of Detected by LC-MS Sites of Cleavage * (Number of
XXXD Sites, If Any), [Number of XXXR or XXXK Sites, If Any]

Healthy
Khakasskaya

Khakasskaya
infected with
P. recondita

Healthy Darya
Darya infected

with S. nodorum

Cysteine Peptidase_C1 2 1 1 2
Peptidase_C13 1 (1) 1 (1)

Serine Peptidase_S8 2 1 1
Peptidase_S10 1
Peptidase_S49 1

Metallo- Peptidase_M17 1
Peptidase_M20 1 1
Peptidase_M24 1 1
Peptidase_M41 1 2 2 2

Aspartic A1 (TAXi_C) 4 6 (2) 2 (1) 1

Total 7 16 (3) 7 (1) 9 (1)

* Each site of cleavage was found only in one protease, i.e., the number of detected cleavage sites coincides with the
number of proteases in which they were found.

3. Discussion

In total, 1,544 proteases were found, encoded in the whole genome of T. aestivum. This constitutes
a significant number of encoded proteases, for example, when compared with diploid dicotyledon
plants, such as Nicotiana benthamiana L., with predicted proteases measured at around 1,245. Similarly,
796 proteases have been found in A. thaliana and 901 in tomatoes. Monocotyledon plants, such as rice,
contain 997 [20].

The wheat degradome is represented by a large number of protease families, which have been
subclassified into various groups. The most striking example is the C1A subfamily, i.e., PLCPs. In this
group, 181 members were identified. With A. thaliana, 31 proteases were reported [52], 33 in rice [17],
43 in rubber [53] and 33 in papaya [43]. Subfamilies of PLCPs (already described for A. thaliana [52] and
rice [17]) were also identified. Moreover, given that no known homologs from other organisms were
found, eight groups of PLCPs were defined as being unique to the species subfamilies (Figure 3, in red).
Classification of 82 subtilases (S8 protease family) resulted in identification of groups homologous to
A. thaliana proteases and their features have been reported earlier [54–58].

LC-MS has shown that different sets of proteases can be detected in different wheat cultivars.
Proteomes of Khakasskaya and Darya cultivars share 58,5% and 60% of all proteases, respectively, which
is slightly less than already reported difference of 79.3% between proteomes of wheat cultivars [2,3].

The use of LC-MS in this study has shown for the first time that biotrophic and necrotrophic
infections induce expression of proteases in plants and that these proteases are different. Responses
included induction of M17 and M20 proteases in the case of biotrophic infection, and C14, C26 proteases
in necrotrophic infection. It should be noted that most proteases induced by both biotrophic and
necrotrophic pathogens are attributed to the same families, such as C1, C13, C48, C65, M24, M41,
S10, S9, S8 and A1. The same C13 protease was activated upon both infections, but at different
sites (TRIAE_AA0544900.2). C13 proteases include VPEs previously associated with responses to
viruses [27] and P. syringae [25], which are biotrophic pathogens as well as P. recondita. C14 proteases
include metacaspases, already widely proven to mediate plant immune responses [46]. The M17,
M20, M24, M41, C26 protease families remain to be uncharacterized groups of proteases. It has been
concluded that these families are likely to be associated with a response to different types of biotic
stress in wheat.
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A novel approach has been proposed in this study for the identification of in vivo proteolysis
events, based on a search for semi-specific peptides in LC-MS data. This has facilitated assessment of
overall proteolytic activity for the first time in healthy and stressed plants. These results indicate that
infections by P. recondita and S. nodorum pathogens are associated with an increase of between one and
a half to two times the number of substrates potentially cleaved by endogenous proteases in plant cells.
However, the assessments undertaken in this study were qualitative (not quantitative), precluding
assumptions about the physical amount of each substrate that was possibly cleaved. Nevertheless,
it can be concluded that the number of proteins cleaved increased significantly in response to biotic
stress in comparison to healthy plants, indicating the involvement of proteolytic cascades.

Identification of substrates for caspase-like and metacaspase-like proteases revealed that, despite a
significant increase in the overall number of proteins cleaved after induction of biotic stress, the quantity
of substrates for caspase-like proteases increased slightly. However, substrates for metacaspase-like
proteases increased from one and a half to two times in infections of both pathogens. This result
confirms the involvement of metacaspases in plant response to pathogens described earlier [29,32,58]
and either indicates that caspase-like proteases were not active at 24 hpi and PCD-associated processes
were not induced, or that caspase-like enzymes are not implemented in response to biotic stress
in wheat.

It is interesting that upon infection by different pathogens in different wheat cultivars, the same
substrates were cleaved by caspase-like and metacaspase-like proteases (Table 2) such as receptor-like
protein kinase, permease, disease resistance proteins, and other proteins. Identified receptor-like
protein kinases may be directly involved in the establishment of microbe-associated molecular patterns
(MAMP)-triggered immunity (MTI) or effector-triggered immunity (ETI) [59]. The relationship between
such a receptor-like protein kinase and the protease that cleaves it, is a completely unstudied field
of research in plant immunity. One of the few known examples is that of ectodomain shedding,
which has been identified as cleavage of the chitin receptor of A. thaliana, Chitin Elicitor Receptor
Kinase 1 (CERK1), by an obscure protease [60]. These substrates may become potential targets
for further research. The other substrate—FAR1-like protein—was found to be cleaved by both
caspase-like and metacaspase-like proteases. In Arabidopsis, it was associated with light control and
plant development [61]. The role of this protein in plant immunity needs to be studied.

The pool of substrates cleaved by metacaspase 9 from A. thaliana has been identified earlier [62].
It can be seen that some substrates are attributed to the same class of enzymes, for example, helicases.
However, it is worth mentioning that cellular pathways are more conservative than the proteins
involved in them. Hence, differences in identified potential substrates of metacaspases may be due
to the fact that wheat is a monocot organism, whereas A. thaliana is a dicot. This study has found
some potential substrates that are completely uncharacterized proteins. This result, therefore, requires
confirmation and more targeted research.

The use of LC-MS analysis has made it possible to define proteolytic activation of proteases
in vivo. These findings show that proteases from M17, M20, M41, S10, A1 families are likely to have
been activated upon biotrophic infection, as opposed to the S49 family in the case of necrotrophic
infection. The core proteases activated by both infections are from C1, C13, S8, M24, and A1 families.
The C1 family includes PLCPs, C13 is a VPEs containing family, S8 family includes subtilases associated
with plant immunity, which have been well-characterized in previous research [34]. However, M24
and A1 are very poorly described families of proteases, linked to plant immune responses for the first
time in this study.

Our results indicate that in infected wheat, most proteolytic sites located within proteases
significantly differ from the sites commonly recognized by caspases or metacaspases. Only 0/7
and 1/7 caspase-like cleavage sites (XXXD) were detected within the proteases of healthy Khakasskaya
and Darya plants, respectively, whereas in infected plants, 3/16 and 1/9 cleavage sites were found for
P. recondita and S. nodorum infections, respectively. No activation sites recognized by metacaspases
were identified in neither healthy, nor infected by pathogens samples.
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Data in this study suggest that a number of proteases are presumably activated upon both
types of infection. However, this activation requires conditions other than those of caspase-like
or metacaspase-like activities. This is a striking result, which gives an insight into the previously
unexplored field of proteolytic cascades in plants and wheat, in particular. This study attempted
to provide a comprehensive investigation of proteolytic cascades, triggered in by P. recondita and
S. nodorum infections 24 hpi in wheat, but these proteases remain uncharacterized and require
further consideration.

4. Materials and Methods

4.1. Phylogenetic Analysis of the Wheat Protease Families

A complete set of protein sequences for T. aestivum (n = 154,140) was obtained from the Ensembl
genome database (ftp://ftp.ensemblgenomes.org/) [63]. The most recent release (release 39) was
used. Protein sequences shorter than 200 amino acid residues were omitted. Proteins that contained
more than four unspecified amino acid residues (i.e., XXXX, where X is any amino acid residue) were
also omitted. Any sequences in the data set differing by less than 5% of the nucleotide sequence
were omitted. This curated data set (n = 66,615) was analyzed using the HMMER 3.1b2 package
(http://eddylab.org/software/hmmer/hmmer-3.1b2.tar.gz) [64] in order to obtain the distribution of
Pfam domains in the wheat proteome.

Protein sequences were divided into protease families according to their Pfam domain annotation:
“Peptidase_C” was considered as a cysteine peptidase; “Peptidase_M” was considered as a
metallo-protease; “Peptidase_S” was considered as a serine peptidase; “Peptidase_A” and “TAXi_”
were considered as aspartic peptidases; and “proteasome” was considered as a threonine peptidase.
The sequences containing these domains were analyzed by the HMMER 3.1b2 package using
the E-value threshold of 10−4. Relevant domains were excised from complete protein sequences.
Various threshold lengths were applied for different protease families: 200 amino acid residues
for cysteine and serine protease families; 150 amino acid residues for metallo-protease aspartate
protease families; and 100 amino acid residues for threonine protease families. Relevant domain
sequences were aligned using the MAFFT server (https://mafft.cbrc.jp/alignment/software/) [65].
The evolutionary history was inferred using the neighbor-joining method implemented in MEGA7
(https://www.megasoftware.net/) [66]. The confidence in the trees [66] was estimated by 100 bootstrap
replicates. Bootstrap values greater than 70 are shown in Figures 2 and 3. Phylogenetic trees were
visualized with FigTree (v. 1.4.2) (http://tree.bio.ed.ac.uk/software/figtree/).

4.2. Plant Growth and Infection by Different Pathogens

Wheat seeds from the universally susceptible Khakasskaya and Darya lines were washed with
water and held for 15 minutes (min) in a 5% solution of KMnO4, then placed on wet filter paper in
Petri dishes and incubated for two days at 22 ◦C. Sprouted seeds were planted in vegetation vessels
with earth. The plants were grown in a climatic chamber for eight to 10 days with a 16-h light schedule,
at a temperature between 20 ◦C and 22 ◦C. Plants with a fully-developed, first real leaf were used for
the experiments.

A culture of the Stagonospora nodorum fungus (Berk; strain B-24/MS2 from the State Collection of
Phytopathogenic Microorganisms) was grown on a sterile wheat grain [67]. A shaking flask was filled
to two thirds of its volume with grain and water was added, corresponding to half the weight of the
grain. The flask was autoclaved for one hour (0.5 atm, 114 ◦C). The resulting mass of grain was cooled
and infected with pieces of mycelium collected from the surface, then covered with mycelium from the
fungus of the agar medium in Petri dishes. The flasks of grain were incubated with a thermostat set at
26 ◦C for seven days. Spores were washed from the surface of the grain with distilled water. Spore
suspension in a concentration of 1 × 106 spores/mL was used in the experiments. Spore suspension
of S. nodorum fungus was used to infect wheat plants of the Darya line. The suspension was applied
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by means of an atomizer: consumption—10 mL/100 plants. Tween-40 was added dropwise to the
suspension in 100 mL of slurry. The inoculated plants were kept in a moist chamber for two days at a
temperature between 20 ◦C and 22 ◦C, then returned to the climatic chamber with the original regime.

Samples of brown rust (P. recondita Rob. ex Desm f. sp. Tritici; Lower Volga population 757)
were suspended in water to a concentration of 1 × 106 spores/mL. Tween-40 (one drop per 100 mL)
was added. Wheat plants (Khakasskaya line) at the stage when the first real leaf had unfolded, were
inoculated by rubbing a suspension of spore leaves until the surface was completely moistened and
inoculated. The plants were then transferred to a moist chamber at a temperature between 20 ◦C and
22 ◦C. After two days, the plants were returned to the climatic chamber with the original regime [68].

4.3. Plant Sample Preparation for Mass Spectrometry

The chloroform/methanol precipitation method was used for extraction of total protein.
Enzymatic hydrolysis of the proteins was performed according to the procedure previously
described [69]. Three biological and three technical replicates were produced in each experiment.

4.4. LC-MS/MS Analysis

One microgram of peptides in a volume of 1–4 μL was loaded onto the Acclaim μ-Precolumn
(0.5 mm × 3 mm, 5 μm particle size, Thermo Scientific, Rockwell, IL, USA) at a flow rate of 10 μL/min
for 4 min in an isocratic mode of Mobile Phase C (2% acetonitrile, 0.1% formic acid). Then the peptides
were separated with high-performance liquid chromatography (HPLC, Ultimate 3000 Nano LC System,
Thermo Scientific, Rockwell, IL, USA) in a 15-cm long C18 column (Acclaim® PepMap™ RSLC inner
diameter of 75 μm, Thermo Fisher Scientific, Rockwell, IL, USA). The peptides were eluted with a
gradient of buffer B (80% acetonitrile, 0.1% formic acid) at a flow rate of 0.3 μL/min. Total run time
including initial 4 min of column equilibration to buffer A (0.1% formic acid), then gradient from
5–35% buffer B over 65 min, 6 min to reach 99% buffer B, flushing 10 min with 99% buffer B, and 5 min
re-equilibration to buffer A amounted to 90 min.

Mass spectrometric analysis was performed at least in triplicate with a Q Exactive High-Field
(HF) mass spectrometer (Q Exactive HF Hybrid Quadrupole-OrbitrapTM Mass spectrometer, Thermo
Fisher Scientific, Rockwell, IL, USA). The temperature of capillary was 240 ◦C and the voltage at the
emitter was 2.1 kV. Mass spectra were acquired at a resolution of 120,000 (MS) in a range of 300−1500
mass-to-charge ratio (m/z). Tandem mass spectra of fragment were acquired at a resolution of 15,000
(MS/MS) in the range from 100 m/z to m/z value determined by a charge state of the precursor, but no
more than 2000 m/z. The maximum integration time was 50 ms and 110 ms for precursor and fragment
ions, respectively. Automatic Gain Control (AGC) target for precursor and fragment ions were set to 1
× 106 and 2 × 105, respectively. An isolation intensity threshold of 50,000 counts was determined for
precursor’s selection, and up to top 20 precursors were chosen for fragmentation with high-energy
collisional dissociation (HCD) at 29 Normalized Collision Energy (NCE). Precursors with a charged
state of +1 and more than +5 were rejected and all measured precursors were dynamically excluded
from triggering of a subsequent MS/MS for 20 s.

4.5. Protein Identification and Determination of Sites Hydrolyzed In Vivo by Endogenous Proteases

For the analysis of the mass spectrometry data, a database was built using T. aestivum proteome
(release 39, Ensembl genome database (ftp://ftp.ensemblgenomes.org/) [63]) merged with pathogen
proteomes. In the case of P. recondita infection, assembly Puccinia triticina 1-1 BBBD Race 1 (NCBI ID
1628) [70] was used, while in the case of S. nodorum infection, Parastagonospora nodorum SN15 (assembly
ASM14691v2) [71] was used. In our study, we performed 3 biological and 3 technical replicates for
each experiment, however, we used only 2-3 biological 2-3 technical replicates each. It depended on
the fact that some of the replicates were not successful and, thus, were omitted.

Raw data were processed using IdentiPy search algorithm [47]. Peptide scoring was based on
Hyperscore from X!Tandem (Tables S1–S12) [72]. IdentiPy algorithm suggests autotune feature that
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allow to reprocess spectra and to optimize initial search parameters. Initial values for parameters
were set by default as 100 ppm for precursor mass error, 500 ppm for fragment mass error, and 5 for
allowed miscleavages. The results of preliminary searching were filtered to 1% False Discovery Rate
(FDR) using the target-decoy approach and analyzed statistically to derive the optimal parameters that
were adjusted by the algorithm for all searches performed in this study, 20 parts per million (ppm) for
precursor mass error, 10–11 ppm for fragment mass error, and 2 for allowed miscleavages.

IdentiPy was used for protein identification. Post-search analysis and FDR filtering relied on
multiparameter (MP) score algorithm [73]. Peptide-Spectrum Matches (PSMs), peptides, and proteins
were validated at a 1.0% FDR estimated using the decoy hit distribution. Only proteins having at least
two unique peptides were considered as positively identified.

In order to reveal differences in number of proteases in cultivars and between healthy and infected
plants, full-specific (full-tryptic and full-AspN) peptides were identified in sequences from the database
containing all 1544 wheat proteases (Tables S1–S4). Proteases that were covered by at least two unique
peptides that were present in all biological and all technical replicates for each type of samples were
taken for further analysis.

In order to identify the sites of in vivo hydrolysis in all proteins from the samples, the search of
semi-specific (semi-tryptic and semi-AspN) peptides in the sequences from the database containing
whole wheat proteome was conducted (Tables S5–S8). Semi-specific peptides present in all biological
and all technical replicates for each type of sample were taken for further analysis.

In order to identify the sites of in vivo processing of proteases, the search of semi-specific peptides
within the areas that contained 40 amino acid residues, extracted before and after the first peptidase
domain amino acid site, was conducted (Tables S9–S12). For this search, the database containing wheat
proteases that were identified with the use of full-specific peptides (Tables S1–S4) were used. In the
case of metacaspases, known sites [33] were used for the search. Peptidases containing semi-specific
peptides (100% identical, 100% covered), released after digestion by AspN or Trypsin, as defined by
IdentiPy, were identified using the BlastP algorithm [74].

5. Conclusions

This article has characterized the degradomes of wheat. Comprehensive analysis of the T. aestivum
genome revealed a relatively large number of proteases (1544 in total) belonging to the five major
protease families: serine, cysteine, threonine, aspartic, and metallo-proteases. Unique protease groups
from the C1 family were identified. Analysis of the LC-MS data obtained for degradomes of distinct
wheat cultivars (Khakasskaya and Darya) revealed significant differences ~40%, equally distributed
between different catalytic types of proteases, which could indicate the complementation of different
proteases by one another. These findings underline the importance of interactions between components
of the degradomes of any organism and wheat, in particular. In turn, these should provide insights into
the physiology and biochemistry of plant immunity about which little is currently known. Infection
by biotrophic (P. recondita) or necrotrophic (S. nodorum) pathogens induced drastic changes in the
presence of proteolytic enzymes, as observed in the LC-MS data. However, the immune response
is associated with the same core, consisting of proteases from C1, C13, C65, M16, M50, S8, S10,
and A1 families. This indicates that the immune response is associated with well-known proteases.
However, numerous uncharacterized protease families still require careful consideration and study.
Infection by both pathogens enhances overall proteolytic activity in wheat cells. The potential for
proteolysis in vivo by endogenous protease substrates increases in response to both types of infection.
Biotic stress seems to activate proteolytic cascades and overall degradation of proteins. Analysis
of protease-derived peptides detected by LC-MS revealed proteolysis sites, which are probably the
targets of autocatalytic activation or hydrolysis by other proteases within the proteolytic cascades,
involving neither caspase-like proteases nor metacaspases. However, this needs to be corroborated
using activity-based approaches to validate the method for determining processed proteases.
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AALP Arabidopsis Aleurain-Like Protease
AGC Automatic Gain Control
CEP1 Cysteine EndoPeptidase 1
COT44 COTyledon abundunt protease 44
CYP1 CYsteine Protease 1
DUF Domain of Unknown Function
EPF2 Epidermal Patterning Factor 2
ESI Electrospray Ionization
ET Ethylene
FDR False Discovery Rate
HCD High-energy Collisional Dissociation
HMMER Hidden Markov Models
ISF In-Source Fragmentation
JA Jasmonic Acid
LC-MS Liquid Chromatography-Mass Spectrometry
MCA1 Metacaspase 1
MMP Matrix Metallo-protease
NAM No Apical Meristem
NCE Normalized Collision Energy
PA Protease Associated
PBA1 Proteasome Subunit Type
PCD Programmed Cell Death
PLCP Papain-Like Cysteine Protease
RD19 Responsive To Dehydration 19
RD21 Responsive To Dehydration 21
RISC RNA-Induced Silencing Complex
SAG12 Senescence-Associated Gene 12
SAG39 Senescence-Associated Gene 39
SBT Subtilase
THI1 Thiol Protease 1
TPP2 Tripeptidyl Peptidase 2
TSN Tudor Staphylococcal Nuclease
VPE Vacuolar Processing Enzyme
XBCP3 Xylem Bark Cysteine Peptidase 3
XCP2 Xylem Cysteine Peptidase 2
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69. Wiśniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal sample preparation method for proteome
analysis. Nat. Methods 2009, 6, 359. [CrossRef] [PubMed]

70. Kiran, K.; Rawal, H.C.; Dubey, H.; Jaswal, R.; Devanna, B.N.; Gupta, D.K.; Bhardwaj, S.C.; Prasad, P.; Pal, D.;
Chhuneja, P.; et al. Draft genome of the wheat rust pathogen (Puccinia triticina) unravels genome-wide
structural variations during evolution. Genome Biol. Evol. 2016, 8, 2702–2721. [CrossRef] [PubMed]

71. Syme, R.A.; Hane, J.K.; Friesen, T.L.; Oliver, R.P. Resequencing and Comparative Genomics of Stagonospora
nodorum: Sectional Gene Absence and Effector Discovery. Genes Genomes Genet. 2013, 3, 959–969. [CrossRef]
[PubMed]

72. Craig, R.; Beavis, R.C. TANDEM: Matching proteins with tandem mass spectra. Bioinformatics 2004, 20,
1466–1467. [CrossRef]

73. Ivanov, M.V.; Levitsky, L.I.; Lobas, A.A.; Panic, T.; Laskay, Ü.A.; Mitulovic, G.; Schmid, R.; Pridatchenko, M.L.;
Tsybin, Y.O.; Gorshkov, M.V. Empirical multidimensional space for scoring peptide spectrum matches in
shotgun proteomics. J. Proteome Res. 2014, 13, 1911–1920. [CrossRef] [PubMed]

74. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+:
Architecture and applications. BMC Bioinf. 2009, 10, 1–9. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

131



 International Journal of 

Molecular Sciences

Article

Quantitative Proteomic Analysis of Castor
(Ricinus communis L.) Seeds During Early Imbibition
Provided Novel Insights into Cold Stress Response

Xiaoyu Wang 1,2,3,4,5,*, Min Li 6, Xuming Liu 1,2,3,4,5, Lixue Zhang 1,2,3,4,5, Qiong Duan 1,2,3,4,5

and Jixing Zhang 1,2,3,4,5,*

1 College of Life Science, Inner Mongolia University for Nationalities, Tongliao 028000, China;
liuxuminggenes@hotmail.com (X.L.); 15334940513@163.com (L.Z.); duanqiong0209@163.com (Q.D.)

2 Inner Mongolia Key Laboratory for Castor, Tongliao 028000, China
3 Inner Mongolia Industrial Engineering Research Center of Universities for Castor, Tongliao 028000, China
4 Inner Mongolia Collaborate Innovation Cultivate Center for Castor, Tongliao 028000, China
5 Horqin Plant Stress Biology Research Institute of Inner Mongolia University for Nationalities,

Tongliao 028000, China
6 College of Agriculture, Inner Mongolia University for Nationalities, Tongliao 028000, China;

lm@imun.edu.cn
* Correspondence: xiaoyuwang1987@hotmail.com (X.W.); zhangjixing@imun.edu.cn (J.Z.);

Tel.: +86-158-4851-9320 (X.W.); +86-159-2447-5588 (J.Z.)

Received: 19 December 2018; Accepted: 8 January 2019; Published: 16 January 2019

Abstract: Early planting is one of the strategies used to increase grain yield in temperate regions.
However, poor cold tolerance in castor inhibits seed germination, resulting in lower seedling
emergence and biomass. Here, the elite castor variety Tongbi 5 was used to identify the differential
abundance protein species (DAPS) between cold stress (4 ◦C) and control conditions (30 ◦C) imbibed
seeds. As a result, 127 DAPS were identified according to isobaric tag for relative and absolute
quantification (iTRAQ) strategy. These DAPS were mainly involved in carbohydrate and energy
metabolism, translation and posttranslational modification, stress response, lipid transport and
metabolism, and signal transduction. Enzyme-linked immunosorbent assays (ELISA) demonstrated
that the quantitative proteomics data collected here were reliable. This study provided some invaluable
insights into the cold stress responses of early imbibed castor seeds: (1) up-accumulation of all DAPS
involved in translation might confer cold tolerance by promoting protein synthesis; (2) stress-related
proteins probably protect the cell against damage caused by cold stress; (3) up-accumulation of key
DAPS associated with fatty acid biosynthesis might facilitate resistance or adaptation of imbibed
castor seeds to cold stress by the increased content of unsaturated fatty acid (UFA). The data has been
deposited to the ProteomeXchange with identifier PXD010043.

Keywords: Ricinus communis L.; cold stress; seed imbibition; iTRAQ; proteomics

1. Introduction

Cold stress is one of the major threats to plant growth, spatial distribution, agricultural productivity,
and crop yield [1]. Most temperate plants, such as winter wheat, oats, and barley, can acquire cold
acclimation and tolerate ice formation in their tissues; however, many important crops, such as rice,
maize, and soybeans, are sensitive to cold stress and incapable of cold acclimation [2]. Ricinus communis L.
(Euphorbiaceae) is an important non-edible oilseed crop originating in tropical regions but cultivated
in many subtropical regions worldwide. The seed oil of castor bean is mainly used for pharmaceutical
and industrial applications, as it is a rich source of ricinoleic acid, an unusual hydroxylated fatty
acid [3]. Castor beans can be cultivated in some unfavorable environments, such as saline and drought
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conditions, where other crops would not grow and produce a good yield [4]. However, castor bean is
sensitive to cold stress in temperate regions, where the temperature drops frequently during the early
growing season. It has been reported that temperature below 20 ◦C can dramatically decrease seed
germination capability [5]. Thus, a prime target for breeding efforts is to improve seed germination
under cold stress. A combination of traditional and molecular assistant selection breeding is an
effective strategy for generating stress-tolerant and widely adapted castor varieties. Therefore, it is
imperative to understand the molecular response to cold stress and to identify some novel responsive
genes or proteins in castor bean with strong potential for the improvement of cold tolerance by
genetic engineering.

Seed germination, the first and important phase for plant propagation, starts by seed imbibition,
leading to embryo transition from a state of quiescence in a dry seed to a state of highly active
metabolism, and terminates with embryonic axis elongation [6]. Generally, seed germination can be
divided into three phases: a rapid phase of water uptake (Phase I), followed by a plateau phase of
water uptake (Phase II), in which grain morphology and structure obviously change and the radical
and germ appear, and post-germination (Phase III), a rapid phase of water uptake with the initiation of
growth [7,8]. During seed imbibition, phase I represents the initial seed germination stage, in which
necessary structures and enzymes are present and storage substances, such as starch, proteins, and
lipids, which provide energy and nutrition for seed germination, begin to be activated [8].

A handful of studies have proved that the transcript level of gene expression does not necessarily
directly correlate well with abundance of corresponding protein species [9,10]. Since proteins
were a direct effector of plant stress response, it was highly important to investigate changes in
proteome level to identify potential protein markers whose abundance changes could be linked with
changes in physiological indices under cold stress [11]. Early study showed that the abundance of
cold-regulated/late embryogenesis-abundant (COR/LEA) proteins were enhanced by cold stress [12].
Several reactive oxygen species scavenging enzymes involved in metabolism of ascorbate-glutathione
cycle were up-accumulated under cold stress [13]. Up-accumulation of chaperones, especially various
heat shock proteins (HSPs), can play crucial roles in preventing protein misfolding caused by low
temperature [13]. Recently, high-throughput proteomic technology was widely used to identify a set
of differential abundance protein species (DAPS) associated with cellular responses to cold stress in
diverse plants [1,14]. For example, 173 DAPS associated with carbohydrate and energy metabolism,
translation and posttranslation modification, stress response, signal transduction etc. were detected in
maize leaves after cold stress [1]. These studies can significantly contribute to our understanding of
cold response. However, less proteome analyses were applied to elucidate the molecular mechanism
of cold adaptation or resistance in seed germination compared to seedlings.

To date, several proteomics analyses identified a range of proteins related to germinating or
developing castor seeds [15–20]. Several classes of seed reserve proteins such as 2S albumins,
legumin-like and seed storage proteins, and proteins involved in plant defenses against biotic and
abiotic stresses, were identified from developing castor seeds using two-dimensional electrophoresis
(2-DE) [18]. Some important proteins involved in fatty acid metabolism, seed storage proteins, toxins,
and allergens associated with developing castor oil seeds were identified by employing isotope coded
protein label (ICPL) and isobaric tag for relative and absolute quantification (iTRAQ) technologies [20].
Fourteen proteins were identified in the endoplasmic reticulum of germinating castor seeds; ten of
these proteins were concerned with roles in protein processing and storage, and lipid metabolism [15].
However, the proteomics analyses of early seed imbibition for castor under cold stress are rare. Recently,
iTRAQ is more accurate and reliable for quantitation of protein species than traditional 2-DE analysis
and is currently widely used for identifying cold-accumulated protein species in many plants [1,21].

In this study, we used iTRAQ-based proteomics to detect DAPS between cold-stressed imbibed
seeds and unstressed control seeds. Possible biological functions and potential effects of these DAPS
on cold tolerance were discussed. This analysis revealed complex changes at the proteomics level
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in early imbibed castor seeds under cold stress and provided new information concerning the plant
responses to cold stress.

2. Results

2.1. Germination Analysis of Castor Beans During Imbibition

The changes in water uptake were assessed by measuring changes in the seed weight during
imbibition at 30 ◦C and 4 ◦C. As shown in Figure 1A, seeds imbibed at 30 ◦C and 4 ◦C revealed a
triphasic pattern during germination; however, the seeds imbibed at 30 ◦C could absorb more water
than those at 4◦C during the same period. Water uptake increased rapidly before 12 h (Phase I),
followed by a plateau of seed imbibition from 12-30 h (Phase II) and rapid water uptake after 30 h
(Phase III). The seed radical began to emerge during Phase II. However, in the seeds imbibed at 4 ◦C
for 12 h, and then transferred to 30 ◦C, germination was retarded by 1 day compared to the control
conditions. Only 21.5% of seeds germinated at day 3, in contrast to the imbibed seeds at a constant
30 ◦C, with 42.5% (Figure 1B). Thus, the imbibed seeds in the Phase I (12 h) were collected for further
proteomic analysis.

Figure 1. Effect of cold stress on seed imbibition and germination. (A) Triphasic pattern of water
uptake under the cold stress (4 ◦C) and control conditions (30 ◦C). (B) Seed germination rate was
calculated after the seeds imbibed at 4 ◦C and 30 ◦C for 12 h. For the cold stress treatment, the seeds
were imbibed at 4 ◦C for 12 h, and then transferred to 30 ◦C for germination, and for the control, the
seeds were allowed to germinate at a constant 30 ◦C only. Values represent the means ± SD from three
fully independent biological replicates. * p < 0.05, ** p < 0.01 by Student’s t-test.

2.2. Primary Data Analysis and Protein Identification

iTRAQ-based comparative proteome was used to identify the DAPS between cold stress (4 ◦C) and
control conditions (30 ◦C) imbibed seeds. IPeak identified a total of 38863 spectra, 8280 peptides and 1670
proteins. In total, 74% proteins included at least two unique peptides. The mass of the identified proteins
with 0–50, 51–100, and >100 kDa accounted for 64.4, 30.2, and 5.4% separately. 26 low molecular weight
proteins (Mr > 10 kDa) and 91 high molecular weight proteins (Mr > 91 kDa) were identified using the
iTRAQ strategy. The distribution of protein sequence coverage with 40–100, 30–40, 20–30, 10–20, and
under 10% variations accounted for 8.7, 7.7, 13.5, 23.9 and 46.2%, respectively (Table S2). The mass
spectrometry proteomic data of the present study have been deposited to the ProteomeXchange with
identifier PXD010043 (http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD010043).

2.3. Identification of DAPS by iTRAQ

A protein species was considered differentially accumulated when it exhibited a fold change
>1.2 and p value <0.05. Based on these criteria, 127 DAPS were identified, of which, 109 were

134



Int. J. Mol. Sci. 2019, 20, 355

up-accumulated and 18 were down-accumulated under cold stress versus control conditions. Detailed
information is provided in Table S3.

2.4. Bioinformatics Analysis of DAPS Identified by iTRAQ

Gene ontology (GO) annotations were carried out to identify the significantly enriched functional
groups of DAPS. A total of 84 DAPS under cold stress versus control conditions were classified into 24
functional groups (Figure 2, Tables S1–S4), of which biological processes accounted for 14 GO terms
(the most representative were “response to stimulus”), cellular components accounted for 4 GO terms
(the most representative were “macromolecular complex”), and molecular functions accounted for 6
GO terms (the most representative were “binding”).

Figure 2. GO annotation of DAPS identified by the iTRAQ.

A total of 70 DAPS by iTRAQ were classified into 16 categories of Clusters of Orthologous Groups
of proteins (COG), among which, “translation, ribosomal structure and biogenesis” represented the
largest group (group J, 18 DAPS), followed by “posttranscriptional modification, protein turnover,
chaperones” (group O, 9 DAPS) (Figure 3, Tables S2–S4).

Figure 3. COG classification of DAPS identified by the iTRAQ.
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To further explore the biological functions of these proteins, 56 DAPS were mapped to 16 pathways
in the KEGG database (Tables S3 and S4). These annotated protein species were significantly enriched
in the following pathways: “fatty acid biosynthesis”, “biotin metabolism”, “fatty acid metabolism”,
“cyanoamino acid metabolism”, and “ribosome” (Table 1).

Table 1. Significantly enriched pathway annotation of DAPS identified by iTRAQ.

No. Pathway Number of DAPS p-value

1 Fatty acid biosynthesis 5 0.016388
2 Biotin metabolism 3 0.017208
3 Fatty acid metabolism 6 0.031722

4 Cyanoamino acid
metabolism 3 0.033034

5 Ribosome 12 0.044644

2.5. Confirmation of DAPS by ELISA

To validate the reliability of the DAPS as determined by iTRAQ, we used ELISA to assess
the expression level of six DAPS. Four of the six DAPS were involved in fatty acid metabolism,
including β-ketoacyl-acyl carrier protein synthase (KAS) II (KASII), KASI, biotin carboxylase (BC)
subunit of Het-ACCase, and β-carboxyltransferase (β-CT) subunit of Het-ACCase, whereas the
other two DAPS were involved in the pentose phosphate pathway: 6-phosphogluconolactonase
(6PGL) and glucose-6-phosphate 1-dehydrogenase (G6PDH). As shown in Figure 4, the level of
six DAPS was increased by cold stress, which showed a good correlation between the ELISA and
iTRAQ-based datasets.

Figure 4. Validation of DAPS by ELISA. Values represent the means ±SD from three fully independent
biological replicates. * p < 0.05, ** p < 0.01 by Student’s t-test.

2.6. Transcriptional Analyses of the Corresponding Genes Encoding DAPS

To know the correlation between the abundance of DAPS and the transcript level of their
corresponding genes, eight up-accumulated DAPS were selected for qRT-PCR analyses. The eight
DAPS were dehydrin Xero (B9S696), glutathione peroxidase (GPX) (B9RCA6), late embryogenesis
abundant protein D-34 (LEA D-34) (B9RTR0), LEA D-34 (B9S3Z7), SNF1-related protein kniase (SnRK1)
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α catalytic subunit (B9SVJ9), KAS II (Q41134), eukaryotic translation initiation factor 5A (IF5A)
(B9STQ5), protein phosphatase 2c (PP2C) (B9SB19). The results showed that the eight selected DAPS
can be clustered into two groups, i.e., group I, up-regulated at both transcript and protein level; Group II,
no change at transcript level while up-accumulated at protein level (Table 2). This discrepancy between
the mRNA and protein expression profiles indicated that the abundance of protein depends not only
on the transcript level but also on transcript stability, post-transcriptional regulation, post-translational
modifications, and protein degradation [9,10].

Table 2. Comparison of expression pattern at the mRNA and protein level of DAPS.

Protein ID Description iTRAQ Ratio p Value qPCR Ratio p Value
Trends a

iTRAQ qPCR

B9S696 dehydrin Xero 1.45 ± 0.133 0.004 4.52 ± 0.009 0.000 + +
B9RCA6 GPX 1.62 ± 0.136 0.001 2.30 ± 0.116 0.003 + +
B9RTR0 LEA D-34 1.75 ± 0.138 0.000 5.34 ± 0.512 0.013 + +
B9SB19 PP2C 1.21 ± 0.114 0.029 6.40 ± 0.952 0.029 + +
Q41134 KASII 1.38 ± 0.207 0.023 2.76 ± 0.501 0.050 + +
B9SVJ9 SnRK1 α catalytic subunit 1.32 ± 0.162 0.022 3.85 ± 0.530 0.032 + +
B9S3Z7 LEA D-34 1.30 ± 0.150 0.021 1.16 ± 0.117 0.232 + =
B9STQ5 IF5A 1.46 ± 0.279 0.032 0.42 ± 0.073 0.121 + =

a +: up-regulated; =: not significantly changed.

3. Discussion

Castor beans, which possess a high economic value, are very sensitive to cold stress, especially
at the germination stage. Transcriptome analysis has identified many differentially expressed genes
(DEGs) mainly related to plant secondary metabolism in germinated seeds under cold stress [22].
However, the mechanisms underlying the effects of cold stress on early seed imbibition are largely
unknown. This initial proteomics analysis of castor seeds during early imbibition identified several
cold-accumulated protein species and unraveled a complex cellular network affected by cold stress.
In this study, 127 DAPS were identified, among which, 109 were up-accumulated and 18 were
down-accumulated under cold stress compared to control conditions. Unsurprisingly, these DAPS
included some well-known stress-inducible proteins, such as the LEA, dehydrin. In addition, some
cold-accumulated protein (methionine aminopeptidase) identified here have been verified in other
plants based on iTRAQ strategy. Furthermore, this approach also identified some novel proteins
that were not previously known to be associated with cold stress response. It has been reported that
mature dry seeds can rapidly restart metabolic activity including protein synthesis after imbibing
water. De novo protein synthesis was necessary for seed germination in rice [23]. Our results showed
that “ribosome” was the significantly enriched pathway involved in early seed imbibition under cold
stress. Dry seed also contained a myriad of “long-lived mRNA”, which was thought to be translated
after imbibition [23]. It is interesting to further investigate if de novo transcription was required for
germination of castor seeds by control-treated imbibed seeds versus dry seeds and translation of
long-lived mRNAs was induced or regulated by cold stress during the germination of castor seeds.
In brief, bioinformatics analysis revealed that 84 and 70 DAPS were annotated in 24 GO functional
groups and 16 COG categories, respectively. In total, 56 DAPS were mapped into 16 KEGG pathways.
The possible biological significance of some key DAPS and their relevant metabolic pathways in cold
stress adaptation are discussed below.

3.1. DAPS Involved in Translation and Posttranslational Modification

Fifteen DAPS, including eleven ribosomal proteins (RPs) and four elongation factors, were
up-accumulated in cold-treated imbibed seeds (Table 3, Table S3). RPs are essential for protein
synthesis and play a critical role in metabolism, cell division and growth, and regulation of cold
stress [21,24]. For example, three soybean ribosomal protein genes were induced by low temperature
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treatment [25]. Recently, there is increasing evidence that shows direct links between RPs and cold
stress. Wang et al. reported that all the DAPS involved in mature ribosome assembly and translation
processes were increased in maize leaves after a 12 h cold treatment [1]. Thus, up-accumulation of
RPs in cold-treated imbibed castor seeds might be required for de novo transcription or participate as
regulatory components in response to cold stress. Elongation factor Tu (EF-Tu), which is responsible for
the elongation phase of protein synthesis, has been extensively studied in plant responses to various
environmental challenges, such as cold and heat stresses [26]. In the present study, the abundance of
EF-Tu was up-accumulated under cold stress, which agrees with the previous study that cold stress can
increase the protein level of EF-Tu in rice [27,28]. The eukaryotic translation initiation factor 5A (eIF5A)
promotes the first peptide bond formation at the onset of protein synthesis [29]. Plant eIF5A is involved
in multiple biological processes, including protein synthesis regulation, translation elongations, mRNA
turnover and decay, and abiotic stress responses [30–32]. For example, Wang et al. reported that
transgenic yeast and poplar expressing TaeIF5A displayed elevated protein levels combined with
improved abiotic stresses tolerance [33]. Elongation factor 1α promotes codon-directed binding of
aminoacyl-tRNA (aa-tRNA) in the ribosome [34]. Transgenic plants with transgene AtEF1α were more
tolerant to NaCl than the wild-type [35]. The increased accumulation of four elongation factors might
confer cold tolerance by promoting protein synthesis or regulating physiological pathways. N-terminal
Met excision (NME) is a process by which methionine aminopeptidase (MAP) specifically removes
the first Met in most newly synthesized proteins. Overexpression of barley DNA-binding MAP in
Arabidopsis exhibited stronger freezing tolerance compared to the wild type [36]. The abundance of
MAP observed in this study showed increased accumulation in cold-treated imbibed seeds, which
agrees with the recent report that cold stress increased the MAP level in petunia [21]. These results led
us to speculate that the responsiveness of MAP to cold stress might be a common event that deserves
further investigation.

Table 3. Information of DAPS in ribosome pathway.

Protein Accession Fold Change Accumulated Description

B9SKD1 1.25 Up 60S ribosomal protein L3

B9RMF8 1.21 Up Zn-dependent exopeptidases
superfamily protein

B9S4D5 1.24 Up 40S ribosomal protein S26
B9SKG4 1.27 Up 40S ribosomal protein S11
B9SBM0 1.25 Up 60S ribosomal protein L9
B9SIV4 1.35 Up 60S ribosomal protein L7a
B9R982 1.21 Up 40S ribosomal protein S9
B9RG16 1.23 Up 40S ribosomal protein S27
B9SYV4 1.23 Up 60S ribosomal protein L21
B9RQ66 1.43 Up 60S ribosomal protein L28
B9SCT8 1.22 Up 60S ribosomal protein L10a
B9T040 1.5 Up 60S ribosomal protein L35

Posttranslational modifications play critical roles in the regulation of abiotic stresses, such
as ubiquitination and phosphorylation [37]. The ubiquitination-proteasomal pathway has been
implicated in diverse aspects of eukaryotic cellular regulation due to its ability to degrade intracellular
protein [38,39]. Ubiquitin-activating enzymes catalyze the first step in the ubiquitination reaction,
which activates ubiquitin and transfers the activated Ub to a ubiquitin-conjugating enzyme to form
an E2-Ub thiolester [40]. The proteasome plays a fundamental role in retaining cellular homeostasis
and is the major cellular proteolytic machinery responsible for the degradation of both normal
and damaged proteins [41]. The increased accumulation of three protein species involved in the
ubiquitin/26S proteasome system might contribute to potentially harmful polypeptide degradation
(Table S3). Heat shock proteins (HSPs) are highly conserved proteins that are present in organisms,
function as “molecular chaperones”, promote the degradation of abnormal proteins and prevent the
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aggregation of denatured proteins [42,43]. Our results showed that the abundance of three heat-shock
proteins was increased under cold stress (Table S3).

3.2. DAPS Involved in Stress Response

Cold stress can result in overproduction of reactive oxygen species (ROS). ROS can perturb
cellular redox homeostasis and lead to oxidative damage to membrane lipids, nucleic acids, and
proteins [21]. To relieve cellular damage by ROS, plants have developed ROS scavenging systems
including antioxidants and antioxidant enzymes [44]. GPX is a ubiquitous enzyme in plant cells
that use glutathione to reduce H2O2 and lipid hydroperoxides [45,46]. Thus, it was not surprising
that the abundance of GPX was increased in cold-stressed imbibed seeds (Table S3). It has been
reported that overexpression of GPX can enhance the growth of transgenic tobacco under cold and
salt stresses [47]. LEA proteins are involved in many physiological processes, act as protectors of
enzyme activities and stabilize membranes associated with anionic phospholipid vesicles at freezing
temperature [48,49]. Consistent with previous findings, we identified four LEA proteins that showed
increased accumulation in cold-treated lines compared to control lines (Table S3). Dehydrins, which
are known as group 2 or D-11 family LEA proteins, can protect the cell against damage caused by
stress. A high level of dehydrin transcripts or proteins is closely associated with cold tolerance in
numerous plants such as Arabidopsis, rice and Rhododendron [50–52]. The increased accumulation of
dehydrin may facilitate the resistance or adaptation of castor to cold stress (Table S3). Early responsive
to dehydration (ERD) genes can be rapidly induced to counteract abiotic stresses, such as drought,
low temperature or high salinity. Overexpression of VaERD15 in Arabidopsis resulted in higher cold
tolerance and accumulation of antioxidants compared to wild type under cold stress [53]. The increased
abundance of ERD was observed in cold-treated imbibed seeds (Table S3).

3.3. DAPS Involved in Carbohydrate and Energy Metabolism

Carbon metabolism provides the necessary energy for subsequent plant growth and development
during germination. Simultaneously, carbon metabolism could be an effective connection with other
metabolic processes [54]. The pentose phosphate pathway (PPP) is a central metabolic pathway
including the irreversible oxidative pathway and reversible non-oxidative pathway, which is catalyzed
by several different enzymes such as G6PDH, 6PGL and ribulose-phosphate 3-epimerase (RPE) [55–57].
G6PDH catalyzes the first and rate-limiting enzyme of PPP by converting glucose-6-phosphate to
6-phosphogluconolactone. 6PGL catalyzes the hydrolysis of 6-phosphogluconolactone, which was
thought to occur spontaneously [57]. Numerous studies regarding G6PDH function in response to
abiotic stresses have been performed. Overexpressing of PsG6PDH in transgenic tobacco resulted in
enhanced cold tolerance [58]. In this study, the increased accumulation of G6PDH, 6PGL and RPE
might provide more reducing equivalent NADPH for anabolic pathways including fatty acid synthesis,
and carbon skeletons for the synthesis of acetyl-CoA, etc. (Table S3).

3.4. DAPS Involved in Lipid Transport and Metabolism

Fatty acids (FAs) are major components of cell or organelle membrane lipids. FAs are also
precursors of messenger compounds such as jasmonic acid and phosphatidylinositol, which play key
roles in certain signal transduction pathways, and are used as substrates for the synthesis of storage
lipids that are important materials for seed germination and provide energy for humans [59–63].
During FA biosynthesis, acetyl-CoA carboxylase (ACCase) catalyzes the committed step of the de novo
FA biosynthesis pathways by converting acetyl-CoA to malonyl-CoA. KAS is vital for carbon chain
condensation and elongation from C4-C18. KASI has high activity when butyryl- to myristyl-ACP
(C4:0-C14:0 ACP) is used as the substrate to produce hexanoyl- to palmitoyl-ACP (C6:0-C16:0 ACP),
whereas KASII catalyzes the last condensation reaction of palmitoyl-ACPs to stearoyl-ACPs [64].
It is well known that alteration of the lipid composition of cell membrane is associated with cold
tolerance [65]. The increased accumulation of four DAPS related to FA biosynthesis might adapt castor
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to cold stress by preventing membrane transition from liquid crystalline phase to gel phase (Table 4).
This inference was also supported by our observation that the content of UFA was obviously increased
in cold-treated imbibed seeds (Figure 4).

Table 4. Information of DAPS in fatty acid biosynthesis.

Protein Accession Fold Change Accumulated Description

Q41134 1.38 Up β-ketoacyl-acyl carrier protein synthase II
Q41135 1.45 Up β-ketoacyl-acyl carrier protein synthase I

B9S1E2 1.26 Up Biotin caboxylase (BC) subunit of
Het-ACCase

B9TAH3 1.47 Up β-carboxyltransferase (β-CT) subunit of
Het-ACCase

B9RF47 1.38 Up Short chain dehydrogenase

3.5. DAPS Involved in Signal Transduction

SnRK1 complex is a heterotrimeric complex composed of a α catalytic subunit that interacts
with two other subunits [66]. SnRK1 α catalytic subunit triggers vast transcriptional and metabolic
reprogramming and promotes tolerance to adverse conditions [67]. Several evidences have suggested
that SnRK1 had the potential to regulate the carbohydrate metabolism of higher plants. For instance,
antisense expression of the SnRK1 α catalytic subunit resulted in the reduction of sucrose synthase
gene expression in leaves and tubers [68]. Our study showed that the increased level of SnRK1 α

catalytic subunit might regulate sucrose metabolism. This inference was supported by our observation
that the content of sucrose was increased in cold-treated imbibed seeds (Figure 4). Rosnoblet et al.
showed that the amount of SnRK1 gamma subunit in the radical decreased during imbibition and
was no longer detectable in the protruded radical [69]. However, conditions that block germination of
imbibed seeds, including low water potential or ABA, maintain SnRK1 gamma subnuit expression [70].
Consistent with previous findings, up-accumulation of SnRK1 gamma subunit was observed in
cold-treated imbibed seeds (Table S3). Reversible protein phosphorylation mediated by protein kinases
and phosphatases is a central mechanism for modulating a body of cellular processes such as signaling
transduction, cell division and development [71,72]. Serine/threonine protein phosphatases 2C (PP2C)
have been suggested to play an important role in stress signaling [73]. Overexpression of ZmPP2C2
in tobacco enhanced cold tolerance [74]. Consistent with these findings, we identified two PP2Cs
which was up-accumulated 1.21- and 1.42- fold in cold-treated lines compared to the control lines
(Table S3). Purple acid phosphatase (PAP) represents a diverse group of acid phosphatases in animals,
microorganisms, and plants that catalyze the hydrolysis of phosphate esters and anhydrides. It has
been reported that the expression of the GmPAP3 gene can be induced by abiotic stresses, such as
salinity and drought. The GmPAP3 transgenic Arabidopsis displayed higher abiotic stress tolerance,
which was probably related to alleviation of oxidative damage [75]. Our results showed that the
abundance of purple acid phosphatase was increased in cold-treated imbibed seeds (Table S3).

3.6. A Proposed Metabolic Pathway for Ricinus Communis During Early Seed Imbibition in Response to
Cold Stress

Based on the above findings and the data presented here, we proposed a view of resistance and
adaptation strategies of early seed imbibition for castor under cold stress (Figure 5). Cold stress is partly
decoded as an energy-deficiency signal, regardless of their site and mode of perception [76]. SnRK1
α subunit in plants can sense the energy deficit to trigger extensive transcriptional reprogramming
that contribute to restoring homeostasis and elaborating long-term responses for adaptation [67].
In our study, cold stress resulted in energy deprivation (Figure 4). Upon sensing the energy deficit,
up-accumulation of the SnRK1α subunit in cold-treated imbibed seeds regulated the sucrose metabolism
to produce more substrate for PPP. PPP is an effective connection with other metabolic processes.
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The up-accumulation of rate-limiting enzymes (G6PDH and 6PGL) and RPE involved in PPP provided
more acetyl-CoA for fatty acid synthesis (Figure 4). Chilling stress can impair membrane permeability
by the transition of membrane lipids from liquid-crystalline phase to gel phase [77]. Tolerance to
chilling stress is closely connected with the fatty acid desaturation of plant membrane lipids [78]. In this
study, up-accumulation of some important DAPS significantly enriched in fatty acid biosynthesis
might facilitate the resistance or adaptation of imbibed castor to cold stress by increasing the content of
UFA (Figure 4).

Figure 5. A proposed model for Ricinus communis during early seed imbibition in response to cold stress.
The up-accumulated DAPS and increased content of acetyl-CoA and sucrose were indicated by the red
arrow; the decreased content of ATP were indicated by blue arrow. Abbreviations: Glu-6P, Glucose
6-phosphate; 6PGDL, 6-phosphogluconolactone; G6PDH, glucose-6-phosphate 1-dehydrogenase; 6PGL,
6-phosphogluconolactonase; Gluconate-6P, 6-phosphogluconate; Ribulose-5P, Ribulose-5-phosphate;
Xylulose-5P, Xylulose-5-phosphate; RPE, Ribulose-phosphate 3-epimerase; G3P, Glyceraldehyde
3-phosphate; KASI, β-ketoacyl-acyl carrier protein synthase I; KASII, β-ketoacyl-acyl carrier protein
synthase II; KASIII, β-ketoacyl-acyl carrier protein synthase III. Solid lines denoted proven connections
in plants, whereas broken lines represented connections that might exist in plants.

The absence of a SnRK1 gamma subunit (LeSNF4) in tomato contribute to the transition to the
“germination/growth” mode rather than the maintenance of “maturation/dormancy” metabolic state.
However, conditions that block germination of imbibed seeds, including ABA and FR light, can maintain
LeSNF4 expression [70]. Therefore, the up-accumulation of SnRK1 gamma subunit in cold-imbibed
seeds might be one of the reasons for the decreased seed germination ability. Energy deficiency is sensed
by the SnRK1 that trigger the repression of genes involved in protein synthesis [79]. Up-accumulation
of all mature ribosome assembly and translation in cold-imbibed seeds might be regulated by other
sensors to confer cold tolerance by producing more important proteins, such as cold-responsive
proteins. Chilling stress can cause dysfunction/denaturation of structural and functional protein.
Some DAPS involved in the ubiquitin/26S proteasome system might be responsible for maintaining
functional protein conformations and contributing to potentially harmful polypeptides degradation.
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4. Materials and Methods

4.1. Plant Materials and Stress Treatment

The ricinus communis seeds (genotype Tongbi 5) used in this work were kindly supplied by
the Tongliao Academy of Agricultural Sciences, China. Castor seeds were sown on 15 April and
harvested on 1 October, 2017 in experimental field of Inner Mongolia University for Nationalities, China.
This genotype was the elite variety with high seed yield potential (average up to 2316.03 kg/hm2) and
widely cultivated in China [80]. Briefly, 50 sterilized seeds of each biological replicate with similar size
and weight were sown in Petri dishes (d = 12 cm) with filter papers soaked in 16 mL sterile distilled
water at 30 ◦C or 4 ◦C for 7 days. The weight of the imbibed seeds was recorded every 3 h to calculate
the water content of the seeds. The seeds were allowed to germinate at a constant 30 ◦C for optimal
germination and at 4 ◦C for 12 h and then transferred to 30 ◦C for cold germination. Three biological
replicates were conducted. Germination was determined when the tip of radical grew free of the seed
coat [81].

4.2. Protein Extraction

Four Petri dishes of 50 sterilized seeds each (a total of 200 seeds) as one biological replicate
were imbibed under 4 ◦C for 12 h along with the seeds imbibed at 30 ◦C for 12 h as the control.
Two biological replicates were conducted for iTRAQ-based comparative proteomics analysis. Cold-
and control-treated imbibed seeds were ground into powder with liquid nitrogen. The powder was
slowly stirred into a beaker with 100 mL preboiling 2% (v/v) sodium dodecyl sulfate (SDS) solution
and 2 mM phenylmethylsulfonyl fluoride (PMSF) (final concentration) for 3 min. The suspension was
rapidly cooled, transferred to two new 50 mL tubes, sonicated for 30 min on ice and then centrifuged
at 20,000× g for 15 min. The upper oil layer and lower precipitate were discarded, and the middle clear
protein solution was dried by lyophilization and concentrated to 5 mL. The protein solution was mixed
well with 30 mL 10% chilled trichloroacetic acid (TCA) acetone and incubated at −20 ◦C overnight.
After centrifugation at 4 ◦C and 20,000× g, the supernatant was discarded. The precipitate was washed
three times with chilled acetone. The pellet was air-dried and dissolved in lysis buffer (7 M urea, 2 M
thiourea, 4% NP40, and 20 mM Tris-HCl, pH 8.0–8.5). The suspension was sonicated at 200 W for
5 min and centrifuged at 4 ◦C at 30,000× g for 15 min. The supernatant was then collected. The sample
protein concentration was determined with the Bradford assay using BSA as the calibrant. The quality
of the protein sample was measured by SDS-PAGE.

4.3. Protein Digestion and iTRAQ Labeling

A total of 100 μg protein for each sample was digested with Trypsin Gold (Promega, Madison, WI,
USA) with the ratio of protein: trypsin = 20:1 at 37 ◦C for 16 h. Peptide samples were labeled with
8-plex iTRAQ reagents (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
protocol. The control replicates (30 ◦C) were labeled with the iTRAQ tags 114 and 116, and the
cold-treated sample replicates were labeled with the iTRAQ tags 117 and 121. The labeled peptide
mixtures were pooled, dried by vacuum centrifugation and fractionated by strong cationic exchange
(SCX) chromatography.

4.4. Fractionation by SCX

The Shimadzu LC-20AB HPLC Pump system (Kyoto, Japan) was used for SCX chromatography.
The iTRAQ-labeled peptide mixtures were reconstituted with 4 mL buffer A (25 mM NaH2PO4 in
25% acetonitrile, pH 2.7) and loaded onto a 4.6×250 mm Ultremex SCX column containing 5 μm
particles (Phenomenex). The peptides were eluted with a gradient of buffer A for 10 min, buffer B
(25 mM NaH2PO4, 1 M KCl in 25% acetonitrile, pH 2.7) for 25 min, and 35–80% buffer B for 1 min.
Elution was monitored by measuring absorbance at 214 nm, and fractions were collected every minute.

142



Int. J. Mol. Sci. 2019, 20, 355

The eluted peptides were pooled as 15 fractions, desalted with a Strata X C18 column (Phenomenex)
and vacuum-dried.

4.5. LC-ESI-MS/MS Analysis by Q-Exactive

Each fraction was re-dissolved in buffer A (5% acetonitrile, 0.1% formic acid) and centrifuged
at 20,000× g for 10 min; the final concentration of peptides was approximately 0.5 μg/μL. Then, 8 μL
supernatant was loaded on a LC-20AD nanoHPLC (Shimadzu, Kyoto, Japan) by the autosampler onto
a C18 trap column, and the peptides were eluted onto an analytical C18 column (inner diameter, 75 μm)
packed in-house. The samples were loaded at 8 μL/min for 4 min, and then the 40-min gradient was
run at 300 nL/min starting from 2–35% buffer B (95% acetonitrile, 0.1% formic acid), followed by 5 min
linear gradient to 80%, maintained at 80% buffer B for 4 min, and finally returned to 5% in 1 min.

Data acquisition was performed in the Q-Exactive (ThermoFinnigan, San Jose, CA, USA) mass
spectrometer with a mass/charge (m/z) scanned range of 350–2000 Da. Intact peptides and ion fragments
were detected in the Orbitrap at resolutions of 70,000 and 17,500, separately. Peptides were selected
using the high-energy collision dissociation mode with a normalized collision energy setting of 27.0.
MS/MS data were obtained using a data-dependent procedure to capture the 15 most abundant
precursor ions. An electrospray voltage of 1.6 kV was applied, and the dynamic exclusion duration
was set for 15 s.

4.6. Protein Identification and Quantification

Raw data files from the Orbitrap were merged and transformed into the MASCOT generic
format (MGF) by Proteome Discoverer 1.3 (ThermoFisher Scientific, San Jose, CA, USA). The MS/MS
data were searched by three search engines (MyriMatch v2.2.8634, X!Tandem v2015.04.01.1 and
MS-GF+v2016.06.29) through IPeak against the Uniprot database of Ricinus communis with the
following parameters: carbamidomethyl (C), iTRAQ 8 plex (N-term), and iTRAQ 8 plex (K) as
fixed modification; oxidation (M) and iTRAQ 8 plex (Y) as variable modifications; full cleavage by
trypsin with one missed cleavage permitted; peptide mass tolerance at ±10 ppm and fragment mass
tolerance ±0.05 Da [82]. After MS/MS searching, IQuant was used for protein quantification with VSN
normalization [83]. The false discovery rate (FDR) at both peptide spectrum matching (PSM) and
protein levels was set ≤1%. Proteins with at least one unique peptide were used for quantification.
T-tests were used to calculate a p-value for each protein. Only ratios with fold change > 1.2 and p-value
< 0.05 were considered as significant.

4.7. Bioinformatics Analysis

Functional annotations of DAPS were conducted using GO (http://www.geneontology.org).
The COG (http://www.ncbi.nlm.nih.gov/COG/) database was used for the functional classification of
DAPS. The Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) was
used to predict the main metabolic pathways and biochemical signal transduction pathways that the
DAPS were involved in. A p-value < 0.05 was used as the threshold to determine the significant
enrichments of GO and KEGG pathways.

4.8. Enzyme-Linked Immunosorbent Assays

Cold-and control-treated imbibed seeds were ground into powder with liquid nitrogen. 5 g
powder was placed in a stoppered flask with 25 mL of 60% aqueous methanol solution and 20 mL
of petroleum ether and shaken for 10 min. The homogenate was filtrated by filter paper and the
filtrate was collected in the separatory funnel and released in the lower layer (60% aqueous methanol
extract) after stratification. The extract was diluted to 30% of the final methanol concentration as
the sample to be tested. The content of G6PDH, 6PGL, β-CT subunit of Het-ACCase, BC subunit of
Het-ACCase, KASI, KASII, acetyl-CoA, ATP, and UFA were measured using reagent kits from the
Jianglai Biotechnology Company Limited of Shanghai, China (Cat.No. JL-F22767, JL-F46429, JL-F46473,
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JL-F46442, JL-F46461, JL-F46461, JL-F14042, JL13631, JL45670). Briefly, the purified antibody was used
to coat microtiter plate wells to make a solid-phase antibody. 50 μL of different standard concentrations
(kit available) was added to the coated wells. Blank and testing sample wells were set separately. 40 μL
of sample dilution and 10 μL of testing samples were added to the testing sample wells and gently
mixed. 100 μL of HRP-conjugate reagents were added to every well except the blank control well, and
incubated for 60 min at 37 ◦C. After incubation, liquid in the well was discarded. The well was washed
using a wash solution 5 times and dried. 50 μL chromogen solution A and 50 μL chromogen B were
added to each well under dark incubation for 15 min at 37 ◦C. The reaction was terminated by the
addition of a stop solution and color change was measured using a microplate reader at a wavelength
of 450 nm.

Sucrose content was determined by an assay kit from Nanjing Jiancheng Bioengineering Institute,
Jiangsu, China (A099-1). Briefly, a homogenate of cold-and control-treated imbibed seeds were prepared
by the same method as ELISA. The content of sucrose was assayed by measuring the product of sucrose
hydrolysis at 290 nm. Data are presented as means of three biological replicates ±SD. Results were
considered statistically significant at p value < 0.05 using the Student’s t-test.

4.9. RNA Extraction and qRT-PCR Analysis

Total RNA was extracted from the seeds imbibed at 4 ◦C and 30 ◦C for 12 h using a TaKaRa
MiniBEST Plant RNA Extraction Kit according to the manufacturer’s instructions (Code No. 9769).
RNA integrity were measured using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA)
with RNA integrity number (RIN) >7. Total RNA was treated with DNaseI to remove genomic DNA
contamination. cDNA was synthesized, starting with 200 ng of total RNA and using UEIris RT-PCR
system for First-Strand cDNA Synthesis (US Everbright, Suzhou, China). qRT-PCR was carried on
qTOWER2.2 (Analytik Jena, Jena, Germany) using 2 × SYBR Green qPCR Master Mix (US Everbright,
Suzhou, China) according to the manufacturer’s instructions. qRT-PCR was performed with 2 μL of
each cDNA diluted at 1:5. Three independent biologically replicated experiments were set up with
three technical replicates per experiment. All expression data were normalized against the expression
levels of the RcActin (XM_002522148) and RcGAPDH (XM_002513282) applied as internal standards.
The relative levels of eight genes were analyzed using the 2−ΔΔCt method [84]. The primers were
designed according to the corresponding nucleotide sequences of castor bean in phytozome v10.2
(http://phytozome.jgj.doe.gov/pz/portal.html). Gene-specific and internal genes primers for qRT-PCR
analysis are presented in Table S1. The values were means ±SD. Data were considered statistically
significant at p value < 0.05 using the Student’s t-test.

5. Conclusions

Imbibition is a critical process during seed germination. To identify the DAPS that contribute
to seed germination under cold stress, the changes of proteomic in 12 h early imbibed seeds under
cold stress were investigated in this study. A total of 127 DAPS were identified; these DAPS were
involved in carbohydrate and energy metabolism, translation, ribosomal structure and biogenesis,
posttranslational modification, protein turnover, chaperones, lipid transport and metabolism, signal
transduction etc. These processes can work cooperatively to establish the beneficial equilibrium of
physiological and cellular homeostasis. This approach identified new proteins that were not previously
known to be associated with cold stress response. Future work will focus on improving cold tolerance
via overexpression of β-ketoacyl-acyl carrier protein synthase I and II, and investigating the relationship
between accumulation of SnRK1 gamma subunit and seed germination under cold stress. In summary,
our proteomics analysis of early imbibed seeds not only increased our understanding of molecular
mechanisms associated with castor seed germination under cold stress but also laid the theoretical
foundation for the creation of a new cold-tolerant castor bean, and provided a reference for the
improvement of cold-tolerant traits in other important economic crops.
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Abbreviations

iTRAQ Isobaric tag for relative and absolute quantification
DAPS Differential abundance protein species
ELISA Enzyme-linked immunosorbent assays
DEGs Differentially expressed genes
2-DE Two-dimensional electrophoresis
GO Gene ontology
COG Clusters of Orthologous Groups of proteins
KAS β-ketoacyl-acyl carrier protein synthase
6PGL 6-phosphogluconolactonase
G6PDH Glucose-6-phosphate 1-dehydrogenase
GPX Glutathione peroxidase
LEA Late embryogenesis abundant protein
SnRK1 SNF1-related protein kniase
IF5A Eukaryotic translation initiation factor 5A
PP2C Protein phosphatase 2c

References

1. Wang, X.Y.; Shan, X.H.; Wu, Y.; Su, S.Z.; Li, S.P.; Liu, H.K.; Han, J.Y.; Xue, C.M.; Yuan, Y.P. iTRAQ-based
quantitative proteomic analysis reveals new metabolic pathways responding to chilling stress in maize
leaves. J. Proteom. 2016, 146, 14–24. [CrossRef] [PubMed]

2. Chinnusamy, V.; Zhu, J.H.; Zhu, J.K. Cold stress regulation of gene expression in plants. Trends Plant Sci.
2007, 12, 444–451. [CrossRef]

3. Scholz, V.; da Silva, J.N. Prospects and risks of the use of castor oil as a fuel. Biomass Bioenergy 2008, 32,
95–100. [CrossRef]

4. Lima Da Silva, N.; Maciel, M.; Batistella, C.; Filho, R. Optimization of biodiesel production from castor oil.
Appl. Biochem. Biotechnol. 2006, 130, 405–414. [CrossRef]

5. Jiang, X.J.; Wen, X.D. The effect of temperature on the germination rates in castor bean. Seed 2008, 27, 67–69.
6. Wang, Z.F.; Wang, J.F.; Bao, Y.M.; Wu, Y.Y.; Zhang, H.S. Quantitative trait loci controlling rice seed germination

under salt stress. Euphytica 2011, 178, 297–307. [CrossRef]
7. Dong, K.; Zhen, S.M.; Cheng, Z.W.; Cao, H.; Ge, P.; Yan, Y.M. Proteomic analysis reveals key proteins and

phosphoproteins upon seed germination of wheat (Triticum maestivum L.). Front. Plant Sci. 2015, 6, 1017.
[CrossRef] [PubMed]

8. Bewley, J.D. Seed germination and dormancy. Plant Cell 1997, 9, 1055–1066. [CrossRef]
9. Pradet-Balade, B.; Boulme, F.; Beug, H.; Mullner, E.W.; Garcia-Sanz, J.A. Translation control: Bridging the

gap between genomics and proteomics? Trends Biochem. Sci. 2001, 26, 225–229. [CrossRef]
10. Greenbaum, D.; Colangelo, C.; Williams, K.; Gerstein, M. Comparing protein abundance and mRNA

expression levels on a genomic scale. Genome Biol. 2003, 4, 117. [CrossRef]
11. Kosová, K.; Vítámvás, P.; Prášil, I.T.; Renaut, J. Plant proteome changes under abiotic stress—Contribution

of proteomics studies to understanding plant stress response. J. Proteom. 2011, 74, 1301–1322. [CrossRef]
[PubMed]

12. Cheng, L.; Gao, X.; Li, S.; Shi, M.; Javeed, H.; Jing, X.M.; Yang, G.X.; He, G.Y. Proteomic analysis of soybean
(Glycine max (L.) Meer.) seeds during imbibition at chilling temperature. Mol. Breed. 2010, 26, 1–17. [CrossRef]

145



Int. J. Mol. Sci. 2019, 20, 355

13. Kosmala, A.; Bocian, A.; Rapacz, M.; Jurczyk, B.; Zwierzykowski, Z. Identification of leaf proteins differentially
accumulated during cold acclimation between Festuca pratensis plants with distinct levels of frost tolerance.
J. Exp. Bot. 2009, 60, 3595–3609. [CrossRef] [PubMed]

14. Xu, Y.; Zeng, X.; Wu, J.; Zhang, F.Q.; Li, C.X.; Jiang, J.J.; Wang, Y.P.; Sun, W.C. iTRAQ-based quantitative
proteome revealed metabolic changes in winter turnip rape (Brassica rapa L.) under cold stress. Int. J. Mol.
Sci. 2018, 19, 3346. [CrossRef]

15. Maltman, D.J.; Simon, W.J.; Wheeler, C.H.; Dunn, M.J.; Wait, R.; Slabas, A.R. Proteomic analysis of the
endoplasmic reticulum from developing and germinating seed of castor (Ricinus communis). Electrophoresis
2002, 23, 626–639. [CrossRef]

16. Maltman, D.J.; Gadd, S.M.; Simon, W.J.; Slabas, A.R. Differential proteomic analysis of the endoplasmic
reticulum from developing and germinating seeds of castor (Ricinus communis) identifies seed protein
precursors as significant components of the endoplasmic reticulum. Proteomics 2007, 7, 1513–1528. [CrossRef]
[PubMed]

17. Houston, N.L.; Hajduch, M.; Thelen, J.J. Quantitative proteomics of seed filling in castor: Comparison with
soybean and rapeseed reveals differences between photosynthetic and nonphotosynthetic seed metabolism.
Plant Physiol. 2009, 151, 857–868. [CrossRef] [PubMed]

18. Campos, F.A.P.; Nogueira, F.C.S.; Cardoso, K.C.; Costa, G.C.L.; Del Bem, L.E.V.; Domont, G.B.; Da Silva, M.J.;
Moreira, R.C.; Soares, A.A.; Juca, T.L. Proteome analysis of castor bean seeds. Pure Appl. Chem. 2010, 82,
259–267. [CrossRef]

19. Nogueira, F.C.; Palmisano, G.; Soares, E.L.; Shah, M.; Soares, A.A.; Roepstorff, P.; Campos, F.A.; Domont, G.B.
Proteomic profile of the nucellus of castor bean (Ricinus communis L.) seeds during development. J. Proteom.
2012, 75, 1933–1939. [CrossRef]

20. Nogueira, F.C.S.; Palmisano, G.; Schwämmle, V.; Soares, E.L.; Soares, A.A.; Roepstorff, P.; Domont, G.B.;
Campos, F.A.P. Isotope labeling-based quantitative proteomics of developing seeds of castor oil seed
(Ricinus communis L.). J. Proteome Res. 2013, 12, 5012–5024. [CrossRef]

21. Zhang, W.; Zhang, H.L.; Ning, L.Y.; Li, B.; Bao, M.Z. Quantitative proteomic analysis provides novel insights
into cold stress response in petunia seedlings. Front. Plant Sci. 2016, 7, 136. [CrossRef]

22. Wang, X.; Wang, L.J.; Yan, X.C.; Wang, L.; Tan, M.L.; Geng, X.X.; Wei, W.H. Transcriptome analysis of
the germinated seeds identifies low-temperature responsive genes involved in germination process in
Ricinus communis. Acta Physiol. Plant 2016, 38, 6. [CrossRef]

23. Sano, N.; Permana, H.; Kumada, R.; Shinozaki, Y.; Tanabata, T.; Yamada, T.; Hirasawa, T.; Kanekatsu, M.
Proteomic analysis of embryonic proteins synthesized from long-lived mRNAs during germination of rice
seeds. Plant Cell Physiol. 2012, 53, 687–698. [CrossRef]

24. Wang, J.; Lan, P.; Gao, H.; Zheng, L.; Li, W.; Schmidt, W. Expression changes of ribosomal proteins in
phosphate and iron-deficient Arabidopsis roots predict stress-specific alterations in ribosome composition.
BMC Genom. 2013, 14, 783. [CrossRef]

25. Kim, K.Y.; Park, S.W.; Chung, Y.S.; Chung, C.H.; Kim, J.I.; Lee, J.H. Molecular cloning of
low-temperature-inducible ribosomal proteins from soybean. J. Exp. Bot. 2004, 55, 1153–1155. [CrossRef]

26. Bukovnik, U.; Fu, J.; Bennett, M.; Prasad, P.V.; Ristic, Z. Heat tolerance and expression of protein synthesis
elongation factors, EF-Tu and EF-1α, in spring wheat. Funct. Plant Biol. 2009, 36, 234–241. [CrossRef]

27. Cui, S.; Huang, F.; Wang, J.; Ma, X.; Cheng, Y.; Liu, Y.J. A proteomic analysis of cold stress responses in rice
seedlings. Proteomics 2005, 5, 3162–3172. [CrossRef]

28. Lee, D.G.; Ahsan, N.; Lee, S.H.; Kang, K.Y.; Bahk, J.D.; Lee, I.J.; Lee, B.H. A proteomic approach in analyzing
heat-responsive proteins in rice leaves. Proteomics 2007, 7, 3369–3383. [CrossRef]

29. Li, A.L.; Li, H.Y.; Jin, B.F.; Ye, Q.N.; Zhou, T.; Yu, X.D.; Pan, X.; Man, J.H.; He, K.; Yu, M.; et al. A novel eIF5A
complex functions as a regulator of p53 and p53-dependent apoptosis. J. Biol. Chem. 2004, 279, 49251–49258.
[CrossRef]

30. Hopkins, M.T.; Lampi, Y.; Wang, T.W.; Liu, Z.; Thompson, J.E. Eukaryotic translation initiation factor 5A is
involved in pathogen-induced cell death and development of disease symptoms in Arabidopsis. Plant Physiol.
2008, 148, 479–489. [CrossRef] [PubMed]

31. Wang, T.W.; Lu, L.; Zhang, C.G.; Taylor, C.; Thompson, J.E. Pleiotropic effects of suppressing deoxyhypusine
synthase expression in Arabidopsis thaliana. Plant Mol. Biol. 2003, 52, 1223–1235. [CrossRef]

146



Int. J. Mol. Sci. 2019, 20, 355

32. Xu, J.; Zhang, B.; Jiang, C.; Ming, F. RceIF5A, encoding an eukaryotic translation initiation factor 5A in
Rosa chinensis, can enhance thermotolerance, oxidative and osmotic stress resistance of Arabidopsis thaliana.
Plant Mol. Biol. 2011, 75, 167–178. [CrossRef] [PubMed]

33. Wang, L.Q.; Xu, C.X.; Wang, C.; Wang, Y.C. Characterization of a eukaryotic translation initiation factor 5A
homolog from Tamarix androssowii involved in plant abiotic stress tolerance. BMC Plant Biol. 2012, 12, 118.
[CrossRef]

34. Anand, M.; Chakraburtty, K.; Marton, M.J.; Hinnebusch, A.G.; Kinzy, T.G. Functional interactions between
yeast translation eukaryotic elongation factor (eEF)1A and eEF3. J. Biol. Chem. 2003, 278, 6985–6991. [CrossRef]
[PubMed]

35. Shin, D.; Moon, S.J.; Park, S.R.; Kim, B.G.; Byun, M.O. Elongation factor 1α from A. thaliana functions as
molecular chaperone and confers resistance to salt stress in yeast and plants. Plant Sci. 2009, 177, 156–160.
[CrossRef]

36. Jeong, H.J.; Shin, J.S.; Ok, S.H. Barley DNA-binding methionine aminopeptidase, which changes the
localization from the nucleus to the cytoplasm by low temperature, is involved in freezing tolerance. Plant Sci.
2011, 180, 53–60. [CrossRef]

37. Mazzucotellin, E.; Mastrangelo, A.M.; Crosatti, C.; Guerra, D.; Stanca, A.M.; Cattivelli, L. Abiotic stress
response in plants: When post-transcriptional and post-translational regulations control transcription.
Plant Sci. 2008, 174, 420–431. [CrossRef]

38. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef]
39. Callis, J.; Vierstra, R.D. Protein degradation in signaling. Curr. Opin. Plant Biol. 2000, 3, 381–386. [CrossRef]
40. Zhou, G.A.; Chang, R.Z.; Qiu, L.J. Overexpression of soybean ubiquitin-conjugating enzyme gene GmUBC2

confers enhanced drought and salt tolerance through modulating abiotic stress-responsive gene expression
in Arabidopsis. Plant Mol. Biol. 2010, 72, 357–367. [CrossRef]

41. Chondrogianni, N.; Tzavelas, C.; Pemberton, A.J.; Nezis, I.P.; Rivett, A.J.; Gonos, E.S. Overexpression of
proteasome 5 subunit increases the amount of assembled proteasome and confers ameliorated response to
oxidative stress and higher survival rates. J. Biol. Chem. 2005, 280, 11840–11850. [CrossRef] [PubMed]

42. Parsell, D.A.; Lindquist, S. The function of heat-shock proteins in stress tolerance: Degradation and
reactivation of damaged proteins. Annu. Rev. Genet. 1993, 27, 437–496. [CrossRef]

43. Wang, W.X.; Vinocur, B.; Shoseyov, O.; Altman, A. Role of plant heat-shock proteins and molecular chaperones
in the abiotic stress response. Trends Plant Sci. 2004, 9, 244–252. [CrossRef] [PubMed]

44. Blokhina, O.; Virolainen, E.; Fagerstedt, K. Antioxidants, oxidative damage and oxygen deprivation stress: A
review. Ann. Bot. 2003, 91, 179–194. [CrossRef] [PubMed]

45. Milla, M.A.R.; Maurer, A.; Huete, A.R.; Gustafson, J.P. Glutathione peroxidase genes in Arabidopsis are
ubiquitous and regulated by abiotic stresses through diverse signaling pathways. Plant J. 2003, 36, 602–615.
[CrossRef]

46. Navrot, N.; Collin, V.; Gualberto, J.; Gelhaye, E.; Hirasawa, M.; Rey, P.; Knaff, D.B.; Issakidis, E.; Jacquot, J.P.;
Rouhier, N. Plant glutathione peroxidases are functional peroxiredoxins distributed in several subcellular
compartments and regulated during biotic and abiotic stresses. Plant Physiol. 2006, 142, 1364–1379. [CrossRef]
[PubMed]

47. Roxas, V.P.; Lodhi, S.A.; Garrett, D.K.; Mahan, J.R.; Allen, R.D. Stress tolerance in transgenic tobacco
seedlings that overexpress glutathione S-transferase/glutathione peroxidase. Plant Cell Physiol. 2000, 41, 1229.
[CrossRef] [PubMed]

48. Kosová, K.; Vítámvás, P.; Prášil, I.T. The role of dehydrins in plant response to cold. Biol. Plant. 2007, 51,
601–617. [CrossRef]

49. Tolleter, D.; Hincha, D.K.; Macherel, D.A. Mitochondrial late embryogenesis abundant protein stabilizes
model membranes in the dry state. Biochim. Biophys. Acta 2010, 1798, 1926–1933. [CrossRef]

50. Kawamura, Y.; Uemura, M. Mass spectrometric approach for identifying putative plasma membrane proteins
of Arabidopsis leaves associated with cold acclimation. Plant J. 2003, 36, 141–154. [CrossRef]

51. Lee, S.C.; Lee, M.Y.; Kim, S.J.; Jun, S.H.; An, G.; Kim, S.R. Characterization of an abiotic stress-inducible
dehydrin gene, OsDhn1, in rice (Oryza sativa L.). Mol. Cells 2005, 19, 212–218. [PubMed]

147



Int. J. Mol. Sci. 2019, 20, 355

52. Peng, Y.H.; Reyes, J.L.; Wei, H.; Yang, Y.; Karlson, D.; Covarrubias, A.A.; Krebs, S.L.; Fessehaie, A.; Arora, R.
RcDhn5, a cold acclimation–responsive dehydrin from Rhododendron catawbiense rescues enzyme activity
from dehydration effects in vitro and enhances freezing tolerance in RcDhn5-overexpressing Arabidopsis
plants. Physiol. Plant. 2008, 134, 583–597. [CrossRef]

53. Yu, D.D.; Zhang, L.H.; Zhao, K.; Niu, R.X.; Zhai, H.; Zhang, J.X. VaERD15, a transcription factor gene
associated with cold-tolerance in Chinese Wild Vitis amurensis. Front. Plant Sci. 2017, 8, 297. [CrossRef]
[PubMed]

54. Nicolás, G.; Aldasoro, J.J. Activity of the pentose phosphate pathway and changes in nicotinamide nucleotide
content during germination of seeds of Cicer arietinum L. J. Exp. Bot. 1979, 30, 1163–1170. [CrossRef]

55. Dennis, D.T.; Blakeley, S.D. Carbohydrate metabolism. In Biochemistry & Molecular Biology of Plants;
Buchanan, B.B., Gruissem, W., Eds.; American Society of Plant Physiologists: Rockville, MD, USA, 2000;
pp. 652–654.

56. Xiong, Y.Q.; Defraia, C.; Williams, D.; Zhang, X.D.; Mou, Z.L. Characterization of Arabidopsis
6-phosphogluconolactonase T-DNA insertion mutants reveals an essential role for the oxidative section of
the plastidic pentose phosphate pathway in plant growth and development. Plant Cell Physiol. 2009, 50,
1277–1291. [CrossRef] [PubMed]

57. Miclet, E.; Stoven, V.; Michels, P.A.; Opperdoes, F.R.; Lallemand, J.Y.; Duffieux, F. NMR spectroscopic analysis
of the first two steps of the pentose-phosphate pathway elucidates the role of 6-phosphogluconolactonase.
J. Biol. Chem. 2001, 276, 34840–34846. [CrossRef] [PubMed]

58. Lin, Y.Z.; Lin, S.Z.; Guo, H.; Zhang, Z.Y.; Chen, X.Y. Functional analysis of PsG6PDH, a cytosolic
glucose-6-phosphate dehydrogenase gene from Populus suaveolens, and its contribution to cold tolerance
improvement in tobacco plants. Biotechnol. Lett. 2013, 35, 1509. [CrossRef] [PubMed]

59. Bonaventure, G.; Salas, J.J.; Pollard, M.R.; Ohlrogge, J.B. Disruption of the FATB gene in Arabidopsis demonstrates
an essential role of saturated fatty acids in plant growth. Plant Cell 2003, 15, 1020–1033. [CrossRef]

60. Zheng, H.Q.; Rowland, O.; Kunst, L. Disruptions of the Arabidopsis enoyl-CoA reductase gene reveal an
essential role for very-long-chain fatty acid synthesis in cell expansion during plant morphogenesis. Plant Cell
2005, 17, 1467–1481. [CrossRef] [PubMed]

61. Roudier, F.; Gissot, L.; Beaudoin, F.; Haslam, R.; Michaelson, L.; Marion, J.; Molino, D.; Lima, A.; Bach, L.;
Morin, H.; et al. Very-long-chain fatty acids are involved in polar auxin transport and developmental
patterning in Arabidopsis. Plant Cell 2010, 22, 364–375. [CrossRef] [PubMed]

62. Durrett, T.P.; Benning, C.; Ohlrogge, J. Plant triacylglycerols as feedstocks for the production of biofuels.
Plant J. 2008, 54, 593–607. [CrossRef]

63. Dyer, J.M.; Stymne, S.; Green, A.G.; Carlsson, A.S. High value oil from plants. Plant J. 2008, 54, 640–655.
[CrossRef] [PubMed]

64. Gornicki, P.; Haselkorn, R. Wheat acetyl-CoA carboxylase. Plant Mol. Biol. 1993, 22, 547–552. [CrossRef]
[PubMed]

65. Liu, X.Y.; Li, B.; Yang, J.H.; Sui, N.; Yang, X.M.; Meng, Q.W. Overexpression of tomato chloroplast omega-3
fatty acid desaturase gene alleviates the photoinhibition of photosystems 2 and 1 under chilling stress.
Photosynthesis 2008, 46, 185–192. [CrossRef]

66. Hardie, D.G.; Carling, D.; Carlson, M. The AMP-activated/SNF1 protein kinase subfamily: Metabolic sensors
of the eukaryotic cell? Annu. Rev. Biochem. 1998, 67, 821–855. [CrossRef]

67. Rodrigues, A.; Adamo, M.; Crozet, P.; Margalha, L.; Confraria, A.; Martinho, C.; Elias, A.; Rabissi, A.;
Lumbreras, V.; González-Guzmán, M.; et al. ABI1 and PP2CA phosphatases are negative regulators of
Snf1-related protein kinase1 signaling in Arabidopsis. Plant Cell 2013, 25, 3871–3884. [CrossRef] [PubMed]

68. Purcell, P.C.; Smith, A.M.; Halford, N.G. Antisense expression of a sucrose non-fermenting-1-related
protein kinase sequence in potato results in decreased expression of sucrose synthase in tubers and loss of
sucrose-inducibility of sucrose synthase transcripts in leaves. Plant J. 1998, 14, 195–202. [CrossRef]

69. Rosnoblet, C.; Aubry, C.; Leprince, O.; Vu, B.L.; Rogniaux, H.; Buitink, J. The regulatory gamma subunit SNF4b
of the sucrose non-fermenting-related kinase complex is involved in longevity and stachyose accumulation
during maturation of Medicago truncatula seeds. Plant J. 2007, 51, 47–59. [CrossRef]

70. Bradford, K.J.; Downie, A.B.; Gee, O.H.; Alvarado, V.; Yang, H.; Dahal, P. Abscisic acid and gibberellin
differentially regulate expression of genes of the SNF1-related kinase complex in tomato seeds. Plant Physiol.
2003, 132, 1560–1576. [CrossRef]

148



Int. J. Mol. Sci. 2019, 20, 355

71. Stone, J.M.; Walker, J.C. Plant protein kinase families and signal transduction. Plant Physiol. 1995, 108,
451–457. [CrossRef]

72. Schenk, P.W.; Snaar-Jagalska, B.E. Signal perception and transduction: The role of protein kinases.
Biochim. Biophys. Acta 1999, 1449, 1–24. [CrossRef]

73. Yoshida, T.; Nishimura, N.; Kitahata, N.; Kuromori, T.; Ito, T.; Asami, T.; Shinozaki, K.; Hirayama, T.
ABA-hypersensitive germination 3 encodes a protein phosphatase 2C (AtPP2CA) that strongly regulates
abscisic acid signaling during germination among Arabidopsis protein phosphatase 2Cs. Plant Physiol. 2006,
140, 115–126. [CrossRef] [PubMed]

74. Hu, X.L.; Liu, L.X.; Xiao, B.L.; Li, D.P.; Xing, X.; Kong, X.P.; Li, D.Q. Enhanced tolerance to low temperature
in tobacco by over-expression of a new maize protein phosphatase 2C, ZmPP2C2. J. Plant Physiol. 2010, 167,
1307–1315. [CrossRef]

75. Li, W.Y.F.; Shao, G.; Lam, H.M. Ectopic expression of GmPAP3 alleviates oxidative damage caused by salinity
and osmotic stresses. New Phytol. 2010, 178, 80–91. [CrossRef]

76. Baenagonzález, E.; Sheen, J. Convergent energy and stress signaling. Trends Plant Sci. 2008, 13, 474. [CrossRef]
[PubMed]

77. Chinnusamy, V.; Zhu, J.K.; Sunkar, R. Gene regulation during cold stress acclimation in plants. Methods Mol.
Biol. 2010, 639, 39–55. [PubMed]

78. Moon, B.Y.; Higashi, S.; Gombos, Z.; Murata, N. Unsaturation of the membrane lipids of chloroplasts
stabilizes the photosynthetic machinery against low-temperature photoinhibition in TG tobacco plants.
Proc. Natl. Acad. Sci. USA 1995, 92, 6219–6233. [CrossRef] [PubMed]

79. Baena-González, E.; Rolland, F.; Thevelein, J.M.; Sheen, J. A central integrator of transcription networks in
plant stress and energy signalling. Nature 2007, 448, 938. [CrossRef]

80. Li, J.Q.; Zhu, G.L.; Li, J.X.; Tian, F.D.; Zhang, C.H.; Wu, G.L.; Wang, J.W. Breeding of new castor variety
Tongbi 5. Inn. Mong. Agric. Sci. Technol. 2004, 1, 10–11.

81. Auld, D.L.; Bettis, B.L.; Crock, J.E.; Kephart, D. Planting date and temperature effects on germination and
seed yield of Chickpea. Agron. J. 1988, 80, 909–914. [CrossRef]

82. Wen, B.; Du, C.; Li, G.; Ghali, F.; Jones, A.R.; Käll, L.; Xu, S.; Zhou, R.; Ren, Z.; Feng, Q.; et al. IPeak: An
open source tool to combine results from multiple MS/MS search engines. Proteomics 2015, 15, 2916–2920.
[CrossRef] [PubMed]

83. Wen, B.; Zhou, R.; Feng, Q.; Wang, Q.; Wang, J.; Liu, S. IQuant: An automated pipeline for quantitative
proteomics based on isobaric tags. Proteomics 2014, 14, 2280–2285. [CrossRef] [PubMed]

84. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−ΔΔCt method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

149



 International Journal of 

Molecular Sciences

Article

Quantitative Proteomic Analysis of the Response to
Cold Stress in Jojoba, a Tropical Woody Crop

Fei Gao 1,2,*, Pengju Ma 1, Yingxin Wu 1, Yijun Zhou 1 and Genfa Zhang 2,3,*

1 College of Life and Environmental Sciences, Minzu University of China, Beijing 100081, China;
s161088@muc.edu.cn (P.M.); 16051039@muc.edu.cn (Y.W.); zhouyijun@muc.edu.cn (Y.Z.)

2 Beijing Key Laboratory of Gene Resource and Molecular Development, Beijing 100875, China
3 College of Life Sciences, Beijing Normal University, Beijing 100875, China
* Correspondence: gaofei@muc.edu.cn (F.G.); gfzh@bnu.edu.cn (G.Z.); Tel.: +86-10-6893-2633 (F.G.);

+86-10-5880-9453 (G.Z.)

Received: 12 September 2018; Accepted: 3 January 2019; Published: 9 January 2019

Abstract: Jojoba (Simmondsia chinensis) is a semi-arid, oil-producing industrial crop that have been
widely cultivated in tropical arid region. Low temperature is one of the major environmental stress
that impair jojoba’s growth, development and yield and limit introduction of jojoba in the vast
temperate arid areas. To get insight into the molecular mechanisms of the cold stress response of
jojoba, a combined physiological and quantitative proteomic analysis was conducted. Under cold
stress, the photosynthesis was repressed, the level of malondialdehyde (MDA), relative electrolyte
leakage (REL), soluble sugars, superoxide dismutase (SOD) and phenylalanine ammonia-lyase
(PAL) were increased in jojoba leaves. Of the 2821 proteins whose abundance were determined,
a total of 109 differentially accumulated proteins (DAPs) were found and quantitative real time PCR
(qRT-PCR) analysis of the coding genes for 7 randomly selected DAPs were performed for validation.
The identified DAPs were involved in various physiological processes. Functional classification
analysis revealed that photosynthesis, adjustment of cytoskeleton and cell wall, lipid metabolism
and transport, reactive oxygen species (ROS) scavenging and carbohydrate metabolism were closely
associated with the cold stress response. Some cold-induced proteins, such as cold-regulated 47
(COR47), staurosporin and temperature sensitive 3-like a (STT3a), phytyl ester synthase 1 (PES1)
and copper/zinc superoxide dismutase 1, might play important roles in cold acclimation in jojoba
seedlings. Our work provided important data to understand the plant response to the cold stress in
tropical woody crops.

Keywords: Simmondsia chinensis; cold stress; proteomics; leaf; iTRAQ

1. Introduction

Jojoba, Simmondsia chinensis (link) Schneider, also called wild hazel, deer nut, oat nut and
coffeeberry, is an important and unique oil crop. The importance lies in the crushing oil of its
seeds—jojoba oil has a wide range of commercial applications, including cosmetic formulations,
food products and aerospace lubricants [1]. The composition and physical properties of the oil extracted
from Jojoba seeds are similar to those of sperm oil and thus jojoba oil is a promising alternative to
the threatened sperm whale oil [2]. Its uniqueness lies in two aspects, on the one hand, jojoba oil
is a kind of vegetable oils with unique physical property and no other vegetable oil has physical
properties comparable to jojoba oil. On the other hand, jojoba is a dryland crop and jojoba can be
grown in deserts and various arid land areas without competing with common crops for farmland.
Jojoba exhibit extremely high level of tolerance to drought and high temperature stresses and jojoba is
proposed to have the ability to curb desert expansion around the world [3].
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Jojoba is a desert shrub native to the semi-arid region of the Sonoran desert at the junction of
Mexico and USA. Since the discovery of the fine properties of jojoba, has been successfully introduced
into tropical and subtropical regions of many other countries, such as Australia, India, Egypt and
China [4]. Although Jojoba has high tolerance to drought and high temperature, it is sensitive to cold
stress. Hindered by the low tolerance to low temperature stress, jojoba is difficult to grow in temperate
zones. Especially, although jojoba has been successfully introduced in parts of Yunnan and Sichuan
province, China, many introduction studies in temperate regions of China like Henan province have
failed [5]. It is necessary to analyze the physiological and biochemical response of jojoba to the cold
stress and to investigate the response of jojoba to cold stress at the molecular level.

Low temperature is one of the key environmental cues that negatively affect plant growth and
development and limit the geographic distribution area of plants. To understand the plant response
to low temperature stress, researchers have conducted a number of physiological, biochemical and
molecular biological studies [6]. Through these results, we learned that, upon perception of the low
temperature signal in plants, the stress signal is transmitted downstream to activate many transcription
factors mediating stress tolerance and modulate the expression levels of many cold-responsive genes,
finally leading to adjustment of a large number of biological processes, including photosynthesis,
signaling, transcription, metabolism, cell wall modification and stress response [7]. However, most of
the studies on plant responses to cold stress were conducted in model plants and common crops such
as Arabidopsis [8], rice [9] and wheat [10], no systematic analysis of the cold stress response in jojoba
was reported by far, despite its importance as a unique semi-arid, oil-producing industrial crop.

Since proteins are the key players in the majority of cellular biological processes, proteomics
techniques have been the powerful tools for detection of the quantitative alterations in protein
abundance in plant response to environmental stress. The classical proteomics approach was
two-dimensional gel electrophoresis (2-DE) coupled with mass spectrometry (MS) identification.
With the rapid development of quantitative MS, the gel-based proteomic techniques are gradually
giving way to some newly-developed technologies, for example, stable isotope labeled quantitative
proteomics methods such as the isobaric tags for relative and absolute quantitation (iTRAQ) labeling
technique. iTRAQ coupled to liquid chromatography-quadrupole mass spectrometry (LC-MS/MS)
represents an efficient proteomic approach for the fast identification and accurate quantification of
the high complexity protein mixture [11] and is currently being widely used for the quantitative
comparative analysis of plant proteomes to various environmental stresses [12–15].

In the present study, the physiological and proteomic responses of jojoba to cold stress were
investigated using iTRAQ-coupled LC-MS/MS technique. This study will reveal how leaf proteins and
their related pathways were regulated for jojoba’s response to cold stress, our study can also identify
the candidate proteins which play key role in cold acclimation in jojoba seedlings, which should
facilitate the understanding of the low temperature stress response in jojoba at the molecular level.

2. Results

2.1. Physiological Response of Jojoba Seedlings to Cold Stress

To investigate the physiological changes in jojoba leaves exposed to cold condition, the jojoba
seedlings were treated with non-lethal cold treatment and several physiological and biochemical
parameters were measured. Firstly, as expected, the physiological status of the jojoba was affected
by cold stress and after cold treatment, the color of jojoba leaves changed from green to gray-green
(Figure S1). The retarded growth typically induced by cold stress might be associated to the impaired
photosynthesis in jojoba seedlings under cold stress conditions (Figure 1) and change of leaf color may
result from the decreased chlorophyll content in jojoba leaves (Figure 2a).

Cold stress is expected to promote the membrane peroxidation, resulting in the elevated level
of plasma membrane permeability. Malondialdehyde (MDA) and relative electrolyte leakage (REL)
can be used to evaluate the plasma membrane lipid peroxidation and integrity, respectively. In the
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present study, both MDA content and REL level in jojoba leaves were increased significantly under
cold stress (Figure 2b,c), indicating that the treatment regimen we used caused plasma membrane
damage in jojoba leaf. Osmotic homeostasis may be disturbed under cold stress and we determined
the cold stress induced changes in soluble sugars and proline in jojoba leaves (Figure 2d,e). The levels
of soluble sugars and proline were increased significantly under cold stress. We speculated that the
accumulation of soluble sugars and proline in jojoba leaves probably help to maintain osmotic balance
during adaptation to the cold stress.

Figure 1. Cold stress-induced changes in photosynthesis related parameters in jojoba leaves from
cold stress-treated group (CT) and control group (CK). (a) net photosynthesis rate (Pn); (b) stomatal
conductance (Gs); (c) transpiration rate (Tr); (d) intercellular carbon dioxide concentration (Ci).
Data were represented as means ± SD from five biological replicates (* p < 0.05, ** p < 0.01).

Figure 2. Cold stress-induced alterations of physiological parameters in jojoba leaves from cold
stress-treated group (CT) and control group (CK). (a) chlorophyll content; (b) malondialdehyde (MDA);
(c) relative electrolyte leakage (REL); (d) content of soluble sugars; (e) proline content; (f) activity of
superoxide dismutase (SOD); (g) activity of catalase (CAT); (h) activity of phenylalanine ammonia-lyase
(PAL). Data were represented as means ± SD from five biological replicates (* p < 0.05, ** p < 0.01).

Reactive oxygen species (ROS) always accumulated in stressed plants and the activities of
antioxidant enzymes will be regulated correspondingly. In cold-stressed jojoba leaves, the activities
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of superoxide dismutase (SOD) and catalase (CAT) were up-regulated (Figure 2f,g) and these
antioxidant enzymes probably contribute to ROS scavenging in cold-stressed jojoba leaves. In addition,
the activity of phenylalanine ammonia-lyase (PAL), a key enzyme catalyzes the first metabolic step from
primary metabolism to the secondary phenylpropanoid metabolism, was observed to up-regulated in
cold-stressed jojoba leaves (Figure 2h).

2.2. iTRAQ Analysis and Identification of Differentially Accumulated Proteins

To investigate the proteomic changes associated with cold stress exposure in leaves of jojoba
seedlings, iTRAQ analysis was conducted to identify the differentially accumulated proteins (DAPs)
between the control and cold-treated plants. High-resolution LC–MS/MS was employed to detect and
quantitate proteins in the jojoba leaves. The protein concentration of protein samples was measured
by BCA method and the quality of each protein samples were evaluated by (polyacrylamide gel
electrophoresis) SDS-PAGE analysis (Figure S2).

After labeling, the combined iTRAQ labeled peptides were fractionated by strong cation exchange
(SCX) chromatography (Figure S3). The mass spectrometry proteomic data of the present study
have been deposited in the PRIDE PRoteomics IDEntifications (PRIDE) database under the database
identifier PXD007063.

A total of 23,422 unique peptides (FDR ≤ 0.01) were obtained and 2821 proteins were ultimately
identified. The distribution of peptide number is shown in Figure 3a and all of the identified proteins
having at least two peptides. The predicted molecular weights and isoelectric points (pIs) of the
various identified proteins also showed high degrees of variation (Figure 3b,c), with molecular weights
ranging from 10.3 to 254.6 kDa with a median of 37.8 kDa and pIs ranging from 3.95 to 12.06 with a
median of 6.98. Moreover, most of the identified proteins have good peptide coverage (Figure 3d).

Figure 3. Characteristics of the identified unique proteins in jojoba leaf samples. (a) Unique peptide
number distribution; (b) Protein mass distribution; (c) Protein isoelectric point distribution; (d) Peptide
coverage of the identified proteins.

Of all the detected proteins, 2821 appear in each replicate of all samples and the relative
quantifications of these proteins were used for further analyses. Statistical t-test analysis was used to
identify the candidate proteins that are involved in the cold stress response in jojoba leaves. Of the 2821
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proteins that were quantitated, a total of 109 unique proteins showed differential accumulation pattern
(Table S2). Among these DAPs, 31 were up-regulated under cold stress, while the other 78 DAPs
were down-regulated.

2.3. Functional Annotation and Classification of the Differentially Accumulated Proteins

To understand the biological roles of the DAPs in response to cold stress in jojoba leaves, we
annotated the DAPs by the enrichment analysis in the Gene Ontology (GO) function term and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.

The amino acid sequences of the 109 DAPs were extracted from customized jojoba protein
database based on their ID, then blastp algorithm was performed against the GO and KEGG databases.
A total of 1215 GO terms and 38 KEGG terms were identified with a p value < 0.05. The top 3
categories of Biological Process terms were metabolic process, cellular process and single-organism
process, the top 3 class of cellular component terms were cell, cell part and organelle and the top 3
categories of molecular function terms were catalytic activity, binding and structural molecule activity
(Figure 4). The major KEGG pathways included biosynthesis of secondary metabolites (9 DAPs),
Carbon fixation in photosynthetic organisms (6 DAPs), phagosome (7 DAPs), Ribosome (5 DAPs),
oxidative phosphorylation (4 DAPs), protein processing in endoplasmic reticulum (3 DAPs) and
phenylpropanoid biosynthesis (3 DAPs).

Figure 4. GO functional classification of the identified DAPs.

GO enrichment analyses of the DAPs using agriGO [16] revealed 57 enriched GO terms.
These enriched GO terms were associated with various biological processes, including response
to abiotic stimulus, phenylpropanoid biosynthetic process and carbohydrate metabolic process.
The overrepresented GO cellular component terms included cytoplasm, chloroplast and ribosome.
The top 3 enriched GO molecular function terms were catalytic activity, lyase activity and structural
molecule activity.

Although GO and KEGG analysis can provide similar and overlapping results, integrating these
results will help to reveal more accurately the biological processes represented by the DAPs and their
biological significance. All DAPs were also annotated by aligning to Arabidopsis protein database
(TAIR10) and Swiss-Prot database. Based on the annotation results, together with results of the GO
and KEGG analyses, the DAPs were classified into 14 categories according to their putative biological
functions, i.e., photosynthesis, cytoskeleton and cell wall, protein synthesis, folding and degradation,
lipid metabolism and transport, stress response and defense, signal transduction, RNA splicing and
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transport, vesicle transport, carbohydrate metabolism, transmembrane transport, ROS scavenging,
secondary metabolism and miscellaneous and unknown proteins (Figure 5 and Table S2). Their possible
functions in cold stress signaling and response will be discussed later.

Figure 5. Functional categorization of the differentially accumulated proteins in jojoba leaves under
cold stress.

2.4. Gene Expression Analysis of the Cold Stress Responsive Proteins

To validate the results of the quantitative proteomic analysis, 7 DAP coding genes were randomly
selected for quantitative real time PCR (qRT-PCR) analysis (Figure 6). The expression levels of most of
these genes exhibited the same trend with the protein abundance of the corresponding DAPs. However,
the expression level of two genes (c89788_g1 and c75260_g1) showed the opposite change pattern with
the abundance of their corresponding proteins. The discrepancy between the transcription level of the
DAPs and the abundance of the corresponding proteins have been reported in previous studies [13]
and this difference probably resulted from posttranslational modifications of proteins under cold stress,
such as protein phosphorylation.

Figure 6. Gene expression analysis of the DAPs and comparison with the change pattern at the protein
level revealed by iTRAQ analysis. Values were represented as means ± SD from three biological
replicates. CK, control group; CT, cold-treated group.
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2.5. Molecular Network Involved in Cold Stress Response in Jojoba Leaves

To reveal the interaction networks associated with the cold stress response in jojoba leaves,
the protein-protein interaction (PPI) networks were constructed using the STRING protein-protein
interaction database (Figure 7). Due to the lack of protein interaction data of jojoba and its closely
related species, we used the homologous proteins in Arabidopsis thaliana to construct the protein
interaction networks. For ease of understanding, the names of the DAPs were represented by the
names or the locus numbers of the homologous proteins in Arabidopsis (http://www.arabidopsis.org)
in the PPI map.

The largest network (Figure 7a) consists of 11 DAPs associated with proteins synthesis and
folding, suggesting the cold stress significantly affected the protein synthesis in jojoba. The second
largest network (Figure 7b) consisted of 4 proteins and most of them were related to the mitochondrial
respiratory chain. The other subnetworks were associated with photosynthesis (Figure 7c), cell wall
(Figure 7d) and transmembrane transport (Figure 7e). In sum, most of the cold stress-regulated
biological processes identified via functional annotation and classification analyses were also
highlighted in the PPI map.

Figure 7. The protein-protein interaction (PPI) network of the differentially accumulated proteins
(DAPs) in jojoba leaves under cold stress. Edge color represents protein-protein associations among
different proteins: blue for known interactions from curated database, black for predicted interactions
base on co-expression, pink for experimentally determined known interactions, green for predicted
interactions base on gene neighborhood, red for predicted interactions base on gene fusions, dark
blue for predicted interactions base on gene co-occurrence, yellow-green for predicted interactions
base on text mining and light blue for predicted interactions base on protein homology. The largest
network (a) was mainly associated with proteins synthesis and folding, the second largest network
(b) was related to the mitochondrial respiratory chain. The other subnetworks were associated with
photosynthesis (c), cell wall (d) and transmembrane transport (e).
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3. Discussion

Our previous EST analysis had identified several candidate genes which may be involved in
the water-deficient stress response in jojoba plants [17]. In the present proteomic analysis, a large
number of cold stress-responsive proteins were identified in jojoba leaves. As expected, some
well-known stress-inducible proteins were found, such as copper/zinc superoxide dismutase 1 (CSD1)
and cold-regulated 47 (COR47). Some cold-responsive proteins reported previously in other plant
species were also presented in the list of the DAPs, including ferredoxin 3 (FD3) and PHE ammonia
lyase 1 (PAL1) [18]. These results support the reliability and robustness of the iTRAQ technology
in investigating the plant response to environmental stress. Our data showed that several proteins
were up-regulated significantly under cold stress and some of them might play important roles in
the response to cold stress in jojoba. The possible biological functions of these DAPs in cold stress
adaptation are further discussed below.

3.1. Proteins Involved in Stress Signal Transduction

In plant cells, perception of extracellular stimuli was mediated by the plasma membrane receptors
and transduced by signaling pathway. In the present study, several components in Ca2+ and abscisic
acid (ABA) signaling were regulated under cold stress, highlighting their pivotal roles in the jojoba’s
response to cold stress.

Ca2+ plays an essential role in plant cells in response to environmental stimuli as a second
messenger and Ca2+ concentration has been found to increase in response to cold stress [19]. In our
study, two calcium-binding proteins, i.e., calcium-binding EF-hand family protein and annexin 4, were
found to be down-regulated under cold stress. Although calcium ion has been demonstrated to play
an important role in the low temperature perception and signaling, in the present study, we can still
find some components of calcium signaling pathway changes in abundance after 7 days of cold stress,
indicating that the calcium ion signaling pathway may also be involved in low temperature adaptation
in jojoba.

ABA signaling plays important role in stress response in plant and as expected, several
DAPs involved ABA signaling were identified, including Serine/threonine-protein kinase GRIK2
(GRIK2), CPCK2 (chloroplast localized subunit of casein kinase 4) and annexin 4. SNF1-RELATED
PROTEIN KINASE 1.1 (SnRK1.1) is a key component in abscisic acid-activated signaling pathway
and Arabidopsis GRIK1 specifically activates SnRK1.1 by phosphorylation of its activation-loop [20].
Annexin 4 has been shown to play a vital role in abscisic acid signal transduction in Arabidopsis in a
Ca2+-dependent manner [21].

In addition, several DAPs involved synthesis and signaling of other phytohormones were also
identified. Of them, ethylene-forming enzyme (EFE) is an enzyme involved in the ethylene biosynthesis
and EXORDIUM like 5 (EXL5) is involved in brassinosteroid-dependent regulation of growth and
development [22]. These data indicated that multiple phytohormone signaling pathways were adjusted
in jojoba to adapt to the cold condition.

3.2. Proteins Involved in Photosynthesis and Carbohydrate Metabolism

Photosynthesis is greatly inhibited by low temperature in various plant species, especially for cold
sensitive tropical crops such as jojoba. We observed that the physiological status of jojoba seedlings was
affected by the cold stress treatment. The effect might relate to the decrease of the net photosynthesis
as revealed by photosynthetic performance measurement (Figure 1).

Sixteen DAPs involved in photosynthesis were regulated by cold stress. In line with the
impaired photosynthesis, most of the photosynthesis related DAPs were down-regulated in abundance,
including three ribulose bisphosphate carboxylase small chain proteins and a Ribulose bisphosphate
carboxylase/oxygenase activase. The only three up-regulated DAPs were FD3, NADP-malic enzyme 4
(NADP-ME4) and glyceraldehyde-3-phosphate dehydrogenase of plastid 1 (GAPCP-1). Ferredoxins
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are small, soluble iron-sulfur proteins that deliver electrons in many metabolic reactions and the
chloroplast localized ferredoxins mainly function as electron transfer proteins to transfer reducing
equivalents from photosystem I (PSI) to NADPH during linear electron flow (LEF). Ferredoxins were
down or up-regulated under abiotic stress in several plant species such as rice and maize [18] and
expression of a sweet pepper ferredoxin enhanced the tolerance to heat stress in Arabidopsis thaliana [23].
In the present study, the up-regulation of FD3 may help to prevent photo-oxidative damage under
cold stress through cyclic electron flow (CEF) in jojoba leaves.

We observed significant increase in soluble sugars and proline level in jojoba leaves under cold
stress. These molecules not only function as osmoprotectants but also protect the membrane via the
interaction with the lipid biolayer and high levels of sugars inhibit photosynthesis in plant under cold
stress [24]. Considered that the photosynthesis is greatly inhibited by cold stress, the accumulation
of soluble sugars probably resulted from enhanced starch degradation, which was consistent with
observations in tea plant [25]. As expected, many enzymes affecting sugar content were regulated
under cold stress and these enzymes included a trehalose-6-phosphatase synthase s7, which is involved
in trehalose biosynthesis [26] and two enzymes involved in starch synthesis, glucose-1-phosphate
adenylyltransferase family protein (AGPase large subunit 3, APL3) and granule bound starch synthase
1) (GBSS1) (Table S2). ADP-Glucose pyrophosphorylase (AGP) catalyzes the rate limiting step in starch
biosynthesis and AGPase large subunit 1 (APL1) and AGPase small subunit (APS1) are abundant in
photosynthetic tissues and play the dominant role in leaves. APL3 is a large subunit isoform of AGP
and present mainly in root [27]. The up-regulation of APL3 in cold-stressed jojoba leaves suggested
that APL3 might also play a role in starch synthesis in leaves when the plants were exposed to cold
stress. GBSS1 is the only starch synthase isoform required for amylose synthesis in chloroplast [28] and
the up-regulation of GBSS1 in cold-stressed jojoba indicates that the proportion of amylose in starch
may increase in cold-stressed jojoba leaves. In brief, our data showed that reorganization of starch
metabolism was an essential process for jojoba to survive under low temperature conditions.

3.3. Proteins Involved in ROS Scavenging

Dysfunction of the photosynthetic apparatus under cold conditions exposes the plant to
photoinhibition and can lead to elevated levels of ROS. In the present study, 6 DAPs involved in
ROS scavenging were identified. Glutathione (GSH) plays key role in cell redox homeostasis. Three
of these DAPs were involved in regulating GSH concentration, including GLYOXALASEI 6 (GLYI6)
and two glutathione S-transferase family proteins. These results indicated that GSH metabolism was
adjusted in jojoba leaf cells upon cold stress. Among these DAPs, glyoxalase Is (GLYIs) are one of
the two groups of enzymes forming glyoxalase pathway and glyoxalase pathway has been shown
to play an important role in stress tolerance. GLYI uses GSH as a cofactor for the detoxification of
methylglyoxal (MG), high level of which is toxic to cells [29].

CSD1 were found to be up-regulated significantly in jojoba leaves under cold stress. In line with
the change in protein abundance, the superoxide dismutase activity was elevated in cold stress jojoba
leaves (Figure 2f). CSD1 encodes a cytosolic copper/zinc superoxide dismutase and its expression
is negatively regulated by miR398. SODs catalyze the dismutation of superoxide into oxygen and
hydrogen peroxide, constitute the first line of defense against ROS in cell. CSD1 has been observed
to up-regulated under stressful conditions in many plant species [18,30] and transgenic plants that
express CSD1 have shown enhanced tolerance to multiple stresses [30]. The up-regulation of CSD1
might contribute to cold acclimation in jojoba by repressing the elevation of ROS level.

3.4. Proteins Involved in Stress Response and Defense

Eight proteins involved in stress response and defense were identified as DAPs in the present
study. Several proteins of these category, i.e., COR47, cystatin B, ARABIDOPSIS THALIANA KUNITZ
TRYPSIN INHIBITOR 5 (ATKTI5), MLP-like protein 34 (MLP34), were frequently identified as
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differentially accumulated proteins under stressful conditions in previous proteomic studies in other
plant species [18].

It is noteworthy that almost all DAPs involved in stress response and defense were
down-regulated under cold stress in jojoba leaves and the only cold-induced DAPs in this category is
COR47. Dehydrin (DHN) is a large family of proteins present in plants and DHNs are produced in
response to environmental stresses. COR47 is one of DHNs that accumulate during the abiotic stress
such as drought, salinity, freezing, or by treatment with ABA. COR47 is one the principal DHNs that
accumulate under low temperature stress in A. thaliana and overexpression of COR47 improved cold
stress tolerance of A. thaliana seedling [31]. COR47 is regarded as the marker genes of CBF/DREB
pathway during cold acclimation, thus the up-regulation of COR47 under cold exposure probably play
important role in cold adaptation of jojoba seedlings.

3.5. Proteins Involved in Cell Wall Modification and Osmotic Homeostasis

Cold stress was previously reported to affect the cell walls in pea seedlings [32] and cell wall
modification is essential for plant acclimation to environmental stresses [33]. As expected, several
enzymes involved in cell wall modification were differentially accumulated in cold-stressed jojoba
leaves. Among these DAPs, pectin methylesterase CGR2 (CGR2) functions in the modification of
cell walls via methylesterification of cell wall pectin [34]. Lignin is an important component of cell
walls and several genes involved in lignin biosynthesis, i.e., PAL1, CCR (cinnamoyl CoA: NADP
oxidoreductase)-LIKE 1 and a class III peroxidases, peroxidase 52, were identified as DAPs, indicating
lignin synthesis was regulated under cold stress. Among these DAPs, PAL1 was up-regulated
significantly and the PAL enzyme activity measurement validated the up-regulation of PAL at
the protein level. PAL1 catalyzes the first step in the phenylpropanoid pathway [35] and another
important enzyme in the phenylpropanoid pathway, flavonol synthase 1 (FLS1) was also up-regulated
in cold-stressed jojoba leaves. In addition to act as the precursors for lignin synthesis, derivatives of
phenylpropanoid pathway have various biological functions in plants, for example, some flavonoids
function as protectants against oxidative stress induced by abiotic stress or pathogen attack [36].

Cold stress can induce inhibition of water uptake and indirectly resulted in osmotic stress in
cells [37], thus, maintenance of the cell’s osmotic potential under cold conditions is one of the major
challenges for plant growth and development. In the present study, the increased soluble sugars in
cold-stressed jojoba leaves can help the cell to lower water potential in cytoplasmic matric (Figure 2d).
At the same time, several aquaporins and ion transporters were found to be differentially accumulated
under cold stress and these DAPs included plasma membrane intrinsic protein 3 (PIP3), inorganic
H pyrophosphatase family protein AVP1 (AVP1) and PLASMA MEMBRANE PROTON ATPASE 2
(PMA2). Of these DAPs, PMA2 probably contributes to the H+-electrochemical potential difference
across cytoplasma membrane that drives the active transport of nutrients by H+-symport and PMA2 is
also shown to be involved in cell expansion, by acidifying the apoplasm and thus, activating proteins
involved in loosening the cell wall like expansins [38]. In the present study, the decreased PMA2
may be associated to the cell wall rigidification induced by cold stress [39]. AVP1 plays an important
role in trans-tonoplast membrane proton gradient that is used to energize secondary transporters like
vacuolar Na+/H+ antiporters and ectopic expression of an Arabidopsis AVP1 improves drought- and
salt tolerance in cotton [40]. The up-regulation of AVP1 in cold-stressed jojoba leaves might contribute
to the osmotic homeostasis of the cells.

Under the low temperature environment, the cell volume might become smaller. To cope with
such stress, the cytoskeleton, cell wall and plasma membrane would change correspondingly. We found
five cytoskeleton-related proteins differentially accumulated under cold stress. These DAPs included
tubulin alpha-4 chain (TUA4), tubulin beta 8 (TUB8) and actin 1 (ACT1). The cytoskeleton-related DAPs
probably participate in modulating the cytoskeleton organization in cold-stressed jojoba leaf cells.
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3.6. Proteins Involved in Protein Synthesis, Folding and Degradation

Cold stress seriously affected the protein synthesis and folding and previous proteomic studies
have identified many stress-responsive proteins associated with protein synthesis, folding and
degradation in plants [18]. In jojoba, 11 DAPs involved in protein metabolism were identified,
including 6 involved in translation, 3 in protein folding and 2 in protein modification. Extensive
protein interactions were predicted among the DAPs in this category (Figure 7a).

Although most of the DAPs involved in protein metabolism were down-regulated, some of them
were induced under cold stress. For example, 60S ribosomal protein L7-3 and L10a-1 and an eukaryotic
translation initiation factor 3 (eIF-3) subunit were down-regulated, while 60S ribosomal protein L7-4
and L13a-2 were increased in abundance under cold stress. These data indicated that the translation
apparatus was adjusted to adapt to cold environment.

Besides 60S ribosomal protein L7-4 and L13a-2, two cold-induced DAPs, i.e., signal peptidase
complex catalytic subunit SEC11C (SEC11C) and staurosporin and temperature sensitive 3-like a
(STT3A), were identified in jojoba leaves under cold stress. Signal peptidase is a group of enzymes help
to remove signal peptides from nascent proteins Since no stress responsive signal peptidase have been
reported by now, the biological significance of the up-regulation of SEC11C observed in the present
study is still to be investigated.

Environmental stresses often lead to the accumulation of misfolded proteins in the endoplasmic
reticulum (ER) lumen. Besides molecular chaperone and peptide disulfide isomerase, which
help the refolding of the misfolded proteins, N-glycosylation in ER has been shown to regulate
protein quality control. Protein N-glycosylation in ER is catalyzed by a multi-subunit enzyme,
the oligosaccharyltransferase (OST) complex. One of the cold-induce DAPs in the present study,
STT3A, is one of the catalytic subunits of OST. Previous studies showed that STT3a is required for
recovery from the unfolded protein response and for cell during salt/osmotic stress recovery [41].
Our results indicated that cold stress induced STT3a possibly contribute to the cold acclimation of
jojoba seedling by participated in protein folding and strengthening protein quality control in ER.

3.7. Proteins Involved in Lipid Metabolism and Transport

Lipids are involved in a wide variety of physiological processes in plant cells. For example,
lipids form the cytoplasma membrane and membrane of organelles, protect tissues by forming leaf
cuticle and wax; lipids participate in the photosynthetic capture of light in chloroplast and function as
signaling molecules in stress signal transduction [42]. In the present study, 10 DAPs involved in fatty
acid metabolism and transport were identified, indicating a significant change were taken place in lipid
metabolism in cold-stressed jojoba leaves and such a phenomenon was reported in Arabidopsis
and Eutrema salsugineum [42]. There of these DAPs, i.e., glycosylphosphatidylinositol-anchored
lipid protein transfer 6 (LTPG6), fatty acid export 1 (FAX1) and ROSY1 are involved in lipid
and sterol transfer. Among them, ROSY1 has been shown to be involved in the regulation
of gravitropic response and basipetal auxin transport in roots [43] and the down-regulation of
ROSY1 in jojoba leaves suggested its possible role in cold stress response. The remaining 8
DAPs in this category were mainly associated with lipid synthesis and catabolism. Among them,
3-DEOXY-D-ARABINO-HEPTULOSONATE-7-PHOSPHATE 2 (DAHP2) catalyzes the first step of the
shikimate pathway, a key pathway for the synthesis of aromatic primary and secondary metabolites [44].
The up-regulation of DAHP2 in cold-stressed jojoba leaves indicated that more carbon flux was used to
synthesize lipid and secondary metabolites. Mitochondrial acyl carrier protein 1 (MTACP-1), a member
of the mitochondrial acyl carrier protein (ACP) family, is involved in fatty acid and lipoic acid synthesis
in mitochondria [45]. Cytochrome B5 isoform B and E are membrane bound hemoproteins and are
involved in oxidation-reduction process by functioning as electron carrier for some membrane bound
oxygenases like fatty acid desaturases [46].

When plants were exposed to environmental stresses, the thylakoid membranes in chloroplasts
are disintegrated and galactolipid are broken down, leading to the accumulation of phytol and free
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fatty acids, which are toxic to cells. Theses phytol and fatty acids can be converted into fatty acid phytyl
esters and triacylglycerol by phytyl ester synthase (PES) [47]. PES1 was up-regulated in jojoba seedling
under cold treatment, which would help to maintain the integrity of the photosynthetic membrane
during cold stress. Thus, the up-regulation of PES1 probably play a vital role in cold adaptation to
cold conditions for jojoba.

4. Materials and Methods

4.1. Plant Growth and Cold Stress Treatment

Jojoba seedlings were grown in commercial pots at 25/20 ◦C (d/n) under a photosynthetic photon
flux density of 150 μmol m−2 s−1 with long-day conditions (16/8 h light/dark cycle) for 1 month.
Thirty female Jojoba seedlings were divided into two groups randomly and all the seedling have
similar height and 7–8 pairs of true leaves. The first group was still grown in tissue culture room
for additional 7 days and served as the control group. The second group were transferred to the
cold-stress conditions (150 μmol m−2 s−1 light intensity, 20/15 ◦C for the first two days and 15/10 ◦C
d/n for the remaining five days). A growth chamber Pervical LT-36VL (Percival Scientific, Inc., Perry,
IA, USA) was used for plant growth and cold treatment. After 7 days of treatment, the fifth and sixth
pairs of leaves in the both groups were collected. Part of these leaves were used for biochemical and
physiological parameter measurement and the remaining leaves were frozen immediately in liquid
nitrogen and then stored at −70 ◦C for further RNA and protein extraction. Each sample were pooled
from three individual plants and each group had at least three biological replicates.

4.2. Physiological and Biochemical Parameter Measurements

Measurements of photosynthesis, stomatal conductance, intercellular carbon dioxide
concentration and transpiration rate were conducted using a portable gas analysis system, LI-COR
6400 (LICOR Inc., Lincoln, NE, USA). The chlorophyll contents were determined using a UV-vis
spectrophotometer according to a previously described method [48]. MDA content and REL were
measured using the previous described methods [49]. The content of soluble sugars was measured
using the anthrone method [50]. Proline concentrations were measured in a UV-vis spectrophotometer
by using the ninhydrin reaction method [51]. For enzyme activity measurement, five hundred
milligram fresh leaves were homogenized with 5 mM phosphate buffer (pH 7.0) containing 1 mM
EDTA and 2% PVPP at 4 ◦C. After centrifugation (12,000 g) for 15 min at 4 ◦C, the supernatant
was collected and used for enzymes measurement. The activities of CAT and SOD were conducted
according to the protocol provided by the manufacturer (Nanjing Jiancheng Institute of Biotechnology,
Nanjing, China). PAL activity was assayed using the method of McCallum and Walker [52]. Data are
presented as means ± standard deviation (SD) from five independent biological replicates.

4.3. Protein Extraction

Leaf samples from cold stress-treated seedlings (CT) and unstressed seedlings (CK) were ground
into fine powder with liquid nitrogen. The power was suspended in an acetone solution containing 10%
trichloroacetic acid and 65 mM Dithiothreitol (DTT). After thoroughly mixing by vortexing, proteins
were precipitated at −20 ◦C for 1 h. Proteins were then harvested by centrifuging at 10,000 rpm
(Eppendorf 5430R; Eppendorf Ltd., Hamburg, Germany) at 4 ◦C for 50 min. The resulting supernatant
was removed and the protein pellet was washed three times with cold acetone and then dried by
lyophilization. The pellet was then suspended in STD buffer (4% SDS, 1 mM DTT, 150 mM Tris-HCl,
pH 8.0) and mixed thoroughly. After 5 min incubation in boiling water, the suspensions were dispersed
by ultrasonication (80 w: 10 times for 10 s each, with 15 s intervals). After incubated in a boiling water
bath for 5 min, the final protein solutions were collected by centrifugation. The protein concentration
was measured using the bicinchoninic acid protein assay kit (Beyotime, Shanghai, China). In addition,
the quality of the protein samples was further inspected by SDS-PAGE electrophoresis.
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4.4. Protein Digestion and ITRAQ Labeling

Protein digestion was conducted using the FASP method [53]. The peptide content was
determined by spectra density using UV absorption at 280 nm. The peptide mixture was labeled
with the 8-plex iTRAQ reagent according to the manufacturer’s recommendation (AB SCIEX) (113 to
115 tags for the three biological replicates of control group, 116 to 118 tags for the three biological
replicates of cold stress-treated group) and vacuum dried.

4.5. Strong Cation Exchange (SCX) Chromatography and LC–MS/MS

All the labeled peptide samples were mixed together and then fractionated by strong cation
exchange (SCX) chromatography using an AKTA Purifier system (GE Healthcare, Waukesha, WI,
USA). The collected fractions (33 fractions) were finally combined into 15 pools and desalted on C18
Cartridges (66872-U, Sigma, St Louis, MO, USA).

Peptides separation was conducted with an automated Easy-nLC1000 system coupled to a
Q-Exactive mass spectrometer (Thermo Finnigan, San Jose, CA, USA). The peptides were loaded
onto a Thermos scientific EASY column (2 cm × 100 μm, 5 μm-C18) equilibrated with 95% Buffer A
(Buffer A, 0.1% formic acid) and then the peptides were loaded and separated on a C18 column
(75 mm × 250 mm, 3μm-C18) at a flow rate of 250 nL/min. The peptides were separated with an
elution buffer B (0.1% formic acid in 84% acetonitrile) gradient as follows: 0–50% for 100 min,
50–100% for 8 min and 100% for 12 min. The Q-Exactive (Thermo Finnigan, San Jose, CA, USA)
mass spectrometer was used to collect data in the positive ion mode according to the method described
previously [13].

4.6. Protein Identification and Quantification

Raw MS/MS data were interpreted with Proteome Discoverer (version 1.4, Thermo Fisher
Scientific, Waltham, MA, USA) using the search engine Mascot (Version 2.2, Matrix Science, London,
UK) against the customized protein database of jojoba (47,062 sequences, translated from transcriptome
sequencing of jojoba leaves and young fruits) and the decoy database. The Mascot parameters were set
as follows: enzyme, trypsin; mass values, monoisotopic; peptide mass tolerance, ±20 ppm; MS/MS
tolerance, 0.1 Da; max missed cleavages, 2; fixed modifications, Carbamidomethyl (C), iTRAQ8plex
(N-term), iTRAQ8plex (K); variable modifications, Oxidation (M). The reverse of the target database
was used as the decoy database. False discovery rate (FDR) of both proteins and peptides identification
was not more than 1%. Protein identification was supported by a minimum of two unique peptide
identification and an amino acid coverage ≥ 5%.

The intensity of the reporter ions from analyzed fragmentation spectrums was used for peptide
quantification and the relative quantity was calculated using the Proteome Discoverer 1.4 software
according to the user’s guide. Each confident protein quantification required at least two unique
peptide and the quantification values were rejected if not all quantification channels are present.
The relative quantification of proteins in each group was based on the strength of the reporter ion.
The average value of channels of control group was used as internal reference. Ratio was used to
assess the fold changes in the abundance of the proteins identified in cold-treated group versus control
group. Student’s t-test was used to identify significant (p-value < 0.05) differences in means between
cold-treated and control plants. To be identified as differentially accumulated protein (DAP), a protein
must pass t-test with p-value < 0.05 and with a change ratio > 1.5 or < 0.667.

4.7. Function Annotation, Classification of the DAPs

Proteins were functionally annotated by using Blast2GO. GO enrichment analysis was conducted
using the singular enrichment analysis (SEA) under agriGO [16] and the Arabidopsis thaliana (TAIR10)
were used as backgrounds in combination with Fisher’s test and the Yekutieli multiple-test with a
threshold of FDR = 0.05. Subcellular localization information for proteins was collected from UniProt
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database and TAIR (www.arabidopsis.org). The biological functions of the DAPs were classified
based on their gene ontology annotations and their annotation in KEGG (Kyoto Encyclopedia of
Genes and Genomes) database (https://www.kegg.jp/). Protein-protein interaction networks were
analyzed using the program STRING (http://string-db.org/), a database of known and predicted
protein-protein interactions. The confidence score was set at the high level (≥0.900).

4.8. Quantitative Real-Time PCR Analysis

Total RNA was extracted from jojoba leaves according to a previously described method [17].
qRT-PCR were performed according to previous descriptions [54]. The gene expressions of selected
protein-coding genes were normalized against an internal reference gene, 18S rRNA (NCBI accession
number: AF094562). The relative gene expression was determined using the 2−ΔΔCt method [55].
Data are presented as means ± standard deviation (SD) from three independent biological replicates.
A p-value < 0.05 was determined to be statistically significant. All primers used in the present study
are listed in Table S1.

5. Conclusions

A combined physiological and quantitative proteomic analysis was performed to investigate
the response to cold stress in jojoba, a semi-arid oil producing crop. Our results indicated that cold
stress promote the membrane peroxidation and impair the membrane integrity and jojoba leaves
respond to cold stress by reducing chlorophyll content and inhibiting photosynthesis, enhancing the
ROS scavenging activities via up-regulating the abundance of antioxidant enzymes, adjusting the
protein turnover and regulating the abundance of various defense and stress-response related proteins.
Ca2+ and ABA signaling participated in the stress signaling transduction in the jojoba’s response to the
cold stress. Several cold stress induced proteins, including CSD1, COR47, STT3a and PES1 probably
play essential roles in jojoba adaptation to the cold stress.

In future studies, we will collect more jojoba low temperature resistant and sensitive varieties,
analyze the expression of the low temperature-responsive proteins identified in the present study in
these varieties and further identify the protein markers closely associated with the low temperature
tolerance in jojoba. We will conduct functional analysis of the low-temperature inducible proteins
identified in the present study by expressing these proteins in Escherichia coli, yeast and/or Arabidopsis
thaliana to evaluate their effect on low temperature tolerance of cells.
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Abstract: Rice nucleotide pyrophosphatase/phosphodiesterase 1 (NPP1) catalyzes the hydrolytic
breakdown of the pyrophosphate and phosphodiester bonds of a number of nucleotides including
ADP-glucose and ATP. Under high temperature and elevated CO2 conditions (HT + ECO2), the npp1
knockout rice mutant displayed rapid growth and high starch content phenotypes, indicating that
NPP1 exerts a negative effect on starch accumulation and growth. To gain further insight into
the mechanisms involved in the NPP1 downregulation induced starch overaccumulation, in this
study we conducted photosynthesis, leaf proteomic, and chloroplast phosphoproteomic analyses
of wild-type (WT) and npp1 plants cultured under HT + ECO2. Photosynthesis in npp1 leaves was
significantly higher than in WT. Additionally, npp1 leaves accumulated higher levels of sucrose than
WT. The proteomic analyses revealed upregulation of proteins related to carbohydrate metabolism
and the protein synthesis system in npp1 plants. Further, our data indicate the induction of 14-3-3
proteins in npp1 plants. Our finding demonstrates a higher level of protein phosphorylation in npp1
chloroplasts, which may play an important role in carbohydrate accumulation. Together, these results
offer novel targets and provide additional insights into carbohydrate metabolism regulation under
ambient and adverse conditions.

Keywords: chloroplast; elevated CO2; heat stress; nucleotide pyrophosphatase/phosphodiesterase;
(phospho)-proteomics; photosynthesis; protein phosphorylation; 14-3-3 proteins; Oryza sativa L.;
starch; sucrose

1. Introduction

Changes in climate explain a major portion (32–39%) of yield variability, which correspondingly
may translate into large fluctuations in global crop production [1]. Climate change that alters
photosynthetic rates may modify physiological responses, plant growth rates (and overall productivity),
and resource uses. Therefore, the potential for physiological functioning to evolve in response to
climate change will be a key indicator of plant resilience in future environments [2,3]. As they are
mostly immobile, plants must adapt to their biotic and abiotic environments limiting or promoting
productivity and carbon biosequestration. Photosynthesis can be critical to mitigating the effects of
changing climatic conditions. Although the relationship between stomatal conductance, CO2 uptake,
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and photosynthesis fluctuates in nature, leaf photosynthesis is known to be highly correlated with
stomatal conductance in rice [4,5]. Studies employing mutants deficient in a stomatal anion channel
protein SLAC1 (Slow Anion Channel-associated 1) revealed that stomatal conductance is a major
determinant of photosynthetic rate in higher plants [6,7]. Thus, terrestrial plants regulate CO2 uptake
by stomatal switch in response to environmental and biochemical stimuli. The assimilated carbon
is further converted to starch in the plastid stroma or to sucrose in the cytosol via sugar nucleotides.
In rice leaves, it has been shown that the assimilated carbon is partitioned into sucrose rather than
starch [8,9]. Under varying environmental conditions, plant growth and development have to be
counterbalanced for defense and stress adaption. Notably, proportional changes in protein composition
in response to environmental changes are a major cellular response to requirements of homeostatic
adjustment and metabolic remodeling.

Starch is synthesized in plant leaves during the day from photosynthetically fixed carbon. It is then
mobilized and thus constitutes an important carbon reserve as well as an energy source for plants and
provides the major nutritional value of food crops. Starch biosynthesis occurs in plastids and requires
several key enzymes [10,11]. Starch, probably the most important metabolite of plant carbohydrate
metabolism, is an insoluble polyglucan produced by starch synthase (SS) using ADP-glucose as the
sugar donor nucleotide. Among the many enzymes participating in plant nucleotide catabolism,
the pyrophosphatase/phosphodiesterase (NPP) family members, including NPP1, actively catalyze
the hydrolytic breakdown of the pyrophosphate and phosphodiester bonds of ADP-glucose [12–14].
In rice, six NPP genes (NPP1–6) have been identified and characterized [14]. The NPP genes are
located on chromosomes 3 (NPP3), 8 (NPP1), 9 (NPP6), and 12 (NPP2, 4, 5) in the rice genome.
Although NPP3 was exclusively localized in the endomembrane system [15], NPP1, 2, and 6 exhibited
a dual localization in both the plastid and endomembrane systems [13,16,17], as has been found for
other plastidial glycoproteins [18–22]. Whereas NPP1 and NPP6 recognized nucleotide sugars, NPP2
did not recognize these compounds as substrates but preferentially hydrolyzed uridine diphosphate
(UDP), ADP, and adenosine 5′-phosphosulfate (APS). NPP1 best hydrolyzed ADP-glucose, ADP-ribose,
and ATP, while ADP and ADP-glucose were the best substrates for NPP6. Rice NPP genes showed
tissue- and stage-specific expression [14,15]. Thus, it is possible to suppose that rice NPPs are engaged
in multiple biological functions through the influence of the turnover of nucleotides and nucleotide
derivatives. NPP1 is a major determinant of ADP-glucose pyrophosphatase (AGPPase) activity and
can reduce the plastidic pool of ADP-glucose required for starch accumulation in rice [14]. Plant NPPs
seem to play a crucial role in carbon flux by transporting carbon taken up from starch and from cell
wall polysaccharide biosynthesis to other metabolic pathways in response to the physiological needs
of the cell. We have previously shown that when the npp1 null mutant is grown under different
CO2 concentration and temperature conditions, NPP1 exerts a negative effect on plant growth and
starch accumulation. This provided the first in vivo evidence for the role of NPP1 in the control of
growth and reserve pool of carbohydrate in rice under fluctuating climatic conditions [14]. Recently,
the presence of NPPs in the plastidial compartment was further confirmed [13,15,16]. Moreover,
we have tentatively identified complex-type and pauci-mannosidic-type oligosaccharide chains with
β1,2-xylose and/or differential core α1,3-fucose residue(s) in rice NPP1, which provides strong
evidence that the trans-Golgi compartments participate in the Golgi-to-plastid trafficking and targeting
mechanism of NPP in rice [16]. Plants with a defective endoplasmic reticulum (ER) N-glycosylation
pathway and N-glycan maturation are associated with diverse phenotypes and are more sensitive
to environmental conditions [23]. Nonetheless, the regulatory mechanisms of high temperature and
elevated CO2-induced starch accumulation and growth stimulation in npp1 leaves are unknown.
Herein, we highlight that the loss-of-function of NPP1 not only influences stomatal conductance,
photosynthesis, and plants’ storage of starch and sucrose but also impacts a set of proteins involved in
carbohydrate metabolism and the protein synthetic system in rice leaves under high temperature and
CO2 conditions (HT + ECO2).
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2. Results and Discussion

2.1. Knocking out NPP1 Decreases Leaf Temperature and Enhances Stomatal Conductance under High
Temperature and Elevated CO2 Conditions

In order to examine phenotypic characteristics of the npp1 mutant, 60-day old wild-type
(WT) and npp1 mutant rice plants were subjected to thermographic analysis in a spacious Biotron
(length 4.5 × width 4.5 × height 1.8–2.2 m) with varying temperatures (28 and 33 ◦C) and CO2

concentrations (40 and 160 Pa) under natural sunlight. As shown in Figure 1, the leaf temperatures of
WT and npp1 plants increased concomitantly with the CO2 concentration irrespective of temperature
conditions. Notably, the leaf temperature in npp1 plants was apparently lower than in WT plants
at all temperature and CO2 conditions examined (Figure 1). We further examined the flag leaves’
temperatures in WT and npp1 under the different temperature (28 and 33 ◦C) and CO2 conditions (40
to 200 Pa) under fully controlled environmental chamber conditions (width 64 × width 56 × height
108 cm) using a portable photosynthesis measuring system (Figure 2A). The leaf temperatures of
both WT and npp1 gradually increased as CO2 concentrations increased, irrespective of temperature
conditions, and reached saturation at 160 Pa (Figure 2A).

Figure 1. Leaf temperatures of WT and npp1 mutant plants under different temperatures and CO2

concentrations in Biotron’s environmental conditions. WT (filled bars) and npp1 (open bars) plants
grown for 60 days under normal conditions (14 h light/10 h dark: 28/23 ◦C, 40 Pa CO2) after
germination were subjected to thermographic analysis of their leaf temperatures under different
temperature and CO2 conditions: (A) 28 ◦C, 40 Pa, (B) 28 ◦C, 160 Pa, (C) 33 ◦C, 40 Pa, and (D) 33 ◦C,
160 Pa. Values in upper panel show the means ± standard deviation (s.d.) (n = 5). Asterisks
indicate significant differences by Student’s t-test (*, p > 0.05; **, p > 0.01). Lower panels represent the
thermographic images. WT: wild-type.
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Figure 2. Changes in temperatures, gs, Ci/Ca, and An of WT and npp1 mutant plants under different
temperatures and CO2 concentrations in a controlled growth chamber. Top leaves of main culm of WT
(�) and npp1 (�) plants grown for 60 days under normal conditions (14 h light/10 h dark: 28/23 ◦C,
40 Pa CO2) were subjected to measurements of temperature (A), stomatal conductance to water (gs) (B),
ratios of internal [CO2] to ambient [CO2] (Ci/Ca) (C), and photosynthetic rates (An) (D) under the
following conditions: temperature, 28 and 33 ◦C; CO2, 40 to 200 Pa; relative humidity, 50%; light,
1000 μmol·photons·m−2·s−1. Values show the means ± s.d. (n = 3).
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The reduction of leaf temperature in npp1 strongly suggested that knocking out NPP1 increases
the transpiration rate of the plant. This inference was corroborated by the analysis of the stomatal
conductance (gs) under varying temperatures and CO2 concentrations. As shown in Figure 2B, elevated
CO2 concentrations caused partial stomatal closure in the two genotypes. No significant differences
were observed in the gs values between the two temperature regimes. Notably, the gs values in npp1
plants were higher than in WT plants under all temperatures and CO2 concentrations.

Previous reports have shown that high CO2 decreases gs in a temperature-independent
manner [6,24–28]. Changes in gs value in the npp1 mutant under different temperature and CO2

conditions were similar to those in WT, indicating that the stomatal regulatory mechanisms of npp1
work normally.

2.2. Knocking out NPP1 Enhances Photosynthetic Capacity under High Temperature and Elevated CO2 Conditions

The high gs values observed in the npp1 mutant suggested that the lack of NPP1 expression
enhances CO2 diffusion. In line with this presumption we found that, irrespective of the temperature
regime, the intercellular-to-atmospheric CO2 mole fraction (Ci/Ca) in npp1 was higher than in WT
plants at all atmospheric CO2 concentrations (Figure 2C). Consistently, npp1 plants had higher net
rates of CO2 assimilation (An) than WT plants at all atmospheric CO2 levels in the two temperature
regimes (Figure 2D).

Whether enhanced photosynthesis in npp1 plants is solely the consequence of enhanced CO2

diffusion was investigated by measuring An under varying Ci. As shown in Figure 3, these analyses
revealed that the npp1 mutant showed higher An values than WT plants at all Ci levels. In rice plants,
sucrose is the primary transport sugar and plays a central role in plant growth and development.
As expected, levels of sucrose in npp1 mutants were found to be significantly higher compared with
their control WT in any incubation conditions (Figure 4). Previously, the npp1 mutants have been
shown to accumulate starch under high CO2 concentration conditions [14]. Thus, it is evident that
NPP1 exerts a negative effect on carbohydrate accumulation under HT + ECO2. In these conditions,
the npp1 mutants increase photosynthesis and the Calvin-Benson cycle (as detailed below), the latter via
increased accumulation of Rubisco activase, enabling npp1 plants to adjust downstream reactions such
as sucrose biosynthesis and phloem loading to the increased leaf assimilation. These results indicate
that the stimulation of photosynthesis in the npp1 mutant was caused by both stomatal conductance
and non-stomatal conductance related causes. Stomata opening and closure occurs via changes in the
turgor pressure of guard cells, and the physiological event is regulated by ion and sugar movements
in the guard cells [6,29,30]. Increased CO2 concentrations enhance anion channel activity (which has
been proposed to be a means of mediating the efflux of osmoregulatory anions from guard cells) [31],
causing stomatal closure in rice leaves (Figure 2B, [32]). In npp1 guard cells, the accumulation of
sucrose probably causes stomata opening, further activating the photosynthesis of npp1 leaves under
the elevated CO2. The NPP1 enzyme, which hydrolyzes sugar nucleotides and ATP, is localized and
functions in the chloroplast of rice, therefore, the contents of ATP in chloroplasts should be increased.
The high level of ATP in npp1 chloroplasts would boost the turnover of the Calvin cycle and actively
convert CO2 to starch and sucrose. In fact, in npp1 null mutants grown under different temperature
conditions and CO2 concentrations, a negative effect on the reserve pool of carbohydrates is seen.
In this case, NPP activity may occupy a central position in carbon metabolism and its metabolic output
to provide products such as the amino acids and lipids necessary for increasing plant biomass.
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Figure 3. Photosynthetic rates at different intracellular [CO2] (An /Ci curve) of leaves from WT (�)
and npp1 (�) plants. The results of Figure 2 were used to draw an An/Ci curve. Open and filled arrows
represent the data obtained at Ca of 40 and 160 Pa, respectively.

Figure 4. Sucrose accumulation in leaves of WT and npp1 mutant plants. WT (filled bars) and npp1
(open bars) plants grown for 60 days under normal conditions (28/23 ◦C, 40 Pa CO2) were further
incubated under different temperatures and CO2 concentrations. At the end of a light cycle, the leaves
of the WT and the npp1 mutant plants were subjected to sucrose assays. Values show the means ± s.d.
(n = 3~5). Asterisks indicate significant differences by Student’s t-test (*, p > 0.05; **, p > 0.01).
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2.3. Proteomic Characterization of npp1 Leaves under High Temperature and Elevated CO2 Conditions

To characterize changes in the proteome of npp1 leaves under HT + ECO2, we carried out
a quantitative proteomic analysis. Proteins extracted from leaves of WT and npp1 plants grown
under normal (28/23 ◦C and 40 Pa CO2) and HT + ECO2 (33/28 ◦C and 160 Pa CO2) conditions were
labeled by iTRAQ (isobaric tag for relative and absolute quantitation), followed by tandem mass
spectrometry (MS/MS) analysis. Using this approach, 103 differentially expressed proteins were
successfully identified among 1701 detected proteins in total. The general trend indicates that the
response of the npp1 mutant to the HT + ECO2 treatment is due, at least partly, to changes in the
expression of proteins from the following groups: photosynthesis, carbohydrate metabolism, protein
synthesis, and signaling.

2.4. Photosynthesis and Carbohydrate Metabolism

Various proteins associated with photosynthesis and carbohydrate metabolism were upregulated
in HT + ECO2 grown npp1 plants (Figure 5A) compared with WT plants (Figure 5B). The HT + ECO2

treatment promoted the expression of Rubisco activase, a protein that acts as Rubisco’s catalytic
chaperone [33]. This result is consistent with the enhanced photosynthetic carbon assimilation and
also a rise in electron transport capacity. Growth under HT + ECO2 also upregulated the expression of
Calvin-Benson enzymes (e.g., fructose-bisphosphate aldolase (FBPA), phosphoglycerate kinase (PGK),
and phosphoribulokinase (PRK)). The data presented thus indicate that the HT + ECO2 enhancement
of photosynthesis in npp1 is the result of enhanced enzymatic activities involved in CO2 fixation.

The starch synthesis-related enzymes, G1P adenylyltransferase (AGPase), sucrose synthase (SuSy),
and 4-α-glucanotransferase protein (DPE2), exhibited a clear upregulation under HT + ECO2. AGPase
is produced from ATP and glucose 1-phosphate to the ADP-glucose necessary for starch biosynthesis.
SuSy is responsible for the conversion of sucrose and a nucleoside diphosphate into the corresponding
nucleoside diphosphate glucose and fructose, however, this sucrolytic protein may participate in the
direct conversion of sucrose into ADP-glucose linked to starch biosynthesis. The sucrose and starch
metabolic pathways are tightly interconnected by means of cytosolic ADP-glucose producing enzymes
such as SuSy and by the action of an ADP-glucose translocator located on the chloroplast envelope
membranes [10,34]. Furthermore, the levels of cytosolic glucanotransferase DPE2 involved in the
conversion of starch into sucrose [35] were high in npp1 leaves under HT + ECO2 conditions. The high
expression of AGPase, SuSy, and DPE2 induced under HT + ECO2 conditions would be crucial factors
for carbohydrate accumulation.

2.5. Protein Synthesis System

The marked upregulation of a large set of proteins related to the protein synthesis system when
knocking out npp1 was also produced by the enhancement of temperature and CO2 (Figure 5C),
although such an increase was not observed in WT leaves (Figure 5D). Ribosome components such
as 60S, 50S, 40S, and 30S ribosomal proteins were identified as being upregulated. In addition,
elongation factor 1 (EF-Iα and β), 2, T (EF-Ts and -Tu), and four rice eukaryotic initiation factor
proteins (eIF 3A, eIF 3F, eIF4A, and eIF4F) were increased in npp1 under HT + ECO2. EF-Iα controls
GTP-binding proteins responsible for cytoskeletal tubulin, which is positively correlated with starch
accumulation [36]. Early studies showed that EF-Iα can influence the organization of cytoskeletal
components surrounding protein bodies around the endoplasmic reticulum membranes, which appear
to reorganize coincident with the actively accumulating storage proteins in the endosperm [37].
eIF participates in most translation initiation processes and plays important roles in the growth and
development (and organ size) of Arabidopsis and rice [38–40].
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Figure 5. Cont.
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Figure 5. Changes in the expression of carbohydrate- and protein synthesis-related proteins in leaves
of WT and npp1 mutant plants under high temperature and elevated CO2 concentrations. The leaves of
WT (B,D) and npp1 (A,C) plants were incubated under normal (28/23 ◦C, 40 Pa CO2) and HT + ECO2

(33/28 ◦C, 160 Pa CO2) conditions, and then subjected to a proteomic analysis with Isobaric tags for
relative and absolute quantitation (iTRAQ) labeling. Values show the means ± s.d. (n = 3). The red line
shows the ratio between HT+ECO2/normal condition mean equal to 1.
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2.6. Signaling

Several 14-3-3 proteins exhibited significant changes in npp1 mutants under HT + ECO2

conditions (Figure 6) and were thus deemed to play important roles in starch biosynthesis in
rice leaves. In this study, the upregulation of three 14-3-3 isoforms (14-3-3 GF14C, 14-3-3 GF14E,
and 14-3-3 GF14F) was detected, suggesting changes in the phosphorylation status in npp1 mutants.
Recently, the ectopic overexpression of the cassava 14-3-3 gene in Arabidopsis showed an increase
in starch content in the leaves from transgenic plants [36]. A striking feature of the 14-3-3 proteins
is their ability to bind a multitude of functionally diverse signaling proteins, including kinases,
phosphatases, and transmembrane receptors [41], and 14-3-3 proteins play roles in regulating
plant development and stress responses by effecting direct protein-protein interactions [42–44].
The interactions with 14-3-3s are subject to environmental control through signaling pathways that
impact on 14-3-3 binding sites. The phosphoserine/threonine-binding 14-3-3 proteins participate in
environmentally responsive phosphorylation-linked regulatory functions in plants and are potentially
involved in starch regulation [45]. Previous studies have identified the protein-protein interactions
between 14-3-3 and key enzymes of primary metabolism (e.g., sucrose-phosphate synthase and
glyceraldehyde-3-phosphate dehydrogenase) and showed the central role of 14-3-3s as regulators of
enzymes of cytosolic metabolism and ion pumps [46–49]. A molecular genetic analysis of 14-3-3
isoforms using overexpressed and knockout plants with studies of protein-protein interactions
revealed alterations in the level of metabolic intermediates of glycolysis, tricarboxylic acid (TCA),
and biosynthesis of aromatic compounds [50]. Hence, we may speculate that 14-3-3 may play a role in
the accumulation of starch in npp1 mutants by interacting with metabolic enzymes and thus appears to
maintain those enzymes in an active state in the cell. Notably, 14-3-3 proteins have been localized to the
chloroplast stroma and the stromal side of thylakoid membranes [51], thereby implicating a potential
role in starch regulation.

Figure 6. Changes in expression of 14-3-3 proteins in leaves of WT and npp1 mutant plants under
high temperature and elevated CO2 concentrations. Details of incubation conditions via a proteomic
analysis were described in Figure 5. The leaves of WT (filled bars) and npp1 (open bars) plants were
incubated under normal and HT + ECO2 conditions. Values show the means ± s.d. (n = 3). Asterisks
indicate significant differences by Student’s t-test (**, p > 0.01).

Photosynthesis, sugar assays, and quantitative proteomic analyses of leaves of knockout npp1
revealed that the mutant plants always become highly active regardless of normal or HT and ECO2

conditions (Figures 3–5). The higher An in npp1 mutants could be the consequence of various
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factors: (i) higher CO2 diffusion; (ii) more efficient conversion of light energy into ATP; and (iii) the
upregulation of photosynthetic enzymes (Rubisco activase and Calvin-Benson enzymes). We consider
that an activation effector would be the high level of ATP in chloroplasts, since NPP1 preferentially
hydrolyzes ATP [14]. Of note, a series of 14-3-3 proteins were upregulated in npp1 mutants (Figure 6),
suggesting that the protein phosphorylation status is possibly changed by the disruption of the NPP1
gene. Phosphorylation of proteins in chloroplasts plays a major role in regulating both the light
and dark reactions of photosynthesis. Light-harvesting chlorophyll a/b binding proteins [52–54],
Rubisco [55], Rubisco activase [56], phosphoglycerate kinase [57], Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) [58], and transketolase [59] were shown to be phosphorylated and the
enzyme functions were regulated. In addition, sigma factor [60] and 24/28 RNA binding proteins [61]
were also phosphorylated.

We analyzed the phosphorylation state of WT and npp1 chloroplast proteins under HT and
ECO2 conditions by employing TiO2 chromatography and mass spectrometry. The phosphopeptides
derived from chlorophyll a/b binding protein, Rubisco large chain, pyruvate phosphate dikinase,
and some other plastidial enzymes and proteins were detected with good reproducibility. The level
of protein phosphorylation in npp1 chloroplasts under HT and ECO2 was higher than that of npp1
under the normal condition or the WT chloroplasts (Table 1). The chlorophyll a/b binding protein is
the main component of the light-harvesting complex (LHC), which is a light receptor that captures
and delivers excitation energy to photosystems PSI and PSII. The reversible phosphorylation of
light harvesting chlorophyll a/b binding proteins (LHCII) has been observed, which regulates state
transitions for balancing the excitation energy between PSI and PSII [54,62]. As shown in Table 1,
several phosphorylation sites of chlorophyll a/b binding proteins in the npp1 mutant were more
highly phosphorylated in comparison with the WT chloroplasts. In addition, the phosphorylation
level of chlorophyll a/b binding proteins in both npp1 and WT were increased under HT and ECO2

conditions. In our phosphoproteomic analysis, two phosphopeptides plastid movement impaired1
(PMI1) and plastid transcriptionally active 16 (pTac16) were found to be more abundant under
ECO2 + HT condition in npp1 mutant plants. The PMI1 is a plant-specific C2-domain protein that plays
a role in organelle movement and positioning [63]. The movements of npp1 organelles (i.e chloroplasts)
within the cell, which become appropriately positioned under ECO2 + HT, could be a fundamental
cellular activity to accomplish their functions and adapt to environmental stress. The pTac16 is a plastid
membrane-attached multimeric protein complex involved in plastid transcription and translation.
The knockout lines ptac seedlings developed white or yellow cotyledons, failed to accumulate
chlorophyll even under low light intensities, impaired plastid structure [64], and downregulated levels
of plastid-encoded polymerase (PEP) responsible exclusively for the expression of chloroplast-encoded
photosynthetic genes [65,66]. The upregulation of pTac 16 in npp1 mutant plants under HT + ECO2

could at least partly explain the enhancement of photosynthesis-related genes and activity, and plastid
metabolism. Hence, we consider that the high phosphorylation status in npp1 under HT and ECO2

could be related to the activation of growth and carbohydrate accumulation of the seedlings.

Table 1. Phosphopeptide detection in WT and npp1 chloroplasts with or without HT and ECO2

treatment. n.d.: not detected.

Description Accession WT Control WT HT&ECO2 npp1 Control npp1 HT&ECO2

Chlorophyll a/b-binding protein Q6Z411 (1.15 ± 0.78) × 108 (2.43 ± 2.06) × 108 (1.05 ± 0.53) × 109 (7.43 ± 4.27) × 108

Chlorophyll a-b binding protein 2 P12331 n.d. (4.84 ± 2.39) × 106 n.d. (4.29 ± 4.18) × 106

Chlorophyll a-b binding protein Q7XV11 (1.71 ± 1.01) × 106 (3.83 ± 0.95) × 106 (1.10 ± 0.44) × 107 (9.44 ± 4.78) × 106

Ribulose bisphosphate carboxylase large chain P0C512 (1.08 ± 0.97) × 107 n.d. (1.52 ± 0.29) × 107 (1.04 ± 0.78) × 107

ATP synthase subunit beta P12085 (3.65 ± 2.51) × 106 n.d. n.d. n.d.
PLASTID TRANSCRIPTIONALLY ACTIVE 16 Q0DJF9 (2.55 ± 1.90) × 107 (2.05 ± 1.54) × 107 (0.81 ± 1.17) × 107 (5.19 ± 7.87) × 107

protein CURVATURE THYLAKOID 1A Q5Z6P4 (8.76 ± 1.51) × 107 (3.11 ± 0.67) × 107 (2.55 ± 0.04) × 107 (6.79 ± 4.23) × 107

PLASTID MOVEMENT IMPAIRED1 Q0IZR7 n.d. n.d. n.d. (4.16 ± 1.49) × 106

Pyruvate, phosphate dikinase 1 Q6AVA8 (3.35 ± 2.78) × 105 (4.62 ±0.02) × 105 (1.35 ± 1.24) × 106 n.d.
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3. Material and Methods

3.1. Plant Material and Growth Condition

The rice variety used in this study was Oryza sativa L. cv. Nipponbare. The Tos17-inserted
line of NPP1 (ND8012) was obtained from the National Institute of Agrobiological Sciences (NIAS,
Tsukuba, Japan; [67]), and the npp1-1-1 line with a single copy of Tos17 inserted into the NPP1 gene was
established previously. WT and npp1 mutant plants were grown and harvested at Niigata University
paddy field (Niigata, Japan).

WT and npp1 mutant seeds were grown in a commercial soil (Kumiai Gousei Baido 3, JA, Tokyo,
Japan) in plastic pots and incubated in the growth chamber (CFH-415, Tomy Seiko, Tokyo, Japan) at
28 ◦C (14 h day)/23 ◦C (10 h night) cycles with fluorescent lighting (300 μmol·m–2·s–1). Seeds and
plant samples were stored at 4 ◦C before analysis.

3.2. Thermal Imaging

Thermal images of WT and npp1 mutant plants were obtained using the InfRec (NEC) thermal
video system. Plants grown for 60 days on soil (Kumiai Gousei Baido 3) were transferred to Biotron
LPH-1.5PH-NCII (length 4.5 × width 4.5 × height 1.8–2.2 m, Nihon-ika, Osaka, Japan) and incubated
under four different conditions (28 ◦C, 40 Pa CO2; 28 ◦C,160 Pa CO2; 33 ◦C, 40 Pa CO2; 33 ◦C/160 Pa
CO2) at 70% relative humidity under natural light.

3.3. Gas Exchange Measurements

Photosynthetic rate (An), leaf conductance (gs), and intercellular CO2 concentrations [CO2] (Ci)
were measured with a portable photosynthesis LI-6400XL system (LI-6400-20, LiCor Biosciences,
Lincoln, NE, USA). Gas exchange of WT and npp1 leaves was recorded in the central segment of
top leaves attached to the main culm between 3 and 8 h after the start of the photoperiod. Leaf
cuvette conditions were set as follows: block temperature was set at ambient (growth chamber; 28 ◦C)
and high (33 ◦C) temperatures; [CO2] was set at 400 to 2000 μmol·mol−1; relative humidity was
maintained equal to that in the growth chamber; and Photosynthetically Active Radiation (PAR)
was set at 1200 μmol·m−2·s−1, resulting in light-saturated photosynthesis and no decline as a result
of photorespiration.

3.4. Assay

Sucrose content was measured according to the methods described previously [18,68]. Chlorophyll
extracted from the isolated chloroplasts with 80% (v/v) acetone was assayed by the method described
by Porra et al. [69]. Protein concentration was determined by the Pierce 660 nm Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) using bovine serum albumin (BSA) as a standard.

3.5. Analysis of Leaf Proteome

Two hundred milligrams of leaves of WT and npp1 grown for 7 days under normal (28 ◦C, 14 h
day/23 ◦C, 10 h night, 40 Pa CO2) and elevated temperature and CO2 (33 ◦C, 14 h day/28 ◦C, 10 h
night, 160 Pa CO2) conditions were ground in liquid nitrogen and suspended in 7 M urea, 2 M thiourea,
3% (w/v) CHAPS (3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate), 1% (v/v) Triton
X-100, and 10 mM dithiothreitol. After centrifugation at 10,000× g at 4 ◦C for 5 min, the supernatants
were mixed with 1/10 volume of 100% (w/v) TCA, incubated on ice for 15 min, and then centrifuged at
10,000× g at 4 ◦C for 15 min. The resulting precipitates were washed three times with ice-cold acetone
and resuspended in 8 M urea.

The procedure of quantitative shotgun proteomic analysis was the same as previously
described [68]. The protein samples (50 μg) were thoroughly digested with endoproteinase Lys-C
and trypsin at 37 ◦C for 12 h. iTRAQ labeling of peptides was carried out with 4-plex iTRAQ tags
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according to the manufacturer’s protocol (AB Sciex, Framingham, MA, USA), and the resultant
4-iTRAQ-labeled peptide samples were mixed. iTRAQ analysis was performed by employing
a DiNa-A-LTQ-Orbitrap-XL system operated with Xcalibur 2.0 software (Thermo Fisher Scientific).
Proteins were identified with Proteome Discoverer v. 1.4 software, and the SEQUEST HT (Thermo
Fisher Scientific) and MsAmanda [70] search tool using the UniProt (http://www.uniprot.org/)
O. sativa subsp. japonica database (63,535 proteins) with the following parameters: enzyme, trypsin;
maximum missed cleavages site, 2; peptide charge, 2+ or 3+; MS tolerance, 5 ppm; MS/MS tolerance,
±0.5 Da; dynamic modification, carboxymethylation (C), oxidation (H, M, W), iTRAQ 4-plex (K, Y,
N-terminus). False discovery rates were <1%.

The mass spectrometry proteomics data (JPST000338) have been deposited in the jPOST repository
(https://repository.jpostdb.org/).

3.6. Analysis of Chloroplast Phosphoproteome

The procedure of chloroplast isolation was essentially identical to the method described
earlier [16,71]. Rice seeds were germinated and grown for 7 days under normal (28 ◦C, 14 h day/23 ◦C,
10 h night, 40 Pa CO2) and elevated temperature and CO2 (33 ◦C, 14 h day/28 ◦C, 10 h night, 160 Pa
CO2) conditions. Thirty grams of leaves were homogenized with an equal volume of solution A
mixture consisting of 50 mM HEPES-KOH pH 7.5, 0.33 M sorbitol, 5 mM MgCl2, 5 mM MnCl2 and
5 mM EDTA (ethylenediaminetetraacetic acid), 50 mM sodium ascorbate, and then the homogenates
were passed through four layers of gauze and four layers of Miracloth (Merck, Darmstadt, Germany).
The filtrate was layered onto an 80% (v/v) Percoll (Sigma, St.Louis, USA) cushion containing solution A,
and centrifuged at 2000× g at 4 ◦C for 4 min. The crude chloroplasts on the Percoll surface were
diluted with more than twice the volume of solution A, then layered onto a discontinuous density
gradient consisting of 40% and 80% Percoll solutions. The gradient was centrifuged at 4000× g at
4 ◦C for 10 min. Intact chloroplasts enriched around the 40%/80% Percoll interface were collected and
subjected again to the Percoll gradient centrifugation. Intact chloroplasts were diluted with five times
the volume of solution A, and centrifuged at 2000× g at 4 ◦C for 4 min, followed by chlorophyll and
protein extractions.

Analyses of phosphoproteins were carried out according to the method described by
Fukuda et al. [72]. Intact chloroplasts were suspended in 7 M urea, 2 M thiourea, 3% (w/v) CHAPS,
1% (v/v) Triton X-100, and 10 mM dithiothreitol. After centrifugation at 10,000× g at 4 ◦C for 5 min,
the supernatants were mixed with 1/10 volume of 100% (w/v) TCA, incubated on ice for 15 min,
and then centrifuged at 10,000× g at 4 ◦C for 15 min. The resulting precipitates were washed three
times with ice-cold acetone and resuspended in 8 M urea. The protein preparations (100 μg) were
digested with 2% (w/w) endoproteinase Lys-C and trypsin in 25 mM NH4HCO3 and 0.8 M urea at
37 ◦C for 12 h. The reaction mixtures were dried on a Centrifugal Concentrator (CC-105, Tomy, Japan)
and then dissolved in buffer A consisting of 60% (v/v) acetonitrile (ACN), 5% (v/v) glycerol, 0.1%
(v/v) Trifluoroacetic acid (TFA). A MonoSpin TiO column (1000 μL: GL Science, Tokyo, Japan) was
pre-equilibrated with buffer B consisting of 80% (v/v) ACN, 0.1% (v/v) TFA, followed by buffer A,
and the samples were centrifuged at 3000× g for 1 min each. The obtained peptide samples were
applied to the tip column and centrifuged at 3000× g for 5 min. The flow-through fraction was
applied to the tip column again. Subsequently, the tip column was washed three times with buffer
A and centrifuged at 3000× g for 1 min. The binding phosphopeptides were eluted with 100 μL of
5% NH4OH with centrifugation at 1000× g for 5 min. After elution with 5% NH4OH, the tightly
binding phosphopeptides were eluted with 100 μL of 1 M (w/v) bis-Tris propane with centrifugation at
1000× g for 1 min. The phosphopeptides eluted with 5% NH4OH solution were dried on a Centrifugal
Concentrator and then dissolved in 5% (v/v) formic acid (FA). The phosphopeptides eluted with 1 M
bis-Tris propane were acidified with 900 μL of 5% FA and then desalted using a MonoSpin C18 column
(GL Sciences, Tokyo, Japan).
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Each phospho-peptide fraction was loaded on a HiQ sil C-18 W-3 trap column with buffer C
consisting of 0.1% (v/v) FA and 2% (v/v) ACN using a DiNa-A system (KYA Tech., Tokyo, Japan).
A linear gradient from 0% to 33% buffer D consisting of 0.1% FA and 80% ACN for 600 min, 33% to
100% D for 10 min and back to 0% D in 15 min was applied, and peptides eluted from the HiQ sil
C-18 W-3 column were directly loaded on a MonoCap C18 High Resolution 2000 separation column.
The separated peptides were introduced into a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) with a flow rate of 300 nL·min−1 and an ionization voltage of 1.7–2.5 kV.
The mass range selected for MS scan was set to 350–1600 m/z and the top five peaks were subjected
to MS/MS analysis. The full MS scan was detected in the Orbitrap, and the MS/MS scans were
detected in the linear ion trap. The normalized collision energy for MS/MS was set to 35 eV for
collision-induced dissociation (CID).

Operation of protein identification with software and database was carried out as described
above [68]. The phosphorylation of S/T/Y and oxidation of H/M/W residues were set as dynamic
modifications. False discovery rates were <1%.

The chloroplast phosphoproteome data (JPST000462) have been deposited in the jPOST repository
(https://repository.jpostdb.org/).

4. Conclusions

Previous investigations have revealed that NPP1 exerts a negative effect on starch accumulation
and growth. NPP1 localizes to the chloroplasts and degrades a number of nucleotides including
ADP-glucose and ATP, thus, it is possibly a kind of room (for example, chloroplast stroma) cleaning
enzyme. The molecular physiological phenotype of the npp1 mutant was further analyzed in the
present study. Lower temperatures and changes in the transpiration rates of npp1 leaves were
observed, indicating that the disruption of the NPP1 gene caused the stomatal opening of rice leaves.
Furthermore, the analysis of the An/Ci curve indicated that the enhancement of photosynthesis in npp1
resulted from multiple causes in addition to the stomatal conductance. The proteome of carbohydrate
metabolism and protein synthesizing system in npp1 leaves was strongly upregulated by HT and
ECO2. Furthermore, the protein phosphorylation status in npp1 chloroplasts was significantly higher
than in WT chloroplasts. An increase in ATP in chloroplasts might be a key stimulus, because NPP1
preferentially hydrolyzes ATP. Judging from the overall results, we consider that the remarkable
enhancement of plant growth and carbohydrate accumulation in npp1 mutant plants under HT and
ECO2 conditions was a consequence of the non-controlled activation of photosynthesis and protein
synthesis by loss of function of a fine-tuning enzyme NPP1.
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Abstract: Bolting is a key process in the growth and development of lettuce (Lactuca sativa L.).
A high temperature can induce early bolting, which decreases both the quality and production of
lettuce. However, knowledge of underlying lettuce bolting is still lacking. To better understand
the molecular basis of bolting, a comparative proteomics analysis was conducted on lettuce stems,
during the bolting period induced by a high temperature (33 ◦C) and a control temperature (20 ◦C)
using iTRAQ-based proteomics, phenotypic measures, and biological verifications using qRT-PCR
and Western blot. The high temperature induced lettuce bolting, while the control temperature
did not. Of the 5454 identified proteins, 619 proteins presented differential abundance induced by
high-temperature relative to the control group, of which 345 had an increased abundance and 274 had
a decreased abundance. Proteins with an abundance level change were mainly enriched in pathways
associated with photosynthesis and tryptophan metabolism involved in auxin (IAA) biosynthesis.
Moreover, among the proteins with differential abundance, proteins associated with photosynthesis
and tryptophan metabolism were increased. These findings indicate that a high temperature enhances
the function of photosynthesis and IAA biosynthesis to promote the process of bolting, which is
in line with the physiology and transcription level of IAA metabolism. Our data provide a first
comprehensive dataset for gaining novel understanding of the molecular basis underlying lettuce
bolting induced by high temperature. It is potentially important for further functional analysis and
genetic manipulation for molecular breeding to breed new cultivars of lettuce to restrain early bolting,
which is vital for improving vegetable quality.

Keywords: lettuce; bolting; proteome; high temperature; iTRAQ

1. Introduction

Bolting is a clear characteristic of the transition from vegetative to reproductive growth in blade
root vegetable plants. It is defined as the accelerated and sustained rapid elongation of the stem flower
bud differentiation, after which flowering begins. Early bolting refers to the phenomenon of bolting
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before the formation of the plant product, and seriously affects crop yield and quality. When early
bolting occurs, the main characteristics of leaf vegetable performance include the following: premature
differentiation of flower buds, reduction in the number of leaves, textural decline, development of a
bitter flavor, and the inability to form a compact leaf ball. This process usually causes huge economic
losses for producers, and thus strategies to prevent early bolting are urgently needed.

Bolting is regulated by diverse environmental and endogenous factors, such as the temperature,
light signals, day length, developmental stage and plant hormones [1]. It consists of a series of
physiological and biochemical reactions in plant cells. Researchers have found that the soluble protein,
soluble sugar, free amino acid, peroxisome (POD), and vitamin C (Vc) contents are likely germane to the
initiation of bolting in mustard and cabbage [2]. Gibberellins (GAs) are phytohormones that regulate
many aspects of plant growth and development, including bolting [3]. A puzzling and controversial
phenomenon is that ethylene delays bolting in wild-type Arabidopsis, yet both the constitutive triple
response mutant (ctr1-1) and ethylene-insensitive mutants (etr1-1 and ein2-5) exhibit a similar delayed
bolting phenotype [4].

In recent studies, several genes and proteins have been implicated in a bolting control according to
the isolation of loss-of-function mutants or analysis of transgenic plants. It was found that sugar beet
contains a large CONSTANS-like gene family, independent of the early-bolting (B) gene locus [5]. It was
also speculated that the BrVHA-E1, BrSAMS, BrrbcL, and BrTUA6 genes might be involved in regulating
the flower differentiation and bolting of Brassica rapa according to their significantly different expression
levels [6]. S-adenosylmethionine synthetase (SAMS) is a precursor of ethylene [7]. Zhu et al. found that
the serine-62 (Ser-62) phosphorylation of Ethylene Response Factor110 (ERF110) is involved regulating
the bolting time of Arabidopsis [8]. Meanwhile, liu et al. found that ETH promotes flowering of Pineapple.
It can be speculated that there is a connection between SAMS and bolting, but the specific mechanism
of action is not clear. Research by Strompen et al. shows that VHA-E1 is involved in regulating early
embryogenesis in Arabidopsis [9]. Zhang et al. speculated that BrVHA-E1 is only associated with the
differentiation of flower buds [6]. Microtubules exist widely in the cytoskeleton, and are important for
cellular morphology, cell division, transportation, energy transfer, and signal transduction, and α-tubulin
(TUA) is the basic unit of microtubules. The expression of three TUAs was determined in Brassica rapa,
and the results showed that BrTUAs were involved in the regulation of bolting in Brassica rapa; TUAs
affect the speed of shaft elongation [10]. Rubisco is the key regulatory enzyme catalyzing CO2 fixation
and ribulose diphosphate oxygenase reaction dual function, which determines net photosynthesis [11].
The holoenzyme of Rubisco is composed of eight small subunits encoded by a nuclear multigene family
(rbcS), and eight large subunits encoded by a single gene (rbcL) in the multicopy chloroplast genome.
Sucrose has been found to directly regulate the expression of the flower regulator LFY [12]. The chloroplast
rbcL gene encoded Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO), which is the key enzyme
involved in the calvin cycle of carbon assimilation during photosynthesis [13]. BrrbcL was up-regulated
after color change. It boosts the synthesis of photosynthetic products, leading to an increased C/N
ratio, and the subsequent occurrence of bolting and flowering in the plant [6]. ZCE1 is a cis-cinnamic acid
(Zusammen-cinnamic acid)-Enhanced gene, which encodes a member of the major latex protein-like (MLPL)
gene family. The zce1 mutant produced by the RNA-interference technique shows an earlier bolting
phenotype in Arabidopsis, indicating that ZCE1 plays a role in delaying bolting [14]. From the perspective
of previous researches, many physiological metabolisms and some genes or proteins are related to bolting.
However, it is possible that other metabolisms may take part in bolting but are still unknown.

Lettuce (Lactuca sativa L.) has economic importance because it is a globally consumed, popular
leafy vegetable. This vegetable originated along the Mediterranean coast, and has an optimum
growth temperature of 15–20 ◦C; hence, it is sensitive to high temperatures. When temperatures
exceed 30 ◦C, lettuces undergo early bolting, which lead to decreased nutritional quality, reduced
commercial value, and significant losses in productivity and economic benefits. Little is known about
bolting in lettuce. It was reported that a high temperature induced bolting in lettuce and that GAs
played an important role in this process. LsGA3ox1 is a gene that is possibly responsible for the
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increased GA1, but the mechanism of GA metabolism and/or action may differ among cultivars with
different bolting characteristics [3]. SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) encodes a
MADS-box protein that integrates multiple flowering signals derived from photoperiod, temperature,
hormone and age-related pathways [15]. SOC1 interacts with multiple MADS-box proteins, including
FRUITFULL (FUL), AP1 and AGAMOUS LIKE24 (AGL24), and regulates several flowering genes,
e.g. by directly binding to their regulatory sequences [16]. Han and colleagues from our laboratory [17]
reported that, although GA regulates bolting in lettuce, it may be the MADS-box genes instead,
which play a major role in differing the bolting resistance between a bolting resistant line and a bolting
sensitive line. A total of 12 MADS-box transcription factors were dramatically induced in lettuce
during bolting such as putative LsSOC1, LsAP1, LsFUL and LsAGL24.

However, it is unknown whether other hormones and metabolism or main genes/proteins
functions in bolting, and the molecular mechanism remains elusive.

Proteomics is becoming an increasingly important tool to reveal molecular mechanisms at
the overall level of protein expression because proteins are directly linked to cellular functions.
The mRNA only shows changes at the transcriptional level and cannot fully represent the true level
of protein expression. Therefore, proteins and their functions must be investigated to study genetic
features. Recently, proteomics has been widely used in the exploration of the resistance mechanism or
development characters of plants, such as heat resistance [18], cold resistance and salt resistance [19].
Applying the proteomics approach, the bolting pattern in several plant species has been analyzed,
such as Brassica rapa [5], Lactuca sativa [17], and Arabidopsis thaliana [8,14]. Furthermore, the proteomics
analysis of the molecular basis of bolting in lettuce (a non-vernalization plant) induced by a high
temperature was reported by Han and colleagues from our laboratory [17]. Due to the technological
limitation of two-dimensional electrophoresis-based proteomics, only 30 proteins with differential
abundance were identified in lettuce in the previous work from our laboratory [17]. The technological
advances in the resolution and accuracy of mass spectrometry and efficient labeling quantification of
protein abundance levels, allow for a greater depth of proteome coverage. The isobaric tagging for
relative and absolute quantification (iTRAQ) was performed. This provides an opportunity for gaining
new insight into the molecular basis that drives the bolting of lettuce induced by high temperatures.
Here, we revealed potential mechanisms involved in the regulation of bolting by proteomics. The results
were verified using Western blot, real-time quantitative fluorescence PCR, and physiological analyses.
Finally, a possible pathway map of bolting in lettuce induced by high temperatures was proposed.
Our data may potentially be important for resolving the challenging problem of early bolting in
vegetable cultivation, the genetic manipulation of lettuce and other bolting plants.

2. Results

2.1. The Morphological and Physiological Changes of Lettuce Stems During Bolting Induced by
High Temperatures

High temperature treatment promoted stem elongation. On Day 8, the length of the stem
had increased, with a significant difference (p < 0.05) in the high-temperature group compared to
the control group. With a longer treatment time, the stem elongation rate accelerated significantly.
On Day 16, a strongly significant increase (p < 0.01) of 92.9% in the stem length was observed in the
high-temperature group, relative to the control group. Afterwards, the stem increase trend was more
significant (Figure 1A). The leaves of the high-temperature group turned yellow and withered on Day
40, whereas the leaves of the control group grew well (Figure 1B). A significant change was observed
at the stem tip (Figure 2). As shown in Figure 2, the stem tip in the control group remained conical
throughout the entire experimental/observational period. The growing point of the stem tip in the
high-temperature group remained conical until Day 8. Subsequently, the growing point became larger
and less prominent. On Day 24 of the treatment group, the growing point was completely flattened,
and the basal inflorescence was entirely raised. On Day 40, part of the phyllary was differentiated at
the base of the inflorescence. Combining the change of stem elongation with the progress of flower
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bud differentiation under a high temperature, it was concluded that obvious bolting had occurred
from Day 8 to Day 40 after treatment with a high temperature. The plants showed obvious bolting
on Day 32 under a high temperature, thus Day 32 was selected for sampling for the proteome and
physiology analyses.

Figure 1. Change of stem height in lettuce after high temperature treatment of 33/25 ◦C. (A) Changes
of stem length under 20/13 ◦C (day/night) (control) and 33/25 ◦C (day/night) treatment for 40 days.
The data (mean ± SD) are the means of three replicates with standard errors shown by vertical bars,
n = 9. * and ** indicate significant difference at p < 0.05 and p < 0.01 by Tukey’s test, respectively.
(B) The phenotypes of lettuce under 20/13 ◦C (day/night) (control) and 33/25 ◦C (day/night) treatment
for 40 days. (a–e) Stem growth after different temperature treatment for 0, 8, 24, 32 and 40 days (control
on left and high temperature treatment on right). Representative images of plants under control (g–j)
and high temperature treatment (k–n) for 8, 24, 32 and 40 days, and (f) plant growth at Day 0.

Figure 2. Change of flower bud differentiation of lettuce after high temperature treatment of 33/25 ◦C.
(A) Representative images of stem tips under 20/13 ◦C (day/night) (control) and 33/25 ◦C (day/night)
treatment for 40 days. Representative images of stem tip growth under control (b–e) and high temperature
treatment (f–i) for 8, 24, 32 and 40 days, and (a) stem tip growth at Day 0. (B) The progress of flower
bud differentiation. Representative images of morphology of flower bud under control (b–e) and high
temperature treatment (f–i) for 8, 24, 32 and 40 days, and (a) stem tip growth at Day 0.
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From the stem tissues of lettuces in control and high-temperature groups, the contents of six
endogenous hormones, namely gibberellins (GA1+3), zeatin (ZR), brassinosteroid (BR), jasmonic acid
methyl ester (JA-ME), auxin (IAA), and abscisic acid (ABA), were examined. As compared to the
control group, the contents of ABA, GA1+3, ZR, IAA, JA-ME, and BR were significantly higher in the
high-temperature group, and there was a stronger significant difference (p < 0.01) in IAA than in ABA,
GA1+3, JA-ME, and BR (p < 0.05), with increases of 44.9%, 17.8%, 23.7%, 33.3%, and 34.4%, respectively
(Figure 3A).

To determine whether IAA mediates bolting in lettuce, we next explored the effect of exogenous
IAA on the bolting of lettuce. As shown in Figure 3B, IAA could promote bolting. In the IAA
treated plants, lettuce was obviously extended on Day 5, and the stem length was increased by
32.6% with significant difference (p < 0.05). The largest increase ratio was 138.3% on Day 30 compared
to mock-treated plants, suggesting that exogenous IAA accelerates bolting.

Figure 3. Physiological measurements of lettuce after high temperature treatment of 33/25 ◦C.
(A) Content of endogenous hormones (auxin (IAA), gibberellins (GA1+3), zeatin (ZR), jasmonic acid
methyl ester (JA-ME), abscisic acid (ABA), and brassinosteroid (BR)) in the stems of lettuce in the
condition of 20/13 ◦C (day/night) (control) and 33/25 ◦C (day/night) treatment for 32 days. (B) Stem
elongation of lettuce after exogenous 40 mg/L auxin treatment. * and ** indicate significant difference
at p < 0.05 and p < 0.01 by Tukey’s test, respectively.

2.2. Identification of Differential Abundance Proteins Using iTRAQ in Lettuce Stems During Bolting Induced
by High Temperature

By means of the iTRAQ-labeled proteomics approach, 5454 proteins were identified in the lettuce
stems, as shown in Table S1. The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium (http://www.proteomexchange.org) via the PRIDE database, with the
dataset identifier, PXD008610. A total of 619 proteins changed significantly in abundance, and 345 of
these proteins had increased abundance (red section in Figure 4) while 274 had decreased abundance
(yellow section in Figure 4). Detailed information on proteins with differential abundance is shown in
Table S2, and the spectra of these proteins, with one unique peptide, are shown in Table S3. Among
these, the increased abundance proteins with the highest fold change were hypothetical protein
Ccrd_011733 (3.22) and bet v i domain-containing protein (2.51). For the decreased abundance proteins,
these were 3-n-debenzoyl-2-deoxytaxol n-benzoyltransferase (0.38), and protein light-dependent short
hypocotyls 5-like (0.39). All peptide match information including m/z, score, delta, PTM. expect value,
PSMs, PEP, Charge and RT are shown in Table S4.
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Figure 4. The distribution of proteins with differential abundance.

2.3. Functional Classification and Metabolic Pathways of Differential Abundance Proteins

We aimed to study the mechanisms by which proteins modulate lettuce bolting induced by high
temperatures. Based on the BLAST alignment, Gene Ontology (GO) classification, and literature [20],
the identified proteins were classified into 13 functional categories. To identify the significant changes
in biological process (BP), molecular function (MF), and cellular component (CC) between the control
and high-temperature treatment groups, GO annotation was performed using the Trinotate through
BLAST search against the well-annotated protein sequences (SwissProt). Of the total differential
proteins, 1796 GO terms were annotated (Figure 5). At level 2, the proteins with differential abundance
in bolting under a high temperature in the BP category were annotated with the following terms:
Metabolic process (36.49%), cellular process (28.83%), response to stimulus (7.36%), localization (5.86%),
biological regulation (4.65%), etc. Similarly, the catalytic activity (50.15%), binding (38.30%), structural
molecule activity (4.45%), transporter activity (3.29%), and other (3.87%) terms were annotated in the
MF category. In the CC category, cell (21.96%), cell part (21.85%), membrane (16.11%) and organelle
(12.91%) terms were annotated. Next, the proteins with increased and decreased abundance were
utilized for the GO term enrichment analysis (Figure 5D). Results show that the main GO enrichment
functions of increased abundance proteins were: Plastid (43), chloroplast (37), thylakoid (29), cell
periphery (26), organelle subcompartment (23), plastid part (23), and chloroplast part (23). The main
GO enrichment functions of decreased abundance proteins were carbohydrate metabolic process (28),
cell periphery (27), hydrolase activity, acting on glycosyl bonds (20), plastid (13), and chloroplast
(12). Overall, most proteins with differential abundance taking part in thylakoid, thylakoid part,
photosynthetic membrane, plastid thylakoid, photosynthesis, etc.

Figure 5. Cont.
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Figure 5. ClueGO and GO enrichment analysis of proteins with differential abundance: (A) Biological
Process; (B) Molecular Function; (C) Cellular Component; and (D) GO enrichment. ** indicate
significant difference at p < 0.01 by Tukey’s test, respectively.

To analyze and identify the major metabolic and signal transduction pathways of the proteins
with differential abundance, the KEGG database [21] was used. After annotation, the KO number of
proteins that were homologous/similar to that of the related KEGG pathway via sequence alignment
was determined, and 189 KEGG signaling/metabolic pathways associated with 467 proteins were
extracted. Related plants accounted for 76.90% of these proteins. As shown in Figure 6A,B, the metabolic
pathways observed in over half of the proteins were: Ribosome (15.03%), photosynthesis (9.80%),
phenylpropanoid biosynthesis (7.19%), pyruvate metabolism (5.23%), photosynthesis-antenna proteins
(5.23%), starch and sucrose metabolism (4.58%), carbon fixation in photosynthetic organisms (4.58%),
protein processing in endoplasmic reticulum (4.58%), spliceosome (4.58%), oxidative phosphorylation
(3.92%), glycolysis/gluconeogenesis (3.92%), Cysteine and methionine metabolism (3.92%), Glutathione
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metabolism (3.92%), and necroptosis (3.92%). Several other significant metabolic pathways were observed
as well, such as plant–pathogen interaction (3.27%), peroxisome (2.61%), tryptophan metabolism (2.61%),
plant hormone signal transduction (2.61%), and metabolism of xenobiotics by cytochrome P450 (1.96%).
To better understand the key metabolic pathways involved in the bolting of lettuce, all differential proteins
were successfully enriched and aligned with 14 KEGG pathways (Figure 6C). As shown in Figure 6C,
we found that the significantly enriched metabolic pathways of increased abundance proteins were
photosynthesis (15), ribosome (10), photosynthesis antenna proteins (8), phenylpropanoid biosynthesis
(6), ascorbate and aldarate metabolism (5), tryptophan metabolism (4), mineral absorption (3) and
sesquiterpenoid and triterpenoid biosynthesis (3). The significantly enriched metabolic pathways of
decreased abundance proteins were ribosome (13), phenylpropanoid biosynthesis (5) and ascorbate
and aldarate metabolism (2). Furthermore, all the proteins with differential abundance that take
part in photosynthesis, photosynthesis-antenna proteins, tryptophan metabolism, mineral absorption,
and sesquiterpenoid and triterpenoid biosynthesis had increased abundance.

Figure 6. Cont.
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Figure 6. Metabolic analysis of KEGG pathway (matched number more than four) and KEGG
Enrichment: (A) KEGG Pathway; (B) the percentage of Metabolic Pathway; and (C) KEGG Enrichment.
* and ** indicate significant difference at p < 0.05 and p < 0.01 by Tukey’s test, respectively.

In the last step of the biosynthesis of indoleacetate in tryptophan metabolism (auxin biosynthesis)
(Figure 7A), four proteins with increased abundance were identified: aldehyde dehydrogenase
family 2 member mitochondrial (ALDH), amidase family protein, catalase (KatE), and Acetyl-CoA
c-acetyltransferase. In the plant hormone signal transduction pathway (Figure 7B), four proteins with
differential abundance involved three hormone signal transduction pathways: GRP in gibberellin
signal transduction, AHP in cytokinine signal transduction, and NPR1 and PR-1 in salicylic acid signal
transduction. Among these pathways, the proteins with increased abundance were GRP and AHP and
the proteins with decreased abundance were NPR1 and PR-1.

Figure 7. Cont.
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Figure 7. Maps of tryptophan metabolism and plant hormone signal transduction pathways:
(A) tryptophan metabolism (auxin biosynthesis pathway); and (B) plant hormone signal transduction
pathway. The red rectangles represent increased abundance proteins, and the green rectangles
represent decreased abundance proteins. Definition of proteins indicated in Figure 7A: ALDH,
aldehyde dehydrogenase family 2 member mitochondrial; KatE, catalase. Definition of proteins
indicated in Figure 7B: GRP, gibberellin regulated protein; AHP, histidine-containing phosphotransfer
protein; NPR1, regulatory protein NPR1; PR-1, pathogenesis-related protein 1. The dotted line means
many steps of process; The double line means cytomembrane; +u means ubiquitination; +p means
Phosphorylation; Vertical lines mean dissociation; The dotted line with a circle means chemical molecule
undergoing several steps to combine with next substance.

In photosynthesis (Figure 8A) and photosynthesis-antenna proteins (Figure 8B) pathways,
there were 14 and 7 proteins with differential abundance, respectively, all of which had increased
abundance. In the photosynthesis pathway, the proteins were associated with photosystem I,
photosystem II, cytochrome b6/f complex, photosynthetic electron transport, and f-type ATPase
(Figure 8A). In the photosynthesis-antenna proteins pathway, the proteins with differential
abundance were implicated in allophycocyanin (AP), allophycocyanin (PC)/phycoerythrocyanin
(PEC), phycoerythrin (PE), and the light-harvesting chlorophyll protein complex (LHC) (Figure 8B).

 

Figure 8. Cont.
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Figure 8. Maps of photosynthesis and photosynthesis-antenna proteins pathways: (A) photosynthesis
pathway; and (B) photosynthesis-antenna proteins pathway. (A) The green background rectangles
on the left side of the graph represent the identified proteins with differential abundance. The right
side of the graph is the enlarged image of the important part, and the proteins with differential
abundance are labeled with accession no. (B) The green background rectangles represent the identified
proteins with differential abundance and labeled with accession no. Definition of proteins indicated
in Figure 8A: a: PsbO 1, photosystem II oxygen-evolving enhancer protein 1; b: PsbQ 3, photosystem
II oxygen-evolving enhancer protein 3; c: PsaD, photosystem I subunit II; d: PsaE, photosystem I
reaction center subunit IV; e: PsaF, photosystem I reaction center subunit III; f: PsaG, photosystem I
subunit V; g: PsaK, photosystem I subunit X; h: PsaL, photosystem I subunit XI; i: PsaN, photosystem I
subunit PsaN; j: PetF, ferredoxin; k: beta (β), F-type H+-transporting ATPase subunit beta; l: gamma (γ),
F-type H+-transporting ATPase subunit gamma; m: delta (δ), F-type H+-transporting ATPase subunit
delta; n: b, F-type H+-transporting ATPase subunit b. Definition of proteins indicated in Figure 8B:
Lhca1–3, light-harvesting complex I chlorophyll a/b binding protein 1–3; Lhcb2–5, light-harvesting
complex II chlorophyll a/ binding protein 2–5. alpha (α), F-type H+-transporting ATPase subunit
alpha; D1: protein subunit D1; D2: protein subunit D2; Arrow: light.

2.4. Hierarchical Clustering of Protein Profiles

To identify the proteins with similar expression patterns, hierarchical clustering was performed.
An uncentered correlation was used to define the similarity. The hierarchical clusters were assembled
using the average linkage clustering method. The proteins with differential abundance were classified
into six main clusters (Figure 9). Compared to the control group, the proteins in Clusters 1–3 of the
high-temperature group have increased abundance and the proteins in Clusters 4–6 have decreased
abundance. Cluster 1 had the highest increased abundance and included 37 proteins; Cluster 6 had
the highest decreased abundance and included 94 proteins. The number of proteins in Clusters
2 and 5 accounted for approximately half of the total number of proteins with differential abundance
and consisted of 198 and 214 proteins, respectively, whereas Clusters 3 and 4 consisted of 39 and
37 proteins, respectively. To better visualize the protein clusters during bolting under a high temperature,
the significant proteins with differential abundance were also sorted and analyzed by clusters in the form
as shown on the right side of Figure 9. After performing a comparison and analysis of the six images,
we found that the major biological processes involved in each cluster were as follows: Cluster 1: catalytic
activity (13), metabolic process (8), membrane (8), cell (7), cell part (7), cellular process (6) and binding (6);
Cluster 2: metabolic process (87), catalytic activity (82), cell (76), cell part (76), cellular process (68), binding
(67) and organelle (45); Cluster 3: catalytic activity (24), metabolic process (21), binding (11), cellular
process (10), cell (7) and cell part (7); Cluster 4: metabolic process (14), cellular process (14), membrane (13),
cell (13), cell part (13) and binding (12); Cluster 5: catalytic activity (94), metabolic process (81), binding
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(74), cellular process (65), cell (64) and cell part (63); and Cluster 6: catalytic activity (35), cell (32), cell part
(32), metabolic process (30), cellular process (27), membrane (26) and binding (25).

Figure 9. Hierarchical clustering analysis of the differential proteins in lettuce stem under high
temperature. The left graph represents hierarchical clustering of proteins with differential abundance.
The right graphs represent protein functional classification of the clusters.
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2.5. Expression Levels of Genes Encoding Some Identified Proteins

To understand the relationship between the abundance of a protein and the level of its gene
transcripts, we measured the expression profiles of genes encoding 13 selected key node proteins. These
proteins are primarily observed in five major functional groups: Phytohormone metabolism (GA, IAA,
and ETH), signal transduction, oxido-reduction, ubiquitin degradation, and protein kinase. The mRNA
expression trend showed that eight proteins (ADF2MC4, ADF2MM, GSTL3L, PD, ACO1, STPK, NPR1
and PLRLSTPKRIX1) were consistent with the protein abundance (Figure 10). However, the expression
levels of five proteins (EIX1, AFP, AACT, CYP71A22 and GSTL3) did not conform to at the mRNA and
protein level, which might have been caused by the presence of post-translational modifications.

Figure 10. Correlation of mRNA level and protein abundance by iTRAQ. The fold-change of
treatment/control in transcript level using the qRT-PCR approach of 19 candidate genes involved
in the identified proteins with differential abundance and the protein abundance level by iTRAQ is
shown in the figure. The positive number indicates increased abundance, and the negative number
indicates decreased abundance. Each histogram represents the mean value of three biological replicates,
and the vertical bars indicate the standard error (n = 3). Definition of 19 candidate genes involved
in the identified proteins with differential abundance: EIX1, esterase isoform x1; AFP, amidase
family protein; ADF2MC4, aldehyde dehydrogenase family 2 member c4; ADF2MM, aldehyde
dehydrogenase family 2 member mitochondrial; AACT, acetyl-CoA c-acetyltransferase 3; CYP 71A22L,
cytochrome p450 71a22-like; GSTL3L, glutathione s-transferase l3-like; GSTL3, glutathione s-transferase
l3; PD, phytanoyl-dioxygenase; ACO1,1-aminocyclopropane-1-carboxylate oxidase 1; STPK, serine
threonine-protein kinase; NPR1, regulatory protein NPR1; PLRLSTPKRIX1, probable lrr receptor-like
serine threonine-protein kinase rfk1 isoform x1.

3. Discussion

3.1. Proteins Implicated in Hormone Metabolism During Bolting in Lettuce Under a High Temperature

Flower bud differentiation, bolting, and flowering in plants are complex processes. When plants
enter the reproductive stage from vegetative growth, nutrients are gradually redistributed to the
reproductive organs. This process is the result of the combined effects of various factors. During the
whole plant growth and development, including bolting, phytohormones play a critical regulatory
role in physiological metabolism and morphogenesis [22]. IAA was the first plant hormone to be
discovered. The famous “acid growth theory” shows that, after growing cells are treated with
IAA, the pH of the cell wall is reduced, and cell wall relaxation is increased, leading to increased
cell elongation. The researchers of this theory found that the primary transcript effect, associated
with elevated steady-state auxin concentrations, on elongating root cells, is the up-regulation of cell
wall remodeling factors, notably expansins, whereas plant hormone signaling pathways maintain
remarkable homeostasis [23]. The SAUR19 subfamily of SMALL AUXIN UP RNA genes promotes
cell expansion [24], and the NPH4/auxin response factors ARF 7 and ARF19 promote leaf expansion
and auxin-induced lateral root formation [25]. IAA promotes the elongation of stems, whereas auxin
deficiencies lead to the inhibition of stem elongation [26,27]. In this study, we found that the following
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four proteins in the tryptophan metabolism pathway had increased abundance in the last step of
the synthesis of indole acetic acid: The aldehyde dehydrogenase family 2 member mitochondrial
(ALDH), amidase family protein, catalase (KatE), and Acetyl-CoA c-acetyltransferase. These results
suggested that the regulation of IAA for bolting in lettuce may be related to the increased abundance
of the above four enzymes, and the specific performance of these proteins affect the biosynthesis of
IAA. The induced gene expression was consistent with the increased IAA content in stems subjected
to a high temperature (Figure 3). In combination with the finding that exogenous IAA-accelerated
bolting (Figure 3), this further suggests that IAA was closely related to bolting. However, applications
of IAA and IAA inhibitors in spinach plants had no clear effect on flower bud development and
bolting in either treatment. The possible reason for this is that the principle of IAA action is different
among different species [28]. Hence, to determine the function of IAA, future study will focus on the
synergistic effect with other hormones on bolting in lettuce.

GAs is a large family of plant hormones that promote the relaxation of cell walls and cell
elongation resulting in stem elongation, which plays an important role in the bolting of vegetables [29].
The three types of enzymes involved in the synthesis of biologically active GA from GA precursors are
terpene synthases (TPSs), cytochrome P450 monooxygenases (P450s), and 2-oxoglutarate-dependent
dioxygenases (2ODDs) [30]. In the current study, it was found that the GA-regulated protein 1-like
(GRP1L) and 8 cytochrome P450 monooxygenases had increased abundance. Among them, P450s are
key enzymes in the synthesis of GA, and they catalyze a number of oxidation steps in the middle part
of the pathway [31]. However, needs to be the very specific P450s, and the identified P450s in this study
were not the types involved in GA biosynthesis. The increased abundance of GA-regulated proteins
indicated that the change of GA signal transduction might be consistent with the bolting. Researchers
who found that exogenous GA caused a severe elongation of the lettuce stem [32], and promoted
bolting in both a bolting-resistant lettuce line and a bolting-sensitive line [17]. GA could promote
bud differentiation in the rape flower [33], the AtGA20ox1 could greatly contribute to internode and
filament elongation in Arabidopsis [34], and the application of GA3 to spinach plants rapidly induced
bolting [28]. T better determine the function of P450s in GA synthesis and its relationship with bolting,
the type of P450s that are responsible for this needs to be determined, and a transgenosis analysis
needs to be carried out in the future. Additionally, whether the GA signal transduction affects plant
bolting may be a new research focus.

3.2. Proteins Related to Phosphorylation During Bolting in Lettuce Under a High Temperature

Protein phosphorylation is an important mechanism for the regulation of cellular responses to
various external signals [35], and it regulates the basic processes of cell metabolism, such as cell
division, differentiation, and growth development. In addition, protein phosphorylation plays an
important role in hormone regulation as well as biological and abiotic stress responses [36]. According
to the amino acid residue types of substrate proteins, protein kinases can be divided into the categories
serine/threonine protein kinases (STPK), tyrosine protein kinases (TPK), and histidine protein kinases
(HPK), tryptophan protein kinases and aspartate aminoacyl/glutamyl protein kinases. Among these,
STPK is one of the most important protein kinases and regulates many cell life activities [37].
The receptor serine/threonine kinases (RSTK), which is a type of single transmembrane protein
receptor, shows that STPK activity in the cell and always exerts a normal physiological function as
a heterodimer. This protein kinase may primarily cause the phosphorylation of serine or threonine
downstream signaling proteins, and it can pass extracellular signals into cells, and can achieve a variety
of biological functions through its influence on gene transcription. Recently, many studies about
the phosphorylated protein functions in some species have been reported, including peanuts [38],
alfalfa [39], and Arabidopsis [40], have been reported. In this study, we found that four RSTKs in
lettuce stems during bolting under a high temperature had decreased abundance, and one STPK
had increased abundance, which affected the phosphorylation of serine or threonine in downstream
signaling proteins, ans might further impact the bolting induced by high temperature.
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3.3. Defense Proteins Play an Important Role in Defense Reaction and Hormone Metabolism During Bolting in
Lettuce Under a High Temperature

Glutathione S-transferase (GST) is a common enzyme family found in bacteria, fungi, plants
and animals, and has many biological functions. As a type of isozyme, GSTs are encoded by a large
and complex gene family [41]. This kind of enzyme can catalyze the conjugate reaction of reduced
glutathione and toxic, alien or oxidation products [42], protects cells from oxidative damage [43],
and plays an important role in plant resistance to abiotic stresses, including chilling, drought, and high
salt stress [44]. In this study, two of the GST family proteins, namely, glutathione S-transferase l3 (1.26)
and glutathione S-transferase l3-like (1.22), were detected in bolting lettuce stems. Thus, GSTs are also
found to be involved in the bolting process of lettuce under high temperature.

Ascorbic acid (AsA) is a common small-molecule antioxidant in higher plants that plays an
important role in the resistance of plant cells to oxidative stress. AsA is an important and required
cofactor of metabolic enzymes in the synthesis of secondary metabolites, such as ethylene, GA,
and anthocyanin, and it also regulates cell growth. During the progress of bolting in Arabidopsis,
the AsA content was greatly reduced in parallel with an increased expression of OgLEAFY, and the
gene encoded a key transcription factor that integrates different flowering-inducing pathways [45].
In the current study, changes in the expression of AsA metabolism-related proteins likely lead to the
increase of endogenous AsA content in lettuce stems, thereby indirectly promoting the synthesis of
plant hormones, as well as initiating a protective function.

3.4. Proteins Associated with Photosynthesis During Bolting in Lettuce

Plant growth and development must be coordinated with metabolism, notably with the efficiency
of photosynthesis and the uptake of nutrients. This coordination requires local connections between
the hormone response and metabolic state, as well as long-distance connections between shoot and
root tissues. In studies on Chinese cabbage [46], 19 expression sequence tags (ESTs) associated with
bolting or flowering were isolated and cloned, and the blast results indicated that 15 of them were
involved in the synthesis of anthocyanins, photosynthesis, and signal transduction. During the
bolting process of Chinese cabbage, it was confirmed that photosynthesis and abiotic signal response
genes, such as BrPIF4, BrPIF5, and BrCOLs, were highly expressed in the outer leaves [47]. In our
study, the photosynthesis-related proteins have significant increased abundance in the bolting process
under a high temperature, indicating that photosynthesis may be significantly enhanced. While our
photosynthesis analysis was on the lettuce stem, these findings are similar to previous research on
lettuce leaves. Some lettuce leaves will likely be injured under a high temperature, as a consequence of
tissue necrosis, so the enhancement of stem photosynthesis might be a way to supplement affected
leaf photosynthesis. This could be an explanation for the accumulation of a large amount of organic
matter (sugar) in the stem, which is needed for the growth of the stem and bolting. The subsequent
identification will be further confirmed by the determination of stem photosynthesis. Previous research
shows that a relationship exists between photosynthesis and phytohormones in plants. Exogenous GA
enhanced the expression of many key photosynthetic genes, such as GID1, RGA, GID2, and MYBGa,
which is in agreement with the observed increase in the measurements of photosynthesis [48].
Huerta found that an extensive up-regulation of genes involved in photosynthesis and carbon
utilization, and down-regulation of those involved in protein synthesis and ribosome biogenesis,
were shown for the first time in plants with a higher GA content [49]. The maximum IAA content
and ethylene evolution was noted when the upper leaves were removed, the photosynthetic rate and
photosynthetic water-use efficiency showed a reverse trend, and the application of IAA could recover
the photosynthesis and stomatal conductance of 50% of upper leaf removal plants [50]. Combining the
changes in the hormone pathway, it was speculated that the increased abundance proteins involved
in GA and IAA metabolism increased the content of endogenous GA and IAA, thereby enhancing
photosynthesis and benefitting plant bolting. Comprehensively, it was suggested that the drastic
changes in photosynthesis, carbon metabolism, ribosome biogenesis, glycolysis/gluconeogenesis,
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phenylpropanoid biosynthesis, tryptophan metabolism may play an important role in the inducement
of bolting, and the enhanced function of photosynthesis and tryptophan metabolism may locate the
important place. Reports have indicated that the tryptophan-dependent IAA synthesis pathway is an
important route for IAA synthesis in plants [51]. Similarly, the elevated gene expression implicated in
tryptophan metabolism matched the higher levels of IAA content observed in stems of plants subjected
to high temperature (Figure 3).

3.5. Proteins Associated with Expansin During Bolting in Lettuce

Expansins were first discovered in cucumbers [52] Expansins are a class of cell wall proteins that
uniquely induce pH-dependent cell wall elongation and alleviate wall pressure [53]. As an important
part of plant cell wall, expandable protein makes cell wall component loose and cell stretch by means of
enzyme catalysis [54]. Wittwer and Bukovac reported that the application of GA induced bolting and
earlier flowering in lettuce [55]. Cosgrove found that gibberellin had similar effects on stem elongation
and expansins [54]. In this study, we found that one expansin protein (expansin-like b1) had increased
abundance in the lettuce stem during bolting induced by high temperature, which was significantly
different from the control group. At the same time, a beta expansin precursor had decreased abundance.
Therefore, expansin proteins might be related to bolting induced by high temperature in lettuce. Thus,
we will focus on the relationship between expansin proteins and bolting in future study.

4. Materials and Methods

4.1. Plant Materials and Treatment

Seeds of GB-30 lettuce (Lactuca sativa L.), a variety that bolts easily, were numbered and conserved
in our laboratory, sown in a sand/soil/peat (1:1:1 v/v) mixture, and grown in the Beijing University
of Agriculture Experimental Station of Beijing under standard greenhouse conditions (14 h light;
300–1300 μmol/(m2 s); 20 ± 2 ◦C during the day; 13 ± 2 ◦C at night; 10 h dark; and 50–70% relative
humidity). The seedlings were transplanted into 10 cm pots at the trefoil stage. When the lettuce
plants developed the sixth true leaf, they were moved to a growth chamber under the following
condition: Temperatures of 20/13 ◦C (day/night), a 14/10 h photoperiod, and 60% relative humidity
for two days of acclimatization. After that, the plants were divided into two groups. The control
group (group CK) was kept under the standard greenhouse conditions as described above. The other
group (group H) was moved to another growth chamber and treated with high temperatures of 33 and
25 ◦C during the day and night, respectively. The other environmental conditions were unchanged.
The stem lengths (in cm) of the control and treatment plants were measured every eight days using a
ruler. At the same time, the blossom buds were observed by the stereoscopic microscope and paraffin
methods [56] to define the progress of flower bud differentiation. After 32 days, stem samples from
the control and treatment plants were collected, frozen in liquid nitrogen, and stored at −80 ◦C for
further measurements on endogenous hormones and proteome analysis.

4.2. Endogenous Hormone Measurement

The endogenous hormone measurements were performed using enzyme-linked immune sorbent
assays (ELISA), as previously described [57]. Standard auxin (IAA), gibberellin (GA1+3), zeatin (ZR),
abscisic acid (ABA), Jasmonic acid methyl ester (JA-ME), and brassinolide (BR) (Sangon Biotech
Co. Ltd., Shanghai, China) were used for calibration. The unit of endogenous hormone content
was ng/g FW.

4.3. Exogenous Auxin (IAA) Treatment

After observing the effects of exogenous auxin at different concentrations (10, 40, 70,
and 100 mg/L), 40 mg/L was chosen for the formal exogenous auxin treatment of bolting in the
preparatory experiment. Plants at the sixth true leaf stage with uniform growth were selected and
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sprayed with 40 mg/L auxin. Water was used as a control. Twelve plants were used for each treatment,
and the stem length (in cm) was measured using a ruler, every five days from the start of the treatment.

4.4. Protein Extraction

Approximately 2.5 g of each sample was ground into fine powder in liquid nitrogen. The powder
was resuspended in 30 mL of 10% (w/v) trichloroacetic acid (TCA)/acetone (65 mM dithiothreitol
(DTT)) in a 50 mL tube. The mixture was stored overnight (minimum duration) at −20 ◦C for
precipitation. After centrifugation at 10,000 rpm for 30 min at 4 ◦C, the supernatant was discarded.
Subsequently, 40 mL pre-cooling acetone was added and centrifuged at 7000 rpm for 15 min.
This supernatant was also discarded and the pellet was washed three times with acetone. Afterwards,
200 uL lysis buffer (SDT buffer (4% (v/v) SDS, 100 mM Tris-HCl, 1 mM DTT, pH 7.6) was added to the
precipitate, and placed on ice for 20 min after ultrasonic treatment for 30 min. After centrifugation
at 12,000 rpm for 10 min at 4 ◦C, the supernatant was extracted. The precipitate was vacuum-dried.
The total protein in the supernatant was quantified using the BCA Protein Assay Kit (Bio-Rad, Hercules,
CA, USA).

4.5. Protein Digestion and iTRAQ Labeling

Protein digestion was performed according to the FASP procedure described by Wiśniewski
and colleagues [58], and the resulting peptide mixture was labeled using the 8-plex iTRAQ reagent
according to the manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA). In brief,
each sample of 200 μg of protein was incorporated into a 30 μL SDT buffer (4% (v/v) SDS, 100 mM
DTT, 150 mM Tris-HCl pH 8.0). The detergent, DTT, and other low-molecular-weight components
were removed using a UA buffer (8 M Urea, 150 mM Tris-HCl pH 8.0) and repeated ultrafiltration
(Microcon units, 30 kD). Then, 100 μL 0.05 M iodoacetamide in UA buffer was added to block
reduced cysteine residues, and the samples were incubated in the dark for 20 min. The filters were
washed three times with 100 μL UA buffer and, subsequently, twice with 100 μL DS buffer (50 mM
triethylammoniumbicarbonate at pH 8.5). Finally, the protein suspensions were digested at 37 ◦C
overnight using 2 μg trypsin (Promega, Madison, WI, USA) in 40 μL DS buffer, and the resulting
peptides were collected as a filtrate. The peptide content was estimated by UV light spectral density at
280 nm using an extinction coefficient of 1.1 of 0.1% (g/L) solution, which was calculated based on
the frequency of tryptophan and tyrosine in vertebrate proteins. For labeling, each iTRAQ reagent
was dissolved in 70 μL of ethanol and added to the respective peptide mixture. The experiment was
performed in three independent biological replicates, and each independent biological replication
consisted of a pool of three plants. The three independent biological replications of the control were
labeled as (CK1)-113, (CK2)-114, and (CK3)-115, and the three independent biological replications of
the treatment were labeled as (H1)-116, (H2)-117, and (H3)-118.

4.6. Peptide Fractionation with Strong Cation Exchange (SCX) Chromatography

The iTRAQ labeled peptides were fractionated by SCX chromatography using the AKTA
Purifier system (GE Healthcare, Chicago, IL, USA). The dried peptide mixture was reconstituted
and acidified with 2 mL buffer A (10 mM KH2PO4 in 25% (v/v) of ACN, pH 2.7) and loaded onto a
PolySULFOETHYL 4.6 × 100 mm column (5 μm, 200 Å, PolyLC Inc, Columbia, MD, USA). The peptides
were eluted with buffer B (500 mM KCl, 10 mM KH2PO4 in 25% (v/v) of ACN, pH 2.7) at a flow rate of
1 ml/min with the following gradients of 0–8% buffer B (500 mM KCl, 10 mM KH2PO4 in 25% of ACN,
pH 3.0) for 22 min, 8–52% buffer B from 22–47 min, 52–100% buffer B from 47–50 min, 100% buffer
B from 50–58 min, and then, after 58 min, buffer B was reset to 0%. The elution was monitored
by absorbance at 214 nm, and fractions were collected every minute. The collected fractions were
combined into 15 fractions and desalted on C18 Cartridges (Empore™ SPE Cartridges C18 (standard
density), bed I.D 7 mm, volume 3 mL, Sigma, St. Louis, MI, USA). Each fraction was concentrated by
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vacuum centrifugation and reconstituted in 40 μL of 0.1% (v/v) acetic acid. All samples were stored at
−80 ◦C until LC-MS/MS analysis.

4.7. Liquid Chromatography (LC)-Electrospray Ionization (ESI) Tandem MS (MS/MS) Analysis

Experiments were performed on a Q-Exactive mass spectrometer coupled with Easy nLC (Proxeon
Biosystems, now Thermo Fisher Scientific). Into each fraction, 10 μL was injected for nano LC-MS/MS
analysis. The peptide mixture (1–2 μg) was loaded onto a C18–reversed phase column (Thermo
Scientific Easy Column, 10 cm long, 75 μm inner diameter, 3 μm resin) in buffer A (0.1% (v/v) formic
acid) and separated with a linear gradient of buffer B (80% (v/v) acetonitrile and 0.1% (v/v) Formic
acid) at a flow rate of 250 nL/min, controlled by IntelliFlow technology for 140 min. MS data were
acquired using a data-dependent top 10 method, which dynamically chooses the most abundant
precursor ions from the survey scan (300–1800 m/z) for HCD fragmentation. The determination of the
target value is based on predictive Automatic Gain Control (pAGC). The dynamic exclusion duration
was 60 s. Survey scans were acquired at a resolution of 70,000 at m/z 200, and the resolution for HCD
spectra was set to 17,500 at m/z 200. Normalized collision energy was 30 eV, and the underfill ratio,
which specifies the minimum percentage of the target value likely to be reached at the maximum fill
time, was defined as 0.1%. The instrument was run with peptide recognition mode enabled.

4.8. Database Search and Protein Quantification

MS/MS spectra were searched using the MASCOT engine (Matrix Science, London, UK;
version 2.2) embedded into Proteome Discoverer 1.3 (Thermo Electron, San Jose, CA, USA),
against Lactuca.Unigene.pep.fasta (lettuce protein database translated from transcriptome, created
by our laboratory). For protein identification, the following options were used: Peptide mass
tolerance = 20 ppm, MS/MS tolerance = 0.1 Da, Enzyme = Trypsin, Max Missed cleavage = 2, Fixed
modification: Carbamidomethyl (C), iTRAQ 8-plex (K), iTRAQ 8-plex (N-term), Variable modification:
Oxidation (M), iTRAQ8plex (Y). Each confident protein identification and quantification required at
least one unique peptide, and the proteins with one unique peptide were supplied high quality spectra
in Table S3. The false discovery rate (FDR) of identified proteins was ≤0.01.

The relative quantification of proteins was based on the strength of the reporter ion, which reflects
the relative abundance of peptides. The fold-change was obtained according to different comparison
groups (control and high-temperature treatment), through the reporter ion ratio labeled with different
isotopes, as described above. In the identified proteins, the fold-changes of >1.20 or <0.84, and the
p-values of <0.05 using one sample t test, were considered as significant.

4.9. Bioinformatics Analysis of Proteins

Functional category analysis was performed with Blast2GO software (http://www.geneontology.
org) [59]. The online Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.
genome.jp/kegg/) was used to retrieve their KEGG Orthology (KO) and the data were subsequently
mapped on pathways in KEGG [60]. The corresponding KEGG pathways were extracted. To further
explore the impact of proteins with differential abundance in the cell physiological processes of
cells and discover internal relations between proteins with differential abundance, enrichment
analysis was performed. GO enrichment on three ontologies (biological process, molecular function,
and cellular component), and KEGG pathway enrichment analyses were applied based on the
Fisher’s exact test, considering the whole quantified protein annotations as the background dataset.
The Benjamini–Hochberg correction for multiple testing was further applied to adjust the derived
p-values. Only functional categories and pathways with p-values <0.05 were considered as significant.
The studied protein-relative abundance data were used to perform hierarchical clustering analysis.
For this purpose, Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) and
the Java Treeview software (http://jtreeview.sourceforge.net) were used. The Euclidean distance
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algorithm for similarity measurement and the average linkage clustering algorithm for clustering were
selected when performing hierarchical clustering.

The workflow in the proteome is shown in Figure S1.

4.10. Total RNA Extraction and Real-Time PCR

The total RNA was extracted using the RNA pure Total RNA Kit (Aidlab Biotech, Beijing, China)
according to the manufacturer’s instructions. The RNA samples were reversely transcribed into
cDNAs using TransScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China).
The procedure was as follows: RNA (2 μg) mixed with 1 μL Oligod (T) 18 (0.5 μg/ μL), 2 × TS Reaction
Mix (10 μL) and, TransScript RT/RI Enzyme Mix (1 μL) with an additional 20 μL of RNase-free Water
to. The mixture was mixed gently and incubated at 42 ◦C for 15 min. The reaction was terminated by
incubation at 85 ◦C for 5 s, and the cDNAs of the product were stored at −20 ◦C. The cDNA samples
were used as a template, then mixed with 200 nmol primer and SYBR Green PCR Real Master Mix
(Takara, Kusatsu, Japan) for real-time PCR analysis using Bio-Rad CFX 96 real-time PCR instruments
and CFX manager software ver 3.0 (Bio-Rad laboratories, California, USA). The temperature procedure
was as follows: 94 ◦C for 3 min, 32 cycles of 94 ◦C for 30 s, 57 ◦C for 30 s, and 72 ◦C for 20 s.
The fluorescence signal was collected during the elongation of every cycle at 72 ◦C. The 18S was used
as an internal standard for normalization. The primers used in qRT-PCR are listed in Table S5.

4.11. Statistical Analysis

All tests were performed in three replicates. For the measurement of stem length, each biological
replicate had nine samples from nine plants. For the observation of flower bud differentiation,
each biological replicate had five samples from five plants. For physiology and proteome analyses,
three different stems were pooled together as one biological sample, and this was done three times
to produce three independent biological replicates (of three pooled stems) for both physiology and
proteome analysis. The presented data represent the means ± SD of three replications, and were
statistically analyzed using an analysis of variance (ANOVA) by SPSS 10.0 (International Business
Machine, Chicago, IL, USA). Tukey’s test was used to identify significant differences among groups
(p < 0.05, p < 0.01). Figures representing the physiological parameters were drawn using Origin Pro
8.0 SR4 (Origin Lab, Northampton, MA, USA) and Microsoft Office PowerPoint 2007. Western blot
immunoreactive protein bands were quantified by densitometry using ImageLab 3.0 software (Bio-Rad,
Hercules, CA, USA).

5. Conclusions

The bolting of plants is usually induced by a wide variety of biological changes. Here, we observed
the phenotypic changes of lettuce bolting induced by a high temperature of 33 ◦C, which are in sharp
contrast to lettuce subjected to the normal growth temperature of 20 ◦C, under which condition no
bolting occurred. The activity of enzymes involved in protein synthesis and defense systems was
functionally enhanced. Subsequently, the functional classes associated with reproductive growth,
such as hormone metabolism, were highly activated, especially for IAA. These findings by proteomics
were in agreement with the validation in the physiology and gene expression of IAA metabolism.
Furthermore, the functions of IAA may promote photosynthesis. Thus, the synergistic reactions of
these metabolisms led to the synthesis of expansin and cell cycle proteins, eventually resulting in
plant bolting.

Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/1422-
0067/19/10/2967/s1.
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Abstract: Drought stress is the major abiotic factor threatening maize (Zea mays L.) yield globally.
Therefore, revealing the molecular mechanisms fundamental to drought tolerance in maize becomes
imperative. Herein, we conducted a comprehensive comparative analysis of two maize inbred lines
contrasting in drought stress tolerance based on their physiological and proteomic responses at the
seedling stage. Our observations showed that divergent stress tolerance mechanisms exist between
the two inbred-lines at physiological and proteomic levels, with YE8112 being comparatively more
tolerant than MO17 owing to its maintenance of higher relative leaf water and proline contents,
greater increase in peroxidase (POD) activity, along with decreased level of lipid peroxidation under
stressed conditions. Using an iTRAQ (isobaric tags for relative and absolute quantification)-based
method, we identified a total of 721 differentially abundant proteins (DAPs). Amongst these,
we fished out five essential sets of drought responsive DAPs, including 13 DAPs specific to YE8112,
107 specific DAPs shared between drought-sensitive and drought-tolerant lines after drought
treatment (SD_TD), three DAPs of YE8112 also regulated in SD_TD, 84 DAPs unique to MO17,
and five overlapping DAPs between the two inbred lines. The most significantly enriched DAPs in
YE8112 were associated with the photosynthesis antenna proteins pathway, whilst those in MO17
were related to C5-branched dibasic acid metabolism and RNA transport pathways. The changes
in protein abundance were consistent with the observed physiological characterizations of the two
inbred lines. Further, quantitative real-time polymerase chain reaction (qRT-PCR) analysis results
confirmed the iTRAQ sequencing data. The higher drought tolerance of YE8112 was attributed to:
activation of photosynthesis proteins involved in balancing light capture and utilization; enhanced
lipid-metabolism; development of abiotic and biotic cross-tolerance mechanisms; increased cellular
detoxification capacity; activation of chaperones that stabilize other proteins against drought-induced
denaturation; and reduced synthesis of redundant proteins to help save energy to battle drought
stress. These findings provide further insights into the molecular signatures underpinning maize
drought stress tolerance.

Keywords: proteome profiling; iTRAQ; differentially abundant proteins (DAPs); drought stress;
physiological responses; Zea mays L.

1. Introduction

Maize (Zea mays L.) is one of the world’s most agro-economically important crops because
of its raw material use in the food, feed, and biofuel production for humans and animals [1–3].
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However, it is under severe threat from various abiotic stresses including drought, salinity, cold, heat,
and flooding [4–8]. Among these, drought or moisture deficit is the most serious environmental
factor posing a substantial menace to maize production worldwide, especially under rain-fed
conditions [9–11].

The crop is susceptible to drought at various growth stages, including seedling, pre-flowering and
grain-filling [4]. In particular, drought stress can affect plant growth at the seedling stage [12]. In arid
and semi-arid regions such as Hebei Province in Northern China, maize often undergo drought stress
in spring and early summer when water deficits threaten germination and seedling growth [3,13].
Although maize seedlings require less water compared to later vegetative and reproductive stages,
moisture stress at seedling stage influences their adaptation at the early crop establishment phase
and their grain yield potential, due to premature flowering and a longer anthesis-silk interval [14,15].
Revealing the mechanism of maize drought response at the seedling stage and improving early crop
establishment in regions where drought occurs during the early crop development phase therefore
become priority goals of the maize drought-tolerant breeding program [3].

Scientific research has made tremendous progress in unravelling maize drought stress response
mechanisms at the vegetative and reproductive stages [16]. Despite this, however, and the existence
of several reports on drought tolerance analyses between inbred lines at the seedling stage [4,17,18],
our understanding of seedling drought stress response mechanisms and genes involved still remain
unclear. Several reports have focused on physiological and biochemical [19–21], as well as large-scale
transcriptomic analyses [1,3,22–24]. However, transcriptome profiling has limitations because mRNA
levels are not always correlated to those of corresponding proteins due to post-transcriptional and
post-translational modifications [5,25,26].

Elucidating the molecular changes at protein level has become extremely important for studying
drought stress responses in plants. Since proteins are directly involved in plant stress responses,
proteomic studies can eventually contribute to dissecting the possible relationships between protein
changes and plant stress tolerance [27,28]. This, therefore, provides new insights into plant responses to
drought stress at the protein level [10,29,30]. High-throughput proteomics has become a powerful tool
for performing large-scale studies and comprehensive identification of drought responsive proteins
in plants [31–35]. The iTRAQ (isobaric tags for relative and absolute quantification) analysis method
is a second generation proteomic technique that provides a gel-free shortgun quantitative analysis.
It utilizes isobaric reagents to label tryptic peptides and monitor relative changes in protein and PMT
(peptide mass tolerance) abundance, and it allows for up to eight samples [36]. Thus, the method
especially facilitates the analysis of time courses of plant stress responses or biological replicates in
a single experiment, and the technique has become increasingly popular in plant stress response
studies [37].

Here, in order to study maize drought stress responses at the protein level, we have also employed
an iTRAQ-based quantitative strategy to perform proteome profiling of two contrasting maize inbred
lines (drought-tolerant YE8112 and drought-sensitive MO17) at the seedling stage. We conducted a
comparative proteomic analysis of these two lines′ leaves after a seven-day moisture-deficit exposure
period. In addition, we evaluated some physiological responses of these two inbred lines under
drought stress, and the results of this study provide further insights into the drought stress tolerance
signatures in maize.

2. Results

2.1. Phenotypic and Physiological Differences between YE8112 and MO17 in Response to Drought Stress

To validate the previous observations that MO17 is drought-sensitive [38] and YE8112 drought
tolerant [39] and to investigate the molecular mechanisms underlying YE8112 drought tolerance,
seedlings at the three-leaf stage were treated with or without moisture deficit stress for 7 days in
a greenhouse environment. Several drought-induced phenotypic responses were then observed.
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As expected, no significant phenotypic differences were observed between the two lines under
water-sufficient conditions, as they both maintained intact plant architecture (Figure 1A). However,
post drought exposure; there were significant differences in the performances of the two lines.
The leaves of MO17 were distinctly shriveled up (Figure 1B), whilst YE8112 seedlings displayed
little phenotypic change by maintaining fully expanded green leaves and intact plant architecture
(Figure 1C).

Drought stress significantly (p < 0.05) decreased the leaf relative water content (RWC) from day 1
in MO17, and from day 3 in YE8112 (Figure 1D). This shows that, upon exposure to drought stress,
the sensitive line MO17 lost leaf water significantly quicker than tolerant line YE8112. Moreover,
the RWC of YE8112 was higher than that of MO17 in water-deficit conditions (Figure 1D); these results
corresponding to our visual observation. Further, the RWC change in the sensitive line MO17 was
evidently higher than that of the tolerant line (Figure 1D), which indicates that the tolerant line YE8112
had higher water retention capacity than sensitive line MO17. The POD activity showed an increasing
trend, in pace with increasing number of treatment days (Figure 1E). This indicates that certain drought
stress intensity could result in increased production and activity of antioxidant enzymes and protective
osmolytes in maize seedlings leaves. The proline content was significantly (p < 0.05) increased in
both MO17 and YE8112 upon drought stress exposure, commencing from day 1 in both inbred lines
(Figure 1F). Additionally, the proline content was generally higher in YE8112 than in MO17 at most
time points under stress conditions (Figure 1F). Results on leaf malondialdehyde (MDA) content
showed that overall; it was significantly higher in MO17 than in YE8112 under both stressed and
non-stressed conditions. In both inbred lines, MDA content showed an increasing trend, until the third
day, and then declined significantly thereafter (Figure 1G). From the fifth day onwards, MDA content
exhibited a gradual decline or a uniform level in MO17 and YE8112, respectively (Figure 1G). This may
suggest that with the increase of stress exposure period, leaf cell membranes are severely injured,
ultimately leading to membrane lipid release and destruction of membrane structures. Trypan blue
staining results indicated that under control conditions, leaf cells of both inbred lines remained intact
and viable, hence, unstained (Figure 2A,B). However, post drought exposure, sensitive line MO17 had
lower active cells and cell membranes were significantly damaged (Figure 2C). In contrast, tolerant
line YE8112 still had more active cells (Figure 2D).

2.2. Inventory of Maize Seedling Leaf Proteins Identified by iTRAQ

Using the Mascot software, 172,775 spectra were matched with known spectra, and 19,678
peptides, 12,054 unique peptides, and 3785 proteins were identified. Amongst these 3785 identified
proteins (Table S1), 100 (2.65%) were <10 kDa, 3301 (87.21%) were 10–70 kDa, 259 (6.84%) were
70–100 kDa, and 125 (3.30%) were >100 kDa in weight (Figure S1A). In addition, 2084 (55.06%) proteins
were detected based on at least two unique peptides whilst the remaining 1701 (44.94%) proteins
had only one identified unique peptide (Figure S1B). Protein sequence coverage was generally below
25% (Figure S1C). Proteins with at least one unique peptide were used for a subsequent analysis of
differentially abundant proteins (DAPs). The distribution of the peptide lengths defining each protein
showed that over 85% of the peptides had lengths between 5 and 20 amino acids, with 9–11 and
11–13 amino acids being modal lengths (Figure S1D).
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Figure 1. Phenotypic (A–C) and physiological (D–G) responses of two maize inbred lines to drought
stress. Phenotypic displays presented here are for three-leaf-stage seedlings after 7 days of moisture
deficit treatment. (A) MO17 and YE8112 inbred lines under non-stressed (water-sufficient) conditions;
(B) sensitive line MO17 drought stressed; (C) tolerant line YE8112 drought stressed; (D–G) physiological
changes were measured in leaf tissues at different stress exposure periods/time points (1, 3, 5,
and 7 days); (D) leaf relative water content, (E) peroxidase (POD) enzyme activity, (F) proline content
and (G) level of lipid peroxidation (MDA (malondialdehyde) content). Data are presented as the
mean ± standard error (n = 3). Different letters above line graphs show significant difference among
treatments at a given day of treatment (p ≤ 0.05).
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Figure 2. Results of trypan blue staining of leaves. (A) Non-stressed sensitive inbred line MO17,
(B) non-stressed tolerant line YE8112, (C) drought-stressed MO17, and (D) drought stressed YE8112,
seven days post drought exposure. Scale bars = 200 μm.

2.3. Analysis of Diffentially Abundant Proteins (DAPs) Observed in Different Experimental Comparisons

Comparative proteomic analysis was used to investigate the changes of protein profiles in leaves
of YE8112 (drought-tolerant, T) and MO17 (drought-sensitive, S) inbred lines under drought stress
conditions. A pairwise comparison of before and after treatments (drought, D, and control, C) was
performed in YE8112 (TD_TC) and MO17 (SD_SC) individually. In addition, a comparative study on
the drought stress proteome was performed between the tolerant and sensitive lines, under drought
(SD_TD) and under water-sufficient (control) (SC_TC) conditions, giving four comparison groups
(Table 1). Before drought treatment, a total of 258 differentially abundant proteins were identified
between the tolerant and sensitive lines (SC_TC). Of these DAPs, 119 had higher accumulation levels
in the tolerant line compared to the sensitive line (Table 1). After drought treatment, we found 269
DAPs between the tolerant and sensitive lines (SD_TD). Of these DAPs, 116 had higher expression
levels in the tolerant line compared to the sensitive line (Table 1). In the tolerant line, 37 proteins
(Table S2) showed differential abundance before and after drought treatment (TD_TC); 11 of these
DAPs were up-regulated (Table 1). In the sensitive line, we observed 157 DAPs (Table S3) before and
after drought treatment (SD_SC); 65 of these DAPs were up-regulated whilst 92 were down-regulated
(Table 1). In total, 721 DAPs were found among the four comparison groups (Table 1, Figure 3).
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Table 1. Number of differentially abundant proteins (DAPs) identified in each comparison group.

Comparisons 1 Up-Regulated 2 Down-Regulated 3 Total 4

SD_SC 65 92 157
TD_TC 11 26 37
SD_TD 116 153 269
SC_TC 119 139 258

1 Comparisons, differential comparison groups; SD, sensitive inbred line (MO17) under drought treatment
conditions; SC, sensitive inbred line under well-watered (control) conditions; TD, tolerant inbred line (YE8112)
under drought conditions; TC, tolerant inbred line under control conditions; 2 up-regulated: increased differential
abundant protein; 3 down-regulated: reduced differential abundant protein; 4 Total: total of all the differentially
abundant proteins in a comparison group. An underscore between two line-treatment combinations implies
comparison of those combinations.

With reference to Figure 3, the combinations of the four comparisons reflect the impact of lines or
treatment. Some of the combinations are more important than others in respect of drought tolerance.
Area I represents specific DAPs of TD_TC, that is, the specific drought responsive DAPs of the drought
tolerant line YE8112. Of these 13 DAPs, five were up-regulated and eight were down-regulated
(Table 2). For comparative analysis, Table 3 shows the 84 drought responsive DAPs unique to SD_SC
(labeled V in Figure 3); of which 35 were up-regulated and 49 down-regulated. Area II represents
specific DAPs of SD_TD, that is, specific DAPs shared between the drought sensitive and drought
tolerant lines after drought treatment. For detailed analysis of these 107 specific DAPs of SD_TD,
please refer to Figure 4 and Table S4.

Figure 3. Venn diagram analysis of differentially abundant proteins (DAPs) identified in the
four experimental comparisons. The overlapping regions of the Venns indicate the DAPs shared
between/among corresponding groups. Area I represents 13 drought responsive DAPs specific to
TD_TC; Area II represents 107 DAPs exclusive to SD_TD; Area III shows the 3 DAPs specifically shared
between TD_TC and SD_TD; Area IV shows the five overlapping DAPs within line (shared between
TD_TC and SD_SC); Area V shows 84 DAPs exclusive to SD_SC comparison.

Area III represents the three specifically shared DAPs between TD_TC and SD_TD, that is, drought
responsive DAPs of the tolerant line that were also differentially expressed between the tolerant and
sensitive lines after drought treatment. Of these three DAPs, all were up-regulated in the TD_TC
comparison, but all down-regulated in the SD_TD comparison (Table 4). Area IV represents the five
DAPs shared by TD_TC and SD_SC, that is, the common (overlapping) drought responsive DAPs
within line. Of these five common drought responsive DAPs, all were down-regulated in tolerant line
YE8112; whereas three were up-regulated and two down-regulated in sensitive line MO17 (Table 5).

An analysis of the log2 fold-changes of the significant differentially abundant proteins revealed
that, in response to drought stress, DAPs in MO17 had significantly higher fold changes than DAPs in
drought tolerant line YE8112 (Figure 4, Figures S2 and S3).
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Figure 4. Clustering analysis of differentially abundant proteins (DAPs) in SD_TD comparison.
Each row represents a protein significantly abundantly expressed. First three columns refer to technical
replicates (MD1–3) for MO17 drought stressed, whilst the last three columns (8D1–3) refer to replicates
for YE8112 drought stressed. The scale bar on the X-axis indicates the logarithmic value (log 2)
expression of the DAPs, up-regulated (red) and down-regulated (blue).
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2.4. Gene Ontology (GO) Annotation and Functional Classification of the Drought Responsive DAPs

We performed gene ontology (GO) annotation to assign GO terms to the DAPs using Blast2GO
web-based program (https://www.blast2go.com/). Further, GO functional classification of the
GO-term-assigned-DAPs into biological processes (BP), molecular functions (MF), and cellular
component (CC) categories was carried out. For the tolerant inbred line YE8112-specific DAPs (Area I of
Figure 4), GO:0010196 (non-photochemical quenching), GO:1990066 (energy quenching), GO:0010155
(regulation of proton transport), GO:0009644 (response to high light intensity), and GO:0009743
(response to carbohydrates) were the most significantly enriched terms in the BP category;
GO:0010333 (terpene synthase activity), GO:0003937 (IMP cyclohydrolase activity) and GO:0004126
(cytidine deaminase activity) were significant in the MF category; whereas GO:0009503 (thylakoid
light-harvesting complex), GO:0030076 (light-harvesting complex), GO:0009783 (photosystem II
antenna complex), GO:0098807 (chloroplast thylakoid membrane protein complex), and GO:0009517
(PSII associated light-harvesting complex II) were significant GO terms in the CC function (Table S5;
Figure S4A).

In the SD_TD comparison (Area II of Figure 4), GO:0065004 (protein-DNA complex
assembly), GO:0006323 (DNA packaging), GO:0006325 (chromatin organization) and GO:0006334
(nucleosome assembly) were the most significant terms in BP category; whilst GO:0046982 (protein
heterodimerization activity), GO:0046983 (protein dimerization activity) and GO:0004473 (malate
dehydrogenase (decarboxylating) (NADP+) activity) were the most significantly enriched under the
MF category (Table S6; Figure S4B). Among the significant GO terms in the sensitive line MO17 (SC_SD)
were GO:0051276 (chromosome organization), GO:0007059 (chromosome segregation) and GO:0006338
(chromatin remodeling) in the BP category; GO:0008135 (translation factor activity, RNA binding),
GO:0003676 (nucleic acid binding), and GO:0003924 (GTPase activity) in the MF category; GO:0005694
(chromosome), GO:0000785 (chromatin) and GO:0044427 (chromosomal part) in the CC functions
(Table S7; Figure S4C).

The significantly enriched GO terms in each of the three comparison groups (TC_TD, SD_TD,
SC_SD) were mapped to the top 20 biological functions. Among the tolerant line YE8112 (TC_TD)
-specific DAPs, metabolic process (46.86%), cellular process (36.23%) and response to stimuli (7.69%)
were the most popular BP functions; catalytic activity (48.0%) and binding (40.47%) most prominent in
MF category; whilst cells and cell parts (47.0%), organelles (22.31%), organelle parts (5.88%), membrane
(17.01%), and membrane parts (7.75%) were the popular locations for the DAPs under CC functions
(Figure 5A). In the Area II (SD_TD) DAPs, metabolic process (50%), cellular process (35%), and response
to stimuli (15%) in BP category; catalytic activity (55%) and binding (43%) in MF category; cell (55%),
cell part (45%), and organelle (50%) in CC functional category were prominent (Figure 5B). Among
the sensitive line MO17 (SD_SC)-specific DAPs, metabolic process (48.03%), cellular process (37.41%)
and cellular component organization (10.22%) were the most common biological processes; catalytic
activity (46.37%), binding (48.19%), and structural molecule activity (5%) in the MF category; whereas
cells and cell parts (44%), organelles and organelle parts (20%) and membrane (23%) were prominent
in CC functions category (Figure 5C).
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Figure 5. Gene ontology (GO) functional classification of drought responsive proteins. (A) YE8112
specific DAPs; (B) SD_TD specific DAPs; and (C) MO17 specific DAPs. Y-axis represents the number
(and%) of proteins in each function; X-axis displays the protein functions, categorized into three broad
biological functional groups.
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2.5. KEGG Pathway Enrichment Analysis

To further analyze the functional consequences of the drought-responsive DAPs, we mapped them
to the Kyoto Encyclopedia of Genes and Genomes (KEGG, available online: https://www.genome.
jp/kegg/; accessed on 16 March 2018) database and the DAPs were assigned to various biological
pathways. Additionally, significant KEGG pathway enrichment analysis was performed using the
hypergeometric test. Proline metabolism (two proteins), photosynthesis antenna proteins (2) and
biosynthesis of amino acids (2) were the top three enriched pathways in YE8112 (Figure 6A). However,
the composition of the enriched KEGG pathways in MO17 differed significantly, with RNA transport
(nine proteins), ribosome (9), carbon metabolism (7), biosynthesis of amino acids (6), and carbon fixation
in photosynthetic organisms (6) being the top most enriched pathways (Figure 6B). These results show
that more proteins were observed in the enriched pathways of MO17 than YE8112 and that the two
inbred lines diverge significantly in pathway responses to drought stress. Using a hypergeometric test,
KEGG pathways that had a p value < 0.05 were considered to be significantly affected by drought stress.
We observed that only one pathway (photosynthesis antenna proteins) was considerably enriched
(0.06) among the YE8112 pathways (Figure 6C), whist two KEGG pathways, RNA transport (0.16)
and C5-branded dibasic acid metabolism (0.33), were significantly enriched among MO17 pathways
(Figure 6D).

2.6. Protein-Protein Interactions (PPI)

Plant cell and tissue proteins do not act as individual molecules, but, rather, play coordinated
and interlinked roles in the context of networks [30]. To determine how maize leaf cells’ drought
stress signals are transmitted through protein-protein interactions to affect specific cellular functions,
the identified YE8112 and MO17 DAPs were further analyzed using the String 10.5 database.
Three groups of interacting proteins were identified in YE8112 (Figure 7A). The first and largest
network comprise Adenosylhomocysteinase (Zm 19562); hypothetical protein LOC100194360 (AC
199526.5_FGP002); 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (Zm
45026); O-succinylhomoserine sulfhydrylase (GRMZM2G450498_P01); Adenosylhomocysteinase
(GRMZM2G111909_P01); uncharacterized protein (Zm 24266); and Glutamate synthase 2 (NADH)
(GRMZM2G375064_P01). These proteins are crucial in amino acid metabolism, maintaining antioxidant
defense and epigenetic regulation (DNA methylation and histone modifications). The second
group was constituted by (Zm 24266)—(GRMZM2G375064_P01)—electron transporter/thiol-disulfide
exchange intermediate (GRMZM5G869196_P01) linkage. These proteins are involved in amino
acid metabolism, energy metabolism (NADPH production), electron transport and stress signaling,
and maintaining redox homeostasis.

The third interaction network involved (Zm 24266)—hypothetical protein LOC 100274507 (AR4)—
(GRMZM2G375064_P01)—Arginase 1 mitochondrial-like (GRMZM5G831308_P01). These proteins
interact in energy (NADH) production and polyamines and proline synthesis. In addition,
four protein pairs (including AY110562—GRMZM5G831308_P01, Zm 5448—AC 199526.5_FGP002,
GRMZM5G869196_P01—GRMZM5G864335_P01, and GRMZM5G869196_P01—Zm 118187) were
observed (Figure 7A). Meanwhile, separate protein interaction networks were predicted for MO17,
including a large and complex network, several small networks, and protein pairs (Figure 7B).
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Figure 6. KEGG pathway enrichment analysis of the DAPs. (A) TD_TC comparison; (B) SD_SC
comparison. The whole number above the bar (blue) graph represents number of DAPs enriched in the
corresponding pathway. (C) Most significantly enriched pathway in TD_TC. (D) Most significantly
enriched pathways in SD_SC based on the hypergeometric test. The significance of the enrichment of
the KEGG path is based on the Student’s t-test, p < 0.05. The color gradient represents the size of the
p value; the color is from orange to red, and the nearer red represents the smaller the p value, the higher
the significant level of enrichment of the corresponding KEGG pathway. The label above the bar
graph shows the enrichment factor (rich factor ≤ 1), and the enrichment factor indicates the number of
differentially abundant proteins participating in a KEGG pathway as a proportion of proteins involved
in the pathway in all identified proteins.

2.7. Quantitative Real-Time RT-PCR (qRT-PCR) Analysis

To confirm our findings based on iTRAQ sequencing data, we conducted a supporting experiment
by using quantitative real-time PCR (qRT-PCR). We made the selection of genes based on the following
criteria: highly differentiated in response to drought stress and reported to be potentially associated
with drought tolerance. A sample of 30 genes (Table S8) was selected from the drought responsive
DAPs from different groups (labeled Areas I–IV of Figure 3). Results of the qRT-PCR analysis confirmed
our findings based on iTRAQ seq data. In particular, the patterns of iTRAQ seq expression on all 30
genes were replicated by the qRT-PCR approach (Figure 8A–D; Table S9). A correlation coefficient (R2)
(of the fold changes between qRT-PCR and iTRAQ seq) of 83.51% was obtained (Figure S5), endorsing
that our iTRAQ sequencing data was reliable.
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A 

 

B 

 

Figure 7. Protein interaction network consisting of DAPs identified in drought stressed maize seedling
leaves of (A) YE8112 (B) MO17. The network was constructed using the String program (http://
www.string-db.org/) with a confidence score higher than 0.5. Nodes represent proteins, and the line
thickness represents the strength of the supporting data.
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Figure 8. Confirmation of iTRAQ-seq results by quantitative real-time PCR (qRT-PCR). Quantitative
RT-PCR analysis of the expression patterns of the maize seedling leaf genes encoded by differentially
abundant proteins (DAPs) from different comparisons: (A) DAPs specific to TD_TC; (B) DAPs specific
to SD_TD; (C) DAPs shared between TD_TC and SD_TD; and (D) Common DAPs shared between
TD_TC and SD_SC. The y-axis represents qPCR relative expression levels (log2-fold change) and
fold-change of the iTRAQ-seq data. All genes with negative values of expression level means that they
were down-regulated in response to drought stress. Maize gene GAPDH (accession no. X07156) was
used as the internal reference. Error bars represent the SE (n = 3).

3. Discussion

Drought stress is the most serious environmental stress posing a severe threat to maize production
worldwide [9–11,16,40]. In response to drought stress, plants evolve complex adaptive mechanisms
at the physiological, biochemical, and molecular levels [41–45]. To gain in-depth understanding of
the determinants underpinning drought tolerance in maize, herein, we have performed proteomic
analysis of two contrasting maize inbred lines (drought-tolerant YE8112 and drought-sensitive MO17)
after a seven-day moisture-deficit exposure period at the seedling stage. Further, we compared some
physiological responses of these two inbred lines under drought stress conditions, and our findings
provide further insights into the drought stress tolerance signatures in maize.
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3.1. Inbred Lines YE8112 and MO17 Showed Significant Differences in Physiological Response to
Drought Stress

Our experimental findings on physiological indices showed that the two maize inbred lines
performed differently under drought stressed conditions. Relative water content (RWC) decreased
significantly in leaf tissues of both inbred lines under drought stress conditions, and at most stress
exposure time periods (days). It was generally higher in YE8112 seedlings both under non-stress and
drought stress conditions (Figure 1D). We suggest that the high relative water content could help the
tolerant inbred line YE8112 to perform physio-biochemical processes more efficiently under drought
stress environment than the sensitive line MO17. Similarly, Moussa and Abdel-Aziz [46] observed
RWC to be significantly higher in the tolerant maize genotype Giza 2 than sensitive genotype Trihybrid
321 under both control and water stress conditions.

Upon exposure to abiotic stresses, tolerant cells activate their enzymatic antioxidant system,
which then starts quenching the ROS (reactive oxygen species) and protecting the cell [47]. Peroxidases
(POD) and superoxide dismutase (SOD) constitute the first line of defense via detoxification of
superoxide radicals, by acting as H2O2 scavenging enzymes [48]. Our investigation of the POD
and proline contents of the two lines revealed that tolerant YE8112 seedlings always accumulated
greater amounts of the antioxidant enzyme and protective osmolyte than sensitive MO17 seedlings
under drought conditions (Figure 1E,F). The POD activity was enhanced continuously with increasing
drought stress exposure period (days) in both inbred lines. However, the percent enhancement was
significantly greater in tolerant line YE8112 than sensitive line MO17 (Figure 1E). It has been recognized
that improved POD activity under stress conditions protects plant cells from oxidative damage
emanating from reactive oxygen species (ROS) generated under such conditions [46]. In the current
study, the tolerant inbred line YE8112 had greater POD activity than sensitive line MO17, which may
infer better ROS quenching capacity of YE8112 than MO17. Moreover, higher proline content in YE8112
leaf tissues may explain the improved cell homeostasis in YE8112 than MO17 [49]. Higher proline
content in the cells has been revealed to lower cell water potential, consequently promoting increased
water absorption into those cells, thereby providing cells with immediate short-term cushion against
the effects of water deficit [50].

In the present investigation, tolerant maize inbred line YE8112 maintained a higher cell membrane
stability index under drought-stress conditions (Figure 2). Contrastingly, the lower membrane stability
index in MO17 reflects the extent of lipid peroxidation, which in turn is a consequence of higher
oxidative stress due to water stress conditions [48]. The MDA content was significantly higher in
MO17 than in YE8112, both under non-stress and drought-stress conditions (Figure 1G). The rise in
MDA content in both inbred lines under stress conditions suggests that drought stress could induce
membrane lipid peroxidation and membrane injury by means of ROS [47,51]. In the current study,
the tolerant line YE8112 had lower MDA content values than the sensitive line MO17, indicating that
YE8112 cells had a better ROS quenching ability than MO17 cells, hence improved cell membrane
stability. Previously, it has been revealed that higher cell membrane stability and improved cell water
preservation capacity of the tolerant maize lines help them better endure moisture deficit as compared
to (the low membrane stability and poor water retention capacity of) the sensitive lines [3,46]. Further,
the iTRAQ analysis showed that the two genotypes’ responses to drought stress were quite different.
After drought stress treatment and at the standard fold change of ≥2 and false discovery rates (FDR)
<0.001, drought-tolerant YE8112 had relatively lower DAPs than drought-sensitive MO17 (Figure 4).
Under drought conditions and compared to inbred line MO17, tolerant line YE8112 maintained higher
leaf RWC (Figure 1D), consequently leading to relatively lower stress at the cellular level. This has
been further confirmed by trypan blue staining (Figure 2). Thus, YE8112 had a more limited proteome
response. A series of reports on maize seedling-stage abiotic stress analyses between different inbred
lines exist [2,4]. In particular, Li et al. [2] found relatively large number of differentially expressed
genes (DEGs) in freezing-sensitive inbred line Hei8834 than freezing-tolerant line KR701 after freezing
treatment. Similarly, Zheng et al. [4] realized greater proportion of DEGs in drought-sensitive Ye478
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than drought-tolerant Han21 after drought treatment. From the above analysis, we could confidently
conclude that in our study, there was high consistence between proteome profiling data and the
phenotypic and physiological characterization of the two inbred lines.

Thus, from these findings, it can be inferred that the stress tolerance mechanism exists at seedling
stage of maize inbred lines. The YE8112 inbred line is comparatively tolerant to drought stress owing to
its maintenance of higher RWC and proline contents under both non-stressed and stressed conditions,
higher increase in POD enzyme activity, along with decreased level of lipid peroxidation (MDA
content). The higher membrane stability index and high water retention capacity might have also
imparted drought stress tolerance in YE8112.

3.2. Drought Responsive DAPs Observed in the Tolerant Inbred Line YE8112

3.2.1. Photosynthesis (Photosystem II) Related Proteins Are the Major Drought Tolerance Signature
in YE8112

Among the up-regulated DAPs observed in YE8112 were chlorophyll a-b binding proteins
(Q41746 encoding Lhcb5-1; and B4FL55 encoding 542320/Lhcb5-2). It has been noted that drought
stress induced mismatch between photosynthetic light capture and utilization limits the overall
plant cell photosynthetic efficiency [48]. The inhibition in photosynthesis activity results from the
cell-damaging ROS that are generated in the PSII reaction center of the thylakoid membranes when
cells exude excess light energy [52]. In response, plants activate the proteins involved in balancing
photosynthesis light capture and utilization and non-photochemical quenching. In the current study,
chlorophyll a-b binding proteins (Q41746 and B4FL55) were significantly up-regulated in response to
drought stress. In addition, GO annotation analysis (See Section 2.4 above; Figure S4A) showed that
under the biological process and cell component categories, the terms related to non-photochemical
quenching, energy quenching, response to high light intensity, PSII antenna complex, PSII associated
light harvesting complex II, and thylakoid light-harvesting complex were dominating and most
significantly enriched. Furthermore, ‘photosynthesis antenna proteins’ KEGG pathway was the most
significantly enriched in YE8112 (Figure 6A). Thus, these genes (Lhcb5-1, 542320/Lhcb5-2) play pivotal
roles in PSII associated light-harvesting complex and cysteine biosynthesis process [53,54]. This appears
to be the tolerant inbred line YE8112’s major molecular signature in drought stress tolerance.

3.2.2. Up-Regulation of Lipid-Metabolism Related Proteins Could Contribute to Increased Signaling
and Water Conservation in the Cell

Lipid metabolism related proteins (Q2XX23, nsLTPs; A0A1D6GAZ6, GDPD) were up-regulated in
response to drought stress (Table 2; Table S2). Several potential biological functions of nsLTPs have been
proposed, including their (nsLTPs) involvement in long-distance signaling that possibly is implicated in
plant defense against pathogens [55], and the formation of protective hydrophobic layer on the surfaces
of plant aerial organs [56]. In barley (Hordeum vulgaries L.) and Zea mays L. leaves, nsLTPs, working in
synergy with thionins, were identified as potent inhibitors of bacterial and fungal plant pathogens [57].
This may indicate that plants may have developed cross-tolerance mechanisms to cope with abiotic
and biotic stresses [5,58]. The GDPD (Glycerophosphodiester phosphodiesterase) which hydrolyzes
glycerophosphodiesters into sn-glycerol-3-phosphate (G-3-P) and the corresponding alcohols, plays a
crucial role in lipid metabolism in both prokaryotes and eukaryotes [59]. Cheng et al. [60], studying
on Arabidopsis thaliana, suggested that the GDPD-mediated lipid metabolic pathway may be involved
in release of inorganic phosphate from phospholipids during phosphate starvation. Here, we also
submit that the enhancement (up-regulation) of lipid-metabolism related proteins could contribute to
increased signaling and water conservation in the cell through formation of hydrophobic layer on leaf
surface (which enables the leaves of stressed maize to normal growth under stress), and thus, is an
indispensable adaptive response to drought stress in maize seedlings.
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3.2.3. Enhancement of Molecular Chaperons Is a Vital Strategy for Drought Stress Tolerance in YE8112

To confront protein inactivation or denaturation resulting from drought stress, plants activate
protective mechanisms that include chaperones and chaperone-like proteins, osmolytes or compatible
solutes [61]. Here, abscisic acid stress ripening 1 (ASR1) protein was up-regulated in response to
drought stress. Previously, the combined effort of tomato ASR1 gene analogue (S1ASR1) and osmolyte
glycine-betaine has been shown to stabilize other proteins against heat and cold stress induced
denaturation, thereby protecting those proteins under such conditions [62]. Kalifa et al. [63] had
observed that overexpression of the water and salt stress-regulated Asr1 gene confers an increased
salt tolerance. Earlier, they had concluded that steady-state cellular levels of tomato ASR1 mRNA
and protein are transiently increased following exposure of plants to poly (ethylene glycol), NaCl or
abscisic acid [64]. Universal stress proteins (USP) are widely spread proteins in nature, belonging to
the PF00582 superfamily (COG0589) and are suggested to function in nucleotide binding and signal
transduction [65]. In stress conditions such as heat shock, nutrient starvation, the presence of oxidants,
DNA-damaging agents, or other stress agents which may arrest cell growth, USPs are overproduced
and through a variety of mechanisms aid the organism survive such uncomfortable condition [66].
Furthermore, HSP protein (B4FVB8), alpha/beta hydrolase superfamily protein (B6T6N9) and Clp
B3 protein chloroplastic (A0A1D6HFD3) were up-regulated in YE8112 (in the SD_TD comparison) in
response to drought (Table S4; Figure 4). Alpha/beta hydrolase (ABH) functions as chaperons and
hormone precursors in the stress response process, by way of its fold acting as bona fide ligand receptor
in the strigolactone, karrin-smoke receptor, and gibberellin response pathways [67]. Chaperon protein
Clp B3 chloroplastic confers thermo-tolerance to chloroplasts during heat stress in Arabidopsis [68].
From these reports, we can conclude that up-regulation of chaperons and USP genes is an important
strategy to tolerate drought in maize seedlings.

3.2.4. Proteins/Enzymes Involved in Cellular Detoxification under Drought Stress

Plant stress response process is a complex phenomenon, involving stress signals perception,
cell homeostasis adjustment, DNA cell cycle check points arresting, and damage-induced DNA repair
processes [9]. In addition, mitogen-activated protein kinase (MAPK) cascades, calcium-regulated
proteins, ROS, and transcriptional factors cross-talk are active in stress signaling and defense response
and acclimation pathways, rendering the whole network intricate [69]. Generally, ROS perturb cellular
redox homeostasis resulting in oxidative damage to many mitochondrial cellular components along
with over-reduction of electron transport chain components in the mitochondria, plastids and several
detoxification reaction centers. This also results in an imbalance between ROS and the antioxidative
defense system [70]. It is critical that proteins involved in redox homeostasis be instituted for fine
regulation of the steady state and responsive signaling levels of ROS in order to avoid injury and
maintain an appropriate level by which different developmental and environmental signals can
be perceived and transmitted [30,71]. Here, we observed that glutathione transferase (B4G1V3),
thioredoxin-like protein (A0A1D6K5D2) and ferredoxin-oxidoreductase (COP472) were up-regulated
in response to drought (see SD_TD comparison, Figure 4; Table S4).

Glutathione transferases (GSTs) are key cellular detoxification enzymes involved in scavenging of
excessive amounts of ROS generated in plant tissues under oxidative stress conditions, and thus,
protect plants from oxidative damage [72,73]. They also participate in the signal transduction
pathways, cellular responses to auxins and cytokinins, as well as metabolic turnover of cinnamic
acid and anthocyanins [74,75]. GSTs have also been up-regulated in response to aluminum
toxicity [76]. Ferrodoxin oxido-reductase is vital in oxidation-reduction, electron transfer and
signaling processes, as well as catalyzing light dependent photosynthesis [77,78]. Thioredoxins
(TRXs) are involved in the protection against oxidative stress as electron donors for thioredoxin
peroxidases, which detoxify hydrogen peroxide and alkyl hydroperoxides [79]. Potato plants lacking
the CDSP32 plastidic thioredoxin exhibited overoxidation of the BAS1 2-cysteine peroxiredoxin and
increased lipid peroxidation in thylakoids under photooxidative stress [79]. Thus, the up-regulation
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of these antioxidant enzymes herein aids in countering the ROS effects, thereby protecting cells from
oxidative damage. Overall, we can suggest that YE8112 endured drought stress better than MO17
because of its enhanced activation of proteins involved in detoxification signaling, response to stress
and oxidation-reduction.

However, in the TD_TC comparison, we observed that five proteins involved in stress
oxidation-reduction (B6TD62, membrane steroid binding protein; B4FQR3, Aldose reductase; Q84TC2,
DIBOA-glucoside dioxygenase BX6; B4FTP2; and H9BG22) and ribosome biogenesis (A0A1D6PT84
and C4J0F8) were differentially down-regulated (Table S2). The down-regulation of these stress redox
homeostasis proteins in TD_TC implies the complexity of the cell redox system in stress response.
Further, the repression of proteins involved in ribosome biogenesis in leaves of YE8112 may, on one
hand, simply indicate the drastic effect of drought on stress-defense protein biosynthesis [80]. However,
on the other hand, here, we suggest that the down-regulation of proteins involved in ribosome
biosynthesis is an indication that, under drought stress, the tolerant line YE8112 had the ability to
reduce the synthesis of redundant proteins, which may help the plant save energy to battle that
stress [5,81].

3.2.5. Proteins Related to ‘Response to Stimuli’ under Drought Stress

Several DAPs were enriched in ‘response to stimuli’ under the biological processes (BP) category
of the GO functional classification in the tolerant line YE8112 (Table S5). Among the up-regulated DAPs
in this function were two uncharacterized proteins (C0HJ06, B6UFE3), two chlorophyll a-b binding
proteins (Q41746, B4FL55); Abscic acid stress ripening 1 (B4FKG5), and a universal stress protein
(C0HGH7) (Table 2). Additionally, in the SD_TD comparison, cytokinin riboside 5′–monophosphate
phosphoribohydrolase protein (A0A1D6NKY3) (LOG) was up-regulated in response to drought
stress (Figure 4; Table S4). The LOG enzyme is involved in cytokinin activation [82]. Cytokinin is a
multifaceted phytohormone that plays crucial roles in diverse aspects of plant growth and development,
including leaf senescence, apical dominance, lateral root formation, stress signaling and tolerance [83].
Cytokinin signaling cascades are evolutionarily related to the two-component systems that participate
in environmental-stimuli-triggered signal transduction [84]. Taken collectively, we can conclude that
cytokinin metabolism and signaling; in cross-link with photosynthesis proteins and some chaperons
constitute a vital drought response cascade in YE8112.

However, six proteins (A0A1D6IUI1, ubiquitin carboxyl-terminal hydrolase 13; H9BG22,
alpha-dioxygenase; A0A1D6PQ00, U2 snRNP auxiliary factor large subunit; B4FTP2, thioredoxin
like protein CDSP32; Q5GJ59, terpene synthase 7; COPHF6, AAA-ATPase ASD mitochondrial) were
down-regulated in response to drought in the TC_TD group (Table 2). The ubiquitin-dependent
proteolytic pathway degrades most proteins and is the primary proteolysis mechanism in eukaryotic
cells [85]. Whereas ubiquitin regulates the degradation of proteins, deubiquitinating enzymes
(deubiquitinases) play the antagonistic role, therefore reversing the fate of the proteins [86]. Here,
the down-regulation of ubiquitin carboxyl-terminal hydrolase 13 implies that cells suppress the
proteins and enzymes involved in protein ubiqutination in order to protect themselves against
unnecessary protein degradation under drought stress. Alpha-dioxygenase (α-DOX) catalyzes the
primary oxygenation of fatty acids into oxylipins, which are important in plant signaling pathways.
It has been shown to be up-regulated in response to different abiotic stresses including drought, salt,
cold, and heavy metal; and may also be involved in the leaf senescence process [87]. Here we suggest
that the down-regulation of α-DOX may be a way to retard leaf senescence in stressed maize seedlings,
thereby improving drought tolerance.

Terpenes constitute a large class of secondary metabolites that serve multiple roles in the
interactions between plants and their environment, including biotic and abiotic stress responses [88].
They are involved in environmental stimuli perception, stress, and phytohormone signaling [89,90].
In addition, MAPK cascade (signal transduction mechanism) plays an important role in activation and
de-activation of enzymes through phosphorylation/de-phosphorylation, which allows for fast and
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specific signal transduction and amplification of external stimuli [91]. Previous studies [92–94] have
revealed the role of MAPK cascade in intracellular pathogen immunity and abiotic stress signaling.
However, in the current study, MAPK (A0A1D6GZE2) and terpene proteins were down-regulated
reflecting the importance and complexity of the cell redox system, signaling, and abiotic-biotic stress
cross talks in drought response. Furthermore, splicing is an essential process in eukaryotic gene
expression, and the precise excision of introns from premRNA requires a dynamically assembled RNA
protein complex (spliceosome). U2 snRNP is one such essential splicing factor that participates in
intron and exon definition [95]. Thus, here, the down-regulation of U2 snRNP may imply that mRNA
processing is negatively hampered by drought stress.

3.2.6. Key Epigenetic Regulation Mechanisms of the Tolerant Line YE8112

Plants also cope with abiotic stresses by prompt and harmonized changes at transcriptional and
post-transcriptional levels, including the epigenetic mechanisms [96]. DNA methylation is essential
for stress memory and adaptation in plants [97]. Abiotic or biotic factors can influence gene expression
regulation via DNA methylation [98]. In chick pea (Cicer arietinum L.) leaf tissues, drought stress
triggered DNA hyper-methylation [99]. Combined drought and salinity stresses triggered a shift from
C3 to CAM photosynthesis mode in Mesembryanthemum crystallinum L. plants, as a result of DNA
CpHpG-hypermethylation [100]. In the current study, proteins involved in S-adenosyl-methionine
(SAM) dependent methyltransferase (MTases) activity (A0A1D6NE76 and C0HDZ4) were differentially
expressed in response to drought stress (Table S2). SAM serves as methyl donor for SAM-dependent
methyltransferases (MTases). The resultant transmethylation of biomolecules constitutes a significant
biochemical mechanism in epigenetic regulation, cellular signaling, and metabolite degradation [101].
The DEP C0HDZ4 encode the maize gene ZEAMMB73_Zm0001d009084 and is important for DNA
methylation. Thus, here, YE8112 induced dynamic DNA methylation alterations as part of a complex
drought-stress response network, with bias towards down-regulation of SAM-D-MTase. Furthermore,
acetyltransferase (B6UHR7) was up-regulated in YE8112 (see the SD_TD comparison, Table S4).
Histone acetyltransferases (HATs) play an important role in eukaryotic transcriptional activation in the
epigenetic regulation process [102]. Thus, the key epigenetic regulation mechanisms in YE8112 were
DNA methylation (via down-regulation of overlapping protein A0A1D6NE76) and enhanced histone
acetylation through up-regulation of HATs related proteins.

3.3. Drought Responsive DAPs Observed in Sensitive Inbred-Line MO17

The iTRAQ analysis identified a higher number of DAPs in MO17 than in YE8112 in response to
drought stress (compare Tables 2 and 3). Variation in abundance of the DAPs in response to drought
stress implies specific sensitivity or adaptation of these two maize lines [30]; the two inbred line plants
detected the extent of the same drought stress conditions differentially. Drought tolerant-line YE8112
might have perceived the prevailing drought conditions as mild and then modulated fewer DAPs,
whilst sensitive-line MO17 perceived the same conditions as severe and modulated more abundant
DAPs in response.

3.3.1. Enhanced Expression of Heat Shock Proteins (HSP20-Like Chaperons) and 50S Ribosomal
Proteins Constitutes a Critical Defensive Response in MO17

Among the dominating up-regulated DAPs in MO17, we observed heat shock proteins (HSP
20-like chaperons superfamily), chaperon DNA-J domain superfamily proteins and ribosomal proteins
(50S Ribosomal protein L20) (Table 3). Molecular chaperons facilitate the stabilization of other
macromolecular structures, including other proteins, under stress conditions [80]. Precisely, heat
shock proteins (HSPs) are vital in protecting plants against stress by preserving other proteins in their
functional confirmations [103]. HSPs have been greatly accumulated in alfalfa (Medicago sativa L.)
leaves in response to salinity stress [104]. As anticipated, the increased accumulation (up-regulation) of
HSPs could be regarded as a crucial defensive response of MO17 against drought stress. Additionally,
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ribosomal proteins (40S, 50S, and 60S) are an integral component of stress-defense protein biosynthesis
machinery [105], hence were up-regulated under drought stress. Similarly, Ziogas et al. [106] found
out that the 40S and 60S ribosomal proteins were up-regulated in citrus response to PEG-induced
osmotic stress.

3.3.2. Up-Regulation of Cell Detoxification and Photosynthesis Related Proteins May Contribute to
Enhanced Drought Stress Tolerance in MO17

Superoxide dismutase protein (B4F925), together with the photosynthesis related proteins:
chlorophyll a-b binding protein (B4FV94), oxygen evolving enhancer protein (B6SUJ9), photosystem
II CP47 reaction center protein (A0A1X7YHJ3), and pyruvate phosphate dikinase proteins were
up-regulated in response to drought stress (Table 3). Enhanced antioxidant enzyme activity is a part
of an array of complex detoxification and defense mechanisms to protect cells from the oxidative
damage by excessive ROS [9]. Enhanced accumulation of SOD proteins suggests that the activation of
enzymatic antioxidant systems is a crucial protective mechanism for drought stressed MO17. The SOD
and oxygen evolving enhancer proteins may increase drought tolerance by playing a role in cellular
detoxification and protecting cells from oxygen toxicity [80,85]. Photosystem II proteins, together
with other auxiliary proteins, enzymes, or components of thylakoid protein trafficking/targeting
systems, are directly or indirectly involved in de novo assembly and/or the repair and reassembly
cycle of PSII [107,108]. Pyruvate phosphate dikinase (PPDK) is one of the most important enzymes in
C4 photosynthesis, catalyzing the reversible phosphorylation of pyruvate to phosphoenolpyruvate,
thus, the most crucial rate-limiting C4 cycle enzyme [109,110]. Taken collectively, the above results
indicated that the up-regulation of cell detoxification and photosynthesis enhancing proteins constitute
a vital drought stress response strategy in the sensitive maize inbred-line MO17.

3.3.3. Glutathione Transferases and Ca2+-Dependent Kinases Negatively Influenced by Short Term
Drought Stress

Among the down-regulated DAPs in MO17 were those associated with signaling recognition,
especially glutathione transferases (GSTs; A0A1D6M4E1) and calcium dependent protein kinase
(A0A1D6ICZ3) (Table 3). The GSTs are key participants in plant growth and development,
shoot regeneration processes, and adaptability to adverse environmental stimuli [72]. Crucially,
GSTs are major cellular detoxification enzymes protecting plants from oxidative damage [73].
Calcium-dependent protein kinases (CDPKs) represent potential Ca2+ decoders to translate
developmental and environmental stress cues [111,112]. However, the down-regulation of DAPs
regulating these enzymes herein implies that short-term drought stress negatively influenced the
signal transduction processes involving these enzymes.

3.3.4. Key Epigenetic Regulation Mechanisms of the Sensitive Line MO17

In addition to the DNA methylation related protein A0A1D6NE76 (overlapping between the
two inbred lines; down-regulated in YE8112, but up-regulated in MO17), we also observed proteins
associated with histones (histones H2A and H1) to be down-regulated in response to drought stress
(Table 3). Histone modification is the key epigenetic regulation mechanisms in plants and eukaryotic
cells [113]. Phosphorylation of H2A histones functions in DNA double strand breaks (DSBs) repair [114].
Thus, whilst DNA methylation (through down-regulation of related proteins) and histone acetylation
were dominant epigenetic regulation mechanisms in YE8112, DNA methylation (via up-regulation of
related proteins) and histone modification (probably phosphorylation; via down-regulation of H2A and
H1 proteins) were preferred in MO17 in response to drought stress.

3.4. Overlapping Drought Responsive Proteins Between YE8112 and MO17 under Drought Conditions

Venn diagram (Figure 3) analysis showed that only five significant DAPs were common
between TD_TC and SD_SC. All the 5 proteins (Table 5) were down-regulated in tolerant line
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YE8112 in response to drought treatment. Comparably, among these five common proteins,
two (ribose-phosphate pyrophosphokinase and uncharacterized protein C4JOF8) were down-regulated,
whilst the other 3 (membrane steroid binding protein 1, monosaccharide transporter 1, SAM-dependent
methyltransferase superfamily protein) were up-regulated in sensitive line MO17 in response to
drought treatment. Moreover, the two common down-regulated proteins showed similar fold changes
in both inbred lines under drought stress (Table 5). In Arabidopsis thaliana, membrane steroid binding
protein 1 (MSBP1) is involved in inhibition of cell elongation [113]. Additionally, Yang et al. [114]
realized that the inhibitory effects by 1-N-naphthylphthalamic acid (NPA), an inhibitor of polar
auxin transport, are suppressed under the MSBP1 overexpression, suggesting the positive effects
of MSBP1 on polar auxin transport. They concluded that MSBP1stimulates tropism by regulating
vesicle trafficking and auxin redistribution in Arabidopsis seedling roots. Here, we suggest that maize
seedlings endure drought stress by down-regulating MSBP1 in tolerant line YE8112, but up-regulating
(overexpression) it in sensitive line MO17, as a way to enhance cell elongation and growth under
stress. Ribose-phosphate pyrophosphokinase (PRPP synthetase) catalyzes the nucleotide biosynthesis
process. PRPP is an essential substrate for purine and pyrimidine nucleotides, both in the de novo
synthesis and in the salvage pathway [115]. In the current study, therefore, the down-regulation of the
PRPP synthetase enzyme in both inbred lines under drought stress is consistent with the inhibition
of nucleotide biosynthesis as a general feature of abiotic stresses. Moreover, our observation that
an uncharacterized protein C4J0F8 was down-regulated, and at the same fold change in both lines,
suggests that the protein has a common function in the two maize inbred lines’ drought stress responses.
This could serve as a targeted protein for further elucidation in our future studies.

Monosaccharide transporters (MSTs) are integral membrane proteins whose trans-membrane-
spanning domains interact to form a central pore that shuttles soluble monosaccharides across
hydrophobic membranes [116]. Expression of plant MST genes is also regulated by environmental
stimuli such as pathogen infection (AtSTP4) [117] or wounding (AtSTP3 and AtSTP4) [118]. The MSTs
catalyze monosaccharide import into classic sinks such as root tips and anthers, and, most importantly,
help to meet the increased carbohydrate demand of cells responding to environmental stress [117].
Based on these discussions, we herein suggest MSTs to play an important adaptive role in the supply
of carbohydrates to rapidly growing or metabolically hyperactive cells or tissues fighting drought
stress, especially in sensitive line MO17, whilst down-regulation in tolerant line YE8112 may imply
genotype diversity and the negative effects of drought stress on carbohydrates translocation in YE8112.
The SAM synthetase gene is expressed in all living cells, and its product, Sadenosyl-L-methionine,
is the major methyl donor in all cells [119]. Previously, the expression of SAM synthetase in soybean
root was shown to be decreased upon exposure to drought stress [120]. Here, we state that, on one
hand, the down-regulation of this enzyme in tolerant inbred YE8112 is consistent with the inhibition
of photosynthetic activity as a general feature of abiotic stresses. On the other hand, this observation
may imply SAM-dependent methyltransferase (SAM-D-Mtases) protein’s variability in epigenetic
mechanism (DNA methylation) regulation, as determined by genotypic differences, considering that
the same protein was up-regulated in sensitive line MO17 in response to drought stress.

3.5. Significantly Enriched Metabolic Pathways of DAPs under Drought Stress

Metabolic adaptation of plants exposed to different stress requires sophisticated metabolic
reorganization of multiple metabolic pathways [80], hence, we employed KEGG pathway enrichment
analysis to identify key pathways related to drought stress response in maize seedlings. Photosynthesis
antenna proteins pathway was the most significantly enriched, followed by proline metabolism and
biosynthesis of amino acids pathways (Figure 6A). Photosynthesis of C4 plants is highly sensitive to
drought stress [121,122]. Chloroplasts, particularly the thylakoid membranes—PSII reaction centers,
are one of the organelles most influenced by drought stress [54,123]. In the current study, the protein
(B4FL55) encoding the Lhcb5-2 gene and protein (Q41746) encoding Lhcb5-1 gene were up-regulated
in both inbred lines and significantly enriched in the photosynthesis (antenna protein) pathway
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(Tables 2 and 3; Figure 6A). These proteins are a part of the light harvesting complexes (LHCs) and the
electron transport components of the photosystem II (PSII) of the plant photosynthesis machinery [124].
They act as peripheral antenna systems enabling more efficient absorption of light energy [125]. Further,
Lhch5-1 is involved in the intracellular non-photochemical quenching and the cysteine biosynthesis
processes [124]. Previously, Zhao et al. [85] observed photosynthesis as the top signaling pathway
affected by drought stress in maize, with chlorophyll a-b binding protein being up-regulated in an
ABA-dependent manner. Remarkably, Dudhate et al. [126] also observed photosynthesis pathway
to be highly enriched in pearl millet in response to drought stress. Taken together, these proteins
play critical roles in light capture and utilization balancing to avoid photoinhibition (photodamage
or photoinactivation) of the PSII due to excess light, as well as electron transport system, thus their
involvement in photosynthesis pathway in tolerant line YE8112.

Comparatively, drought sensitive line MO17 showed two significantly enriched
pathways, C5-branched dibasic acid metabolism (C5-BDAM) and RNA transport (Figure 6D).
In Physcomitrella patens L., the C5-BDAM pathway has been observed critical in protoplast
reprogramming to stem cells during the process of cell division [127]. In a stage-specific analysis,
C5-BDAM pathway is specifically enriched from 24 h to 48 h during the process (a stage of stem
cell re-entering cell cycle). Together with other pathways such as pentose phosphate pathway and
leucine and isoleucine biosynthesis, C5-BDAM is closely associated with cell fate transition during
protoplast reprogramming into stem cells [127]. Transport of RNAs from the nucleus to the cytoplasm,
as ribonucleoprotein complexes (RNPs), is functionally coupled to gene expression processes such
as splicing and translation [128]. Here, we suggest that translation and post translational processes
are altered by drought stress as the cells modulate gene expressions related to stress tolerance, more
prominently in sensitive line MO17. Similarly, Zhao et al. [85] observed RNA transport pathway to be
significantly enriched in maize leaves in response to drought. For the pictorial view of the two most
significantly enriched pathways described herein, please refer to Figure S6.

3.6. Function-Unknown Proteins Identified Under Drought Stress Conditions

We identified proteins with known critical roles in drought stress responses, together with
unknown or predicted proteins that may have important functions in the regulatory network for
drought stress. Of the 37 DAPs identified in tolerant-line YE8112, seven were of unknown functions,
including four (B6SQW8, C0HJ06, B6UFE3, and C0P948) up-regulated and three (A0A1D6MJP2,
B4F845, and C4J0F8) down-regulated. Interestingly, protein B6SQW8 was the most significantly
expressed in tolerant line (TD_TC) (Table S2). Additionally, out of the 157 DAPs identified in
sensitive-line (SD_SC), thirty were uncharacterized proteins, including 12 up-regulated and 18
down-regulated (Table S3). Moreover, one unknown protein (C4J0F8) was observed to overlap and
exhibited a similar expression pattern (down-regulation) under drought stress, suggesting it has
a common stress response function in the two inbred lines. These stress-responsive proteins with
predicted functions may confer drought tolerance. Therefore, further studies of these proteins will
help elucidate the molecular mechanisms underlying drought stress responses of maize lines differing
in drought tolerance.

3.7. Protein-Protein Interaction (PPI) Analysis

Proteins in the cell are usually found as complexes, and biological processes within the cell are
controlled by interactions between various proteins [119]. Therefore, identifying potential protein
partners and studying protein–protein interactions becomes imperative for drought stress response
research. Here, we used String 10.5 database analysis to determine how the identified differentially
abundant proteins interact with others in networks to effect specific cellular functions. Some of the
drought responsive proteins were predicted to interact with each other and hold central positions
in certain PPI networks whereas some nodes showed no direct connections (Figure 7). The linkages
created by these identified proteins in interaction networks can provide deeper insights into their
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relative importance in biological processes. ‘Protein hubs’ (connected to various other proteins) such as
uncharacterized protein (Zm45026) in YE8112 and elongation factor 1-alpha (GRMZM2G343543_P03) in
MO17; and ‘bottlenecks’ (key connectors of sub-networks), such as electron transporter/thiol-disulfide
exchange intermediate (GRMZM5G869196_P01) in YE8112 and hypothetical protein LOC100383576
(AC234515.1_FGP003) in MO17 represent central points for communication co-ordination within the
interaction network and tend to play critical roles in drought stress responses.

Analysis of PPI networks in tolerant inbred line YE8112 (Figure 7A) revealed that the interaction
constituted by proteins involved in stress signaling, maintaining antioxidant defense, electron transport,
and amino acid (protein) metabolism occupied a central position and may play a critical role in
maize seedling drought stress responses. In addition, another protein interaction made up of
proteins involved in energy metabolism, amino acid metabolism, maintaining redox homeostasis,
and epigenetic regulation was prominent in YE8112. Moreover, a smaller connection had proteins
involved in energy (NADH) metabolism and secondary metabolite (polyamines and proline) synthesis.
These observations confirm the importance of these metabolic processes in drought stress response as
revealed previously [71,80,85,103,105].

Most hub proteins in the larger complex and small networks in MO17 such as elfa3
(elongation factor 1-alpha), 50S Ribosomal protein L2 (rpl2-A), plastid specific 30S ribosomal
protein 2 (GRMZM2G143870) and GRMZM2G343543_P03 were involved in protein biosynthesis
and de-ubiquitination, suggesting these processes are critical drought responses [105,106], in sensitive
line MO17. Furthermore, the several nodes that are not connected with other proteins within the
interaction networks (for example Lhcb1 and aba1 in YE8112, and GRMZM5G826321_P01 in MO17)
showed that those proteins did not interact with others based on the String database analysis [30].
However, these proteins may play indirect roles in maize seedling responses to drought stress.

3.8. Proposed Models of Drought Stress Tolerance in Maize Seedlings

Based on the annotated biological functions and the relevant published literature on the key
drought responsive/related proteins or genes identified in the current study, we have developed
models for drought stress tolerance in maize as shown below (Figure 9).

A 

Figure 9. Cont.

234



Int. J. Mol. Sci. 2018, 19, 3225

B 

 

Figure 9. Molecular models of drought tolerance in maize seedling leaves of: (A) tolerant inbred line
YE8112 and (B) sensitive line MO17. Red nodes (rectangles/circles) signify up-regulated DAPs; gray
nodes signify down-regulated DAPs; yellow nodes in MO17 model (Figure 9B) represents overlapping
DAPs also observed in YE8112. Dotted black connectors/arrows imply drought stress imposed negative
effects on respective proteins or pathways; compound type black connectors imply desirable drought
stress response outcomes on respective proteins. Note: nsLTPs, non-specific lipid transfer proteins;
GDPD5, Glycerophosphodiester phosphodiesterase 5; MSBP1, membrane steroid binding protein
1; MAPK, mitogen-activated protein kinases; PRPP, Ribose-phosphate pyrophosphokinase; MST1,
monosaccharide transporter 1; PPDP, pyruvate phosphate dikinase proteins.

4. Materials and Methods

4.1. Plant Materials and Drought Stress Treatment

Two maize (Zea mays L.) inbred lines (ILs) with contrasting drought sensitivity (tolerant YE8112
and sensitive MO17) were used in this experiment. Seeds of the two inbred lines were provided by the
North China Key Laboratory for Crop Germplasm Resources of Education Ministry, Hebei Agricultural
University, China. In selecting the two ILs, we employed our lab screening on seedling survival rates of
dozens of maize inbred lines under drought stress treatment; this finding was supported with previous
experiments [38,39]. Seeds were surface sterilized in 10% hydrogen peroxide for 5 min, followed by
washing three-times with sterile water. Then, the seeds were germinated by laying them between two
layers of damp filter paper at 28 ◦C for 24 h according to the procedures of Lei et al. [10]. Germinated
seeds were placed in the same size PVC pots with uniform soil and grown under greenhouse controlled
conditions (light/dark cycles: 14/10; 28/22 ◦C; 60 ± 5% relative humidity) at Hebei Agricultural
University, Baoding, China. Maize seedlings were grown under normal conditions until the three
leaves were fully expanded. Then, both the tolerant and sensitive inbred lines were exposed to drought
conditions for a 7-day period. For both tolerant and sensitive lines, a half of the plants were subjected
to drought by withholding irrigation to 50% soil moisture content (which was detected using a TZS-1
soil moisture meter, Zhejiang Top Cloud-Agri Technology Co., Ltd., Hanzhou; China) and the rest
of the plants were grown under well-watered condition (control). Flag leaves from the control and
drought stress treated plants collected after 1, 3, 5, and 7 days of treatment (for physiological analyses),
and collected once at 7 days post treatment exposure (for proteomic analysis) were immediately frozen
in liquid nitrogen and stored at −80 ◦C prior to respective analyses. Each treatment was replicated
three times.
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4.2. Phenotypic and Physiological Characterizations

Phenotypic and physiological characterizations were measured for the YE8112 and MO17
seedlings under well-watered and drought-stress conditions. Relative water content (RWC) was
estimated according to Galmés et al. [129]. Trypan blue staining of the leaves of both inbred lines
under water-deficit conditions was also conducted [130,131]. The leaf peroxidase (POD) activity
was estimated by the guaiacol method [132]. The level of lipid peroxidation (MDA content) in the
leaves was measured by thiobarbituric acid (TBA) method [133]. The osmolytes proline content was
determined using ninhydrin as per the protocol of Bates et al. [134].

4.3. Protein Extraction

Total proteins were extracted from the non-stressed and stressed leaf tissues of two maize inbred
lines with three biological replicates (each containing 500 mg maize leaves) using the cold acetone
method as described in previous reports [30,135]. In brief, samples were ground to a powder in liquid
nitrogen and lysed with 2 mL lysis buffer containing 8 M urea, 2% SDS, and 1× Protease Inhibitor
Cocktail (Thermo Fisher Scientific, Shanghai, China). Then, the solution was kept on ice for 30 min prior
to centrifugation at 11,500 rpm (18,000× g) for 15 min at 4 ◦C. The supernatant was then transferred
into a new tube and precipitated with 10% TCA/90% acetone, followed by incubation at −20 ◦C
overnight. Pellets were washed thrice with acetone. Finally, the precipitate was dissolved in 8 M urea
under ultrasound irradiation. Total protein concentrations of the extracts were determined using a
Coomassie Bradford Protein Assay Kit (23200, Thermo Fisher Scientific, Shanghai, China), with bovine
serum albumin (BSA) as standard, according to the manufacturer’s instructions. The absorbance was
determined at 562 nm using an xMark microplate absorbance spectrophotometer (Bio-Rad Laboratories
Inc., Hercules, CA, USA), and protein extracts quality was examined with SDS-PAGE (tricine-sodium
dodecyl sulfate polyacrylamide gel electrophoresis) [136].

4.4. Protein Digestion and iTRAQ (Isobaric Tags for Relative and Absolute Quantification) Labeling

For each sample, the solution was transferred to a new tube and adjusted to 100 μL using 8 M
urea, mixed with 11 μL 1 M DTT, and incubated at 37 ◦C for 1 h followed by centrifugation at 4 ◦C
at 14,000× g for 10 min. The supernatant was incubated in a dark room for 20 min after the addition
of 120 μL 55 mM iodacetamide. This followed washing of the supernatant using 100 μL mM TEAB
(triethylammonium bicarbonate) and centrifugation at 14,000× g for 10 min at 4 ◦C, followed by
discarding the eluate. This washing step was repeated thrice before trypsin digestion. Total proteins
were digested using trypsin (Promega, Madison, WI, USA) at a ratio of protein:trypsin = 30:1 at 37 ◦C
overnight (16 h). The peptides were dried in a centrifugal vacuum concentrator and reconstituted in
0.5 M TEAB. Detailed protein digestion procedures are contained in a previous report [80].

Protein iTRAQ labeling was conducted by Applied Protein Technology Co., Limited (Shanghai,
China) using an iTRAQ Reagents 8-plex kit (AB Sciex, Foster City, CA, USA) according to the
manufacturer’s protocol. In brief, one unit of iTRAQ reagent (defined as the amount of reagent
required to label 100 μg of protein) was thawed and reconstituted in 70 μL isopropanol. The control
replicates were labeled with iTRAQ tag 115 for the drought-sensitive inbred line (MO17) and tag
117 for drought-tolerant inbred line (YE8112). The drought treated replicates were labeled with tags
114 and 116 for drought-sensitive and drought–tolerant lines, respectively. Three technical replicates
were performed.

4.5. Strong Cation Exchange (SCX) and LC-MS/MS Analysis

Sample fractionation was conducted before LC-MS/MS (liquid chromatography-tandem mass
spectrometry) analysis as described in previous report by Ross et al. [36] with some modifications.
Briefly, the iTRAQ labeled peptide mixtures were separated by strong cation exchange (SCX)
chromatography on an Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany)

236



Int. J. Mol. Sci. 2018, 19, 3225

using a PolySulfoethyl A column (4.6 × 100 mm2, 5 μm, 300 Å; PolyLC, Columbia, MD, USA) as
per the manufacturer’s guidelines. The sample was dissolved in 4 mL of SCX loading buffer (25%
v/v ACN, 10 mM KH2PO4, pH 3, with phosphoric acid), loaded and washed isocratically for 20 min
at 0.5 mL/min to remove excess reagent. The retained peptides were eluted with a linear gradient
of 0–500 mM KCl (25% v/v ACN, 10 mM KH2PO4, pH 3) over 15 min at a flow rate of 1 mL/min,
with fractions collected at 1 min intervals. The elution was monitored by measuring absorbance at
214 nm, and the eluted peptides were pooled into 10 fractions.

Each SCX fraction was subjected to reverse phase nanoflow HPLC separation and quadruple
time-of-flight (QSTAR XL) mass spectrometry analysis. Protocols for the analysis of reverse
phase nanoflow HPLC and tandem mass spectrometry have been explicitly described in previous
reports [80,137]. In short, peptides were subjected to nano electrospray ionization followed by tandem
mass spectrometry (MS/MS). The mass spectrometry was analyzed by Q-Exactive mass spectrometer
(Thermo Fisher Scientific, Shanghai, China) after the sample had been analyzed by chromatography.
The MS spectra with a mass range of 300–1800 m/z were acquired at a resolving power of 120 K,
the primary mass spectrometry resolution of 70,000 at 200 m/z, AGC (automatic gain control) target of
1e6, maximum IT of 50 ms, and dynamic exclusion time (active exclusion) of 60.0 s The mass charge
ratio of polypeptides and polypeptide fragments were set according to the following parameters:
20 fragments (MS2 scan) were collected after each scan (full scan), MS2 activation type was HCD,
isolation window 2 m/z, two-grade mass spectrometry resolution of 17,500 at 200 m/z, the normalized
collision energy of 30 eV, underfill of 0.1%. The electrospray voltage applied was 1.5 kV. Maximum ion
injection times for the MS and MS/MS were 50 and 100 ms, respectively.

4.6. Protein Identification and Quantification

All of the mass spectrometry data from the LC-MS/MS raw files were obtained using Mascot
software version 2.2 (Matrix Science, London, UK) and converted into MGF files using Proteome
Discovery 1.4 (Thermo Fisher Scientific Inc., Waltham, MA, USA). For protein identification, MGF
data files from the LC-MS/MS were searched against the Uniprot database (available online: https:
//www.uniprot.org; accessed on 12 January 2018; uniprot_Zea mays_132339_20180112.FASTA; 76,417
sequences) using Mascot search engine. The search parameters were set as follows: trypsin as the
cleavage enzyme; two maximum missed cleavages allowed; fragment mass tolerance was set at
±0.1 Da; and peptide mass tolerance was set at ±20 ppm; monoisotopic as the mass values; iTRAQ
8 plex (Y) and Qxidation (M) as variable modifications; and Carbamidomethyl (C), iTRAQ 8 plex
(N-term) and iTRAQ 8 plex (K) selected as fixed modifications. Only peptides with a false discovery
rate (FDR) estimation ≤1% and a 95% confidence interval were counted as being successfully identified.

As described in a previous study [137], protein relative quantification was dependent on the
reporter ions ratios, from which relative peptides abundance can be estimated. Only proteins that
were present in all the samples were considered for quantification; shared peptides were omitted.
Reporter ion ratios determination used the peak intensities of the reporter ions, with control-treated
YE8112 sample serving as reference. Further normalization of the final protein quantification ratios was
conducted using the median average of those ratios. The unique peptide ratios’ median represented
the protein ratio. Student’s t-test was used to analyze the differentially abundant proteins (DAPs),
with proteins exhibiting fold-changes >1.2 or <0.83 (p < 0.05) considered to be statistically significant
DAPs [138].

4.7. DAPs Functional Classification, Pathway Enrichment, and Hierarchal Clustering Analysis

The successfully identified DAPs were used as queries to search the Interpro (https://www.ebi.ac.
uk/interpro/) and Pfam (http://pfam.xfam.org/); Gene Ontology (GO) (http://www.geneontology.
org/) and the KEGG (http://www.genome.jp/kegg/) databases. The corresponding gene sequences
of the DAPs were obtained by searching the maize sequence database Gramene (http://ensemble.
gramene.org/Zea_mays/). GO analysis [139] was used for functional annotation and classification of
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the DAPs identified to describe the biological processes, cellular component, and molecular functions
involved in the response to drought stress. Additionally, GO (protein) terms were assigned to each
DAP based on BLASTX similarity (E-value < 1.0 × 105) and known GO annotations, using the
Blast2GO tool (available online: https://www.blast2go.com; accessed on 6 February 2018) [140].
The DAPs were assigned to various biological pathways using the KEGG pathway analysis. Further,
significant KEGG pathway enrichment analysis was performed using the hypergeometric test, with Q
(Bonferroni-corrected p-value) less than 0.05 defined as statistically significant. A protein interaction
network was constructed using the String program (version 10.5) (http://www.string-db.org/).

4.8. RNA Extraction, cDNA Synthesis, and RT-qPCR Analysis

Total RNA was isolated from non-stressed and stressed seedling leaves of the two inbred lines
(YE8112 and MO17) and prepared for qRT-PCR analysis using the Omini Plant RNA Kit (DNase I)
(CWBIO, Beijing, China) based on the manufacturer’s instructions. For cDNA synthesis, 1 μg of
total RNA was reverse-transcribed in a total volume of 20 μL, using HiFiscript cDNA Synthesis Kit
(CWBIO, Beijing, China) according to the manufacturer’s instructions. Thirty DAPs were selected
and gene-specific primers (Table S7) designed for qRT-PCR using Primer Premier 5 Designer software.
qRT-PCR was conducted with a C1000 (CFX96 Real-Time System) Thermal Cycler (Bio-Rad) using 2×
Fast Super EvaGreen® qPCR Mastermix (US Everbright Inc., Suzhou, China). Each qRT-PCR reaction
mixture comprised 1 μL of template cDNA, 1 μl of forward primer (50 pmol), 1 μL of reverse primer
(50 pmol), and 10 μL of 2×Fast Super EvaGreen® qPCR Mastermix (US Everbright Inc., Suzhou, China)
in a total reaction volume of 20 μL. The amplification program was set as follows: 95 ◦C for 2 min
followed by 40 cycles of 95 ◦C for 10 s and 55 ◦C for 30 s [80]. A steady and constitutively expressed
maize gene GAPDH (accession no. X07156) was used as the internal reference gene, together with the
forward primer (GAPDH-F: 5′-ACTGTGGATGTCTCGGTTGTTG-3′) and reverse primer (GAPDH-R:
5′-CCTCGGAAGCAGCCTTAATAGC-3′). Each sample had three technical replicates [2]. The relative
mRNA abundance was calculated according to the 2−ΔΔCT method [141].

4.9. Statistical Data Analysis of Physiological Changes

Physiological data analysis was performed using the SPSS statistical software package (version
19.0; SPSS Institute Ltd., Armonk, NY, USA), and the significance of differences were tested by Fisher′s
protected least significant differences (PLSD) test with a p-value ≤ 0.05 set as statistically significant.

5. Conclusions

In the present study, we conducted a comprehensive comparative analysis of two maize inbred
lines contrasting in drought stress tolerance based on their physiological and proteomic responses.
Our results have shown that divergent stress tolerance mechanisms exist between the two lines at
the seedling stage. Both qualitative and quantitative differences, at physiological and proteomic
levels, showed that YE8112 is comparatively more tolerant to drought stress than MO17 owing to its
maintenance of higher RWC and proline contents, higher increase in POD enzyme activity, along with
decreased level of lipid peroxidation under stressed conditions. Using an iTRAQ-based method,
we obtained a total of 721 differentially abundant proteins (DAPs). Amongst these, we identified five
essential sets of drought responsive DAPs, including 13 DAPs specific to YE8112, 107 DAPs specific
to TD_SD comparison, three DAPs of YE8112 also regulated in TD_SD, 84 DAPs unique to MO17,
and five overlapping DAPs between the two inbred lines. The most significantly enriched proteins
in YE8112 were associated with the photosynthesis antenna proteins pathway, whilst those in MO17
were related to C5-branched dibasic acid metabolism and RNA transport pathways. The changes
in protein abundance were consistent with the observed physiological characterizations of the two
inbred lines. Further, our qRT-PCR analysis results confirmed the iTRAQ sequencing based findings.
We have clarified the two maize inbred lines’ strategies to tolerate drought stress and elucidated the
fundamental molecular networks associated. Based on our findings, and relevant literature cited herein
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this report, we have proposed molecular models of drought tolerance in the two inbred line seedling
leaves as provided in Figure 9. The higher drought stress tolerance of YE8112 may be attributed to:
(a) Activation of photosynthesis (PSII) proteins involved in balancing light capture and utilization,
and improving non-photochemical quenching; (b) Enhancement of lipid-metabolism related proteins,
contributing to increased stress signaling and water conservation in the cell. Furthermore, plants may
have developed abiotic-biotic stress cross-tolerance mechanisms; (c) Stimulation of chaperons such as
ASR1 protein in order to stabilize a number of other proteins against drought-induced denaturation;
(d) Increased cell ROS detoxification capacity; (e) Reduced synthesis of redundant proteins to help
the plant save energy to battle drought stress; and (f) Suppression of protein ubiqutination in order to
protect proteins against unnecessary degradation under drought stress, and thus, reversing the fate of
those proteins. These results provide more insights into the physiological and molecular mechanisms
underpinning drought stress tolerance in maize seedlings.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
3225/s1.
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Abstract: Polyphenol oxidase (PPO) catalyzes the o-hydroxylation of monophenols and oxidation
of o-diphenols to quinones. Although the effects of PPO on plant physiology were recently
proposed, little has been done to explore the inherent molecular mechanisms. To explore the in vivo
physiological functions of PPO, a model with decreased PPO expression and enzymatic activity
was constructed on Clematis terniflora DC. using virus-induced gene silencing (VIGS) technology.
Proteomics was performed to identify the differentially expressed proteins (DEPs) in the model
(VC) and empty vector-carrying plants (VV) untreated or exposed to high levels of UV-B and
dark (HUV-B+D). Following integration, it was concluded that the DEPs mainly functioned in
photosynthesis, glycolysis, and redox in the PPO silence plants. Mapman analysis showed that
the DEPs were mainly involved in light reaction and Calvin cycle in photosynthesis. Further
analysis illustrated that the expression level of adenosine triphosphate (ATP) synthase, the content of
chlorophyll, and the photosynthesis rate were increased in VC plants compared to VV plants pre- and
post HUV-B+D. These results indicate that the silence of PPO elevated the plant photosynthesis by
activating the glycolysis process, regulating Calvin cycle and providing ATP for energy metabolism.
This study provides a prospective approach for increasing crop yield in agricultural production.

Keywords: Clematis terniflora DC.; polyphenol oxidase; virus induced gene silencing; photosynthesis;
glycolysis

1. Introduction

Polyphenol oxidase (PPO) is an oxidoreductase that catalyzes the oxidation of monophenols
and/or o-diphenols to o-quinones, which form brown melanin pigments in fruits and vegetables
by covalently modifying and cross-linking proteins [1,2]. However, PPO is not only involved in the
formation of pigments, but also plays a crucial role in the biosynthesis of secondary metabolites such
as aurones [3] and betalins [4]. PPO solitarily catalyzes the hydroxylation and oxidative cyclization of
chalcones, leading to the formation of aurone [3]. In addition, PPO, a tyrosinase can also hydroxylate
tyramine into dopamine, which in the presence of betalamic acid yields dopamine-betaxanthin that
can be further oxidized to yield 2-des-carboxy-betanidin [4]. Furthermore, PPO also has roles in plant
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defense against insects and pathogens. In transgenic tomato plants, PPO overexpression greatly
increases resistance to Pseudomonas syringae [5], and the manipulation of PPO activity provides
simultaneous resistance to both disease and insect pests [6]. A recent study on strawberries illustrated
that PPO overexpression delays the fungal infection [7]. PPOs may perform different functions in
diverse plant species and possibly have multiple roles in plants for the huge PPO gene families.

Potential roles for PPO in plants have also been suggested for adaption to abiotic stresses. A study
in olive trees showed oxidation of phenolic is inhibited by decreased PPO, suggesting there is an
association between decreased PPO activity and improved antioxidant capacity [8]. The role of PPO in
regulation of cell death in walnuts was explored, where silencing of PPO resulted in increased tyramine,
which elicited cell death in walnuts [9]. Furthermore, a recent study also demonstrated the potential of
PPO in bioremediation and food/drug industries as it significantly reduces the phenol content in an
artificial solution [10]. As well as evidence supporting that PPOs play a role in plant defense against
biotic stressors, several independent lines of evidence identified PPO with a chloroplastic location,
linking PPO with photosynthesis. However, although an interaction between photosynthesis and PPO
activity has been presented more than once [11–13], evidence either for or against direct involvement
has been ambiguous, and the absence of chloroplastic substrates that were identified remains an issue.

Virus-induced gene silencing (VIGS) takes advantage of plant RNAi-mediated antiviral defense
and has been used widely in plants to analyze gene function [14]. Lee et al. [15] used VIGS to analyze
the susceptibility and resistance functional wheat genes involved in Zymoseptoria tritici. Using the
barley stripe mosaic virus—VIGS technique, Zhao et al. [16] indicated that the TNBL1 gene is an
important gene positively involved in wheat defense response to barley yellow dwarf virus infection.
Groszyk et al. [17] analyzed the Bx1 gene ortholog in rye using VIGS and found it to be functionally
involved in benzoxazinoid biosynthesis. Recently, VIGS has been a powerful alternative technology
for determining the unknown functions of genes and a combination of VIGS and omics is evolving as
a competitive strategy for gene function analysis. VIGS and proteomic analysis of the resistance of
cotton to Veticillium dahia revealed that gossypol, brassinosteroids, and jasmonic acid contribute to this
process [18]. The role of the tomato TAGL1 gene in regulating the accumulation of fruit metabolites was
investigated using VIGS and metabolomics analyses [19]. An improved virus-induced gene silencing
approach was used to elucidate the role of highly homologous Nicotiana benthamiana ubiquitin enzymes
gene family members in plant immunity [20]. In addition, VIGS technology as a powerful investigation
tool is still on the way with its application potentials remaining to be fully developed.

Clematis terniflora DC. is a Chinese folk medicinal resource with important pharmaceutical value
in the treatment of inflammatory symptoms in the respiratory and urinary systems [21]. Studies have
shown that the extracts from the leaves and stems of C. terniflora have anti-inflammatory, anti-tumor,
and anti-nociceptive effects [22–25]. Furthermore, omics technologies were used on C. terniflora
to prospectively understand the inherent mechanism underlying its medicinal quality [24,26].
Considering the role PPO played in stress resistance of plant and biosynthesis of secondary metabolites,
regulating PPO activity or gene expression can be beneficial to the yields and quality of medicinal plants.
Therefore, the potential relationships between photosynthesis and PPO activity are highly relevant
to the improvement of yields and quality [27]. To have insight into this relationship, a comparative
proteomic analysis was performed on the leaves of C. terniflora DC. with down-regulated PPO activity
by VIGS in this study. High-intensity UV-B and dark incubation (HUV-B+D), which are helpful
stressors for medicinal plants [28], were used for an integration study.

2. Results

2.1. Cloning, Sequence Analysis, and Phylogenetic Tree Analysis of CtPPO

Following the identification of CtPPO transcript in C. terniflora transcriptome data, 1681 bp of PPO
cDNA was cloned from C. terniflora leaves using RT-PCR and 5′ RACE with the complementary application
of genome-walking technologies (Figure S2a). Sequence analysis of CtPPO cDNA revealed a 166-bp
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5′-untranslated region (UTR) located upstream of a start codon and an open reading frame (ORF) of 1681
bp encoding 586 amino acids with a calculated molecular mass of 66.11 kDa and an isoelectric point of 7.18.

Blast analysis of the predicted CtPPO amino acid sequence revealed 62% similarity with
Nelumbo nucifera. To further understand the evolutionary relationships between CtPPO and PPO
in other plants, a phylogenetic tree was constructed based on amino acid sequence. Phylogenetic
analysis showed CtPPO has a close evolutionary relationship with the PPO gene in N. nucifera, but not
other plant species (Figure S2b).

2.2. Virus-Induced Gene Silencing of CtPPO in C. terniflora DC

VIGS provides an alternative approach for functional analysis of genes. Here, to determine
the role of CtPPO, we silenced CtPPO using tobacco rattle virus (TRV)-mediated gene silencing.
We constructed two modified TRV vectors: TRV-CtPPO and TRV-PDS. To determine the extent of
silencing, we performed qRT-PCR to analysis the transcript levels of the CtPPO gene in inoculated
plants. RNA extracted from C. terniflora agro-infiltrated with empty vector TRV or TRV-CtPPO or
control leaves 20 days post-infection were used for qRT-PCR. As shown in Figure 1a, CtPPO expression
levels were reduced in plants infiltrated with TRV-CtPPO compared to the control plants (VIGS-vector
and control). To further confirm CtPPO expression, we measured CtPPO activity in control, TRV-vector
and TRV-CtPPO plants. In VIGS-CtPPO (VC), PPO activity was significantly lower than in VIGS-vector
(VV) and control, illustrating that a successful VC plant model was constructed (Figure 1b). Despite
these obvious changes in CtPPO in plants, however, there were no macroscopic phenotypic differences
in the VC, VV, and control leaves at the starting point (Figure 1c).

 

Figure 1. (a) Expression levels of CtPPO gene mRNA in leaves of C. terniflora in control, VIGS-vector, and
VIGS-CtPPO plants. Data are shown as mean ± SD of the independent biological replicates. Asterisks
indicate significant changes as measured by Student’s t-test (* p < 0.05, ** p < 0.01, and *** p < 0.001); (b) PPO
activity was assayed in C. terniflora leaves of control, VIGS- vector and VIGS-CtPPO plants. Data are shown
as mean ± SD of independent biological replicates. Asterisks indicate significant changes as measured
by Student’s t-test (* p < 0.05, ** p < 0.01, and *** p < 0.001); (c) Morphology of control, VIGS-vector, and
VIGS-CtPPO C. terniflora plants before and after HUV-B+D treatment. Photograph showing C. terniflora
growth under different treatments. The damaged areas were marked with red arrows.
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2.3. Effects of VIGS-CtPPO and VIGS-Vector on Leaf Proteins in C. terniflora DC.

To investigate the effects of CtPPO on C. terniflora leaf proteins, a gel-free/label-free proteomic
technique was used. Proteins extracted from VC- and VV-infected C. terniflora leaves were reduced,
alkylated, digested, and analyzed by nano-LC-MS/MS. The obtained proteomic data were analyzed
using the UniProtKB/Swiss-Prot database and protein content was estimated by mol%. The functions
of identified proteins were predicted based on comparisons with functional annotations of the
Arabidopsis genome and classified using MapMan bin codes. The results of the functional analyses
demonstrated that the proteins with increased expression were mainly enriched in photosynthesis,
glycolysis, redox, protein metabolism, and secondary metabolism, while the proteins with decreased
expression were mainly enriched in protein metabolism and photosynthesis. Notably, expression
of proteins related to secondary metabolism, development, and glycolysis were increased in the VC
plants, whereas the expression of proteins related to N-metabolism, amino acid metabolism, and cell
were decreased (Figure 2a; Tables S8 and S9).

Figure 2. (a,b) Functional distribution of proteins identified in VIGS-vector and VIGS-CtPPO
C. terniflora DC. leaves. The leaves were collected at the (a) starting point and (b) after HUV-B
treatment. Proteins were extracted, reduced, alkylated, digested, and analyzed by nanoLC-MS/MS.
Protein content is reported as mol %. Protein functions were predicted and categorized using MapMan
bin codes. Abbreviations: cell, cell division/organization/cycle; TCA, tricarboxylic acid; ETC, electron
transport chains; OPP, oxidative pentose phosphate.

2.4. Effects of High-Level UV-B and Dark Treatment on Proteins in VIGS-CtPPO and VIGS-Vector C.
terniflora DC. Leaves

HUV-B+D dramatically impacts plant physiology [24]. To further investigate the effects of CtPPO
on C. terniflora, we exposed VC, VV, and control plants to HUV-B+D. Subsequent phenotypic analysis
revealed the leaves to be wilted with burned patches and a high degree of crispation in control
plants. The leaves of VV plants were similar to the control plants, while the leaves from the VC plants
appeared significantly less damaged than in the control and VV plants (Figure 1c). To determine the
expression profiles of leaf proteins in VC and VV after HUV-B+D, a gel-free/label-free proteomic
approach was used. Proteins extracted from VC and VV plant leaves after HUV-B+D were reduced,
alkylated, digested, and analyzed by nano-LC-MS/MS. Obtained proteomic data were analyzed using
the UniProtKB/Swiss-Prot database and the protein content was estimated by mol%. The functions of
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identified proteins were predicted based on comparisons with functional annotations of the Arabidopsis
genome and classified using MapMan bin codes. The results of the functional analyses demonstrated
that HUV-B+D increased expression of proteins involved in most of the functional classes, including
photosynthesis, stress, glycolysis, protein metabolism, and redox, in VC plants compared to VV plants.
However, expression of proteins involved in N-metabolism was decreased in VC plants compared to
VV plants (Figure 2b).

2.5. Integrated Analysis of Proteins in VIGS-CtPPO and VIGS-Vector C. terniflora Differentially Expressed
after HUV-B+D

The proteins identified in leaves collected from VC and VV plants at the starting point were 676
and 662, respectively. Among the identified proteins, 480 and 467 proteins were commonly expressed
in VV and VC plants, respectively, at the starting point and after HUV-B+D. Alternatively, there were
443 and 455 proteins commonly expressed at the starting point and HUV-B+D in VV and VC plants,
respectively (Figure S3).

For proteins differentially expressed in response to HUV-B+D in VV and VC plants, further
integration analysis was performed. Figure 3 shows that the number of proteins involved in
photosynthesis displaying increased expression was decreased in VC plants compared with that in VV
plants. The number of increased proteins related to stress, OPP, secondary metabolism, and transport
was increased in VC plants compared to VV plants. The number of decreased proteins associated with
stress, glycolysis, amino acid metabolism, and carbon-one(C1)-metabolism was decreased in VC plants
compared to VV plants. Furthermore, proteins involved in glycolysis, amino acid metabolism, cell,
mitochondrial ETC, TCA, and signaling displaying increased expression were only detected in VC
plants (Figure 3, Tables S6 and S7).

Figure 3. Functional distribution of proteins identified in VIGS-vector and VIGS-CtPPO C. terniflora
DC. leaves. Leaves were collected at the starting point and after HUV-B+D treatment. Proteins were
extracted, reduced, alkylated, digested, and analyzed by nanoLC-MS/MS. Protein content is reported
as mol %. Protein functions were predicted and categorized using MapMan bin codes. Abbreviations:
cell, cell division/organization/cycle; TCA, tricarboxylic acid; ETC, electron transport chains; CHO,
carbohydrate; OPP, oxidative pentose phosphate; (-), not determined.
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2.6. MapMan Analysis of the VIGS-CtPPO and VIGS-Vector C. terniflora Leaf Proteomic Data at the Starting
Point and after HUV-B+D

To examine changes in the levels of the identified proteins in-depth in VV and VC plants, the DEPs
were analyzed using MapMan software. The analysis identified the main functional categories of the
proteins displaying significant changes in expression as involved in the light reaction, photorespiration,
and Calvin cycle. HUV-B+D conditions induced dramatic decrease in Calvin cycle and light reaction
related proteins in VV, however, very interestingly, it was significantly rescued by the silencing of
CtPPO in VC. Further analysis showed that the silencing of CtPPO led to the increase of Calvin cycle
related proteins in VC than VV at starting point (Figure 4a,b). After exploring HUV-B+D, the silencing
of CtPPO gave a further increase of Calvin cycle related proteins. Additionally, it also resulted in
the synchronously increase on light reaction and photorespiration related proteins in VC than VV at
HUV-B+D (Figure 4c,d).

Figure 4. Metabolic pathways of proteins identified in VIGS-vector and VIGS-CtPPO C. terniflora DC.
Leaves were collected at the starting point and after HUV-B+D treatment. The proteins were grouped
into functional categories related to primary metabolism and changes in abundance were visualized
using MapMan software. Each square and color indicates the fold-change of a differentially expressed
protein. Green and red indicate a decrease and increase, respectively, in fold change compared with
the corresponding group: (a) comparison of proteins in VIGS-vector leaves after HUV-B+D treatment
at starting point, (b) comparison of proteins in VIGS-CtPPO leaves after HUV-B+D treatment at
starting point, (c) comparison of proteins at starting point in VIGS-CtPPO and VIGS-vector plants,
and (d) comparison of proteins after HUV-B+D treatment in VIGS-CtPPO and VIGS-vector plants.
Abbreviations: OPP, oxidative pentose phosphate; CHO, carbohydrate; TCA, tricarboxylic acid cycle.
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Following this preliminary analysis, we further studied the differences in enzymes in the light
reaction and Calvin cycle. The proteins involved in the light reaction and Calvin cycle was mostly
decreased in VV but there was no obvious change in VC after HUV-B+D treatment. At starting point,
1 and 3 proteins in photosystem I and II of light reaction was increased in VC compared to VV. In Calvin
cycle, 3 and 2 proteins involved in carboxylation and reduction was increased in VC compared with
VV. However, after HUV-B+D treatment, 19 proteins related to NADP+-dependent aldehyde reductase,
ATP synthase, and glycerol phosphate dehydrogenase in light reactions was increased and 11 proteins
related to the enzymes in reduction and regeneration of Calvin cycle was increased in comparison of
VC and VV (Figure S4).

2.7. Expression Profile Analysis of Glycolysis-Related Proteins in C. terniflora DC. Leaves

Glycolysis related proteins were significantly changed by the silencing of CtPPO. To further
characterize the relationship between glycolysis and CtPPO, expression profile analysis of glycolysis-related
proteins in C. terniclora leaves was conducted. The abundances of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), UTP-glucose-1-phosphate uridylytransferase (GPUT), phosphoglycerate
kinase (PGK), phosphoenolpyruvate carboxylase (PEPC), and enolase were increased in VC plants
compared to VV plants at the starting point. Moreover, after HUV-B+D, the abundances of GPUT,
fructose-1,6-bisphosphate aldolase (FBA), GAPDH, PGK, BPGM, enolase, and PEPC were all increased
in VC plants compared to VV plants (Figure 5).

Figure 5. Expression profile analysis of glycolysis-associated proteins. Each square and color
indicates the fold-change for a differentially expressed protein. Blue and red indicate a decrease
and increase, respectively, in fold-change compared with the corresponding group: VV(SP) proteins
in VIGS-vector plants at starting point, VC(SP) proteins in VIGS-CtPPO plants at starting point,
VV(HUV-B+D) proteins in VIGS-vector plants after HUV-B+D treatment, and VC(HUV-B+D)
proteins in VIGS-CtPPO plants after HUV-B+D treatment. FBA: fructose-1,6-bisphosphate aldolase;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PEPC: phosphoenolpyruvate carboxylase; circle:
metabolite; arrow: direction; solid line: single step; dotted line: multiple step.
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2.8. Effects of VIGS-CtPPO on Photosynthesis Characteristics in C. terniflora DC. Leaves

To confirm the relationship between CtPPO and photosynthesis, the chlorophyll content was
measured first. The results showed that the chlorophyll a, chlorophyll b, and total chlorophyll contents
were all higher in VC plants than in VV and control plants (Figure 6). Then the photosynthesis
characteristics were measured by using a Li-6400 Portable Photosynthesis System.

Figure 6. Chlorophyll content in in control, VIGS- vector and VIGS-CtPPO C. terniflora leaves. (a) Total
chlorophyll content, (b) chlorophyll a content, and (c) chlorophyll b content. Data are shown as mean
± SD for independent biological replicates. Asterisks indicate significant changes as measured by
Student’s t-test (* p < 0.05, ** p < 0.01). fw: fresh weight.

The photosynthesis rate, intercellular CO2, stomatal conductance, and transpiration rate were
further measured in the study. The photosynthesis rate, transpiration rate, and stomatal conductance
in VC plants were higher than in VV plants, while the intercellular CO2 was lower than that in VV
(Figure 7). After HUV-B+D, the damage of photosynthesis rate in VC plants was significantly lower
than in VV and control plants, while the stomatal conductance and transpiration rate were low in
control, VV, and VC plants. The intercellular CO2 was still lower in VC and control plants than in VV
plants, but both were higher than that at the starting point (Figure S5). The photosynthesis rate was
dramatically decreased in by HUV-B+D in C. terniflora, however, it seems that the silencing of CtPPO
has a mitigating effect to the damage degree in VC (Figure 7 and Figure S5).
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Figure 7. Analysis of photosynthesis characteristics in control, VIGS-vector, and VIGS-CtPPO at
starting point. The photosynthesis rate, intercellular CO2, stomatal conductance, and transpiration rate
were measured using an open gas-exchange system. Data are shown as mean ± SD of independent
biological replicates. Asterisks indicate significant changes as measured by Student’s t t-test (* p < 0.05,
** p < 0.01, and *** p < 0.001).

2.9. Effects of VIGS-CtPPO on ATP Synthase in C. terniflora DC. Leaves

To confirm the relationship between CtPPO and energy metabolism, qRT-PCR-based analysis
of ATP synthase was performed. Leaves of VV and VC were collected at starting point and after
HUV-B+D. At the starting point, the expression of ATP synthase was increased without statistical
significance in VC compared with control and VV (Figure 8). However, after HUV-B+D, ATP synthase
was increased by 2-folds in VC plants compared with VV and control plants (Figure 8). These results
indicate that the silencing of CtPPO might activate the energy metabolism by up-regulating the ATP
synthase in response to HUV-B+D.
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Figure 8. Levels of chloroplast ATP synthase mRNA in control, VIGS-vector, and VIGS-CtPPO
C. terniflora leaves. (a,b) C. terniflora leaves at the (a) starting point and (b) after HUV-B+D treatment.
Data are shown as mean ± SD of independent biological replicates. Asterisks indicate significant
changes as measured by Student’s t-test (** p < 0.01, and *** p < 0.001).

3. Discussion

3.1. Silencing of PPO Promoted the Light Reaction in C. terniflora

The photosynthetic process in plants can operate through linear or cyclic electron flow, which
involves three major complexes of the electron transfer chain: photosystem II (PSII), photosystem I
(PSI), and cytochrome b6f complex [29,30]. Light reactions are an important step in photosynthesis and
can transfer light energy to ATP and NADPH [31]. The initial step in this process is the absorption of
light energy by the chlorophyll molecule. Ferredoxins were extensively employed as electron shuttles
by anaerobes long before the advent of oxygenic photosynthesis [32], while the ferredoxin-NADP+

reductase catalyzes an electron-hydride exchange between reduced ferredoxin and NADP+ to yield
NADPH [33]. The activation state of chloroplast ATP synthase is regulated by proton-motive forces
generated by photosynthetic electron transfer reactions and reduction of disulphides in the γ subunit
by TRX [34,35]. A lower ATP content resulting from the loss of ATP synthesis can inhibit the synthesis
of ribulose biphosphate and influence the photosynthetic assimilation of CO2 [36]. In our study,
the amounts of chlorophyll a and chlorophyll b were increased in VC plants compared with the VV and
control plants, indicating the silencing of CtPPO could upregulate the PSs system in photosynthesis.
In addition, the expression of ATP synthase, and ferredoxin-NADP+ reductase were decreased in
response to HUV-B+D (Table S6), indicating the inhibition effect of HUV-B+D on C. terniflora. However,
the expression of ATP synthase (Figure 8) and ferredoxin-NADP+ reductase (Table 1) were dramatically
increased in VC plants compared with VV plants after HUV-B+D. These results indicate that VIGS of
CtPPO had a positive effect on upregulating the light reactions to provide ATP and NADPH for plants
under stress.
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Table 1. Differential Expressed Proteins in Clematis terniflora DC. between VV and VC after HUV-B+D
treatment (1.55 > fold change > 1.27).

No. Protein ID a Description
Abundance

FC p-Value Annotation b

VV VC

Increased

1 F6HCT7 Uncharacterized protein 0.01 0.02 1.55 0.01 stress

2 M5W912 Ferredoxin-NADP reductase 0.04 0.06 1.51 0.00 PS

3 A0A2G5CER3 Uncharacterized protein (Fragment) 0.01 0.01 1.50 0.03 signaling

4 A0A200RAD1 UTP-glucose-1-phosphate
uridylyltransferase 0.02 0.03 1.48 0.03 glycolysis

5 I6P9I5 Cytosolic ascorbate peroxidase
(Fragment) 0.03 0.04 1.47 0.02 redox

6 J3MAL0 Ferredoxin-NADP reductase 0.04 0.06 1.47 0.00 PS

7 M4CGU3 Uncharacterized protein 0.02 0.02 1.45 0.02 PS

8 Q42908 2,3-bisphosphoglycerate-independent
phosphoglycerate mutase 0.01 0.02 1.42 0.04 glycolysis

9 A0A1J3H2G2 Ubiquitin-NEDD8-like protein RUB1
(Fragment) 0.27 0.38 1.40 0.01 protein

10 A0A2G5F096 Uncharacterized protein 0.02 0.03 1.40 0.05 development

11 C5YTC0 Uncharacterized protein 0.02 0.03 1.39 0.00 not assigned

12 A0A067L6G5 Uncharacterized protein 0.02 0.03 1.39 0.00 amino acid
metabolism

13 W9RXI1 Glycerate dehydrogenase 0.08 0.11 1.38 0.00 PS

14 Q1EP00 Chlorophyll a-b binding protein,
chloroplastic 0.05 0.07 1.37 0.03 PS

15 W9SCQ6 Ferredoxin-NADP reductase 0.05 0.07 1.36 0.00 PS

16 A0A2G5DAJ3 Carbonic anhydrase 0.03 0.04 1.36 0.04 TCA

17 W8TP69 Glycerate dehydrogenase-like protein 0.04 0.06 1.36 0.02 PS

18 A0A0K9P513 Phosphoglycerate kinase 0.08 0.10 1.35 0.01 PS

19 A0A0K9Q3W1 70 kDa heat shock protein 0.06 0.07 1.35 0.01 stress

20 A0A1J6I7J0 2-cys peroxiredoxin bas1, chloroplastic 0.05 0.07 1.35 0.01 redox

21 C0PRV0 Lactoylglutathione lyase 0.03 0.04 1.33 0.02 Biodegradation
of Xenobiotics

22 Q19U04 NADH-dependent hydroxypyruvate
reductase (Fragment) 0.11 0.15 1.33 0.00 PS

23 D2XUU3 Chloroplast managanese stabilizing
protein (Fragment) 0.17 0.22 1.32 0.04 PS

24 A0A0A0KBL8 Uncharacterized protein 0.03 0.04 1.32 0.00 PS

25 A5BVF4 Uncharacterized protein 0.16 0.21 1.32 0.02 PS

26 A0A200QG47 Aminotransferase 0.05 0.06 1.32 0.02 PS

27 W1P8B5 Uncharacterized protein 0.01 0.01 1.31 0.05 OPP

28 A0A0D3B1C7 Uncharacterized protein 0.02 0.02 1.30 0.02 OPP

29 K7KB09 Uncharacterized protein 0.03 0.04 1.30 0.01 hormone
metabolism

30 K4BW79 2-methylene-furan-3-one reductase 0.06 0.07 1.30 0.00 misc

31 A0A2H5NQP8 Uncharacterized protein 0.08 0.10 1.30 0.01 PS

32 A0A0D2Q3K9 Uncharacterized protein 0.04 0.05 1.30 0.00 stress

33 A0A200PYZ1 ATPase 0.08 0.11 1.29 0.01 PS

34 A1BQW9 Transketolase (Fragment) 0.05 0.06 1.29 0.00 PS

35 A0A251VGE5 Putative photosystem I PsaA/PsaB 0.05 0.06 1.29 0.03 PS

36 A0A1D8H339 2-Cys peroxiredoxin 0.07 0.09 1.28 0.01 redox

37 S8EAM3 Heat shock protein hsp70 (Fragment) 0.03 0.03 1.28 0.00 stress
a Protein ID, according to UniProtKB/Swiss-Prot database. b Function, protein function categorized using MapMan
bin codes. FC, fold change; PS, photosynthesis; TCA, tricarboxylic acid; OPP, oxidative pentose phosphate;
misc: miscellaneous.
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3.2. Silencing of PPO Activated the Calvin Cycle in C. terniflora

The Calvin cycle is an essential carbon fixation process in photosynthesis that converts carbon
dioxide to glucose, accompanied by reduction reactions and ribulose 1,5-bisphosphate (RuBP)
regeneration [37]. The Calvin cycle is redox-activated process, and the redox homeostasis is
mediated by reducing power from photosynthetic electron transport to ferredoxin (Fd) and NADPH,
via Fd-thioredoxin (TRX) reductase (FTR) and NADPH-dependent TRX reductase (NTRC) [38].
FTR and multiple TRXs consist the Fd-TRX system, while the NTRC contains a complete TRX
system in a single polypeptide. Both systems have an impact on activation of Calvin cycle-related
enzymes, including fructose-1,6-bisphosphatase (FBPase), sedoheptulose-1,7-bisphosphatase (SBPase),
phosphoribulokinase (PRK), and GAPDH [39–41]. In our current study, Calvin cycle-related PGK,
GAPDH, PRK, TK, and RuBP were decreased in response to HUV-B+D, indicating HUV-B+D
significantly inhibited the Calvin cycle. However, the drop in CtPPO activity led to a dramatic
increase in Calvin cycle-related proteins in C. terniflora at the starting point and after HUV-B+D.
The redox-related proteins were further analyzed and TRX was found to be increased in VC plants
compared with VV plants at the starting point (Table 2) and Fd-NADP reductase was increased in VC
plants compared to VV plants after HUV-B+D (Table 1). As PPO is located in chloroplast [42,43], these
results indicate VIGS of CtPPO can protect the Calvin cycle by activating the FTR and NTRC system.

Table 2. Differential Expressed Proteins in Clematis terniflora DC. between VV and VC at starting point
(fold change > 1.40).

No. Protein ID a Description
Abundance

FC p-Value Annotation b

VV VC

Increased

1 A0A151U9E4 Uncharacterized protein 0.02 0.03 1.92 0.01 redox

2 Q8M9K2 Ribulose-bisphosphate carboxylase
(Fragment) 0.79 1.46 1.84 0.00 PS

3 K8ECB3 Thioredoxin 0.04 0.08 1.82 0.00 redox

4 A0A067KU12 UTP-glucose-1-phosphate
uridylyltransferase 0.03 0.04 1.57 0.02 glycolysis

5 A0A068TPY5 Uncharacterized protein 0.03 0.05 1.53 0.01 PS

6 A0A2G3DEA2 3-oxo-Delta(4,5)-steroid
5-beta-reductase 0.03 0.04 1.45 0.02 development

7 A1X444 Ribulose-1,5-bisphosphate
carboxylase/oxygenase large 0.27 0.39 1.44 0.00 PS

8 A0A1U8LIR6 2-methyl-6-phytyl-1,4-hydroquinone
methyltransferase 0.02 0.02 1.43 0.01 secondary

metabolism

9 A0A200RAD1 UTP-glucose-1-phosphate
uridylyltransferase 0.03 0.04 1.42 0.04 glycolysis

10 A0A2G5DW13 Uncharacterized protein 0.04 0.06 1.42 0.01 redox

11 A0A067KC46 Ribulose bisphosphate carboxylase
small chain 0.06 0.09 1.41 0.02 PS

12 W9QII5 Peroxiredoxin Q 0.03 0.04 1.41 0.02 redox

13 A0A061EH79 Ribulose bisphosphate carboxylase
small chain 0.05 0.07 1.41 0.00 PS

a Protein ID, according to UniProtKB/Swiss-Prot database. b Function, protein function categorized using MapMan
bin codes. FC, fold change; PS, photosynthesis.

Chlorophyll biosynthetic enzymes glutamyl-tRNA reductase, Mg-protoporphyrin IX
monomethylester cyclase, and plastidic 2-Cys PRXs are direct substrates of NTRC in Arabidopsis [44].
As a result, NTRC protects the formation of chlorophyll in Arabidopsis [45]. The NTRC, together with
2-Cys PRXs, forms a two component peroxide detoxifying system that acts as a reductant under stress
conditions [44]. Overexpression of NTRC raises the CO2 fixation rate and lowers non-photochemical
quenching by enhancing the activation of TRX-regulated enzymes and chloroplast ATP synthase in the
Calvin cycle [46]. In this study, the amounts of total chlorophyll, chlorophyll a, and chlorophyll b
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were increased in VC plants compared with VV and control plants (Figure 6). The amount of 2-Cys
peroxiredoxin was decreased in VV plants in response to HUV-B+D (Table S6), however, it was
increased in VC plants compared with VV plants after HUV-B+D (Table 1). Furthermore, chloroplast
ATP synthase was increased in VC plants compared with VV and control plants at the starting point
and were increased more significantly in VC plants than in VV and control plants following HUV-B+D
(Figure 8). The intercellular CO2 was significantly lower in VC than VV and control (Figure 7) which
illustrated the silencing of CtPPO increased the utilization of carbon resource. These results help to
increase understanding that CtPPO might influence the carbon fixation by regulating NTRC system.

3.3. Silencing of PPO Enhanced the glycolysis in C. terniflora

Glycolysis is a central metabolic pathway in plants that oxidizes hexoses to provide ATP, reduces
power and pyruvate, and produces precursors for anabolism [47]. Studies have proved that the
increase of PGK, and BPGM in Arabidopsis thaliana provide energy supply by ATP production [48,49].
Arabidopsis double mutants lacking BPGM enzyme activity exhibited defects in blue light, low CO2,
and abscisic acid-regulated stomatal movements [49], which are responsible for all gaseous diffusion
and can control photosynthetic CO2 uptake to influence photosynthesis [50]. The increased glycolytic
proteins in root of oat enhanced ATP production and promoted adaptation to anaerobic conditions [51].
It has been suggested that the stomatal red-light response signal may be provided by the redox state
of photosynthetic electron transport chain components, such as the redox state of plastoquinone and
production of ATP [52]

In our study, the increases in GPUT, FBA, GAPDH, PGK, Enolase, and PEPC in CtPPO-silenced
plants demonstrated the activation of glycolysis, which could provide more ATP for energy metabolism
in C. terniflora. Further analysis also proved the enhanced stomatal conductance by the silencing
of CtPPO in VC (Figure 7). The interaction of glyceraldehyde-3-phosphate dehydrogenase and
phospholipase D might provide a direct connection between signal transduction, energy metabolism,
and growth control in plant response to stress conditions [53]. Yasmeen’s study suggest that Cu
nanoparticles might enhance the tolerance of wheat to drought and salinity by increasing the glycolysis
related protein abundance [54]. These results indicate the decrease in CtPPO activity in C. terniflora
might elevate its stress tolerance by activating glycolysis metabolism.

3.4. Artificial Interference with PPO Activity Has Potential Applications in Agricultural Production

PPOs catalyze the oxidation of phenols to quinones that subsequently react with amino acids
or proteins to form brown and black pigments, greatly reducing the appearance of quality of wheat
products [55]. The role of plant PPO in postharvest browning has been the primary focus of
research [56]. Although there is no evidence that high PPO activity is associated with depressed
nutritional value, the darkened color still negatively affects consumer choice [57]. Studies on
wheat concluded that the development of wheat cultivars with low grain PPO activity is one of
the main objectives in wheat breeding programs [58]. Photosynthesis is the major trait for any further
increase in the yield potential of crops [59]. Various genetic engineering approaches for enhancing
C3 plant photosynthesis have been consistently proposed over the past years to improve the crop
productivity [60–62]. Our study clearly suggests the potential for suppression of PPO activity on
photosynthesis in C. terniflora, which indicates the feasibility of artificially mediating photosynthesis
through the control of PPO gene expression. Nevertheless, it is undeniable that PPO has positive
effects on plant defense in response to abiotic or biotic stresses as many PPO genes have been shown
to be upregulated by wounding, pathogens, and hormones [63]. However, latent PPO enzymes can
be activated by interactions with their substrates [64], occurring in great measure when plants are
under stress. All in all, our current work provides a prospective approach for increasing crop yield in
agricultural production.
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4. Material and Methods

4.1. Plant Materials and Growth Conditions

C. terniflora DC. seeds sprouted in incubators and the sprouts were sown into seedbeds.
The seedlings were then transplanted into pots and placed in a greenhouse, which was controlled at
28–30 ◦C, 70–80% relative humidity, and 160 μmol m−2 s−1 of white light irradiance. In the garden,
conditions ranging from the soil to microclimate were equivalent among all plant samples. After six
weeks, the plants were used for experiments [28].

4.2. High Level UVB and Dark Treatment

For HUV-B+D, 6-week-old plants were exposed to 104.4 kJ m−2 d−1 of UV-B irradiation at
conditions of 25–30 ◦C and 80% relative humidity in a cabinet. Plants before irradiated were regarded
as starting point samples. Intensity of UV-B irradiation was determined by a UV Light Meter (Beijing
Normal University, Beijing, China). After irradiated by HUV-B for 5 h, plants were incubated in dark
for 48 h. Leaves in the basal 10 to 60 cm of each experimental plant were collected as simples for
further proteomic analyses. Five leaves were collected for each replicate and 3 independent biological
replicates were assessed [28].

4.3. RNA Extraction and Cloning of CtPPO Gene

An RNeasy Plant Mini kit (Qiagen, Hilden, Germany) was used to obtain total RNA. Quantity and
quality of obtained RNA were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA). The extracted total RNA was used as template to synthesize first-strand
complementary DNA (cDNA) using an Oligo (dT) and OneScriptTM Reverse Transcriptase OneScrptTM

cDNA Synthesis Kit (Applied Biological Materials Inc., Vancouver, BC, Canada). The first-strand cDNA
was utilized as template for PCR using the primers listed in Table S5, which was designed based on the
single EST sequence of a suspected CtPPO gene in the transcriptome of C. terniflora and amplification
was performed as described [28]. The amplified PCR fragments, which were approximately 264
bp in length, were isolated, inserted into the pMDTM18-T Vector (pMDTM18-T Vector Cloning Kit,
Takara, Kyoto, Japan), and sequenced. The complete coding sequence of CtPPO was obtained using 5′-
and 3′-rapid amplification of cDNA ends (RACE) with internal specific primers (Table S3) using the
SMARTer RACE cDNA Amplification Kit (Takara) according to the manufacturer’s instructions.

The downstream sequence of CtPPO was obtained using a PCR-based genome walking approach
with the Genome Walking Kit (Takara). Three designed primers (gene specific primer (GSP); Table S2)
and 4 internal short degenerate arbitrarily primed (AP) primers included in the kit (AP1, AP2, AP3,
and AP4) were used to perform genome-walking PCR. The PCR conditions and designed primer Tm
were based on the manufacturer’s instructions. Three-step nested PCR was performed to increase
specificity. The nested PCR products were excised, purified, and sequenced.

4.4. Construction of CtPPO Virus-Derived Vectors

A 439-bp fragment of the obtained CtPPO gene was amplified using Permix TaqTM (Ex TaqTM
Version 2.0 plus dry; Takara) and inserted into a pMDTM18-T vector (pMDTM18-T Vector Cloning
Kit, Takara) using primers TXPPO-F and TXPPO-R (Table S4) containing XbaI and BamHI restriction
enzyme sites. The CtPPO sequence was harvested from the pMDTM18-T vector using the EcoRI
restriction enzyme and inserted into the EcoRI site between the CaMV 35S promoter (2 × 35S) and NOS
terminator of the pTRV2 vector. The orientation of the plasmid with pTRV2-CtPPO (Figure S1) was
verified by sequencing. Assembly of the pTRV vector was performed as described [65]. The plasmids
were sequenced to verify correct insertion of the fragment and transformed into Agrobacterium
tumefaciens GV3101.
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4.5. Virus-Induced Gene Silencing

VIGS was performed according to the method described by Salim et al. [66]. The GV3101 strains
of A. tumefaciens carrying pTRV1, pTRV2, and pTRV2-PPO were stored at −80 ◦C. Agrobacteria were
cultured in 300 mL of Luria-Bertani liquid medium containing 10 mM 2-(N-morpholino) ethanesulfonic
acid (MES), 50 μg mL−1 kanamycin, and 20 μM acetosyringone. Then the cultures were centrifuged at
the speed of 5000× g for 10 min and the resulting bacterial pellets were resuspended in 5 mL infiltration
buffer containing 10 mM MgCl2, 10 mM MES and 200 μM acetosyringone, and incubated at 28 ◦C with
shaking for 3 h. The mixed suspensions were used for surface infiltration of three-week-old Nicotiana
benthamiana seedlings using a needleless syringe and 4–6 leaves were infected. The PDS (phytoene
desaturase) gene was used as a marker for the evaluation of the efficiency of VIGS in CtPPO genes
silencing in N. benthamiana. The VIGS N. benthamiana plants were grown in a greenhouse and the TRV
virus was detected by PCR to confirm infection of the N. benthamiana leaves. The successfully infected
N. benthamiana leaves were used for the abrasion inoculation of C. terniflora leaves as described below.

Virus-infected N. benthamiana leaves (1 g) were ground with 2 mL of 10 mM potassium phosphate
buffer (pH 7) containing 1–2% w/v Celite 545 AW abrasive (Sigma-Aldrich, Milwaukee, WI, USA) using
a mortar and pestle. The resulting homogenate was used for inoculation by the abrasion method on all
tender leaves of 3-week-old C. terniflora plants. Two groups of plants, one containing the pTRV virus
vector and the other the pTRV-PPO virus vector, were prepared and each was inoculated, where six
plants were used as biological replicates.

4.6. Protein Extraction, Enrichment, and Digestion for Proteomics Analysis

The tissues were ground in liquid nitrogen. For protein extraction, the phenol extraction method
was performed according to a previously published protocol [67]. Briefly, 6 g of frozen powder was
suspended in 15 mL of homogenization medium containing 50% (v/v) phenol, 100 mM KCl, 50 mM
EDTA, 0.2% (v/v) 2-mercaptoethanol, 1 mM PMSF, 700 mM sucrose, and 500 mM Tris-HCl at pH
7.5, shaken at 37 ◦C for 15 min, and then centrifuged at the speed of 2500× g at 4 ◦C for 20 min.
Four volumes of precipitation solution (0.1 M ammonium acetate in 100% methanol) were added in to
the phenolic phase collected to precipitate the proteins. The precipitate was collected by centrifugation
for 10 min at the speed of 2500× g. The supernatant was discarded and washed with precipitation
solution. Precipitation was allowed to occur at −20 ◦C for 3 h and the precipitate was obtained by
centrifugation, which was repeated twice. The collected proteins were dissolved in 0.5 mL of 50 mM
ammonium bicarbonate (ABC). Protein concentrations were determined using the Bradford assay with
bovine serum albumin as the standard.

The protein (100 μg) and an additional 50 mM ABC were transferred into a new tube to create a
final volume of 100 μL. The protein was reduced with 10 mM dithiothreitol for 1 h at 55 ◦C and alkylated
with 50 mM iodoacetamide at 37 ◦C for 30 min in darkness, then digested with sequence-grade
modified trypsin (Promega, Fitchburg, WI, USA). Trypsin and 1% lysyl endopeptidase were added
to the protein and then the solutions were incubated in a water bath at 37 ◦C for 4 h and another
1% enzyme was added. The solutions were incubated at 37 ◦C for 12 h, centrifuged at 10,000× g,
and then dried in a vacuum. Trypsinized peptides in 200 μL of 0.1% trifluoroacetic acid (TFA) and
0.5% acetonitrile were loaded onto activated and balanced C18 SPE columns (Sep-Pak C18; Waters,
Milford, MA, USA). After washing the column with 200 μL of 0.1% TFA and 0.5% acetonitrile, 300 μL
of 0.1% TFA and 60 % acetonitrile were added and then the elution solution was collected and dried in
a vacuum. Obtained supernatant was collected for subsequent analysis.

4.7. Nano-HPLC-MS/MS Analysis

The peptides were resuspended in 100 μL of solvent A (water with 0.1% formic acid; B: ACN with
0.1% formic acid), separated by nano-UPLC, and analyzed by online electrospray tandem MS, which
were performed on a Nano Aquity UPLC system (Waters Corporation, Milford, MA, USA) connected
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to a quadrupole-Orbitrap mass spectrometer (Q-Exactive; Thermo Fisher Scientific, Bremen, Germany)
equipped with an online nano-electrospray ion source. Peptide samples (2 μL) were loaded onto the
trap column (Thermo Scientific Acclaim PepMap C18, 100 μm × 2 cm) with a flow of 10 μL/min for
3 min and subsequently separated on an analytical column (Acclaim PepMap C18, 75 μm × 25 cm)
with a linear gradient of 1 to 30% solvent B (acetonitrile with 0.1% formic acid) in 95 min. The column
was re-equilibrated at the initial conditions for 15 min. The column flow rate was maintained at
300 nL/min. The electrospray voltage of 2.0 kV versus the inlet of the mass spectrometer was used.

The Q-Exactive mass spectrometer was set at the data-dependent mode allowing the machine
switch between MS and MS/MS acquisition automatically. Survey full-scan MS spectra (m/z 350–1600)
were acquired with a mass resolution of 70 K followed by fifteen sequential high-energy collisional
dissociation MS/MS scans with a resolution of 17.5 K. One microscan was recorded using a dynamic
exclusion of 30 s in all cases. The MS/MS fixed first mass was set at 100.

4.8. Protein Identification Based on Mass Spectrometry Data

Tandem mass spectra were extracted by Proteome Discoverer software (Thermo Fisher Scientific,
version 1.4.0.288, Bremen, Germany). Charge state deconvolution and deisotoping were not performed.
All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.3). Mascot
was set up to search the Uniprot database (Taxonomy: Viridiplantae, 5716577 entries, https://www.
uniprot.org/) assuming the digestion enzyme trypsin. Mascot was searched with a fragment ion
mass tolerance of 0.050 Da and a parent ion tolerance of 10.0 PPM. Carbamidomethyl of cysteine
was specified in Mascot as fixed modifications. Oxidation of methionine was specified in Mascot
as a variable modification. Minimum peptide length was set to six amino acids the false discovery
rate was set to 0.01 for peptide identifications. Identified peptides shared between two proteins
were combined and reported as one protein group. The minimum requirement for the identification
of a protein was a minimum of 2 matched peptides and a p-value < 0.05. Spectral counting was
used to estimate relative protein abundance [68]. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE [69] partner repository with the dataset
identifier PXD011439.

4.9. Functional Annotation

Protein functions were categorized using MapMan bin codes (available online: http://mapman.
gabipd.org/) [70]. Annotations were transferred to the Arabidopsis genome with consideration for
orthologous genes to predict functions of identified proteins from C. terniflora. Pathway mapping
of identified proteins was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (available online: http://www.genome.jp/kegg/) [71].

4.10. Cluster Analysis of Protein Abundance

Protein abundance ratios were used for cluster analysis, performed on Cluster 3.0 software version
3.0 (available online: http://bonsai.hgc.jp/~{}mdehoon/software/cluster/) [72].

4.11. Phylogenetic Analysis

The amino acid sequences of CtPPO were aligned using CLUSTALW (available online:
http://www.clustal.org/) [73] and a neighbor-joining phylogenetic tree was computed with MEGA6
(available online: http://www.clustal.org/) using 1000 bootstrapped replicates [74].

4.12. qRT-PCR

Total RNA of leaves was extracted using an RNA isolation kit (Huayueyang, Beijing, China)
and served as the template for reverse transcription using 5× All-In-One RT MasterMix with an
AccuRT Genomic DNA Removal Kit (Applied Biological Materials, Richmond, BC, Canada) to obtain
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cDNA. Next, qRT-PCR was performed on a Bio-Rad IQ2 Multicolor Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) with EvaGreen 2× qPCR Master Mix-iCycler (Applied Biological
Materials) as the fluorescent dye. GAPDH, a housekeeping gene, was used as a standard for relative
quantification of target genes. The gene-specific primers are listed in Additional file 1: Table S1.
Three biological replicates were assessed and the relative expression levels were calculated using the
2−ΔΔCt method [26].

4.13. PPO Enzymatic Activity

Enzymatic activity of PPO was assayed as described by Marko et al. [75]. Frozen leaf (0.5 g) was
homogenized with 1 mL of 50 mM sodium phosphate buffer (pH 7.5) containing 1% (w/v) polyvinyl
polypyrrolidone and 0.1 mM EDTA using a pre-chilled mortar and pestle. After extraction in an
end-over-end shaker at 4 ◦C for 20 mins, the mixture was centrifuged at 16000× g for 20 min at 4 ◦C
and the resulting supernatant was used in enzyme extraction.

Then, 800 μL of 0.1 M sodium phosphate buffer (pH 6.0) containing 50 mM (+)-catechin (Carl Roth,
Karlsruhe, Germany) was mixed with 150 μL of enzyme extraction sample and incubated for 15 min
at 37 ◦C. The reaction was terminated by adding 150 μL of 6 N HCl and the absorbance at 420 nm
was recorded and used in further calculations. Protein concentration was determined according to
Bradford using bovine serum albumin as the reference protein. Specific PPO activity was calculated as
units (U) per mg sample protein with 1 U corresponding to an absorbance change of 0.01/min. Since
levels of PPO activity in the control plants were somewhat variable between independent experiments,
data were normalized to the specific PPO activity in leaves of healthy wild-type controls and the
results are shown as fold induction (with 1 corresponding to a specific activity of 3.2 to 23 U/mg).

4.14. Analysis of Photosynthesis Characteristics

An Li-6400 Portable Photosynthesis System (Li-Cor, Lincoln, NE, USA) equipped with a red/blue
LED light source were used to measure the photosynthesis characteristics of the leaves, and was
operated using air from a large volume with a stable CO2 partial pressure. All measurements
were carried out at a photon flux density of 500 μmol m−2 s−1 at 28 ◦C and made after stable
reading was achieved. The photosynthesis rate (μmol m−2 s−1), stomatal conductance (mol m−2 s−1),
and transpiration rate (mmol m−2 s−1) of each leaf were recorded. Each experiment was repeated for
different plants three times and three independent biological replicates were assessed.

4.15. Analysis of Chlorophyll Content

C. terniflora leaves (0.2 g) were cut up and blended with 10 mL of 95% alcohol in a tube.
The tube was covered and the leaves soaked in the dark until they had turned completely white.
The absorbances of the extracting solutions were measured at wavelengths of 665, 649, and 470 nm
separately. The chlorophyll content was calculated using Chlorophyll a (Ca) = 13.95 D665 − 6.88
D649, Chlorophyll b (Cb) = 24.96 D649 − 7.32 D665, Carotenoid = (1000 D470 − 2.05 Ca − 114 Cb)/245,
and Total chlorophyll = Ca + Cb.

4.16. Statistical Analysis

Statistical significance comparing two groups was determined using Student’s t-test and multiple
groups using one-way ANOVA followed by Tukey’s test. Statistical evaluation was performed on
SPSS statistical software version 22.0 (IBM, Armonk, NY, USA). A p-value <0.05 was considered
statistically significant.

4.17. Accession Codes

The nucleotide sequence of CtPPO has been deposited in the GenBank™ database under the
accession number MK070494.
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5. Conclusions

PPO is an oxidoreductase that plays a crucial role in the biosynthesis of secondary metabolites.
C. terniflora is a Chinese folk medical resource with potential pharmaceutical value for the treatment of
various diseases [21]. High-intensity UV-B and dark incubation (HUV-B+D), which are helpful stressors
for medicinal plants [28]. Omics technologies were used on C. terniflora to prospectively understand
the inherent mechanism underlying its medicinal quality [24,26]. To clarify the in vivo physiological
functions of PPO, we performed a comparative proteomic analysis on the leaves of C. terniflora
with down-regulated PPO activity by VIGS. The main findings are as follows: (i) The differentially
expressed proteins were mainly functioned in photosynthesis, glycolysis and redox in the VC plants;
(ii) the differentially expressed proteins related to photosynthesis were mainly involved in light
reaction and Calvin cycle; (iii) the expression level of adenosine triphosphate (ATP) synthase, the
content of chlorophyll, and the photosynthesis rate were increased in VC plants compared to VV plants
pre- and post HUV-B+D. Taken together, these results indicate that the silence of PPO can activate
the glycolysis process, regulate Calvin cycle and provide ATP for energy metabolism to elevate the
plant photosynthesis. And this study provides a prospective approach for increasing crop yield in
agricultural production.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/19/12/3897/
s1.
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Abbreviations

3-PGA 3-Phosphoglycerate
ABA Abscisic acid
ABC Ammonium bicarbonate
ACN Acetonitrile
ATP Adenosine triphosphate
BPGM Phosphoglycerate mutase
C. terniflora Clematis terniflora
CtPPO PPO gene in C. terniflora
DEPs Differentially expressed proteins
ETC Electron transport chain
FBA Fructose-1,6-bisphosphate aldolase
FBPase Fructose-1,6-bisphosphatase
Fd Ferredoxin
FTR Fd-TRX reductase
GAP Glyceraldehyde 3-phosphate
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GPI Glucose-6-phosphate isomerase
GPUT UTP-glucose-1-phosphate uridylytransferase
HCD High energy collisional dissociation
HUV-B+D High level of UV-B and dark
KEGG Kyoto Encyclopedia of Genes and Genomes
MES 2-(N-morpholino) ethanesulfonic acid
NTRC NADPH-dependent TRX reductase
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ORF Open reading frame
PDS Phytoene desaturase
PEP Phosphoenolpyruvate
PEPC Phosphoenolpyruvate carboxylase
PGK Phosphoglycerate kinase
PPO Polyphenol oxidase
PRK Phosphoribulokinase
PS I Photosystem I
PS II Photosystem II
PS Photosystem
RACE 5′ Rapid amplification of cDNA ends
Rubisco Ribulose-1,5-bisphosphate carboxylase/oxygenase
RuBP Ribulose 1,5-bisphosphate
SBPase Sedoheptulose-1,7-bisphosphatase
TCA Tricarboxylic acid
TFA Trifluoroacetic acid
TK Transketolase
TRV Tobacco rattle virus
TRX Thioredoxin
UTR Untranslated Region
VIGS Virus-induced gene silencing
VC VIGS-CtPPO
VV VIGS-vector
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Abstract: Nitrogen (N) is an essential element usually limiting in plant growth and a basic factor for
increasing the input cost in agriculture. To ensure the food security and environmental sustainability
it is urgently required to manage the N fertilizer. The identification or development of genotypes
with high nitrogen utilization efficiency (NUE) which can grow efficiently and sustain yield in
low N conditions is a possible solution. In this study, two isogenic rice genotypes i.e., wild-type
rice kitaake and its transgenic line PP2C9TL overexpressed protein phosphatase gene (PP2C9)
were used for comparative proteomics analysis at control and low level of N to identify specific
proteins and encoding genes related to high NUE. 2D gel electrophoresis was used to perform the
differential proteome analysis. In the leaf proteome, 30 protein spots were differentially expressed
between the two isogenic lines under low N level which were involved in the process of energy,
photosynthesis, N metabolism, signaling, and defense mechanisms. In addition, we have found that
protein phosphatase enhances nitrate reductase activation by downregulation of SnRK1 and 14-3-3
proteins. Furthermore, we showed that PP2C9TL exhibits higher NUE than WT due to higher activity
of nitrate reductase. This study provides new insights on the rice proteome which would be useful in
the development of new strategies to increase NUE in cereal crops.

Keywords: N utilization efficiency; proteomics; 2D; protein phosphatase; rice isogenic line; SnRK1;
14-3-3

1. Introduction

The present capacity to provide food for the increasing global population is due to the green
revolution, which is based on the adoption of semidwarf cereals with high yield. However, to achieve
an increase in crop production depends on the application of nitrogen (N) fertilizers [1–3]. Application
of N fertilizer has become a key factor to improve the crop productivity. Unfortunately, the extensive

Int. J. Mol. Sci. 2018, 19, 2827; doi:10.3390/ijms19092827 www.mdpi.com/journal/ijms270



Int. J. Mol. Sci. 2018, 19, 2827

use of N fertilizers is causing harm to the soil as well as water bodies. Nitrogen leached from
agricultural lands, in the form of nitrate causing eutrophication in rivers, lakes, and oceans, is
decreasing aquatic diversity and damaging drinking water [4]. Therefore, it is urgently required
to limit or reduce the application of fertilizers without affecting crop production [5,6]. Nitrogen (N)
is an essential plant macronutrient as it is the fundamental element of plant components such as
nucleic acids, amino acids, proteins, enzymes, chlorophyll, and various hormones. Availability of N
plays a vital role in plant growth, senescence, flowering time, photosynthesis, and translocation of
photosynthates [7]. Worldwide consumption of N-based fertilizers is approximately 119.40 million
tons with an annual growth of 1.4% [8]. Asia uses 62.1% of the total nitrogenous fertilizers and China
alone shares 18% of the Asian N consumption [8]. However, it is alarming that major cereal crops
like wheat, rice, and maize only utilize 30–40% of the applied N. The remaining unutilized 60–70% of
applied N causes severe health and environmental risks [9].

Improving the N use efficiency (NUE) in crops would be helpful to increase crop production
without any penalty to the environment. It is estimated that 1.1 billion USD can be saved by increasing
1% NUE and can also help reduce environmental pollution [10]. Several approaches from agronomic
methods to transgenic efforts have been tried to solve this issue such as the split application of N, use
of nitrification inhibitors, and the slow release of fertilizers [11,12]. Conventional procedures such
as selective breeding improve grain yield heritability [13]. However, it cannot explain the genetic
basis for the improvements of complex quantitative traits like NUE [14]. Scientists have developed
gene-overexpressed mutants to increase the biomass and plant N contents attempting to enhance
NUE in crop production [15–17]. The overexpression of high-affinity ammonium transport system
(HATS) like NRT2.1 increases the nitrate influx, but there was no improvement in the phenotypic
NUE [18,19]. However, the overexpression of nitrite reductase (NiR) and nitrate reductase (NR) in
tobacco and Arabidopsis decreases nitrate levels in plant tissues but fail to improve the biomass
or grain yield [12,20]. The ectopic expression of cytoplasmic glutamine synthetase1 (GS1) [21] and
glutamine synthetase 2 (GS2) [22,23] have some positive effects on plant biomass and grain yield.
Studies suggest that targeted manipulation of one gene or just one component of the N signaling
pathway may not be enough to significantly improve overall NUE because it is a quantitative trait
controlled by many genes and interacting regulatory pathways that are linked with the actual NUE of
a crop plant [24].

Many scientists have tried to exploit the regulatory pathways involved in the transport of
nitrate in plant organs. The reversible proteins phosphorylation by protein phosphatases is an
essential mechanism to regulate the different biological processes. In plants, PP2Cs is a major
phosphatase-encoding gene family that has emerged as a key regulator of stress signaling [25,26].
Protein phosphatases (PP2Cs) negatively regulate abscisic acid (ABA) signaling. In Arabidopsis, PP2C
proteins such as ABA-insensitive 1 (ABI1), ABI2, and Hypersensitive to ABA 1 (HAB1) have been
identified to regulate ABA-induced signaling under biotic and abiotic stresses by interacting with
SnRK2s and PYR/PYL/RCARs [27–31]. The activity of nitrate transporters (NPF6.3) is regulated
by CBL9 (Calcineurin B like protein 9) and CIPK23 complex (CBL interacting protein kinase 23),
CBL9 phosphorylates the CIPK23 activating the protein complex. The activated CIPK23 inhibits the
activity of NPF6.3 [32]. However, protein phosphatase (PP2C9s) enhances the NPF6.3-dependent
nitrate sensing by dephosphorylating the CIPK23 and CBL9 complex, nitrate signaling, and nitrate
transport [33]. Recently, scientists have started to focus on the critical role of protein phosphates in
NUE. In our preliminary study, we have found that the protein phosphatase (PP2C9) was closely
related with the improvement of the NUE in rice by enhancing N uptake and assimilation, however,
the appropriate information still lacks, especially regarding the PP2C9 regulatory mechanism for high
NUE in rice plants.

In order to exploit the regulatory role of protein phosphatase (PP2C9) regarding NUE, we used the
transgenic japonica rice line overexpressing the protein phosphatase (PP2C9) for differential proteomics
analysis to identify the genes and signaling pathways mediated by PP2C9 under nitrogen limiting
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conditions. Although the plant organs contain the same complement of the genome, the expression of
genes and proteins accumulation varies widely. Proteomic studies can overcome the limitations of
post-translational modifications that occur during DNA/RNA transcription and expression processes,
and provide proper information about plant biological functions at a particular time course. Rice
(Oryza sativa L.) a staple food for half of the population worldwide and of immense agricultural
importance, has been a popular research subject for agriculture scientists [34,35]. In China, by 2030,
rice demand will have increased up to 14%, to fulfill the increasing demand farmers are extensively
using N fertilizers [36,37]. The amount of N fertilizer used (209 kg ha−1) for rice production in
China is 90% more than the global use [38], and this makes China the world leading N fertilizer
consumer with low N utilization efficiency [39,40] and high environmental risk. Considering all
these issues, we have developed isogenic lines including the transgenic rice line overexpressing
protein phosphatase (PP2C9TL) and its wild-type (kitaake); we used these materials to investigate the
underlying mechanism associated with NUE in rice exposed to a limited nitrogen supply condition
through differential proteomics. We have identified that the protein phosphatase (PP2C9) gene, which
functions to significantly improve the NUE by enhancing N uptake and assimilation by regulating
nitrate reductase activation via dephosphorylation of SnRK1 and 14-3-3 proteins.

2. Results

2.1. Physiological Performance of PP2C9TL and WT

The present study shows that the overexpression of protein phosphatase (PP2C9) significantly
improves rice plant performance under N deficient conditions. We measured the dry matter of leaf
from the tillering (T) to maturity stage of rice plants which were sampled in the time courses at 5 days
after flowering (DAF), 10 DAF,15 DAF, 20 DAF, 25 DAF, and 30 DAF, based on our initial findings [41].
As compared to WT, in PP2C9TL the dry matter of leaf significantly increased up to 10 DAF, after that
it slowly started to decrease from 15 DAF to 20 DAF and finally, a significant decline was observed
from 20 DAF up to 30 DAF under control and N deficient conditions, as shown in (Figure 1A, Figures
S1 and S2). In WT, the dry leaf matter increased up to 10 DAF and then insignificantly decreased from
15 DAF to 30 DAF. We found that PP2C9TL efficiently tolerated N stress and produced the almost same
amount of dry matter at low N as the WT produced at the control level of N, whereas, low N stress
affected the WT plants’ growth and decreased the leaf biomass as shown in Figure 1A. Similarly, higher
chlorophyll content was observed in PP2C9TL than WT. We used the SPAD meter to measure the
chlorophyll contents. The chlorophyll content increased from T to 10 DAF and decreased at 30 DAF in
both WT and PP2C9TL, as shown in (Figure 1B, Figures S1 and S2). The physiological indices showed
that PP2C9TL could effectively increase dry leaf matter and photoassimilates, which could then be
transported to grain to increase the yield.

Figure 1. (A) The leaf dry matter (g) of PP2C9TL and WT at tillering (T), 5, 10, 15, 20, 25, and 30 DAF.
(B) The chlorophyll contents of PP2C9TL and WT at tillering (T), 5, 10, 15, 20, 25, and 30 DAF.
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2.2. NUE and Yield Performance of PP2C9TL and WT

In order to estimate the nitrogen uptake and NUE, we have calculated the leaf N content in
PP2C9TL and WT in control and low N conditions. The significant differences in N content of the leaf
were found at 10 DAF between the two genotypes under low N conditions. The PP2C9TL showed
efficient N uptake compared to WT (Figure 2A). The highest difference in leaf N contents between the
two genotypes was found at the heading stage (10 DAF). The grain yields across different levels of N
are shown in Figure 2B. The difference between yields of PP2C9TL and WT is higher without N and
with a low level of N, whereas, the yield differences decreased with the increase in N level. PP2C9TL
produced a higher yield (58 g/pot) than WT (43 g/pot) at low N condition. The yield of PP2C9TL in
low N level is almost equal to WT yield at the control level of N, these results indicate that PP2C9TL
produced a high yield by consuming less N. The differences in yield at given levels of N confirmed the
genetic variation for NUE between the two genotypes. Physiological attributes showed significant
differences at 10 DAF between the two genotypes, clearly the PP2C9TL performed better than the WT
so, to investigate the molecular pathway involved for higher NUE in PP2C9TL at low N, we designed
differential proteomic experiments at 10 DAF.

Figure 2. (A) The leaf N contents of PP2C9TL and WT at tillering T, 10 DAF, and 30 DAF; (B) the NUE
of WT and PP2C9TL at low, control, and high levels of N.

2.3. Leaf Proteome Analysis of the Two Isogenic Lines under N Deficient Conditions

Differential proteomics of leaves from both PP2C9TL and its wild-type, Kitaake japonica rice,
in low nitrogen conditions, lead to the identification of proteins involved in regulation of N uptake.
Representative gels were shown in Figure 3, Figures S3 and S4. A total of 30 protein spots were
found to be differentially expressed between the pH ranges of 4 to 7 (Figure 4, Figures S5 and S6).
Imagemaster 5.0 was used for expression abundance of protein spots based on their relative volume.
However, both genotypes showed differential protein expression under the N deficient condition.
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Figure 3. Representative 2-DE gel electrophoresis images of leaf proteins from the WT and PP2C9TL at
10 DAF under control and low N conditions. The MW (kilodaltons) and pI of the proteins are shown
on the left and at the top, respectively.

 

Figure 4. A representative 2-D gel electrophoresis image showing total differentially expressed protein
spots in the leaf under low N condition.
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2.4. Functional Characterization of the Identified Proteins

The 30 proteins showed differential expression in the leaf (Table 1). Among these identified
proteins, 14 (47%) were upregulated and 16 (53%) were downregulated. Web gene ontology annotation
plot (WEGO) analysis was carried out to identify the biological function and cellular location of these
proteins. These identified proteins are divided into nine groups according to their molecular and
biological function: energy (23.33%), carbohydrate metabolism (16.67%), defense (13%), signaling
(10%), transcription (10%), nitrogen metabolism (6.67%), cell growth and division (6.67%), and protein
folding and storage (3.33%), as shown in Figure 5.

Figure 5. Pie graph percentage distribution display of the identified proteins described in (Table 1)
based on biological function along with sidewise bar graph depicting up-and down-regulating proteins.
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2.5. Subcellular Characterization of the Identified Proteins

Almost all the organelle functions were affected by low N as the identified proteins belong to
different organelles. The expressed proteins were mostly associated to chloroplast (40%) followed by
nucleus (20%), cytosol (10%), mitochondria (10%), cell membrane (10%), and cytoplasm (7%) (Figure 6).

Figure 6. Subcellular indexing of the identified proteins.

2.6. Potential Molecular Pathway Based on Differentially Expressed Proteins

The differential expression of proteins showed that low N influenced different molecular
pathways involved in photosynthesis, Calvin cycle, glycolysis, N metabolism, and defense mechanism.
The PP2C9TL efficiently tolerate the N stress than WT. In PP2C9TL, the RuBisCO (Ribulose-1,
5-bisphosphate carboxylase/oxygenase), Photosystem II, and oxygen evolving enhancer proteins
(OOEs) were upregulated compared to WT, and the stay green protein was downregulated. The
photosystem II and RuBisCO helps PP2C9TL to maintain photosynthesis during N deficiency better
than the WT. RuBisCO plays an important role in the Calvin cycle to generate energy in PP2C9TL and
is interlinked with the glycolysis and TCA cycle, as shown in Figure 7. However, in PP2C9TL the
overexpressed PP2C9 gene takes part in the activation of nitrate reductase (NR) via dephosphorylation
of 14-3-3 and SnRK, as shown in Figure 8. The differential expression showed that 14-3-3 and SnRK are
downregulated in PP2C9TL. The higher activity of NR in PP2C9TL generates more nitric oxide which
increases N uptake by enhancing the development of lateral roots.
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Figure 7. Potential molecular pathway based on differentially expressed proteins in PP2C9TL under
N deficient conditions. The red color text shows the upregulation and green color text shows
downregulation of proteins. Note RUBP (Ribulose 1, 5-bisphosphate), RuBisCO (Ribulose-1,5-
bisphosphate carboxylase/oxygenase), 1,3 BPG (1,3-Bisphosphoglycerate), FBA (Fructose-bisphosphate
aldolase), F6P (Fructose-bisphosphate aldolase), SBP (sedoheptulose-1,7-bisphosphatase), PSII
(Photosystem II), OOEs (oxygen evolving enhancer proteins), PSI (Photosystem I), GLS (Glutaminase),
and GS (Glutamate synthase).

 

Figure 8. PP2C9 role for nitrate reductase activation by dephosphorylation of SnRK. 14-3-3 proteins
SnRK (SNF1-related kinase) and CDPK (calcium-dependent protein kinases) can phosphorylate NR in
crop plants. After phosphorylation of NR, it binds with the 14-3-3 protein to form a complex which
is inactive or has low activity. PP2C9 interacts with 14-3-3 and SnRK and dephosphorylates them to
activate NR.
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2.7. Western Blotting of the Important Differentially Expressed Protein

The 14-3-3 protein is a highly conserved protein in crop plants and is directly involved in the
NR inactivation mechanism. So Western blotting was carried out to verify the PP2C9TL and the
differential expression of 14-3-3 protein detected by 2DE gels using primary mouse antisera and the
HRP-anti-mouse IgG as the secondary antibodies against Flag-tag PP2C9 and 14-3-3. The Western blot
results confirmed the downregulation of 14-3-3 in PP2C9TL, whereas, the presence of Flag-tag verified
the enhanced expression of PP2C9 in PP2C9TL, as shown in Figure 9A.

 

Figure 9. (A)Western blotting of differentially expressed proteins in PP2C9TL and WT at 10 DAF
stage. The top photo shows the SDS-PAGE separation of two protein samples used as loading
control. The bottom photo shows gel transferred onto nitrocellulose membrane for western blotting
to detect actin, anti-Flag-PP2C9, and 14-3-3 protein for WT and PP2C9TL at the 10 DAF stage.
(B) Co-immunoprecipitation (Co-IP) assays of PP2C9 associated protein analyzed by SDS-PAGE.
Protein molecular weight marker, negative control without antibodies, WT protein, and the third is the
PP2C9TL protein. 2.8. Identification of PP2C9 Associated Protein by Co-Immunoprecipitation (CO-IP)
and Mass Spectrometry.

In order to find the PP2C9-associated protein interactions and to pull out all protein complexes
among PP2C9TL and WT, we carried out the immunoprecipitation assay by using the (rabbit antisera
Flag-tag antibodies). The immunoprecipitation assay results showed that PP2C9TL had obvious
differences in bands compared with WT. These differential protein bands were located at 20 to 80 kDa
as shown in Figure 9B. Protein bands were excised and exposed to digestion and analysis followed by
tandem mass spectrometry (MS/MS). The identified proteins by (MS/MS) analysis were shown in
Table 2. The Co-IP validates the results obtained by comparative proteomics as most of the identified
proteins were similar with 2DE proteins and involved in photosynthesis, energy, N metabolism,
signaling cascades, and defense mechanisms. So these identified differential proteins from Co-IP and
2DE were responsible for higher NUE of PP2C9TL than WT.
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3. Discussion

3.1. Regulatory Role of PP2C9 for Higher NUE in PP2C9TL under N Deficient Conditions

The reversible proteins phosphorylation by protein phosphatases is an essential mechanism
to regulate the different biological processes. In plants, PP2C9s are a major phosphatase-encoding
gene family and have emerged as key regulators of stress signaling. To gain a more comprehensive
understanding of the function of PP2C9 in response to N stress, we devised a comparative proteomics
strategy, with this approach, we identified three regulatory proteins the PP2C9, 14-3-3 family, and
SnRK. PP2C9 deals with phosphorylation/dephosphorylation of several proteins, so it is quite possible
to alter the signaling pathways. The proteins involved in signaling (14-3-3 Spot 15 and Beta subunit 2
of SnRK1 Spot 27) were downregulated in PP2C9TL compared with that in WT, whereas the protein
phosphatase 2C 16 (Spot 25) was upregulated in PP2C9TL. The upregulation of protein phosphatase
2C 16 is not surprising as it is overexpressed in PP2C9TL. The downregulation of SnRK1 was also
observed in Arabidopsis during N and K stress [42]. 14-3-3 was reported to be a key regulator of
nitrogen and carbon metabolism through interaction with multiple signal transduction pathways [43].
In Arabidopsis, the overexpression of 14-3-3 decreased the sugar- and N-based compounds and also
reduced the levels of malate and citrate, which are the intermediate compounds of the TCA cycle [44].
In PP2C9TL, the 14-3-3 protein was downregulated, which might be due to the overexpressed PP2C9
gene which dephosphorylates the 14-3-3, the downregulation of 14-3-3 was confirmed by the Western
blot results. PP2C9 interacts with 14-3-3 and SnRK1 and dephosphorylates them to activate NR.
SnRK1 and CDPK (calcium-dependent protein kinases) can phosphorylate NR in crop plants [45–47].
Phosphorylation itself does not alter NR activity. However, 14-3-3 proteins and cations, such as Mg2+,
are present, and this complex of phosphorylated NR shows low activity, whereas PP2C9 reactivates NR
by dephosphorylation [48,49]. Our results suggest that the 14-3-3s regulate the C and N metabolism
through interaction with SnRK1 and PP2C9. NR activity is most important for nitrogen uptake and
assimilation is the most probable reason for higher NUE of PP2C9TL in low nitrogen.

3.2. The Physiological Basis for NUE and Grain Yield

NUE of crop plants roughly depends upon two factors. First, how efficiently a plant absorbs N
from the soil (N uptake efficiency) and second, how efficiency can the plant utilize this N to produce
a high grain yield [50]. Whatever the N level, the high vegetative growth at flowering stage was
favorable for higher N uptake efficiency. The N uptake at flowering was significantly correlated
with grain yield at both a low and high level of N, especially at low N where it determines seed
number [20,51]. Grain yield depends upon complex biochemical processes, especially C and N
interactions, which lead to the production of dry matter [52]. In this study, PP2C9TL have higher
vegetative growth at the flowering stage. PP2C9TL increased leaf dry matter and N contents at 10 DAF
and thereafter, consequently decreased until 30 DAF. This might occur because the proteins, fats,
carbohydrates, minerals, and vitamins are transported and accumulated into the grain from vegetative
parts that ultimately reduce the dry weight of plants. The relationship between source–sink is the key
factor for the grain yield of cereal crops, the plant leaves are the primary source of photoassimilates,
whereas, the grains are the primary sink [53]. Our results are consistent with previous findings
that a positive correlation was observed between the dry matter accumulations at the heading stage
which is negatively correlated at the grain filling stage [54]. Arginine is a major storage form of N in
plant organs and is well-known for N transport [55]. The PP2C9TL COIP results found arginase and
aspartate aminotransferase enzymes suggesting the higher metabolism of arginine and aspartate which
ensures efficient transport and storage of N in PP2C9TL. PP2C9 regulates N and C metabolism by
activation of NR, sucrose phosphate synthase (SPS), and inactivation of PEPase [52]. Thus, it might be
possible that PP2C9 together with SnRK are involved in the regulation of N and C metabolism-related
enzymes through phosphorylation/dephosphorylation. PP2C9TL has a higher photosynthetic rate
because photosynthesis is directly related with leaf N and chlorophyll contents which were higher in
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the PP2C9TL compared to WT. We further demonstrated that in PP2C9TL a high NUE and N uptake
efficiency were observed at low level of N which decreases with the increase of N. The yield differences
between two genotypes was decreased with the increase in N level, this might be due to surplus N
availability which ultimately slow down or stop the increase in yield and reduces NUE. Extensive N
application usually resulted in unlimited N absorption, lodging and yield reduction [56]. The NUE is
also govern by the rice genotypes as the yield differences at same level of N depicts that two genotypes
exhibit the genetic variability for NUE, this genetic variability could be helpful for crop breeders to
develop the new rice genotypes with higher NUE.

3.3. Proteins Expression Involved in Energy of PP2C9TL and WT Genotypes under N Deficient Conditions

As expected the proteins differential expressed under low N condition were mostly belonged
to energy. RuBisCO (Ribulose-1,5-bisphosphate carboxylase/oxygenase Spot 3 and Spot 10) was
downregulated under low N conditions in WT as compared to PP2C9TL. In C3 plants, about 12% of
total N is consists of RuBisCO during vegetative growth so it has major significance for NUE. RuBisCO
has a dual catalytic function as carboxylase for carbon dioxide assimilation and as oxygenase to
trigger the photo-respiratory pathway in plants [57]. Under the low concentration of N, availability of
RuBisCO was also decreased in cereals [58] and in Arabidopsis [59]. In WT RuBisCO is downregulated
suggests that extensive degradation of photosynthetic apparatus [59]. However in PP2C9TL, this
degradation is limited under low N that might be due to high uptake of N. Nitrogen influx into leaves
directly determined the RuBisCO synthesis, fluctuations in RuBisCO synthesis correlate well with
those for N influx throughout the leaf lifetime in rice [60]. ATP synthase and the alpha subunit of ATP
synthase (Spot 20, Spot 7), mainly produced in the mitochondria or chloroplast membranes, catalyze
the synthesis of ATP from ADP during energy producing biochemical cycles. In the electron transport
chain of photosynthesis, the ATP synthase complex takes part in photophosphorylation of ADP to
ATP providing energy to the Calvin cycle for subsequent biosynthesis [61]. In our study, under the low
N condition, the concentration of this (spot 22) was higher in PP2C9TL than WT. On the other hand,
the spot (7) intensity was lower in PP2C9TL than WT. The ATP synthase protein complex takes part in
maintaining the function of the chloroplast during stress conditions [62]. The increased expression of
ATP synthase protein in PP2C9TL plants provides tolerance against N deficiency; however, protein
phosphatases take part in reversible phosphorylation of proteins to activate/deactivate them in
different signaling pathways. In cereal crops, differential expression of ATP synthase has been
observed [63]. Glycine cleavage system H protein (Spot 2), also named glycine dehydrogenase (GDC),
is a multiprotein complex that is found in all living organisms. GDC is required for photorespiration
in C3 plants, and it takes glycine, which is produced as a byproduct of the Calvin cycle, and converts it
to serine through an interaction with serine hydroxyl methyltransferase (SHMT). The glycine cleavage
system generates ammonia which is later assimilated by glutamine synthetase through the glutamine
oxoglutarate aminotransferase cycle at the expense of one ATP and one NADPH. The intensity of this
protein was higher in PP2C9TL than WT. Malate dehydrogenase (Spot 24) catalyzes the terminal step
of the citric acid cycle and converts malate to oxaloacetic acid (OAA) by generating NADH. The malate
dehydrogenase was downregulated in PP2C9TL and WT under low N treatment. In Arabidopsis and
cereal crops, a slight upregulation of malate dehydrogenase was observed with an increase in nitrate
level [63–65].

3.4. Proteins Expression Involved in Photosynthesis of PP2C9TL and WT Genotypes under N Deficient
Conditions

Phosphoenolpyruvate carboxylase or PEPC primarily fixes and assimilates photosynthetic CO2 in
C4 and crassulacean acid metabolism (CAM) plants, whereas, PEPC replenishes the TCA cycle with
intermediates in the C3 plant [66,67]. PEPC was reported to be phosphorylated by the Ser/Thr kinase
and PEPC kinase (PPCK), whereas, protein phosphatase 2A dephosphorylates the PEPC [68]. The
PEPC (Spot 26) was found to be downregulated in the PP2C9TL under low N. The downregulated
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expression of PEPC protein in PP2C9TL might be due to the overexpression of PP2C9 which ultimately
deactivates the PEPC by dephosphorylation. Photosystem II CP47 reaction center protein is the
constitutive transmembrane antenna proteins which interact with chlorophyll a and beta-carotene
to pass the excitation energy on to the reaction center. It takes part in photosynthesis by sustaining
the stability of PSII [69,70]. This protein was increased in PP2C9TL under low N (Spot 30). The
degradation of oxygen-evolving complex (OEC) proteins was observed during low N, in response,
OEC releases oxygen evolving enhancer proteins (OEEs) as a degradation product which enables the
plant to adapt and survive in unfavorable conditions [71]. Oxygen-evolving enhancer proteins (OEEs)
were bound to photosystem II (PSII) at the lumen side of the thylakoid membrane. The electrons
generated during these reactions were transferred to photosystem I through electron transport chain
which are ultimately used during NADP reduction. Electron transport from PSII to PSI, together with
RuBisCO and carbon metabolism enzymes, are crucial to the photosynthetic rate [72]. In PP2C9TL,
an increase in the OEEs helps PSII to maintain its ability to assimilate maximum photoassimilates
under low N levels as reported by previous studies [73]. The stay-green protein (Spot 22) located
in the thylakoid membranes triggers chlorophyll degradation during natural and dark-induced leaf
senescence [74]. The stay-green protein was found to be downregulated in PP2C9TL relative to WT
in low nitrogen. The downregulation of the stay-green protein shows the high tolerance ability of
PP2C9TL in low N conditions because overexpression of stay-green protein reduced the number of
lamellae in the grana thylakoids and increases chlorophyll breakdown in rice [75].

3.5. Proteins Expression Involved in Nitrogen Metabolism of PP2C9TL and WT Genotypes under N
Deficient Conditions

In crop plants, N metabolism is most important to their nutritional availability. Two of the most
important N metabolism proteins showed an upregulated expression pattern in PP2C9TL relative to
WT. Nitrate reductase (NR) (Spot 23) is the most important enzyme for N metabolism and directly
accounts for N assimilation rate in plants, NR is used as the main product for organ development and
plant growth [76]. However, PP2C9TL showed an increase in expression of NR protein. We found
PP2C9TL efficiently increased the uptake and assimilation of N under low N levels compared to
the WT. Moreover, nitrate reductase is activated by protein phosphatase by dephosphorylation at
the post-translational level. [77,78]. PP2C9TL overexpressed the protein phosphatase that could
dephosphorylate NR to keep active on nitrate availability. Glutamine synthetase (GS) catalyzes
ammonia produced by photorespiration, protein catabolism, nitrate, and ammonia metabolism and
takes part in N assimilation and transportation [79,80]. Glutamine synthetase (GS) protein (Spot 19)
was upregulated in PP2C9TL relative to WT during low nitrogen. This upregulated GS expression in
PP2C9TL provides sufficient GS level to incorporate ammonia into organic compounds efficiently [81].
In the WT genotype, GS expression was downregulated in low nitrogen showing that N-deprived
plants are undergoing more stress.

3.6. Proteins Expression Involved in Defense and Protein Folding of PP2C9TL and WT Genotypes under N
Deficient Conditions

N stress caused upregulation of (HSP 70 Spot 17 and remorin 1 protein/Hsp20 Spot 28) in PP2C9TL
whereas, (L-ascorbate peroxidase Spot 16 and thaumatin-like protein Spot 4) was downregulated in
PP2C9TL. The upregulation of HSP is the most conserved adaptive strategy of plants in response to
stress [82–85]. Yang et al. [86] reported an upregulation of HSP 70 in Phaeodactylum tricornutum under
N stress. Ascorbate peroxidase (APX) exists in isoforms in different subcellular organelles such as
peroxisome, chloroplasts, cytosol, and mitochondria and helps plants detoxify H2O2 by converting
it into H2O [87,88]. Chaperonin 60 kDa protein (Spot 29), was upregulated in PP2C9TL under low
N, these chaperonins which help and guide cells in the correct folding of proteins both in normal
conditions [89] and under stress [90]. The upregulation of chaperonin 59.7 kDa protein was also
reported in microbes in the low N condition [91].
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4. Materials and Methods

4.1. Plant Materials and Growth Conditions

These research experiments were carried out at the greenhouse of the experimental farm of Fujian
Agriculture and Forestry University, Fuzhou, Fujian province, China during the rice growing season
(April to October 2017). The region has a humid subtropical climate with mean temperatures ranging
from 15 to 34 ◦C in 2017. Two isogenic rice lines of the wild-type, Kitaake (Oryza sativa L. ssp. Japonica)
and its counterpart, the PP2C9 transgenic line (PP2C9TL), in which the PP2C9 9 gene (LOC8058897)
has been transformed from sorghum bicolor, overexpressing the protein phosphatase 2C 9 protein
(XP_002456624.1) were used as research materials. Rice seeds were soaked in distilled water at 25 ◦C
for 24 h and later incubated at 37 ◦C for 48 h. The germinated seeds of similar size were sown to
obtain uniform seedlings which were transplanted to plastic buckets sized in 0.3 m top and 0.23 m
bottom diameter with four hills per pot. The sandy loam soil was mixed well to make it uniform
before being used for potting with available N (190.6 mg kg−1), phosphorus (126.6 mg kg−1), and
potassium (201.6 mg kg−1). The recommended level of N in Fuzhou (225 kg ha−1) and half of this
amount (112.5 kg ha−1) were set as the treatment and control, respectively. Phosphorus was used as
the base fertilizer and potassium as the top dressing, at the rate of 112.5 kg ha−1 (P2O5), and 180 kg
ha−1 (K2O) converted to the amounts per barrel, respectively.

4.2. Transgenic Line Generation

The full length ORF of PP2C9 (GenBank accession no. LOC8058897) was cloned into the
p3301 vector under the control of cauliflower mosaic virus promoter (CaMV 35S) including a FLAG
Octapeptide tag. The agrobacterium-mediated transformation of rice immature embryos from mature
seeds was used following the protocol of a past paper [92]. Transformed cells obtained from these
tissues were selected on the basis of hygromycin resistance, and transgenic plants were finally
regenerated. The transgenic plants were screened and confirmed with a Flag-tag assay.

4.3. Physiological Measurement

The leaves were sampled from both genotypes at tillering, 5, 10, 15, 20, 25, and 30 days after
flowering (DAF). To collect samples, four plants were collected from plastic buckets and the leaves
were water-washed and separated. Collected leaf samples were dried in an oven at 105 ◦C for 30 min,
and afterward, dried at 80 ◦C for 48 h until constant weight. Dry weight was recorded as described
by Yoshida [93]. Chlorophyll content from the leaves was measured according to Xiong et al. [94],
by using a SPAD-502 chlorophyll meter (Konica-Minolta, Osaka, Japan). The readings were taken in
the morning between 9:00 and 10:30 a.m. from flag leaves in four replications. The leaf samples were
digested with H2SO4-H2O2 and the leaf N concentration was determined using the Kjeldahl method
according to Sáez-Plaza et al. [95]. Sampling was done in three replications and SPSS software was
used for the analysis of variance (ANOVA) by the least significant difference at p < 0.05 (LSD0.05).

4.4. Protein Sample Preparation

Leaf samples were collected at tillering, 10 DAF, and 30 DAF from WT and PP2C9TL plants under
control and low N conditions. Leaf samples were washed, freeze-dried with liquid nitrogen, and saved
at −80 ◦C. Protein extraction from leaves was performed by following the protocol of Li et al. [96].
Concisely, 5 g of frozen leaf samples at −80 ◦C was ground to powder along with polyvinylpyrrolidone
(PVP) and liquid nitrogen by using mortar and pestle. The obtained fine powder was mixed in
precooled acetone containing 10% TCA (Trichloroacetic acid) and 0.07% β-mercaptoethanol and kept
at −20 ◦C overnight. The sample was centrifuged at 16,000 g for 30 min at 4 ◦C. The supernatant
was discarded and obtained pellet was dissolved in 20mL precooled 100% acetone containing 0.07%
β-mercaptoethanol, slightly vortexed and kept at −20 ◦C for 3 h., a transparent supernatant was
obtained by repeating this step many times. The precipitate was freeze-dried under vacuum to powder.
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The obtained powder was dissolved in a buffer (pH 8.0) containing 8 mol/L thiourea, 4% CHAPS
(3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate), 40 mmol/L Tris, and 65mmol/L
DTT (dithiothreitol). Bradford method is used to measure the protein concentration by using BSA
(Bovine Serum Albumin) as a standard [97].

4.5. Two-Dimensional Gel Electrophoresis

Based on the physiological response information of the two rice genotypes exposed to the nitrogen
treatment at the pot, 2DE of proteins was performed to separate the leaf proteins at 10 DAF using the
isoelectric focusing (IEF) strip gels (17 cm, pH 4–7; Bio-Rad, Hercules, CA, USA) for the first dimension.
For IEF, an immobiline dry strip gel was rehydrated at 20 ◦C for 14 h and 1.3 mg protein was loaded
in each strip. Protean IEF apparatus (Bio-Rad, USA) was used to do IEF. The voltages applied were
at a gradient of 500 V for 1 h; gradient of 1000 V for 2 h; gradient of 8000 V for 3 h; held at 8000 V
for 3 h; and then at a gradient of 1000 V for 24 h, as mentioned in [45]. After completing the IEF,
the strips were further exposed to an equilibration buffer. Equilibration buffer I (65 mM DTT) was
used for 15 min shaking. Iodoacetamide (2.5% (w/v) was used and kept shaking for 15 min. The
second-dimensional separation was carried out on SDS-PAGE containing 12% (v/v) polyacrylamide
gels in 2D-Electrophoresis SDS-PAGE Apparatus (GE) at 15 mA current per gel until completion of
electrophoresis. The gels were stained with Colloidal Coomassie Blue G-250 for 12 h followed by
destaining. GE Image scanner III was used to scan the obtained protein gels and Imagemaster 5.0
software was used to identify comparative protein spots.

4.6. In-Gel Protein Digestion

Differential protein spots were cut from the gel and washed with deionized water and rehydrated
with acetonitrile and ammonium bicarbonate as mentioned in [45]. The gel was destained twice with
100 μL of acetonitrile (50%)/100 mM ammonium bicarbonate (50%) for 10 min and then dehydrated
with 100% acetonitrile. Lastly, samples were digested with 20 μL of trypsin (12.5 μg mL−1 50 mM
ammonium bicarbonate) for 30 min on the ice and then incubated at 37 ◦C overnight. The 20%
acetonitrile and 1% formic acid were added to the gel and centrifuged to obtain the supernatant which
later used for LC-ESI-MS/MS analysis.

4.7. LC-ESI-MS/MS Analysis and Protein Identification

The LC-ESI-MS/MS analysis was performed by the protocol of Li, Li, Muhammad, Lin, Azeem,
Zhao, Lin, Chen, Fang, and Letuma [96]. High performance liquid chromatography: Thermo Scientific
Accera System; Chromatographic Column: Bio Basic C18 Column (100 × 0.18 mm, the particle size:
5 μm). Loading quantity of sample: 10 uL. Mobile phase: Solvent A was 0.1% HCO2H mixed in
water, and Solvent B was 0.1% HCO2H mixed in CH3CN. Gradient was held at 2% solvent B for
2 min and increased linearly up to 90% Solvent B for 60 min. The peptides were eluted from a C18
column at a flow rate of 160 μL min−1 and then electro-sprayed directly into an LTQ mass spectrometer
using a spray voltage of 3.5 kV and a constant capillary temperature of 275 ◦C. Data retrieved from
data-dependent MS/MS scanning mode. Mass spectrometry analysis of the raw data obtained in
Proteome Discoverer 1.2 relative quantitative analysis software and database retrieval was performed
through UniProt database (http://www.uiprot.org/) using the Oryza sativa Fasta protein libraries 2.6
Software Analysis.

4.8. Confirmation of Important Protein 14-3-3 by Western Blotting Analysis

To perform Western blotting, the primary antibody for 14-3-3 (Catalog No. 51-0700) and Flag
DYKDDDDK Tag Monoclonal Antibody (FG4R) (Catalog No. MA1-91878) were obtained from (Thermo
Fisher Scientific, Waltham, MA, USA). The proteins for western blotting were transferred to tubes
containing 300 μL SDS loading buffer and boiled at 95 ◦C for 10 min. Each sample was separated
by SDS-PAGE and blotted on nitrocellulose membranes. The membranes were blocked with 5%
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bovine serum albumin (BSA) in phosphate buffered saline with tween 20 (PBST), after that, incubated
with primary antibodies (rabbit antisera to 14-3-3 or Flag) with dilutions following manufactures
instructions. Horseradish peroxidase (HRP) conjugated goat anti-rabbit antibodies were used as the
secondary antibodies. Antibody-tagged protein spots were detected by 3, 3′-diaminobenzidine (DAB).

4.9. Co-Immunoprecipitation (Co-IP) Assay

The plant cell lysate in 1 ml of western and IP buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 1%
Triton X-100] were incubated with the lab-preserved rabbit antisera polyclonal Flag-tag antibody
(Thermo Fisher Scientific, USA) dilutions following the manufacturer’s instructions for overnight at
4 ◦C. The next day samples incubated together with protein G Agarose (PGS) beads for 3 to 5 h of
slowly shaking at 4 ◦C then centrifuged (1500× g) to collect proteins, and were then washed with
PBS buffer. After 5 times centrifugation and washing, the protein sample was transferred to a new
Eppendorf tube and SDS-PAGE was performed, as mentioned above.

4.10. Statistical Analysis

Functional characterization of differential proteins was done by using, Web gene ontology
annotation plot (WEGO), and Kyoto encyclopedia of genes and genomes (KEGG) by Ye et al. [98].
Origin 8.0 was used for graphical analysis [99] and SPSS was used for statistical analysis [100].

5. Conclusions

Nitrogen (N)-based fertilizer is a key factor for crop productivity. To maximize yields, farmers
extensively use the nitrogenous fertilizers, however, a limited amount of N is utilized by crop plants
and the remaining amount causes severe environmental pollution. The development of genotypes
with high nitrogen utilization efficiency (NUE) which can grow efficiently and sustain yields in
low N conditions are imperative for sustainable agriculture. In the present study, two isogenic
lines wild-type, kitaake, and PP2C9TL overexpressing the protein phosphatase gene were used for
comparative proteomics to identify candidate genes related with high NUE. This study confirmed
the differential expression of the protein in the two isogenic lines. In the leaf proteome, 30 protein
spots were differentially expressed between two genotypes under low N level, and mostly, the
proteins were involved in energy and metabolism. This provides evidence about the connection
between N and carbon metabolism. However, the 14-3-3 protein was reported to reduce N- and
C-containing compounds and negatively affect the TCA cycle in low N conditions. In this study, the
PP2C9TL overexpressed PP2C9 gene downregulated 14-3-3 to enhance NR activity. The proteomics
analysis confirmed that PP2C9TL exhibits a higher energy level (TCA cycle) than WT due to the
downregulation of 14-3-3 protein. Physiological and proteomics studies showed that overexpression
of protein phosphatase in PP2C9TL significantly increased the NUE. Physiological study coupled with
proteomic analysis provides a potential basis for genetic-based selection of N-related genotypes to
increase N efficiency in cereal crops.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/9/
2827/s1. Figure S1 Phenotypic response of WT and PP2C9TL under different levels of N at heading stage. Figure
S2: Plant height of WT and PP2C9TL under different levels of N at Tillering, Heading, and Maturity stage. Figure
S3: Representative 2-DE gel electrophoresis images from the leaf total proteins of WT and PP2C9TL, sampled at
10 DAF under control N treatment. Figure S4: Representative 2-DE gel electrophoresis images from the leaf total
proteins of WT and PP2C9TL, sampled at 10 DAF under low N treatment. Figure S5: Representative 2-DE gel
electrophoresis images of differentially expressed proteins of WT and PP2C9TL leaves, sampled at 10 DAF under
low N treatment. Figure S6: Representative 2-DE gel electrophoresis images of differentially expressed proteins of
WT and PP2C9TL leaves, sampled at 10 DAF under control N treatment.
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Abstract: Nitrogen is an essential element for plant nutrition. Nitrate and ammonium are the two
major inorganic nitrogen forms available for plant growth. Plant preference for one or the other
form depends on the interplay between plant genetic background and environmental variables.
Ammonium-based fertilization has been shown less environmentally harmful compared to nitrate
fertilization, because of reducing, among others, nitrate leaching and nitrous oxide emissions.
However, ammonium nutrition may become a stressful situation for a wide range of plant species
when the ion is present at high concentrations. Although studied for long time, there is still an
important lack of knowledge to explain plant tolerance or sensitivity towards ammonium nutrition.
In this context, we performed a comparative proteomic study in roots of Arabidopsis thaliana plants
grown under exclusive ammonium or nitrate supply. We identified and quantified 68 proteins with
differential abundance between both conditions. These proteins revealed new potential important
players on root response to ammonium nutrition, such as H+-consuming metabolic pathways
to regulate pH homeostasis and specific secondary metabolic pathways like brassinosteroid and
glucosinolate biosynthetic pathways.

Keywords: ammonium; Arabidopsis thaliana; carbon metabolism; nitrogen metabolism; nitrate;
proteomics; root; secondary metabolism

1. Introduction

Nitrogen (N), despite being one of the essential macronutrients for plant development, is often a
limiting element in agricultural soils. The two major inorganic N sources for plants in soils are nitrate
(NO3

−) and ammonium (NH4
+). The first one is an anion (oxidation state of N, +5) and the second one,

a cation (oxidation state of N, −3), thus, both N sources differ extremely in their chemical properties [1].
In the soil, both N sources are present. However, their relative abundance is reliant on its interaction
with the microbiological and physicochemical characteristics of the soil, and plant preference for one or
another form depends on the interplay between plant species and environmental variables such as soil
properties or light [2]. The use of NO3

− as fertilizer, as well as the high nitrification rates commonly
observed in agricultural soils when urea or NH4

+ are applied, have made that crop species are mostly
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adapted to nitrate nutrition. However, the increasing use of ammonium-based fertilizers formulated
with nitrification inhibitors, which have been proven useful to mitigate the effect of agriculture on the
environment [3,4], demands a deeper study of plants N source preference. Ammonium nutrition may
represent a stressful situation for a wide range of plant species when it is applied at high concentrations.
Growth reduction is the most common symptom of ammonium stress [5,6]. The toxicity degree is
dependent on genetic features (inter- and intraspecies) and on chemical traits, such as external NH4

+

concentration and pH [7–9]. Indeed, pH is known to play a key role in plants response to ammonium
nutrition; importantly, plants adapted to acidic conditions have sometimes been reported to be tolerant
to ammonium stress [10,11].

NO3
−, with net negative charge, is co-transported with two protons, whereas NH4

+, with net
positive charge, is mainly transported through electrogenic transport via ammonium transporters
(AMTs) or cation channel [12,13]. This uptake difference in terms of charge balance can significantly
influence the uptake of other mineral nutrients and also cell metabolic homeostasis [14,15]. Moreover,
NO3

− and NH4
+ assimilation is also different in terms of H+ balance, reductants consumption

and redox balance [16]. For the synthesis of one glutamate molecule, NO3
− assimilation produces

OH- whereas NH4
+ assimilation produces two H+ [17,18]. Thus, the balance of H+ production

and consumption must be accurately controlled according to the N form absorbed to maintain the
cytoplasmic pH and a favorable electrochemical gradient across cell membrane [19]. This control is
exerted through the so-called “biophysical pH-stat” and “biochemical pH-stat”. The “biophysical
pH-stat” is based on the buffering capacity of HPO4

2− and in the action of H+-pumps (e.g., ATPases).
The “biochemical pH-stat” is based on the activation of H+-consuming metabolic pathways [20].

Although ammonium nutrition at high concentration (millimolar range, mM) is mostly reported
as an unwanted situation that may affect crops yield, the metabolic adaptation to the presence of NH4

+

as main N source, may entail benefits for plants. For instance, since ammonium nutrition is known
to stimulate N assimilation machinery, an increase in protein yield has been reported in grains of
wheat grown with NH4

+ as N source [21]. Similarly, an increase in leaf glucosinolate content has been
shown in ammonium-fed Arabidopsis and Brassica crops [15,22]. Besides, some works have reported
a higher tolerance to abiotic stresses, such as drought and salinity, in different ammonium-fed plant
species [23–26]. Moreover, considering the constant rising of atmospheric CO2 concentrations, some
authors have argued that C3 plants growing under ammonium nutrition responded more positively to
elevated CO2 than such plants growing under nitrate nutrition [1,27]. However, this is controversial
since other works have not observed this effect [28,29].

Although plant response upon ammonium nutrition has been extensively studied, the molecular
mechanisms governing the responses that lead plants to adapt their metabolism to tolerate this
situation remain largely unknown. In this context, to find new actors, mechanisms and processes
associated with plants ammonium response, we have performed a quantitative proteomic study in the
root of Arabidopsis plants grown under a non-toxic ammonium condition, using nitrate nutrition as
control. This approach provided some new clues for future research related to metabolic pathways
and signaling processes involved in root adaptation to ammonium nutrition, such as the induction of
secondary metabolism and the putative association between the gamma-aminobutyric acid (GABA)
shunt, malate, and enzymes participating in biochemical pH-stat to regulate H+ balance.

2. Results and Discussion

2.1. Physiological Response of Arabidopsis Roots under Ammonium Nutrition

Most plant species are sensitive to long-term ammonium nutrition at high concentration [5,6].
In this work, despite the different N source supplied (nitrate vs. ammonium), plants showed similar
total and root biomass (Table 1). Indeed, a relief from toxicity symptoms has often been observed
when nutrient solutions are pH-buffered or when medium pH increases because this counteracts
the medium acidification derived from ammonium nutrition [9,11,30]. Thus, growing the plant in a
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buffered medium (pH 6.5), we achieved a condition to study ammonium tolerance in Arabidopsis.
Since plant root is the first organ that senses and responds to nutritional conditions, understanding how
root adapts to non-toxic NH4

+ nutrition is an important step to design practices for mineral N nutrition
management in plants. In general, it is considered that the deleterious effect of ammonium nutrition
at high concentrations in plants is a consequence of the excessive NH4

+ uptake and accumulation
in tissues, and plants with an enhanced synthesis of N-reduced compounds are more tolerant to
ammonium nutrition [31,32]. To further ascertain whether ammonium-fed plants were suffering or not
stress, we quantified internal NH4

+ content, free amino acid and total soluble protein contents in roots.
In this work, roots of ammonium-fed plants showed an increase of amino acid and soluble protein
contents, whereas only a slight increase of internal NH4

+ content compared with those grown with
NO3

−. These results indicate that plants were not facing a stressful situation (Table 1).

Table 1. Biomass, and NH4
+, amino acids and soluble protein contents in 21 days-grown Arabidopsis

thaliana plants (9 days in agar plates plus 12 days in 24-well plates) with nitrate or ammonium as sole
N source.

Parameter Nitrate Ammonium

Total plant biomass (mg·FW·plant−1) 24.88 ± 1.48 24.41 ± 2.79
Shoot biomass (mg·FW·plant−1) 16.61 ± 0.69 14.35 ± 0.31

Root biomass (mg·FW·plant−1) 8.27 ± 0.82 10.06 ± 1.89
Root NH4

+ content (nmol·mg−1 FW) 0.41 ± 0.03 0.57 ± 0.05

Root total free amino acids (nmol·Gln·mg−1·FW) 4.02 ± 1.5 11.57 ± 0.89

Root total soluble protein (μg·mg−1·FW) 4.1 ± 0.39 9.13 ± 1.19

Values represent mean ± SE (n = 20, for biomass and n = 4, for ammonium, amino acids and protein values).
Significant differences between treatments are highlighted in bold text (Student t-test; p < 0.05). FW: Fresh weight.

In order to identify root metabolic pathways differentially regulated in both N conditions
that could be “targets” to further research in ammonium-fed plants, we performed a comparative
proteomic analysis.

2.2. Overview of Proteomic Analysis in Arabidopsis Roots Grown under Exclusive Nitrate or
Ammonium Supply

A quantitative proteomic analysis, with isobaric tags for relative and absolute quantitation
(iTRAQ), was used to analyze relative abundance of proteins in four independent pools of Arabidopsis
roots per treatment (1 pool = 120 individual plant roots). Peptides of six or more amino acids in length,
and with a maximum of two missed cleavages were exclusively considered for the analyses. For protein
quantification, only proteins identified in at least three out of four samples per treatment and with two
or more unique peptides identified were considered. Following these criteria (detailed information
in Materials and Methods section), we identified 4469 proteins and quantified 799, out of them 68
proteins were differentially abundant (p ≤ 0.05) in both N conditions (Table 2 and Supplementary
Dataset S1). Among these 68 proteins, 31 showed a higher abundance in roots of ammonium-grown
plants, whereas 37 showed a higher abundance in roots of nitrate-grown ones. Functional classification
of differentially abundant proteins according to MapMan software analysis [33] revealed that a
significant number of the differentially regulated proteins were associated with categories related
to primary carbon (C) metabolism, in particular, to organic acid transformation, photorespiration,
glycolysis, gluconeogenesis, carbohydrate metabolism, and amino acid metabolism (Table 2 and
Supplementary Dataset S2). Importantly, most of these proteins showed higher abundance in root of
ammonium-fed plants (Table 2). Differentially abundant proteins were also included in categories
such as protein turnover (synthesis/degradation), signaling, abiotic stress, and redox response, among
others. In addition, a number of proteins was related with transport processes, notably H+ transport,
which is a key aspect when leading to pH homeostasis control under ammonium nutrition (Table 2).
Despite the different H+ balance driven by distinct N forms used as N source, cytoplasmic pH stays
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mostly unchanged because of the pH-stat mechanisms [34]. These mechanisms for pH regulation are
those related mainly to the biophysical pH-stat, mainly constituted by H+ pumps, H+ inclusion in
vacuoles and H+ release in the rhizosphere, and biochemical pH-stat [34]. Curiously, in this study, two
proteins related to H+ pumps were downregulated under ammonium nutrition, a P-type ATPase from
the superfamily of cation-transporting ATPases (ATPase 2; P19456) and a V-type proton ATPase subunit
E3 (P0CAN7) (Table 2). Consistent with these results, Marino et al. reported the lesser abundance of the
proton pump-interactor 1 (O23144), which stimulates plasmatic membrane H+-ATPase activity in vitro
conditions, in the leaves of Arabidopsis grown with ammonium as N source [15,35]. Furthermore,
transcriptomic studies in ammonium-fed plants also showed downregulation of genes associated to
H+ transport in vacuole and plasma membrane such as the vacuolar cation/proton exchanger 3-like
gene (Solyc06g006110.2.1) in tomato, and the H+-transporting plasma membrane ATPases (AT3G60330;
AT4G30190) in Arabidopsis [36,37]. In addition, sorghum roots exposed to ammonium concentrations
above 1 mM also showed decreased H+-ATPase gene expression and activity [38]. It has been suggested
that the biophysical pH-stat would be regulating pH homeostasis upon transitory pH variations; in
contrast, it would not be effective upon long-term intracellular pH alterations [39]. Future studies
about the relationship between ammonium uptake and homeostasis, and the “biophysical pH-stat”
mechanisms, will be essential to further understand the potential involvement of H+ pumps and
specifically ATPases on pH regulation associated with ammonium nutrition.

Table 2. Functional classification of proteins showing differential abundance in roots of nitrate- and
ammonium-cultured A. thaliana plants.

Protein Description TAIR ID Uniprot ID p-Value
Fold Change
NO3

−/NH4
+

Organic acid transformation

Dihydrolipoyllysine-residue acetyltransferase component 5 of
pyruvate dehydrogenase complex AT1G34430 Q9C8P0 0.010 5.27

Dihydrolipoyl dehydrogenase 1 AT1G48030 Q9M5K3 0.019 0.30
ATP-citrate synthase alpha chain protein 3 AT1G09430 O80526 0.001 0.11

Photorespiration

Serine hydroxymethyltransferase 3, chloroplastic AT4G32520 Q94JQ3 0.011 0.19

Carbohydrate metabolism

ADP-glucose pyrophosphorylase family protein AT1G74910 F4HXD1 0.008 0.13

Glycolysis

Pyruvate kinase AT5G56350 Q9FM97 0.009 0.21

Gluconeogenese/Glyoxylate cycle

Phosphoenolpyruvate carboxykinase (ATP) AT4G37870 Q9T074 0.010 0.14

Mitochondrial electron transport

Gamma carbonic anhydrase-like 1 AT5G63510 F4KAG8 0.003 0.17

Amino acid metabolism

Glutamate decarboxylase 2 AT1G65960 Q42472 0.027 0.24
Aspartate semialdehyde dehydrogenase AT1G14810 Q8VYI4 0.040 5.29
Methylmalonate-semialdehyde dehydrogenase (acylating) AT2G14170 A8MQR6 0.048 4.36

Secondary metabolism

3-isopropylmalate dehydratase large subunit 1 AT4G13430 Q94AR8 0.003 5.48
Methylthioalkylmalate synthase 3 AT5G23020 Q9FN52 0.003 3.25
Acetyl-CoA acetyltransferase AT5G48230 Q854Y1-2 0.049 0.30
Betaine aldehyde dehydrogenase 1 AT1G74920 F4HXD2 0.037 0.26
Chalcone synthase AT5G13930 P13114 0.039 0.26
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Table 2. Cont.

Protein Description TAIR ID Uniprot ID p-Value
Fold Change
NO3

−/NH4
+

Hormone metabolism

Delta(24)-sterol reductase AT3G19820 Q39085 0.037 0.31

Co-factor and vitamin metabolism

Nicotinate-nucleotide pyrophosphorylase (carboxylating) AT2G01350 F41NA0 0.015 0.10

Cell wall synthesis

UDP-glucuronic acid decarboxylase 3 AT5G59290 F4KHU8 0.029 2.93

Tetrapyrrole synthesis

Protoporphyrinogen oxidase 2 AT5G14220 Q8S9J1-2 0.003 0.19

Abiotic stress

Endoplasmin homolog AT4G24190 F4JQ55 0.031 3.16
DnaJ protein ERDJ38 AT3G62600 Q9LZK5 0.002 6.67
Probable methyltransferase PMt24 AT1G29470 Q6NPR7 0.004 5.51
Germin-like protein subfamily T member 1 AT1G18970 P92995 0.031 3.55

Redox response

Protein disulfide isomerase-like 1-2 AT1G21750 F4HZN9 0.036 4.41
Protein disulfide-isomerase AT1G77510 Q9SRG3 0.002 8.12
Protein disulfide isomerase-like 1-6 AT3G16110 Q66GQ3 0.025 0.21
Thioredoxin reductase 2 AT2G17420 Q39242 0.013 0.28

Nucleotide metabolism

Nudix hydrolase 3 AT1G79690 Q8L831 0.018 0.26

RNA processing

Polyadenylate-binding protein 2 AT4G34110 P42731 0.048 0.39
Polyadenylate-binding protein 4 AT2G23350 O22173 0.006 0.18
Reactive intermediate deaminase A AT3G20390 Q94JQ4 0.002 11.07

Protein synthesis

30S ribosomal protein S3 ATCG00800 P56798 0.043 2.82
40S ribosomal protein S3-3 AT5G35530 Q9FJA6 0.004 7.52
Elongation factor Tu (mitochondrial) AT4G02930 Q9ZT91 0.034 3.43
Elongation factor Tu (chloroplastic) AT4G20360 P17745 0.026 5.32

Protein degradation

26S proteasome non-ATPase regulatory subunit 14 homolog AT5G23540 Q9LT08 0.012 0.27
Proteasome subunit beta type-4 AT1G56450 Q7DLR9 0.035 0.27

Protein targeting

Nuclear pore complex protein NUP155 AT1G14850 F4HXV6 0.033 2.99
ADP-ribosylation factor 2-A AT3G62290 Q9M1P5 0.031 4.87

Signaling

Rho GDP-dissociation inhibitor 1 AT3G07880 Q9SFC6 0.021 5.59
Dynamin-related protein 1A AT5G42080 P42697 0.003 5.79
GTP-binding nuclear protein Ran-1 AT5G20010 P41916 0.020 4.92
14-3-3-like protein GF14 chi AT4G09000 P42643 0.032 0.22

Cell vesicle transport

Tubulin beta 6-chain (Cell organization) AT5G12250 P29514 0.020 0.28
AP-4 complex subunit epsilon AT1G31730 Q8L7A9 0.030 3.63
Coatomer subunit beta-1 AT4G31480 Q95V21 0.007 8.98
Golgin candidate 5 AT1G79830 F4HQB9 0.015 5.49
COG complex component-related protein AT5G51430 Q9FGN0 0.023 6.23

Transport

V-type proton ATPase subunit E3 AT1G64200 P0CAN7 0.044 2.89
ATPase 2, plasma membrane-type AT4G30190 P19456 0.046 3.26
Mitochondrial dicarboxylate/tricarboxylate transporter DTC AT5G19760 Q9C5M0 0.010 3.54
ABC transporter A family member 2 AT3G47730 Q84K47 0.010 3.82
ABC transporter F family member 1 AT5G60790 Q9FJH5 0.009 0.15
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Table 2. Cont.

Protein Description TAIR ID Uniprot ID p-Value
Fold Change
NO3

−/NH4
+

Miscellaneous

AT3g23600/MDB19_9 ATG23600 Q9LUG8 0.012 4.83
Dolichyl-diphosphooligosaccharide-protein
glycosyltransferase 48 kDa subunit AT5G66680 Q944K2 0.009 0.17

Methylesterase 3 AT2G23610 O80477 0.0369 2.93
Glutathione S-transferase L3 AT5G02790 Q9LZO6 0.0218 3.61
Peroxidase 34 AT3G49120 Q9SMU8 0.0070 0.16
Peroxidase 30 AT3G21770 Q9LSY7 0.0165 4.46
AT4g13180/F17N18-70 AT4G13180 Q9SVQ9 0.0322 0.22

Not assigned ontology

NADH dehydrogenase (ubiquinone) iron-sulfur protein 2 ATMG00510 P93306 0.0167 1.78
tRNA (guanine-N(7)-)-methyltransferase non-catalytic
subunit AT1G03110 Q93WD7 0.0376 0.31

Pheromone receptor, putative (AR401) AT1G66680 Q9C9M1 0.0143 4.38
WD40 domain-containing protein AT5G24710 F4K1H8 0.0265 0.29
Protein EMBRYO DEFECTIVE 2734 AT5G19820 Q93V68 0.0208 0.20
Calcium-dependent lipid-binding family protein AT1G48090 F4HWS2 0.0156 0.29
Metal-dependent protein hydrolase AT5G41970 F4K000 0.0349 3.09

Gene ontology (GO) enrichment analysis for cellular component (Figure 1A and Supplementary
Dataset S3) and biological process (Figure 1B and Supplementary Dataset S3) was performed with
BioMaps tool of VirtualPlant 1.3 [40]. Regarding cellular locations, almost every compartment was
enriched, the vacuole being the cellular component showing the highest fold enrichment, followed
by the endoplasmic reticulum and the cell wall (Figure 1A). Regarding biological processes, the GO
enrichment analysis highlighted “glucosinolate biosynthetic process” as the category with the highest
fold enrichment, followed by “response to inorganic substance” and “sulfur compound biosynthetic
process” (Figure 1B).

Figure 1. (A) Enriched categories for cellular component and (B) biological process of differentially
abundant proteins in roots of A. thaliana plants cultured with ammonium (p ≤ 0.05). Number of
proteins upregulated (white) and downregulated (black) by ammonium relative to nitrate, is indicated
inside the bars.

2.3. Glucosinolate Biosynthesis is Modulated by Ammonium or Nitrate as N Source

As stated, the GO enrichment analysis highlighted the regulation of the glucosinolate (GLS)
biosynthetic process by the N source provided (Figure 1b). GLS are abundant sulphur-containing
secondary metabolites found almost exclusively in the Brassicaceae family, which are classified in
function of their precursor amino acids. Indolic GLS are derived from Trp, aromatic GLS are derived
from Phe or Tyr and aliphatic GLS are derived from Ala, Ile, Leu, Met, or Val. Arabidopsis Col-0
produces up to 40 different GLS that are mainly derived from Met and Trp [41]. The classical function
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of GLS is plant defense from insect and pathogen attack. Indeed, herbivore triggers GLS degradation
and the generated degradation products are toxic for the pathogen [42]. Besides, although this aspect
has been studied to a much lesser extent, GLS seem to be related with the response of Brassica plants
to abiotic stresses such as salinity and water deficit [43,44]. Because GLS synthesis is linked with S
and N metabolism, N availability can influence their accumulation in different Brassica crops [45,46].
Regarding the effect of ammonium nutrition, GLS synthesis induction has been reported in the leaves
of Brassicaceae plants such as Arabidopsis, broccoli, and oilseed rape [15,22,47]. However, in the
present study, the two differentially abundant proteins associated with “glucosinolate biosynthetic
process”, identified and quantified in roots, were both downregulated in ammonium—relative to
nitrate-fed roots; therefore, suggesting a different behavior of root tissue with respect to leaf tissue.
These two downregulated proteins are 3-isopropylmalate dehydratase large subunit 1 (Q94AR8) and
methylthioalkylmalate synthase 3 (Q9FN52), which are involved in side-chain methionine elongation,
the precursor for aliphatic GLS biosynthesis (Table 2 and Supplementary Dataset 1). To assess
whether the effect of N source on GLS metabolism proteins was also reflected in the content of GLS,
individual GLS were quantified. In accordance with the downregulation observed in GLS-metabolic
process, total GLS content was lower in ammonium-fed roots compared to nitrate-fed ones (Table 3).
This decrease was mainly due to the contribution of aliphatic GLS; specifically, to glucohirsutin,
7-methylthioheptyl-GS and 8-methylthiooctyl-GS that were indeed the most abundant aliphatic GLS.
Indolic GLS content was similar in both nutritional conditions and no aromatic GLS was detected
(Table 3). Overall, it is clear that N source affects GLS synthesis; however, it remains to be elucidated
how its differential regulation in shoots and roots takes place and whether GLS long-distance transport
systems are involved in this organ-dependent regulation. This will be helpful for generating plants
with increased GLS synthesis, which is desirable to promote natural plant defense and Brassica
crops nutritional value. Indeed, GLS derivatives, in particular sulphoraphane, that is produced from
glucoraphanin hydrolysis, have been associated with health-promoting activities [48].

Table 3. Individual glucosinolate content (ng mg−1 FW) in roots of A. thaliana plants grown with
nitrate or ammonium as sole N source.

Aliphatic Glucosinolates Nitrate Ammonium

Glucoraphanin (4MSOB) 25.61 ± 4.13 64.12 ± 8.76
Glucoalyssin (5MSOP) 3.59 ± 0.32 6.04 ± 0.52
Glucoiberin (3MSOP) 1.88 ± 0.27 4.50 ± 0.55
Glucoerucin (4MTB) 2.20 ± 0.52 4.25 ± 0.38

Glucoberteroin (5MTP) 0.87 ± 0.08 1.50 ± 0.08
Glucoibarin (7MSOH) 54.17 ± 4.76 44.56 ± 3.01

Glucohirsutin (8MSOO) 610.00 ± 57.62 452.58 ± 33.60
C6-aliphatic GLS A (C13H24NO9S2) 0.57 ± 0.07 0.80 ± 0.10

7-Methylthioheptyl-GS (C15H28NO9S3) 125.12 ± 11.28 92.59 ± 4.57
8-Methylthiooctyl-GS (C16H31NO9S3) 1090.72 ± 58.47 786.08 ± 33.54

Total Aliphatic 1914.67 ± 125.02 1457.04 ± 69.85

Indolic Glucosinolates Nitrate Ammonium

Glucobrassicin (I3M) 96.97 ± 8.25 97.54 ± 4.64
Neoglucobrassicin (IMOI3M) 268.83 ± 25.97 214.38 ± 16.71

Hydroxyglucobrassicin (4OHI3M) 12.39 ± 1.00 11.73 ± 0.37
Methoxyglucobrassicin (4MOI3M) 21.90 ± 2.62 20.87 ± 2.58

Total Indolic 400.10 ± 36.42 344.52 ± 22.24

Total Glucosinolates 2337.88 ± 158.74 1818.12 ± 90.34

Values represent mean ± SE (n = 4). Significant differences among treatments are highlighted in bold text (Student
t-test, p < 0.05).
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2.4. Ammonium Nutrition and Secondary Metabolism in Arabidopsis Roots: Brassinosteroids and Hormonal
Signaling Pathways

Regulation of secondary metabolism has been reported in several species exposed to ammonium
stress such as in tomato [36] or in Arabidopsis [49]. In the present study, quantitative proteomic
analysis revealed that, besides glucosinolate biosynthesis, alternative secondary metabolic routes
were also influenced by the N source. Ammonium-fed roots showed increased abundance of the
ATP-citrate synthase alpha chain protein 3 (O80526), the subunit A of the heteromeric enzyme complex
ATP-citrate lyase (ACL) in charge of acetyl-CoA synthesis (Figure 2). On one hand, acetyl-CoA is the
central precursor of flavonoids and indeed a chalcone synthase (CHS; P13114) was more abundant
in ammonium than in nitrate nutrition (Table 2 and Figure 2). On the other hand, acetyl-CoA can be
condensed to acetoacetyl-CoA, by the action of acetoacetyl-CoA thiolase (AACT; Q854Y1-2), which
also was more abundant in ammonium-fed roots. Acetoacetyl-CoA leads to the synthesis of early
mevalonate-mediated isoprenoids [50] (Figure 2). AACTs are involved in Step 1 (1 of 3) of the
sub-pathway that synthesizes mevalonate (MVA) [51]. Phosphomevalonate (MVAP), generated in
cytosol by phosphorylation of MVA, enters peroxisome and after a couple of reactions, isopentenyl
diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP), the direct precursors of
the entire class of isoprenoids derived from mevalonate, are produced [51]. IPP and DMAPP
return to the cytosol and by the hydrolysis of the terminal phosphate bond, mediated by cytosolic
phosphohydrolases such as Nudix hydrolase 3 (NUDX3; Q8L831), can be transformed into isopentenyl
phosphate (IP) and dimethylallyl phosphate (DMAP), respectively [51,52]. NUDX3 was also more
abundant in roots of ammonium-fed plants with respect to nitrate-fed ones (Figure 2). Thus, the
increased abundance of these three proteins in ammonium-fed roots, participating in the early
mevalonate-mediated isoprenoid biosynthesis pathway, suggests that this metabolic route may be
induced and strongly modulated at such nutrition conditions. This pathway may lead to the synthesis
of brassinosteroids (BRs). Indeed, the protein delta(24)-sterol reductase (Q39085), involved in the
conversion of the early BR precursor 24-methylenecholesterol to campesterol, also showed increased
abundance in ammonium nutrition (Table 2 and Figure 2). Interestingly, BRs have been recently related
to the regulation of the AMT1-type ammonium transport proteins in Arabidopsis and rice [53,54].
In rice, BRs induce the gene expression of OsAMT1;1 and OsAMT1;2 ammonium transporters [54].
Furthermore, the authors identified ABI3/VP1-Like 1 (RAVL1), a regulator of BRs homeostasis, as a
direct regulator of OsAMT1;2, overall showing an important link between BRs and the transcriptional
regulation of ammonium uptake [54]. In contrast, in Arabidopsis, it appears that BRs will be acting
as negative regulators of AMT1 transporters [53]. Overall, it seems that BR-mediated regulatory
circuits are somehow connected with ammonium uptake and signaling in a species-dependent manner.
Future works will be essential to shed further light on the complex interaction between hormonal
signaling pathways and nutrient uptake, notably in the context of BRs–ammonium relationship.
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Figure 2. Induction of secondary metabolism in Arabidopsis roots by ammonium nutrition. Proteins
with higher abundance in ammonium nutrition are highlighted in red bold text. Dotted arrows
indicate non-detailed metabolic steps/transformations in a metabolic pathway. Abbreviations:
2-oxoglutarate (2-OG); acetyl-CoA acetyltransferase (ACCT); ATP-citrate lyase (ACL); chalcone
synthase (CHS); dimethylallyl diphosphate (DMAPP); dimethylallyl phosphate (DMAP); farnesyl
diphosphate (FPP); isopentenyl diphosphate (IPP); isopentenyl phosphate (IP); nudix hydrolase and
a dipeptidyl peptidase III (NUDIX 3); mevalonate (MVA); oxalacetate (OAA); phosphoenolpyruvate
(PEP); phosphomevalonate (MVAP).

2.5. C/N Metabolism Modulation in Ammonium-Fed Plants May Be Driven by Alternative C Provision Routes
to Tricarboxylic Acid (TCA) Cycle while Contributing to H+ Balance

The C/N balance in plants is regulated by the availability of C skeletons, energy, and reductants
for the N assimilatory pathways [55]. One of the known consequences of ammonium nutrition
is the induction of ammonium assimilation machinery, which demands high energy and carbon
consumption. In this study, several proteins associated with C metabolism were more abundant in
roots of Arabidopsis plants grown under a non-toxic ammonium condition (Table 2 and Figure 3).
In this line, previous studies reported that ammonium accumulation in roots triggering ammonium
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toxicity may be partially mitigated by the provision of extra C [29,56]. Interestingly, supplementary C
would be not only serving N assimilation but also improving cell ion balance and managing respiration
rates and ATP availability [56]. Indeed, although the respiratory cost of ammonium assimilation is
not as much of that of nitrate, the overall effects of ammonium stress have been associated with the
increased capacity of respiratory bypass pathways [57,58]. Specifically, the capacity of alternative
oxidase (AOX) is substantially elevated in plants grown on ammonium [57,59]. AOX together with
pyruvate kinase (PK; Q9FM97), protein more abundant in ammonium-fed roots of this study (Table 2
and Figure 3), have been described as a H+-sink unit of the revised biochemical pH-stat mechanism
under aerobic conditions [60,61]. This is a key aspect, since the control of pH homeostasis is critical for
the plant to face ammonium stress [9,30,62].

As previously mentioned, this proteomic study also revealed a number of proteins associated
with secondary metabolism (Table 2 and Figure 2) and several authors have associated the production
of secondary metabolites with cytoplasmic acidification [61,63]. Furthermore, Sakano suggested that
AOX activation may also be deeply involved in the oxidation of excess reducing equivalents produced
during the synthesis of secondary metabolites [61].

Besides AOX and PK, this study also showed increased abundance of other C metabolism-related
proteins whose enzymatic activity consumes H+ such as phosphoenolpyruvate carboxykinase, (PEPCK;
Q9T074) and glutamate decarboxylase (GAD; Q42472; Figure 3). We determined the enzyme activity of
PEPCK and, in agreement with the proteomics results, it was also significantly higher in ammonium-fed
plants (Figure 3). Malate dehydrogenase activity, which converts malate to the PEPCK substrate,
oxaloacetate (OAA), was also increased under ammonium nutrition (Figure 3). The role of PEPCK in
the metabolism of ammonium-fed plants regulating pH, by consuming H+ via malate decarboxylation
to pyruvate by the sequential action of MDH, PEPCK, and PK has been previously suggested, notably,
in the more active tissues in the N metabolism, such as the pericycle [18,64,65]. Furthermore, PEPCK
abundance and activity also increased in cucumber plants exposed to ammonium and acidification
conditions [66].

In roots of plants grown under ammonium nutrition, TCA cycle usually functions in an
open-mode, since almost all the 2-oxoglutarate (2-OG) generated is diverted into amino acids
synthesis [67]. Thus, to replenish pyruvate pool to ensure the supply of 2-OG, the anaplerotic pathways
associated to TCA cycle have been suggested to bear a predominant role. Importantly, MDH and
PEPCK, apart from their role in the “biochemical pH-stat”, are a part of these anaplerotic pathways
together with malic enzyme (ME) and phosphoenolpyruvate carboxylase (PEPC). Overall, these
anaplerotic routes were enhanced in ammonium-fed roots compared to the nitrate-fed ones (Figure 3).

The increased 2OG production by isocitrate dehydrogenase (ICDH) (Figure 3) may induce Glu
production and its derivate amino acids (Table 1). For instance, GAD, in charge of GABA synthesis
and whose abundance is increased in ammonium-fed plants (Table 2 and Figure 3) can be induced
and stimulated by increases in cytosolic Ca2+ (via Ca2+/CaM) or H+ concentrations and thus, it
has also been related to cell pH regulation [19,68]. GABA concentration is influenced by different
environmental changes, inter alia, N form. Indeed, GABA content has already been shown to increase
in ammonium-grown Arabidopsis plants relative to nitrate-fed plants [69]. Additionally, GABA and
malate appear to be tightly connected and to participate, among others, in TCA cycle regulation
and in the regulation of electrical potential across membranes acting on aluminum-activated anion
transporters (AMLTs) [70,71]. Thus, a proper C and N metabolic adaptation in roots coordinated with
NH4

+ uptake, transport and storage appears essential in order to maintain cell pH, reductant, and
electrochemical homeostasis upon plants growth under ammonium nutrition.
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Figure 3. C anaplerotic routes (dotted arrows) in ammonium-fed roots of A. thaliana plants. Ammonium
(NH4

+) release or incorporation to metabolic pathways is highlighted in green bold text. Induced
routes and proteins with higher abundance in ammonium relative to nitrate nutrition are highlighted in
red (bold lines and text). Increased activity of anaplerotic and TCA-cycle enzymes are shown in orange
bold text and emphasized with an asterisk (*) in the activity graphs. Graphs represent enzyme activity
of Arabidopsis roots fed with ammonium (grey bars) or with nitrate (white bars). Enzyme activities are
expressed as: CS (nmol CoA mg−1 FW min−1); ICDH (nmol NADP mg−1 FW min−1); MDH (nmol
NADP mg−1 FW min−1); NAD-ME (nmol NAD mg−1 FW min−1); NADP-ME (nmol NADP mg−1

FW min−1); PEPC (nmol NADH mg−1 FW min−1); PEPCK (nmol NADH mg−1 FW min−1). Data
shown in graphics represent mean values ± SE (n = 4). Asterisk (*) indicates significant N source effect
(t-test, p < 0.05). Abbreviations: ATP-citrate lyase (ACL); citrate synthase (CS); gamma-amniobutyric
acid (GABA). glutamate decarboxylase (GAD); glutamate dehydrogenase (GDH); glutamate synthase
(GOGAT); glutamine synthetase (GS); NAD-isocitrate dehydrogenase (NAD-ICDH); NADP-isocitrate
dehydrogenase (NADP-ICDH); malate dehydrogenase (MDH); NADP-malic enzyme (NADP-ME);
NAD-malic enzyme (NAD-ME); phosphoenolpyruvate (PEP); phosphoenolpyruvate carboxylase
(PEPC); phosphoenolpyruvate carboxykinase (PEPCK); pyruvate kinase (PK).

Finally, the present study provides new hints of metabolic pathways and signaling processes
that can be involved in root adaptation to ammonium nutrition, a process that although thoroughly
studied continues being still poorly understood. Among the novel points that arise from this study,
the connection between ammonium nutrition and secondary metabolism and the putative association
between GABA shunt and TCA cycle associated enzymes to regulate H+ balance and plasma membrane
electrical potential deserve special attention in future research.
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3. Materials and Methods

3.1. Plant Culture and Experimental Design

Plants used in this study were cultured as described in [15]. Briefly, seeds of Arabidopsis thaliana
ecotype Col-0 were sterilized and cultured with a modified Murashige and Skoog solution (2.25 mM
CaCl2, 1.25 mM KH2PO4, 0.75 mM MgSO4, 5 mM KCl, 0.085 mM Na2EDTA, 5 μM KI, 0.1 μM CuSO4,
100 μM MnSO4, 100 μM H3BO3, 0.1 μM CoCl2, 100 μM FeSO4, 30 μM ZnSO4, and 0.1 μM Na2MoO4)
supplemented with 0.5% sucrose and 20.5 mM MES (pH 6.5) [72]. Nitrogen source was added at a
concentration of 2 mM as 1 mM (NH4)2SO4 for ammonium-based nutrition or 1 mM Ca(NO3)2 for
nitrate nutrition. To equilibrate the Ca2+ supplied together with the NO3

−, NH4
+-fed plants were

supplemented with 1 mM CaSO4. The experimental design of this study, in terms of N concentration,
pH, volume, and renew frequency of nutrient solution, was selected according to results obtained in
previous nutritional studies with Arabidopsis plants [9,15].

Plants were stratified at 4 ◦C for four days in the dark and then moved into a growth chamber
under the following controlled conditions: 14 h, 200 μmol·m−2·s−1 light intensity, 60% relative
humidity, and 22 ◦C (day conditions); 10 h, 70% relative humidity, and 18 ◦C (night conditions).

First, plants were germinated and cultured during 9 days in 0.6% agar Petri dishes with the
nutrient solution described above. After this time, seedlings were transferred to sterile 24-well plates
containing 1 mL of the same nutrient solution used for seed germination without agar (one plant per
well). Then, plates were kept under continuous shaking (120 rpm) for 12 additional days and the
liquid nutrient solution was renewed on days 5 and 9. Four independent experiments were carried
out, each one with 10, 24-well plates. Each plate contained 12 plants per treatment. When harvesting,
shoots and roots of plants within each plate and treatment were pooled separately, dried with paper
towels and the biomass was recorded. For proteomic and metabolic analysis, all the roots within each
experiment and treatment (120 plants) were pooled together, immediately frozen in liquid nitrogen
and stored at −80 ◦C.

3.2. Ammonium and Total Free Amino Acid Quantification

Root extracts for ammonium and total free amino acids quantification were obtained by adding
20 μL of ultrapure water per milligram of tissue. The homogenates were incubated at 80 ◦C during
5 min and centrifuged at 16,000g and 4 ◦C for 20 min and then, supernatants were recovered.

Ammonium content was determined following the phenol hypochlorite method [73]. For total
free amino acids quantification, the ninhydrin method was followed using glutamine as a standard for
the calibration curve [74].

3.3. Soluble Protein Quantification and Enzyme Activities Determination

For soluble protein and enzyme activities determination, frozen root powder was homogenized
with extraction buffer (10 μL per milligram of tissue). Extraction buffer was composed by 0.1%
Triton X-100, 10% glycerol, 0.5% polyvinylpolypyrrolidone, 50 mM HEPES pH 7.5, 10 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 10 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM
ε-aminocaproic acid and 10 μM leupeptin. Homogenates were then centrifuged at 16,000g for 20 min
at 4 ◦C and the supernatants recovered. Soluble protein content was determined by a dye binding
protein assay (Bio-Rad Bradford Protein assay) using BSA as a standard for the calibration curve.
Phosphoenolpyruvate carboxylase (PEPC), NAD-dependent malic (NAD-ME), NADP-dependent
isocitrate dehydrogenase (ICDH), and malate dehydrogenase (MDH) were assayed as described in [9].
The following reaction buffers were used: for PEPC activity assay (100 mM Tricine-KOH (pH 8), 5 mM
MgCl2, 5 mM NaF, 0.25 mM NADH, 6.4 U of malate dehydrogenase mL−1, 2 mM NaHCO3 and 3 mM
phosphoenolpyruvate); for NAD-ME activity assay (50 mM HEPES-KOH (pH 8), 0.2 mM EDTA-Na2,
5 mM DTT, 2 mM NAD, 5 mM malate, 25 μM NADH, 0.1 mM Acetyl CoA and 4 mM MnCl2); for
NADP-dependent malic enzyme (NADP-ME) activity assay (100 mM Tris-HCl (pH 7), 10 mM MgCl2,

305



Int. J. Mol. Sci. 2019, 20, 814

0.5 mM NADP and 10 mM malate); for ICDH assay (100 mM Tricine-KOH (pH 8), 0.25 mM NADP,
5 mM MgCl2 and 5 mM isocitrate); for MDH assay (100 mM HEPES-KOH (pH 7.5), 5 mM MgSO4,
0.2 mM NADH and 2 mM oxaloacetate). Phosphoenolpyruvate carboxykinase (PEPCK) was assayed
using a reaction buffer composed by 100 mM HEPES-KOH (pH 6.8), 25 mM DTT, 100 mM KCl, 90 mM
KHCO3

−, 1 mM ADP, 6 mM MnCl2, 0.2 mM NADH, 7 U of malate dehydrogenase mL−1 and 6 mM
phosphoenolpyruvate, as described in [75]. Enzyme activities were assayed by spectrophotometry
at 340 nm, monitoring evolution (formation or extinction) of NAD(P)H at 30 ◦C for 20 min. In the
case of MDH, 10-fold diluted extracts were used. In citrate synthase (CS) activity assay, the extraction
buffer was the same as that described above, except for DTT, which was not added. Protein extracts
were incubated at 30 ◦C for 20 min with a reaction buffer (100 mM Tris-HCl (pH 8), 1 mM oxaloacetate,
0.25 mM acetyl coenzyme A and 0.1 mM 5,5′-dithiobis (2-nitrobenzoic acid), DTNB). CS activity was
measured by spectrophotometry at 412nm, monitoring the absorbance originated by the formation
of 2-nitro-5-thiobenzoic acid (TNB) [76]. All reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

3.4. Glucosinolate Determination

For glucosinolate determination around 25 mg of frozen root powder were extracted by adding
1 mL of MeOH:water (70:30). The mixtures were homogenized in a Tissue Lyser (Retsch MM 400,
Haan, Germany) and incubated for 15 min at 80 ◦C to inactivate myrosinase. Then, homogenates
were centrifuged for 20 min at 16,000g. Glucosinolates were determined from supernatants
by ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry
(UHPLC/Q-TOF-MS) analyses using an Acquity UPLC from Waters (Milford, MA, USA) interfaced
to a Synapt G2 QTOF from Waters (Milford, MA, USA)with electrospray ionization as described
previously [77]. Glucosinolates were quantified using glucoraphanin and glucobrassicin as standards
(Phytolab, Vestenbergsgreuth, Germany.

3.5. Proteomic Analysis

3.5.1. Sample Preparation and Labeling for Proteomic Analysis

Proteins were extracted from 50 mg of root fresh weight (FW) homogenized in 0.5 mL of an
extraction buffer composed by 7 M urea, 2 M thiourea, 4% CHAPS, 2% Triton X-100, 50 mM DTT, and
0.5% plant protease inhibitor and phosphatase inhibitors cocktails (Sigma-Aldrich, St. Louis, MO, USA).
Then, homogenates were centrifuged for 15 min at 10,000g and 4 ◦C and total protein precipitated from
200 μL of supernatant with methanol and chloroform (600 μL methanol, 15 μL chloroform, and 450 μL
ultrapure water). Mixtures were spun (in a vortex) and centrifuged for 1 min at 14,000g. The aqueous
phase was then removed, an additional 450 μL of methanol added, and the centrifugation step was
repeated. After discarding the methanol phase, protein pellets were dried in a vacuum centrifuge and
resuspended into 7 M urea, 2 M thiourea, and 4% CHAPS. Global experiments were carried out with
four independent biological samples in each experimental condition. Each sample corresponded to a
pool of 120 plants. Protein extracts (150 μg) were precipitated with methanol/choloroform, and pellets
dissolved in 7 M urea, 2 M thiourea, 4% (v/v) CHAPS. Protein was quantified with the Bradford assay
kit (Bio-Rad, Hercules, CA; USA). A shotgun comparative proteomic analysis of total root extracts
using an iTRAQ 8-plex experiment was performed [78]. iTRAQ labeling of each sample was made
according to the manufacturer’s protocol (Sciex, Framingham, MA, USA). Total protein (100 μg) from
each sample was reduced with 50 mM tris (2-carboxyethyl) phosphine (TCEP) at 60 ◦C for 1 h. Cysteine
residues were alkylated with 200 mM methylmethanethiosulfonate (MMTS) at room temperature
for 15 min. Trypsin (Promega, Fitchburg, WI, USA), 1:20, w/w, was used for protein enzymatic
cleavage at 37 ◦C for 16 h. Each root tryptic digest was labeled by incubation (1 h) according to the
manufacturer’s instructions with one isobaric amine-reactive tags, as follows: Tag113, ammonium
media-1; Tag114, ammonium media-2; Tag115, ammonium media-3; Tag116, ammonium media-4;
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Tag117, nitrate media-1; Tag118, nitrate media-2; Tag119, nitrate media-3; Tag121, nitrate media-4.
Then, every set of labeled samples was independently pooled and evaporated until <40 μL by vacuum
centrifugation. Unless otherwise stated all reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

3.5.2. Peptide Fractionation

The peptide pool was injected to an Ettan LC system with a X-Terra RP18 pre-column
(2.1 × 20 mm) and a high pH stable X-Terra RP18 column (C18; 2.1 mm × 150 mm; 3.5 μm) (Waters,
Milford, MA, USA) at a flow rate of 40 μL/min, increasing in this way the proteome coverage.
Elution of peptides was made with a mobile phase B of 5–65% linear gradient over 35 min (A,
5 mM ammonium bicarbonate in water at pH 9.8; B, 5 mM ammonium bicarbonate in acetonitrile at
pH 9.8). Eleven fractions were collected, evaporated under vacuum and reconstituted into 20 μL of
2% acetonitrile, 0.1% formic acid, 98% MilliQ water previous to mass spectrometric analysis.

3.5.3. Triple-TOF 5600 Mass Spectrometry (MS) Analysis

The split of peptides was made by reverse phase chromatography using an Eksigent nanoLC
ultra 2D pump fitted with a 75 μm ID column (Eksigent 0.075 mm × 25 cm). Samples were desalted
and concentrated with a 0.5 cm length 300 μm ID pre-column, which was packed with the same
chemistry as the separating column. Mobile phases were 100% water 0.1% formic acid (buffer A) and
100% Acetonitrile, 0.1% formic acid (buffer B). The column gradient (237 min) used was a two-step
gradient, first from 5% B to 25% B in 180 min and second, from 25% B to 40% B in 30 min. Column was
equilibrated in 95% B for 10 min and 5% B for 15 min. Along the entire process, the pre-column was in
line with column, and flow during the gradient was maintained at 300 nL/min. The separated peptides
eluted from the column were analyzed using an AB Sciex 5600 TripleTOF™ system (Sciex, Framingham,
MA, USA). Information data was acquired upon a survey scan (mass range from 350 m/z up to 1250
m/z; scan time: 250 ms). Top 35 peaks were selected for fragmentation. Minimum accumulation time
for MS/MS was set to 100 ms (3.8 s of total cycle time). Product ions were scanned in a mass range
from 100 m/z up to 1700 m/z and excluded for further fragmentation during 15 s.

3.5.4. Data Analysis

Analyses of raw data (.wiff, Sciex) were performed with MaxQuant software [79]. Peak list was
generated with the default Sciex Q-TOF instrument parameters except for the main search peptide
tolerance that was set to 0.01 Da, and the MS/MS match tolerance that was increased up to 50 ppm.
Minimum peptide length was set to six amino acids. Two databases were used. A contaminant
database (.fasta) was first used to filter out contaminants. Peak lists were searched against the
TAIR10 A. thaliana database (www.arabidopsis.org), and Andromeda was used as a search engine [80].
The search parameters allowed for methionine oxidation and cysteine modification by MMTS. Reporter
ion intensities were bias corrected for the overlapping isotope contributions from the iTRAQ tags
according to the certificate of analysis provided by the reagent manufacturer (Sciex, Framingham,
MA, USA). The maximum false discovery rates (FDR) were set to 1% at the protein and peptide levels.
Analyses were limited to peptides of six or more amino acids in length, and considering a maximum
of two missed cleavages. Proteins identified by site (identification based only on a modification),
reverse proteins (identified by decoy database) and potential contaminants were filtered out. Only
proteins with more than one missing value was accepted (i.e., protein identified in three out of the
four replicates) and was rescued by replacing it with the mean of the rest of the in-group samples.
Data were normalized and transformed for later comparison using quantile normalization and log2
transformation, respectively. The Limma Bioconductor software package in R was used for ANOVA
analyses. Significant and differential data were selected by a p value < 0.05.
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3.5.5. Functional Classification and Gene Ontology Enrichment Analysis

Functional classification of the differentially abundant proteins was carried out according to
MapMan software (http://mapman.gabipd.org/es/mapman, version 3.6.0) [33]. Gene ontology (GO)
enrichment analysis and visualization for cellular component and biological process were performed
with BioMaps tool of VirtualPlant 1.3 using the A. thaliana Columbia tair10 genome as background
population [40]. Over-representation was calculated with Fisher’s exact test, with a cut-off value of
p ≤ 0.05.

3.6. Statistical Analyses

Proteomics data statistical analysis is described in the above section.
For biomass and metabolic data, statistical analysis was carried out using IBM SPSS 22.0 software

(IBM Corp., Armonk, NY, USA). The significance of the results was assessed using independent
samples Student t-test with a p value < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/4/
814/s1.
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2-OG 2-Oxoglutarate
AACT Acetoacetyl-CoA thiolase
ACCT Acetyl-CoA acetyltransferase
ACL ATP-citrate lyase
AMT Ammonium transporter
AOX Alternative oxidase
ATP Adenosine triphosphate
BR Brassinosteroid
CHS Chalcone synthase
CoA Coenzyme A
CS Citrate synthase
DMAP Dimethylallyl phosphate
DMAPP Dimethylallyl diphosphate
FDR False discovery rate
FPP Farnesyl diphosphate
FW Fresh weight
GAD Glutamate decarboxylase
GABA Gamma-aminobutyric acid
GDH Glutamate dehydrogenase
GLS Glucosinolate(s)
GO Gene ontology
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GOGAT Glutamate synthase
GS Glutamine synthetase
ICDH Isocitrate dehydrogenase
IP Isopentenyl phosphate
IPP Isopentenyl diphosphate
iTRAQ Isobaric tags for relative and absolute quantitation
MDH Malate dehydrogenase
ME Malic enzyme
MVA Mevalonate
MVAP Phosphomevalonate
NAD(H) Nicotinamide adenine dinucleotide (reduced)
NADP(H) Nicotinamide adenine dinucleotide phosphate (reduced)
NUDIX 3 Nudix hydrolase and a dipeptidyl peptidase III
OAA Oxaloacetate
PEP Phosphoenolpyruvate
PEPCK Phosphoenolpyruvate carboxykinase
PEPC Phosphoenolpyruvate carboxylase
PK Pyruvate kinase
TCA Tricarboxylic acid
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Abstract: Accumulation of cadmium (Cd) shows a serious problem for the environment and poses
a threat to plants. Plants employing various cellular and molecular mechanisms to limit Cd
toxicity and alterations of the cell wall structure were observed upon Cd exposure. This study
focuses on changes in the cell wall protein-enriched subproteome of alfalfa (Medicago sativa)
leaves during long-term Cd exposure. Plants grew on Cd-contaminated soil (10 mg/kg dry
weight (DW)) for an entire season. A targeted approach was used to sequentially extract cell
wall protein-enriched fractions from the leaves and quantitative analyses were conducted with
two-dimensional difference gel electrophoresis (2D DIGE) followed by protein identification with
matrix-assisted laser desorption/ionization (MALDI) time-of-flight/time of flight (TOF/TOF) mass
spectrometry. In 212 spots that showed a significant change in intensity upon Cd exposure a single
protein was identified. Of these, 163 proteins are predicted to be secreted and involved in various
physiological processes. Proteins of other subcellular localization were mainly chloroplastic and
decreased in response to Cd, which confirms the Cd-induced disturbance of the photosynthesis.
The observed changes indicate an active defence response against a Cd-induced oxidative burst and
a restructuring of the cell wall, which is, however, different to what is observed in M. sativa stems
and will be discussed.

Keywords: Medicago sativa; leaf cell wall proteome; cadmium; quantitative proteomics; 2D DIGE

1. Introduction

Pollution of soil, water and air is one of the serious issues of recent decades. Amongst
others, contamination with heavy metals is of great concern due to their stability in the ecosystem.
Contaminated sites are inaccessible for humans in the context of urbanization, biomass- and
food-production, which poses a major problem and exacerbates the already limited availability of
soil. Cadmium (Cd) is one of the most common pollutants in the environment with a high degree of
genotoxicity [1]. Plants exposed to Cd suffer from an impairment of physiological and biochemical
processes. They show limited growth and chlorosis and Cd leads to oxidative stress by generating
reactive oxygen species (ROS) [2]. Cadmium interferes with photosynthesis by reducing the chlorophyll
content, depressing the photosynthetic rate and induces direct damage to photosynthetic enzymes
in a concentration- and time-dependent manner. Thereby, it was shown that Cd interferes more
profoundly with the activity of photosystem II than photosystem I [3,4]. Cadmium can displace
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calcium (Ca) in photosystem II, thus inhibiting the formation of a functional complex and preventing
photoactivation [5].

The plant cell wall is a dynamic cell-surrounding structure, which provides mechanical support
and rigidity. It consists of cellulose, hemicellulose, pectin, as well as phenolic compounds. Proteins
responsible for intercellular communication and interaction between the cell and the environment
are imbedded in the cell wall. Those proteins make about 10% of the cell wall mass and their tightly
regulated enzymatic reactions can alter the cell wall structure and properties [6,7], not only during
plant development, but also during plant defence responses to biotic and abiotic stress [8,9]. Pectin
methylesterase (PME), a cell wall protein, de-esterifies the pectic polysaccharide homogalacturonan
(HG) creating binding sites for Ca2+. Bound Ca mediates the bridging between two HG molecules to
form a stable gel (egg-box structure) [10,11]. In the presence of Cd, PME showed an enhanced activity
and the degree of low-methylesterified pectin in the cell wall increases concurrently with the deposition
of Cd. By having the same charge, Cd2+ can bind pectin and displace Ca2+ as the cross-linking ion
in the egg-box structure [12–14]. Additionally, Cd exposure has been shown to enhance lignification
of the cell wall through an increased activity of cell wall-bound peroxidases, which causes cell wall
stiffening and growth inhibition [15,16]. Such Cd-induced alterations of the cell wall structure indicate
that the cell wall is part of the defence mechanisms set-up by the plant and that those structural
changes limit further translocation of Cd, thus, keeping cytosolic Cd concentrations low.

The plant cell wall proteome has been studied in different species including dicots and monocots.
To date, the Arabidopsis thaliana cell wall proteome is the most comprehensive [17]. Yet, the leaf
apoplastic proteome including cell wall proteins remains much less studied [18] and information
about cell wall proteins that change in abundance due to a treatment is underrepresented in the
current scientific literature [19,20]. However, comparative cell wall proteome studies in leaves already
provided information on how the cell wall proteome changes when exposed to various stresses [21,22].
To understand the mechanisms that take place in the cell wall during exposure to environmental
constrains, it is important to unravel the cell wall proteome, its involvement in stress detection and
response as well as its role in maintaining cell wall integrity.

Medicago sativa, commonly known as alfalfa, is an important forage legume and often used for
research on cell wall development and stress adaptation [23,24]. Contrary to most research, in the
present study M. sativa plants were exposed to realistic Cd concentrations for a long-term period,
which makes the here-obtained results relevant for agricultural practices. Relative quantitative changes
of the cell wall protein-enriched subproteome from leaves were investigated using 2D DIGE, which
not only enables relative quantification but also visualizes different protein isoforms and modified
proteins caused by Cd exposure [25]. A protocol for the enrichment of cell wall proteins was recently
developed for M. sativa stems [26] and used in the current study on M. sativa leaves. The number of
cytosolic contaminants in the different cell wall protein-enriched fractions remain low, which facilitates
an accurate understanding of the leaf cell wall proteome. Although M. sativa proteins can be identified
based on homology with M. truncatula proteins, as performed in a recent study [27], the combination
of a search against the NCBI database and the M. sativa nucleotide database enlarges the number of
identified proteins and the sequence coverage of the identified proteins, giving more comprehensive
results. To our knowledge, this is the first study of the cell wall proteome of M. sativa leaves after
long-term exposure to Cd.

2. Results

Cell wall protein-enriched fractions were obtained by subsequently using three different buffers
of increasing ionic strength containing CaCl2, ethylene glycol-bis[β-aminoethyl ether]-N,N,N′,N′-
tetraacetic acid (EGTA) or LiCl, to extract proteins with various wall-binding affinities. Using a targeted
extraction protocol, the contamination with cytosolic proteins is low. However, several proteins
involved in photosynthesis were identified and quantitative changes in these proteins are consistent
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throughout the fractions and replicates. As photosynthetic proteins are highly abundant in leaves and
as Cd affects photosynthesis, they are included in the results and discussion.

A principle component analysis (PCA) on the gel-based spot intensity data analysed with the
SameSpots software (TotalLab) revealed a clear distinction between control and Cd-exposed samples
in the three cell wall protein-enriched fractions (Figure 1).

 

Figure 1. PCA analysis of the gel-based spot intensity data from the three cell wall protein-enriched
fractions. (A) CaCl2; (B) EGTA; (C) LiCl. Statistical analysis was done with SameSpots software
(TotalLab). Blue dots represent the four biological replicates of the control. Pink dots represent the
four biological replicates of Cd-exposed samples. Grey and red numbers correspond to spot numbers
considered for the statistical analysis.
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After manual and statistical evaluation of all detected spots, 306 spots showed a significant
abundance change in response to Cd exposure (fold-change ≥ 1.2, ANOVA p-value ≤ 0.05) and
were picked for identification. All mass spectra (MS) and MS/MS data that resulted in the protein
identifications using the MASCOT server are provided in Table S1. Out of the total number of
significantly changed spots, in 212 a single protein was identified and those were considered for
biological interpretation. Based on the prediction for the subcellular localization with TargetP, 163
(76.9%) of these proteins are predicted to be secreted. Thirty seven are targeted to the chloroplast and
12 do not have a predicted subcellular target site. These predictions are mostly coherent with those
from DeepLoc (Table S2), whereby DeepLoc distinguished the different locations after a protein has
entered the secretory pathway as the most important change compared to TargetP. However, ongoing
research in our lab indicates that DeepLoc predictions are not always reliable and vacuolar proteins are
designates as extracellular and vice versa. Therefore, we based ourselves on TargetP in the results and
in the discussion. In the CaCl2 fraction, 65 spots gave a significant identification of a single protein,
of which 22 are of lower abundance and 43 are of higher abundance in response to Cd-exposure. Most
proteins were identified in the EGTA fraction. Here, 93 proteins were found to increase (55 proteins) or
decrease (38 proteins) in abundance. In the LiCl fraction a total number of 54 proteins were identified,
of which 19 decreased and 35 increased in abundance. All proteins were clustered according to their
predicted biological function to gain better insight on their physiological role and how this can be
related to the plant’s response during Cd exposure (Figure 2). A complete list of all spots containing
a single protein identification and, therefore, considered for biological interpretation is provided in
Table S2, including statistical values obtained by the SameSpots software (TotalLab, Newcastle upon
Tyne, UK) and their biological function. This information is summarised in Table 1. In several spots the
same nominal protein was identified, however, the observation that it was identified at a different pI
and/or molecular weight indicates that this concerns proteoforms. An example of this is a C-terminal
truncation of eight amino acids from chitinase (e.g., the spots EGTA 1225 and 1279) that is probably
determining for its subcellular location. The observation of a semi-tryptic peptide, corresponding to
a cleavage in the middle of the papain family cysteine protease active domain in the spot EGTA 1971
(Table S1) indicates that the degradation of this protein increases in Cd-exposed plants. In the spot LiCl
1250 the same protein was identified but this time with a semi-tryptic peptide corresponding to the
start of the active domain, after removal of the N-terminal inhibitor domain. These observations are
confirmed by the position of the spots on the gel (Figure S1). Only by using a protein-based method,
gel-based or gel-free, such proof of post-translational events can be obtained.

A large part of the higher abundant proteins are involved in plant defence (Figure 2).
Another class of proteins with higher abundance upon Cd exposure have a designated function
in oxidation-reduction processes. This classification includes different peroxidase isoforms present in
all three fractions, plus a plastocyanin-like domain protein identified in the EGTA fraction (Table 1).
Likewise, some proteins involved in carbohydrate metabolic processes and proteolysis are found to be
of higher abundance. A minor part has a nutrient reserve function (rhicadhesin receptor, auxin-binding
protein ABP19a) or is involved in photosynthesis (photosystem I reaction centre subunit II) (Table 1).

The functions assigned to proteins with a decreasing abundance are more diverse in the
CaCl2 and EGTA fraction (Figure 2). Proteins identified in the LiCl fraction were only classified
in cell wall modification (47%) or nutrient reserve (53%) (Figure 2). In those 19 spots only three
different proteins were identified, namely auxin-binding protein ABP19a, stem 28 kDa glycoprotein,
and polygalacturonase non-catalytic protein (Table S2). Most proteins of lower abundance in the CaCl2
fraction are involved in photosynthesis (oxygen-evolving enhancer protein, ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) small chain and PS II oxygen-evolving enhancer protein) (Table S2).
Photosynthetic proteins are highly abundant in leaves. As expected, the highest percentage of
proteins that are not predicted to be cell wall localized is found in the CaCl2 fraction. It must be
noted that no spot corresponding to RuBisCO large chain, the main component of the leaf proteome,
is present. This protein makes up more than 50% of the total leaf protein content and masking of lower
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abundant proteins by RubisCO large chain seems to be avoided using the here applied protocol for
cell wall protein enrichment. Of the identified proteins, only the function of the plant/F18G18-200
protein, containing a DUF642 conserved domain, identified in the CaCl2 and EGTA fraction remains
unknown. The protein shows a decreased abundance in response to Cd and a secretion signal peptide
was detected.

 

Figure 2. Functional classification of proteins present in cell wall protein-enriched fractions from
M. sativa leaves after long-term exposure to Cd. M. sativa plants were exposed to Cd (10 mg/kg soil
DW) for an entire season. Quantitative analysis based on four replicates were done with 2D DIGE
comparing Cd-exposed samples to control samples and identified proteins clustered according to
their predicted function using Blast2Go. (A) Functional classes of lower abundant proteins; and (B)
functional classes of higher abundant proteins.
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Table 1. Summary of all identified proteins in cell wall protein-enriched fractions from M. sativa leaves,
which changed significantly in abundance after long-term Cd exposure. The table is based on all
identifications provided in Table S2. The targeted location was predicted with TargetP. C: chloroplast;
S: secretory pathway; /: any other location.

Protein Identification NCBI Identification * Nr. of Spots Wherein the Protein Was Identified TargetP

Lower Abundant in Cd-Exposed Plants

Carbohydrate Metabolic Process
Sedoheptulose-1,7-bisphosphatase gi|357461143 1 C

Cell wall modification
Pectinesterase/pectinesterase inhibitor gi|357504799 3 S
Polygalacturonase non-catalytic protein gi|922335979 10 S
Polygalacturonase-inhibiting protein 1 gi|374634428 1 /

Defence
Cystatin gi|74058377 1 /

Nod factor-binding lectin-nucleotide
phosphohydrolase gi|357508587 4 S

Pathogenesis-related thaumatin family protein gi|922367846 1 S
CAP, cysteine-rich secretory protein, antigen 5 gi|357446161 1 S

Nutrient reserve
Auxin-binding protein ABP19a gi|357513969 11 S

Germin-like protein subfamily 3 member 1 gi|502156424 1 S
Stem 28 kDa glycoprotein gi|357513539 12 S

Oxidation-reduction process
1-cys peroxiredoxin PER1 gi|922395795 1 C

Photosynthesis
Chlorophyll a-b binding protein 2 gi|3293555 1 C

Oxygen-evolving enhancer protein gi|922331371 6 C
Ribose-5-phosphate isomerase A gi|357512271 4 C

Ribulose bisphosphate carboxylase small chain gi|3914601 5 C
Photosystem I reaction centre subunit IV A gi|922402507 1 C

Photosystem II oxygen-evolving enhancer protein gi|922336891 1 C
Proteolysis

Eukaryotic aspartyl protease family protein gi|922379288 6 S
Secondary metabolites

Lactoylglutathione lyase-like protein gi|922388614 1 /
Unknown

Plant/F18G18-200 protein gi|922395263 6 S

Higher Abundant in Cd-Exposed Plants

Carbohydrate metabolic process
Glucan endo-1,3-β-glucosidase gi|357474061 11 S
Glycoside hydrolase, family 17 gi|87240471 1 /

Glycoside hydrolase family 18 protein gi|357454031 3 S
Defence

Allergen Pru protein, putative gi|922401927 7 S
Chitinase (Class Ib)/Hevein gi|922329699 6 S

Chitinase/Hevein/PR-4/Wheatwin2 gi|922347233 10 S
Chitinase gi|357443753 4 S

Class I chitinase gi|1800141 5 S
Disease resistance response protein gi|922325015 2 S or/

Pathogenesis-related protein 1 gi|548592 1 S
Pathogenesis-related thaumatin family protein gi|922338021 4 S

Plant basic secretory protein (BSP) family protein gi|922407517 2 S
Pre-hevein-like protein gi|7381205 1 /

Stromal 70 kDa heat shock-related protein gi|821595433 1 C
CAP, cysteine-rich secretory protein, antigen 5 gi|357446161 7 S

Nutrient reserve
Auxin-binding protein ABP19a gi|357513969 1 S

Rhicadhesin receptor gi|357511665 2 S
Oxidation-reduction process

Anionic peroxidase swpb3 protein gi|922380311 1 S
Class III peroxidase gi|357476371 10 S

Peroxidase gi|537317 7 S
Peroxidase family protein gi|357448431 1 S

Peroxidase1b gi|971560 3 S
Peroxidase2 gi|13992528 10 S

Plastocyanin-like domain protein gi|922335020 2 S
Photosynthesis

Photosystem I reaction centre subunit II gi|357480841 1 C
Proteolysis

Carboxyl-terminal peptidase gi|922336331 2 S
Eukaryotic aspartyl protease family protein gi|922327497 14 C

Papain family cysteine protease gi|357437715 2 S
Polyubiquitin gi|695063425 6 /

Subtilisin-like serine protease gi|922333118 1 S

* The given NCBI identification is representative, more than one identifier was assigned to the same protein.
A complete protein identification list including all NCBI identification numbers is provided in Table S2.
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Generally, if the same protein was identified in different spots, their changes in abundance were
consistent with a comparable fold-change. However, spots containing auxin-binding protein ABP19a
changed in different directions in the LiCl fraction (Table S2, spot 181 down and spot 1516 up) and
were found to be less abundant in the CaCl2 fraction. Although the abundance of distinct isoforms of
this protein is differently influenced by Cd exposure, the spectra of these proteins are identical and
no hint was found to explain the observed dissimilarity. On the other side, of all spots containing
CAP (cysteine-rich secretory protein, antigen 5) in the CaCl2 fraction (Table S2, spot 3105 and spots
3028, 3030, 3031, 3034, 3037, 3081, and 3095), only spot 3105 has a decreased abundance. All of these
spots contain a CAP most homologous to Medicaco truncatula CAP gi: 357446161. Nonetheless, only
in spot 3028 the N-terminal peptide, after removal of the signal peptide, is QDSQADYVNAHNEAR,
corresponding to contig 56,806 of M. sativa. In the other spots QDSQADYVNAHNDAR is identified as
an N-terminal peptide corresponding to the contigs 111,668 and 1437 (Table S1). When calculating
the pI of the translated contigs, the position on the gel confirms that spot 3028 is more acidic than the
others (Figure 3).

 

Figure 3. Illustration of 2D DIGE from the cell wall protein-enriched CaCl2 fraction from leaves
of M. sativa. Extractions were performed in four replicates. Proteins were pre-labelled with
different CyDye to enable relative quantitative protein analysis. Labelled samples were loaded onto
ImmobilineTM DryStrip 3–10 NL, 24 cm (GE Healthcare) followed by migration on HPETM Large Gel
NF-12.5% (Serva Electrophoresis GmbH). Indicated spots were selected for picking based on statistical
parameters calculated by the SameSpots software (TotalLab). Images of 2D DIGE from EGTA and LiCl
fractions are provided in Figure S1. MW = molecular weight.

A number of spots in the EGTA fraction contain eukaryotic aspartyl protease family proteins.
Some of these spots are of lower intensity after Cd-exposure (spot 956, 961, 962, 964, 978, and 983),
while others are of higher intensity (904, 911, 917, 948, 955, 2239, and 2240, Table S2 and Figure S1).
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Based on the spectra and the matched peptide sequences (Table S1), it was found that aspartyl protease
proteins with a decreasing abundance are predicted to be secreted, while those that are of increasing
abundance have a chloroplast transit peptide. The distinction can also be observed on the gel images
as the chloroplastic aspartyl proteases are acidic and thus cluster on the left side of the gel (Figure S1).

The secreted aspartyl proteases (EGTA fraction spot 956, 961, 962, 964, 978, and 983) can be
divided into three groups according to their location on the gel: (1) 978, 983; (2) 956; and (3) 961,
962, 964 (Figure S1). The M. sativa contigs corresponding to those spots were blasted against the
NCBI database and split into two different groups. Spots 978 and 983 (corresponding to contig 4015)
show homology to the M. truncatula sequence XP_003594399.1, while the contigs corresponding to
the remaining spots show the highest homology to the M. truncatula sequence XP_013459881.1. Those
M. truncatula sequences only have a sequence identity of 37%. However, both proteins carry the same
conserved domain (pepsin_retropepsin_like superfamily) and no functional differences could be found
in the literature.

The larger groups of spots with the same functional annotation were dissected, for instance,
in 29 spots different chitinase proteins were identified. These can be divided in five groups based
on the most homologous M. truncatula protein. This grouping is in agreement with the calculated
pI and molecular weight of the different spots. In the spots 1279, 2259, 1225, and 2249 of the EGTA
fraction, a class I chitinase (gi:1800141) was identified. Surprisingly, the identified protein lacks the
eight C-terminal amino acids as shown by the identification of the peptide at m/z 2683.19 (Table S1).
Similar observations have been conducted before [28] and may relate to the fact that the protein is
actually vacuolar and only removal of the C-terminal octopeptide allows the protein to be secreted [29].
Of the chitinase-containing spots, those spots that are matched to the gi:357443753 (spot 1399, 1416,
1419, and 2508) have the highest fold change (Table S2). No clear functional differences between the
chitinases could be found during this analysis.

In addition to sequence variants, signal sequences and the cleavage of activation/inhibition
sequences, other post-translational modifications were also observed during MS analysis. Among
these, α-β didehydrophenylalanine, as a potentially structure-determining modification, was identified
in the β-subunit of polygalacturonase [25].

3. Discussion

The current study shows the impact of long-term Cd exposure on the M. sativa leaf subproteome,
enriched in cell wall proteins. Identified proteins were clustered according to their biological function
using Blast2Go (Figure 2) and those assignments as well as the number of proteins showing an
increased or decreased abundance upon Cd exposure are comparable with results from a similar
study on M. sativa stems [30]. In both studies, results confirm that the enrichment obtained with
the used protocol is better than that obtained with comparable protocols, but not 100% and several
non-apoplastic proteins, mainly chloroplast targeted, were identified most prominent in the CaCl2
fraction (Figure 2) [30]. Those proteins will also be discussed as they are highly abundant in leaves
and coherent, significant changes in abundance were observed between replicates and fractions in
response to Cd exposure.

After planting, strong growth inhibition of Cd-exposed plants was observed at the end of the
first growth cycle and coincided with the visual observation of leaf senescence. These phenotypical
differences between Cd-exposed and control plants disappeared during the second growth cycle and
no differences in appearance were observed at a later maturation state. Overall, long-term Cd exposure
did not have any morphological impact on the leaves of M. sativa. Leaves from control and Cd-exposed
plants had a rather heterogeneous appearance, due to which no leaf was representative for any of
the conditions. Furthermore to attain the amount of leaf material needed, four to five grams for each
replicate, all leaves from young to old were sampled. The visual observation of limited impact of
long-term Cd exposure is supported by the fact that the average plant biomass taken from five replicates
at the end of the experiment was not significantly different between Cd-exposed (120.32 ± 4.67 g) and
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control plants (110.65 ± 3.78 g) [30]. Although long-term experiments as presented here are rather
scarce, the high sensitivity of initial growth stages followed by a low impact of the applied stress in
adult plants was observed before for other plant species [15,31,32]. Obviously, plants do acquire a new
steady-state when they are subjected to a constant severe but non-lethal stress [33].

3.1. Cd-Induced Degradation of Photosynthetic Proteins

Throughout all three cell wall protein-enriched fractions a decreasing abundance of photosynthetic
proteins was revealed (Table 1). Among others, RuBisCO small chain was less abundant in Cd-exposed
plants as well as subunits of photosystem I and II. The Cd-induced decreased abundance of
photosynthetic proteins was recently reported in M. sativa stems after long-term Cd exposure when
analysing cell wall protein-enriched fractions using 2D DIGE [30]. Likewise as in leaves, RuBisCO
small chain, as well as a subunit of photosystem I, were less abundant in M. sativa stems when exposed
to Cd. The fact that Cd is disrupting photosynthesis and that it causes oxidative stress in plants by
ROS production is well known [2,34]. Reactive oxygen species are able to oxidise proteins, destining
the oxidised protein for degradation, which goes together with an increasing protease activity [35,36].
Here, we observed that Cd induces a higher abundance of chloroplastic aspartyl protease isoforms
in the EGTA fraction. The protein was identified before in leaf tissue of Cd-exposed A. thaliana [37]
and its homology with cnd41-like proteins implies its function in senescence and nutrient recovery.
Aspartyl proteases are implicated in degradation or processing of proteins and their occurrence during
stress responses is established. They might have a crucial function in protein turn-over to prevent the
accumulation of deactivated proteins, thereby increasing the pool of available amino acids, needed
for the synthesis of defence-related proteins [38]. They are involved in RuBisCO degradation and
degradation of chloroplastic proteins [39–41]. An increased abundance of this protease in M. sativa
leaves correlates with the observed decreased abundance of photosynthetic proteins. Oxygen radicals,
which appear during Cd exposure cause enhanced degradation of proteins involved in photosynthesis
and impair the physiological processes in leaves. The increased abundance of a 70 kDa stromal heat
shock protein (CaCl2 spot 2402) likewise indicates that there is an increased need for protein refolding
in the chloroplast.

A second group of spots in the EGTA fraction contains isoforms of aspartyl protease, which are
of lower abundance in Cd-exposed plants. The proteins identified in these spots are predicted to be
secreted (Table S2). Although no unambiguous function is established for secreted aspartyl proteases,
they have been identified before, for instance in the pollen cell wall [42]. Functional studies have
implicated them in the defence against biotic stresses [43] and the Arabidopsis homolog AED1 was
recently proposed to be part of a homeostatic feedback mechanism regulating the systemic acquired
resistance (SAR) response [44]. This link between SAR, a salicylic acid-regulated process, and the
here-observed limited effect of long-term Cd exposure confirms previous studies, wherein salicylic
acid application is shown to alleviate Cd-induced growth inhibition [45].

The only photosynthetic protein found with an increasing abundance is the photosystem I reaction
centre subunit II (CaCl2 fraction spot 3075, Table S2). The position of this spot is, however, at too
low a pI and molecular weight, providing a further indication for increasing protein degradation in
the chloroplast.

3.2. Cd Influences the Abundance of Proteins Related to the Cell Wall Structure

Pectinesterase/pectinesterase inhibitor proteins are identified in three spots (Table S2, CaCl2
fraction spot 2175 and EGTA fraction spot 989, 1007). The abundance of these proteins decreases
in Cd-exposed plants. PMEs and their inhibitor are expressed as a single polypeptide and get
subsequently processed by cleavage between the inhibitor and active domain. Our MS data do
not confirm that the inhibitor domain is cut from the PME domain. However, the position on the 2D
gel matches with what is predicted for the active protein and are at the same position as those found
in M. sativa stems [30]. In the latter study, cleavage between the inhibitor and the active domain was
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confirmed based on MS data, indicating that in leaves the inhibitor domain was also cleaved and thus
the protein activated. However, the abundance of PME increased in M. sativa stems in response to
long-term Cd exposure [30].

PME catalyses the demethylesterification of HG in plant cell walls. Those demethylated, acidic
HG molecules form bridges between each other mediated by Ca2+ ions (egg-box structure) and confer
rigidity to the cell wall [10,46]. Cadmium ions have the same charge (Cd2+) and can displace Ca2+ as
cross linker in the pectin egg-box structure. During Cd exposure a higher abundance of PME was found
in several studies and an enhanced activity demonstrated [14,16]. Changes in HG pattern in response
to Cd have been investigated together with a preferential allocation of Cd in the cell wall [12,47,48].
Thus, the cell wall structure changes during Cd exposure and the sequestration of Cd in the cell wall
protects the cytosol. In a recent study on the cell wall composition in M. sativa stems upon long-term
Cd exposure, the most significant changes appeared in the pectin fraction towards a higher abundance
of HG upon Cd exposure and an increased activity of PME in response to Cd was determined (Gutsch
et al., submitted). This suggests a high demethylation degree, which creates binding sites for Cd and
immobilize it in the cell wall. Opposite to what is observed in M. sativa stems [30], Cd exposure led
to a decreasing abundance of PME in leaves, which would lead to a low demethylation degree of
HG. The methylation degree of pectin has an influence on the cell wall structure and, furthermore,
limits the accessibility for pectin-degrading enzymes, such as polygalacturonases [49]. In response to
long-term Cd exposure, the structural changes in the pectin network of the leaf cell wall seem to be
different from those anticipated in the stems of M. sativa in response to Cd [30] and an organ-specific
influence of Cd on the cell wall can be assumed. Together with so-far-unpublished data (Gutsch et al.,
submitted), the structural changes, which are observed in the stems of M. sativa, promote the creation
of binding sites for Cd in the stem cell wall as a direct response to the applied stress. In this matter,
the leaf cell wall plays probably a minor role in the retention of Cd but more data on the structural
changes would be needed to draw a more comprehensive conclusion.

Polygalacturonase-inhibiting protein 1 and polygalacturonase non-catalytic protein or β-subunit
are involved in pectin degradation. Conflicting data on the function of the latter has been obtained.
Overexpression of the polygalacturonase non-catalytic β-subunit in rice resulted in a decreased
pectin content and a higher susceptibility to abiotic stress due to lower cell adhesion [50]. On
the other hand, during fruit ripening in tomato, it limits the extent of pectin solubilisation and
depolymerization [51]. In the present study, a lower abundance occurred in the M. sativa leaf
subproteome enriched in cell wall proteins (Table 1), as was previously reported in M. sativa stems [30].
However, a quantitative change in the abundance of β-subunit of polygalacturonase is not necessarily
correlated with a change in polygalacturonase activity [52]. The functional linkage between these
two polygalacturonase subunits remains to be solved as contradictory data exist. Furthermore,
polygalacturonase inhibitor showed a decreasing abundance in our study. It can be speculated that
this decreased abundance is a cross reaction to the lower abundance of polygalacturonase non-catalytic
protein in order to keep the polygalacturonase activity in the cell wall stable. So far, polygalacturonase
inhibitor has only been described during the defence against pathogen attacks by inhibiting the
fungal polygalacturonase [53,54]. Those proteins have a specific binding site to interact with pectin
in the plant cell wall, which is furthermore influenced by methylesterification patterns in the pectin
network [55]. Their function in the alteration of the plant cell wall structure in response to abiotic
stress remains unclear.

Various peroxidase isoforms were highly abundant in the leaves of Cd-exposed M. sativa (Table 1).
Previous studies on M. sativa stems [30] and poplar leaves gave similar results [56]. Peroxidases
are involved in oxidation-reduction and lignification processes in the cell wall [57]. Using H2O2

molecules as a co-substrate, peroxidases catalyse the oxidation of monolignols, which then cross-link
to form lignin [58] and increasing peroxidase activity was positively correlated with the degree of cell
wall lignification [59]. Cadmium enhances H2O2 accumulation in plants and increased peroxidase
abundance and activity, leading to cell wall lignification, cell wall stiffening and growth impairment [15,
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60,61]. Oxidative stress might also be responsible for the accumulation of carboxyl-terminal peptidase
(Table 1). The protein contains two DUF domains (239 and 4409). The Arabidopsis homolog was found
to be responsive to ROS and confers enhanced tolerance to oxidative stress [62]. The same protein was
found to have a role in cell wall modification, influencing nutrient transport by modification of root
endodermal barriers [63].

3.3. Enhanced Accumulation of Defence Proteins as a Response to Cd

Different defence related proteins were identified in M. sativa leaves (Table 1). Their increased
accumulation due to Cd exposure underline the strong defence response of the plant, which had been
reported before when plants were exposed to heavy metals [30,37,56,64]. Most prevalent, we identified
different chitinase isoforms throughout all three fractions (Table S2), which is consistent with previous
findings in M. sativa stems [30], where several chitinase isoforms increased in abundance upon
long-term Cd-exposure. A study on different plant species exposed to different metals indicates that
a metal-specific chitinase-expression profile may exist [65]. Although such metal-specific functions
of chitinases remain uncertain, an increased abundance of chitinases has been proposed as a marker
for the induction of a SAR-response. Despite the small impact of long-term Cd exposure on biomass
production [30], it appears to have a significant negative impact on the presence of proteins classified as
having a nutrient reserve function (Figure 2), which was also reported in M. sativa stems [30]. This may
indicate that the plants are capable of maintaining growth under the conditions used in this study,
but are not capable of establishing reserves. It must, however, be mentioned that multiple functions
are attributed to these nutrient reserve proteins and that the observed decreased abundance may have
other consequences [66].

4. Materials and Methods

4.1. Plant Material and Treatment

M. sativa (cv Giulia) seeds were inoculated with Sinorhizobium meliloti and sown in May 2015
on Cd-polluted soil (10 mg/kg soil DW added as CdSO4) and uncontaminated soil. The used soil
was prepared as one batch (2/3 potting soil mixed with 1/3 sand (w/w)) before splitting in two
conditions. For each condition 12 times 12 pots were planted. The plants were kept in the greenhouse
until flowering stage was reached (July) and a first cut was done as during agricultural cultivation
of M. sativa. Subsequently, plants were kept outside to avoid insect infestation. After a re-growing
period till the pre-flowering stage was reached, plants were put back into the greenhouse for one
more week before sampling was done on the 10th of September. No temperature or day cycle control
was done during the experiment and no fertilizer was applied. A pool of leaves was sampled in four
replicates for each condition and directly frozen in liquid nitrogen. All samples were kept at −80 ◦C
until further use.

4.2. Cell Wall Protein Enrichment

Cell wall protein-enriched fractions were obtained as described elsewhere [25] by using
subsequently three different buffers with increasing ionic strength to extract also tightly bound
proteins. Following the extraction, all three protein fractions (CaCl2, ethylene glycol-bis(β-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid [EGTA], LiCl) were concentrated with Amicon Ultra 15 10 K
(Millipore, Burlington, MA, USA) by centrifugation (4700× g, 4 ◦C) to an approximate volume of
200 μL. Subsequently, the ReadyPrep 2D Cleanup kit (Bio-Rad, Hercules, CA, USA) was used to desalt
the samples following the manufacturer’s instruction. Cleaned samples were solubilized in labelling
buffer (7 M urea, 2 M thiourea, 2% w/v 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 30 mM Tris) and the protein concentrations determined using the Bradford method (Bradford
reagent, Bio-Rad).
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4.3. Quantitative Protein Analysis and Identification

A 2D DIGE was undertaken to compare protein abundances between conditions in the three
different fractions. Therefore, 50 μg of protein from each sample were labelled with either Cy3 or
Cy5 and a dye swap was applied to avoid a possible effect of preferential labelling. An internal
standard composed of 25 μg protein from each replicate (four biological replicates from control
and cadmium, respectively) was labelled with Cy2 for each fraction (CaCl2, EGTA, LiCl). Labelled
samples were mixed, 9 μL Servalyte pH 3–10 (Serva Electrophoresis GmbH, Heidelberg, Germany)
and 2.7 μL Destreak Reagent (GE Healthcare, Chicago, IL, USA) were added. The volumes were
adjusted with lysis buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS) to 450 μL. Samples were loaded
onto Immobiline™ DryStrip 3–10 NL, 24 cm (GE Healthcare, Chicago, IL, USA) overnight, followed
by isoelectric focusing (IEF): (1) constant 100 V for 4 h; (2) linear gradient up to 1000 V for 4 h;
(3) constant 1000 V for 5 h; (4) linear gradient up to 10,000 V for 6 h; and (5) constant 10,000 V until
a total of 80,000 volt hours were reached. IEF-strips were equilibrated in equilibration buffer (Serva
Electrophoresis GmbH) according to the manufacturer’s instructions. 2D HPE™ Large Gels NF-12.5%
(Serva Electrophoresis GmbH) were used for the second dimension and were run on a HPE tower
system following the manufacturer’s instruction. After fixation (15% ethanol v/v, 1% w/v citric acid),
three images from each of the gels were acquired using different wavelengths for the different labelling
dyes (Cy2 488 nm, Cy3 532 nm, Cy5 642 nm) (Typhoon FLA 9500, GE Healthcare). SameSpots software
v4.5 (TotalLab, Newcastle upon Tyne, UK) was used for the relative quantitative image analysis. Since
the same internal standard is run on each gel of a fraction, alignment and normalisation with the
internal standard allows comparison of the spots between repetitions. All statistical analyses were
automatically done by the software. A spot was chosen for protein identification if a treatment effect
was reported (fold-change ≥ 1.2, ANOVA p-value ≤ 0.05, Table S3 for spot volumes), if the spot was
matched on all replicates and after manual validation.

Selected spots (Figure 3 and Figure S1) were picked with an Ettan Spot Picker (GE Healthcare)
and digested prior to MS/MS analyses as described before [25]. Mass spectra were acquired with
5800 MALDI TOF/TOF (AB Sciex, Framingham, MA, USA). The ten most abundant peaks were
automatically selected for fragmentation and spectra submitted to an in-house MASCOT server
(Matrix Science, Available online: www.matrixscience.com) for database-dependent identifications.
A first search was performed against the NCBInr database limited to Viridiplantae (3,334,509
sequences) and a second one against M. sativa sequences downloaded from the Samuel Roberts Noble
website (Available online: plantgrn.noble.org/AGED (675,756 sequences, 304,231,576 residues)) [67].
The search parameters were as follows: mass tolerance 100 ppm, fragment mass tolerance 0.5 Da,
cysteine carbamidomethylation as fixed modification, methionine oxidation, double oxidation of
tryptophan, and tryptophan to kynurenine as variable modification. When at least two peptides passed
the MASCOT-calculated 0.05 threshold score of 40, proteins were considered as identified. Additionally,
if a high-quality spectrum was not matched to a protein, the interpretation was done manually and
search parameters adjusted (semitryptic, single amino acid change, and post-translational modification)
to increase the sequence coverage of identified proteins. After manual validation of the identifications,
the subcellular location was predicted with the TargetP server using the standard search parameters
(Available online: http://www.cbs.dtu.dk/services/TargetP) [68]. Only proteins with a predicted
signal peptide have been considered as cell wall proteins as done in current literature [17,69].
To validate the predicted subcellular location, a second location prediction was undertaken using
DeepLoc [70]. In some cases predictions were corrected after literature research. The Blast2Go software
was used to gather information about the biological function of the identified proteins as well as the
available literature.

5. Conclusions

M. sativa plants were exposed to Cd (10 mg/kg soil DW) in a long-term experiment and the
leaf cell wall protein-enriched subproteome was analysed. In total, 212 identified proteins changed
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significantly in response to Cd and a major part of these identified proteins is involved in defence
responses, underlining the importance of the general defence machinery in response to Cd and linking
the observations in this study with knowledge on the SAR response. Cell wall proteins related to
oxidation-reduction processes are highly abundant in Cd-exposed plants and might counteract the
Cd-induced oxidative burst in the plant. Germin-like proteins, although classified as nutrient reserve,
may also contribute. Interestingly, Cd provokes tissue-specific alterations in the pectin network of the
cell wall in M. sativa leaves and stems [30]. The leaf cell wall seems to be less involved in the assumed
cell wall-promoted binding of Cd as a protective mechanism.

About 18% of the identified proteins are targeted to the chloroplast and their relative abundance
decreases upon Cd exposure concomitantly with an increase in chloroplastic, proteolytic proteins.
Therefore, the increased protein degradation in the chloroplast confirms interference of Cd with the
photosynthetic activity of plants. Nonetheless, Cd-exposed plants showed no difference in biomass
production or in the growth at the moment of sampling in comparison to control plants, which
suggests that the plants established a new metabolic steady-state during the long-term stress exposure.
The important decrease in proteins with nutrient reserve function, however, indicates that the plants
are weakened and may perform worse than control plants when exposed to secondary stresses.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/19/9/
2498/s1. Table S1. Complete MASCOT protein identification data of picked spots (xls 819 KB). Table S2. The table
contains all identified proteins from each fraction and their abundance change due to Cd exposure. Fold change
and p-values were obtained using the SameSpots software (TotalLab). Functional classification of each protein
was determined using Blast2Go. Subcellular localization was predicted with TargetP and DeepLoc (docx 37 KB).
Figure S1. 2D DIGE images from the cell wall protein-enriched EGTA and LiCl fractions of M. sativa leaves (docx.
2.118 KB). Table S3. All spots and corresponding volumes (relative and normalized) are given as detected with
SameSpots software (TotalLab) including statistical parameters automatically calculated by the software. Spots
that were selected for identification are indicated (xlsx 536 KB).
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Abbreviations

2D DIGE Two-dimensional difference gel electrophoresis
Ca Calcium
Cd Cadmium
DW Dry weight
HG Homogalacturonan
kDa Kilo Dalton
MALDI Matrix-assisted Laser Desorption/Ionization
MS Mass spectrum
MW Molecular weight
PCA Principal component analysis
PME Pectin methylesterase
ROS Reactive oxygen species
RuBisCO Ribulose bisphosphate carboxylase/oxidase
SAR Systemic acquired resistance
TOF Time of flight
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Abstract: Production and utilization of nanoparticles (NPs) are increasing due to their positive and
stimulating effects on biological systems. Silver (Ag) NPs improve seed germination, photosynthetic
efficiency, plant growth, and antimicrobial activities. In this study, the effects of chemo-blended Ag
NPs on wheat were investigated using the gel-free/label-free proteomic technique. Morphological
analysis revealed that chemo-blended Ag NPs resulted in the increase of shoot length, shoot fresh
weight, root length, and root fresh weight. Proteomic analysis indicated that proteins related to
photosynthesis and protein synthesis were increased, while glycolysis, signaling, and cell wall related
proteins were decreased. Proteins related to redox and mitochondrial electron transport chain were
also decreased. Glycolysis associated proteins such as glyceraldehyde-3-phosphate dehydrogenase
increased as well as decreased, while phosphoenol pyruvate carboxylase was decreased. Antioxidant
enzyme activities such as superoxide dismutase, catalase, and peroxidase were promoted in response
to the chemo-blended Ag NPs. These results suggested that chemo-blended Ag NPs promoted plant
growth and development through regulation of energy metabolism by suppression of glycolysis.
Number of grains/spike, 100-grains weight, and yield of wheat were stimulated with chemo-blended
Ag NPs. Morphological study of next generational wheat plants depicted normal growth, and no
toxic effects were observed. Therefore, morphological, proteomic, yield, and next generation results
revealed that chemo-blended Ag NPs may promote plant growth and development through alteration
in plant metabolism.

Keywords: proteomics; wheat; silver nanoparticles

1. Introduction

Advancement in nanotechnology has led to the production of nanoparticles (NPs), which are
extensively used in diversifying a range of applications and products [1]. NPs are atomic or molecular
aggregates characterized by their small size of less than 100 nm [2] and have larger surface areas that
radically modify their physicochemical properties in comparison to the bulk material [3]. Exposure of
NPs to plants resulted in cellular production of reactive oxygen species (ROS) leading to both positive
and negative effects [4]. Activity of NPs depends upon size, composition, surface area, and nature of
metal materials [5]. Over production and utilization of NPs have raised serious concern about their
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impacts on the ecosystem [6]. The size and concentration of NPs are responsible for their interaction
with other materials and have diverse effects on plants [7]. Plants are the primary and essential
components of the ecosystem with the capability to accumulate NPs. Therefore, interaction of NPs
with plants and environment needs investigation.

Majority of the studies on NPs have discovered significant and astounding effects on biological
systems. Silver (Ag) NPs with concentration of 25 ppm and 50 ppm increased plant growth and
biochemical parameters in mustard [8]. Ag NPs with 100 nm reduced biomass and transpiration of
Cucurbita pepo [9]; and increased carbohydrates and protein contents of Bacopa monnieri [10]. However,
higher concentration such as 1000 ppm of Ag NPs resulted in an increase of superoxide dismutase
(SOD) in Solanum lycopersicum [11]. 50 ppm of Ag NPs increased root nodulation in cowpea, while
75 ppm of Ag NPs improved shoot parameters in brassica. In maize, 40 ppm of Ag NPs increased
root and shoot growth, while 60 ppm of Ag NPs promoted germination [12]. Ag NPs’ exposure to
explants of sugarcane stimulated growth at 50 ppm and inhibited at 200 ppm [13]. Ag NPs modified
the gene expressions that were involved in cellular events, including cell proliferation, metabolism,
and hormone signaling [14]. It is necessary to investigate the response of Ag NPs on a molecular basis
to understand the morpho-physiological modifications in plants.

In plants, nicotinic acid as an important organic chemical, improving growth and productivity [15].
Nicotinic acid increased plant growth, protein synthesis [16] and enzyme activities, such as ascorbate
per oxidase, glutathione, and fumarase. Damages of oxidative stresses can be protected by the
application of nicotinic acid through DNA methylation [17]. Potassium nitrate (KNO3), as an inorganic
chemical, plays an important role in most plants’ biochemical and physiological processes, such as
photosynthesis, enzyme activation, energy transfer, and stress resistance [18]. Increment in plant
growth and rate of photosynthesis in response to KNO3 ultimately improved the yield of wheat,
maize, and potato [19]. Potassium minimized the cadmium toxicity, improved yield, mineral elements,
and antioxidant defense system of Cicer arietinum [20]. These findings conclude that exogenous
application of organic and inorganic chemicals promoted the growth and yield parameters of plants;
however, their molecular and metabolic mechanisms are still not clear.

Findings related to proteomic studies revealed that Ag NPs maintained cellular homeostasis by
changing proteins involved in redox regulation and sulfur metabolism [21]. The application of Ag NPs
decreased alcohol dehydrogenase and pyruvate decarboxylase, while increased amino acid related
proteins and wax formation in soybean under flooding stress [22]. Proteins responsible for oxidative
stress such as tolerance, calcium regulation, signaling, cell division, and apoptosis were identified
in response to Ag NPs in Eruca sativa [23]. Several proteins related to primary metabolism and cell
defense in roots and shoots of wheat were altered with treatment of Ag NPs [21]. Proteomic studies on
the effects of Ag NPs have been reported; however, the effect of Ag NPs blended with organic and
inorganic chemicals have not been reported earlier. To study the effects of blended NPs on wheat,
morphological, proteomic, and enzymatic analyses were performed.

2. Results

2.1. Growth Response of Wheat to Ag NPs Mixed with Organic and Inorganic Chemicals

The experiment was conducted to evaluate the response of wheat to Ag NPs and Ag NPs mixed
with organic and inorganic chemicals (Figure 1). The NPs were prepared by reduction of AgNO3 with
Na3C6H5O7. 2H2O. SEM images revealed that Ag NPs are spherical with a size of 15–20 nm (Figure 1).
Chemo-blended Ag NPs were prepared by mixing organic and inorganic chemicals. Wheat seeds were
pre-soaked and followed by cold treatment for one day. Six-day-old wheat seedlings were treated with
and without Ag NPs and chemo-blended Ag NPs. Data regarding morphological parameters were
analyzed on the 9th, 11th, and 13th day (Figure 1). Proteins from treated as well as control plants were
extracted and analyzed through gel free/label free proteomic technique. Antioxidant enzyme analysis
was carried out to confirm the proteomic results. At the tillering stage, chemo-blended Ag NPs were
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applied and data on yield parameters were analyzed. Seeds obtained from this lifecycle were used
to explore the cross-generational effects of nanoparticles. For this purpose, pre-sterilized seeds were
sown and their growth attributes were analyzed on the 5th, 7th and 9th day (Figure 1).

Figure 1. Experimental design for morphological, proteomics, confirmation analyses with subsequent
impact on yield and next generation of wheat. Six-day-old wheat seedlings were treated with and
without 5 ppm Ag NPs; 5 ppm Ag NPs/10 ppm nicotinic acid; 5 ppm Ag NPs/ 0.75% KNO3 and
5 ppm Ag NPs/10 ppm nicotinic acid/0.75% KNO3. Data regarding morphological parameters were
analyzed on the 9th, 11th, and 13th day. For proteomic and confirmation analyses, proteins were
extracted from shoot of 11-day-old treated plants and analyzed through gel free/label free proteomic
technique. Thirty-two days old wheat plants were treated with chemo-blended Ag NPs. Number of
grains/spike, 100-grains weight, and yield of wheat were analyzed. Seeds obtained from this lifecycle
were used for next generation effect.

Growth parameters such as shoot length, shoot fresh weight, root length, and root fresh weight
were measured on the 9th, 11th, and 13th day after pre-soaking. Shoot length was significantly
increased with 5 ppm Ag NPs/10 ppm nicotinic acid/0.75% KNO3 on the 9th, 11th, and 13th
day compared to other treatments (Figure 2). Shoot fresh weight was maximum with 5 ppm Ag
NPs/10 ppm nicotinic acid/0.75% KNO3 treated wheat plants on 9th, 11th, and 13th day measurements
(Figure 2). Root length and root fresh weight were also greatly affected with application of Ag NPs
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mixed with organic and inorganic chemicals. Root length and root fresh weight were increased
with 5 ppm Ag NPs/10 ppm nicotinic acid/0.75% KNO3 during the 9th, 11th, and 13th day
(Figure 2). Comparative analysis indicated that length and weight of shoot and root were higher when
chemo-blended Ag NPs was applied in comparison with control (Figure 2). Morphological parameters
such as length and weight of shoot and root were affected by treatment of chemo-blended Ag NPs.
Therefore, 5 ppm Ag NPs/10 ppm nicotinic acid/0.75% KNO3 was used for proteomic analysis.

Figure 2. Morphological effects of chemo-blended Ag NPs on wheat. Six-day-old wheat seedlings were
treated without and with 5 ppm Ag NPs, 5 ppm Ag NPs/10 ppm nicotinic acid, 5 ppm Ag NPs/0.75%
KNO3, and 5 ppm Ag NPs/10 ppm nicotinic acid/0.75% KNO3. Photographs of wheat seedlings show
the 9th, 11th, and 13th day with and without blended Ag NPs. Black bar in each photograph indicates
size in mm. Shoot length, shoot fresh weight, root length, and root fresh weight were analyzed on
the 9th, 11th, and 13th day. The data are presented as mean ± S.D. from three independent biological
replicates. Mean values at each point with different letters (a,b,c,d) are significantly different according
to Tukey’s multiple range test (p b 0.05).
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2.2. Proteomic Analysis

Proteomic analysis was performed for identification of proteins that were affected in response to
the chemo-blended Ag NPs. Protein extraction was carried out on 11-day-old treated wheat plants and
analyzed through gel free/label free proteomic technique (Figure 1). The abundance of 49 proteins
was significantly changed when treated with Ag NPs mixed with organic and inorganic chemicals
(p < 0.05, Student’s t test). Out of these 49 proteins, 29 proteins increased (Table 1), while 20 proteins
decreased on Ag NPs exposure (Table 2). According to GO term analysis, 49 proteins related to
biological, cellular, and molecular processes were changed (Supplementary Figure S1). Analysis of
GO term revealed that proteins related to the metabolism in biological processes were decreased/
increased on chemo-blended Ag NPs exposure, while in case of cellular processes, membrane related
proteins were decreased/ increased on chemo-blended Ag NPs treatment (Supplementary Figure
S1). For molecular functions, proteins related to catalytic activity were changed with abundance
(Supplementary Figure S1).
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The changed proteins were functionally categorized through MapMan bin code analysis (Figure 3).
Proteins related to photosynthesis and protein synthesis were increased, while signaling, cell wall,
and stress related proteins were decreased. The majority of proteins related to glycolysis were decreased
in response to chemo-blended Ag NPs (Figure 3).

Figure 3. To determine the effect of Ag NPs mixed with organic and inorganic chemicals, MapMan
software and KEGG database were used (Supplementary Figure S2). The proteins significantly changed
were visualized through MapMan software (Supplementary Figure S2). Proteins related to cell wall,
secondary metabolism, amino acid metabolism, photosynthesis, glycolysis, starch/sucrose synthesis,
and lipid metabolism were significantly changed (Supplementary Figure S2).

Proteins related to photosynthesis, protein synthesis, secondary metabolism, and transport
were increased; while glycolysis, cell wall, and signaling-related proteins were decreased
with treatment of chemo-blended Ag NPs. Further analysis was carried out to check the
effect of chemo-blended Ag NPs on glycolysis. The identified proteins associated with
glycolysis were mapped through a KEGG database (Figure 4). Among the glycolysis-related
proteins, glyceraldehyde-3-phosphate dehydrogenase and glucose-6-phosphate-1-epimarase were
increased/decreased after the chemo-blended Ag NPs treatment (Figure 4).
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.
Figure 4. KEGG analysis of identified proteins on chemo-blended Ag NPs’ exposure. Pathway of
glycolysis mapped by KEGG based on identified proteins treated with chemo-blended Ag NPs. Wheat
plants were treated with Ag NPs mixed with organic and inorganic chemicals. Each square of black and
white indicates a decreased or increased response, respectively, in ratio compared with untreated plants.

2.3. Effect of Chemo-Blended Ag NPs on Antioxidant Enzyme Activity Analysis of Wheat

To confirm the proteomic results, antioxidant enzyme activities were analyzed. Antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) were measured
from fresh leaves of 11-day-old plants with and without chemo-blended Ag NPs. The results indicated
that SOD activity was significantly increased with chemo-blended Ag NPs as compared to the control
(Figure 5). CAT activity was also improved significantly on exposure to chemo-blended Ag NPs,
as compared to the control. CAT as an important antioxidant enzyme is involved in conversion of
H2O2 to water and oxygen, as well as scavenging of free radicals. (Figure 5). Similarly, POD activity
was increased two times with treatment of Ag NPs mixed with organic and inorganic chemicals
(Figure 5).

Figure 5. Effect of chemo-blended Ag NPs on the antioxidant activity of wheat. Wheat plants
were treated with and without chemo-blended Ag NPs for six days. To assay the enzymatic
activities, SOD, CAT and POD were extracted from leaves of wheat. Absorbance was recorded
with a spectrophotometer. The data are presented ± S.D. from three independent biological replicates.
The student t-test was used for statistical analysis. Significance between control and treated plants was
indicated by asterisks (P < 0.05).
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2.4. Effect of Chemo-Blended Ag NPs on Yield and Lifecycle of Wheat

Exploring the possible effects of Ag NPs blended with organic and inorganic chemicals on the
wheat yield, plants were treated without and with 5 ppm Ag NPs/10 ppm N.A/0.75% KNO3 at the
tillering stage and allowed to grow till maturity. The grains were harvested at maturity and number
of grains/spike, 100-grains weight, and yield was analyzed. Application of 5 ppm Ag NPs/10 ppm
N.A/0.75% KNO3 promoted number of grains/spike, 100-grains weight and yield when compared to
the control (Figure 6). Ag NPs blended with organic and inorganic chemicals promoted the production
of crop and increased net grain yield.

Figure 6. Effect of chemo-blended Ag NPs on yield and subsequent morphological assessment of the
next generation of wheat seeds. Thirty-two day old wheat plants were treated without or with 5 ppm
Ag NPs/10 ppm nicotinic acid/0.75% KNO3. Grains were harvested and number of grains/spike,
100-grains weight, and yield were analyzed. Seeds obtained from this life cycle were sown in sterilized
sand. Shoot length, shoot-fresh weight, root length, and root-fresh weight were analyzed on the
5th, 7th, and 9th day after sowing. The data are presented as mean ± S.D. from three independent
biological replicates. Mean value in each point with different letters are significantly different according
to Tukey’s multiple range test (P < 0.05).

Seeds obtained from this life cycle were used to analyze the transfer of chemo-blended Ag NPs
impact on the next generation through a morphological experiment. After sterilization, pre-soaking
and cold treatment, the seeds were sown in sterilized silica sand. Shoot length, shoot fresh weight, root
length, and root fresh weight were analyzed on the 5th, 7th, and 9th day after sowing. Shoot length
was higher with 5 ppm Ag NPs/10 ppm N.A/0.75% KNO3 as compared to control at the 7th and 9th
day (Figure 6). Shoot fresh weight was maximum on the 7th day and reduced on the 9th day with
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5 ppm Ag NPs/10 ppm N.A/ 0.75% KNO3. Root length was maximum with control, while root fresh
weight was maximum on the 7th day with 5 ppm Ag NPs/ 10 ppm N.A/ 0.75% KNO3 as compared
to the control (Figure 6). The results revealed no change in the morphology of the next generation of
wheat plants. These results indicated that the application of chemo-blended Ag NPs did not show
any inhibitory effect on the next generation. Normal and healthy plant growth was observed during
the experiment.

3. Discussion

3.1. Effect of Chemo-Blended Ag NPs on Morphological Attributes of Wheat

To elucidate the effects of Ag NPs blended with organic and inorganic chemicals on wheat growth,
wheat was treated with and without Ag NPs and blended Ag NPs. Wheat growth parameters were
promoted in response to different treatments as compared to the control. Phyto-stimulatory as well as
detrimental effects have been reported in several studies depending upon size and concentration of
NPs. Ag NPs increased the super oxide dismutase activity in Solanum lycopersicum [11], while various
concentrations of Ag NPs reduced plant biomass and transpiration [9]. Priming rice seeds with 5 ppm
and 10 ppm of Ag NPs significantly increased germination, seedling vigor, and alpha amylase activity,
resulting in higher soluble sugar contents [24]. Growth and photosynthesis were inhibited with 1 mM
and 3 mM of Ag NPs and AgNO3, respectively [25]. Application of Ag NPs resulted in the increase
in germination and chlorophyll contents of rice, maize and, peanut [26]. Low concentration such
as 40 ppm of Ag NPs increased in vitro growth of root and shoot growth of maize, while 60 ppm
concentration promoted the germination [12]. The present and earlier studies showed that NPs can
stimulate the growth of various crops when applied in diverse concentrations.

Ag NPs with concentration of 1 mg/kg in soil did not affect growth and amino acid contents
in wheat [27], while pea seeds treated with Ag NPs significantly promoted root length [28]. Coated
Ag NPs with CTAB increased uptake of Ag in the roots, while reducing root growth and oxidative
damages [7]. Ag NPs with 1000 μM and 3000 μM decreased growth, photosynthetic pigments,
and chlorophyll fluorescence due to increased accumulation of Ag in root and shoot of pea
seedlings [29]. Ag NPs reduced shoot length in mung bean [19] and barley [30], while germination of
lentil was increased [31]. In the present study, Ag NPs mixed with organic and inorganic chemicals
promoted growth of wheat. Individual effects of Ag NPs have been reported; however, Ag NPs mixed
with organic and inorganic chemicals have not been reported earlier. These results revealed that
Ag NPs can promote plant growth; therefore, fate and translocation of NPs to food chain needed
more exploration.

3.2. Chemo-Blended Ag NPs Affect Protein Metabolism of Wheat

Proteomic analysis revealed that proteins related to protein synthesis were increased in response
to Ag NPs mixed with organic and inorganic chemicals. Ag NPs increased proteins related to amino
acid metabolism compared to flooding stress in soybean [32]. Ribosomal proteins have very crucial role
in cell metabolism to regulate plant growth [33]. In stress conditions ribosomal proteins decreased [34]
but Al2O3 NPs increased abundance of proteins related to protein synthesis [35]. Iron NPs increased
photosynthesis and protein metabolism related proteins [36], while Ag NPs increased carbohydrates
and protein contents of Bacopamonnierei [10]. Treatment of Ag NPs caused variation of proteins
associated to endoplasmic reticulum and vacuole indicating the target organelles of Ag NPs [37]. These
results indicated that chemo-blended Ag NPs increased protein synthesis that lead to increased growth
and development of plants.

3.3. Chemo-Blended Ag NPs Affect Glycolysis of Wheat

Proteomic analysis showed that glycolysis related proteins were decreased in response to
chemo-blended Ag NPs. Glycolysis is an important metabolic pathway responsible for conversion
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of glucose to pyruvate for production of energy [38]. In this process, energy is released from high
energy molecules to regulate normal functions of plant growth and development. Plants change
carbohydrate metabolic pathways to support ATP production through glycolysis [39]. In glycolysis,
glyceraldehyde dehydrogenase converts glucose to energy and carbon molecules for metabolism
of glycogen [40]. Proteins related to glycolysis were decreased in soybean upon exposure to Ag
NPs [32], while increased with iron and copper NPs [41]. Taken together, these results suggest that
glycolysis related proteins regulate energy metabolism in wheat through glyceraldehyde -3-phosphate
dehydrogenase and phosphoenol pyruvate carboxylase.

3.4. Impact of Chemo-Blended Ag NPs on Scavenging Activity of SOD, CAT, and POD

Reactive oxygen species (ROS) are an intricate part of normal cellular physiology. ROS inhibit
multiple glycolytic enzymes, including glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase
M2, and phosphofructokinase-1. Consistently, glycolytic inhibition promotes flux into the oxidative
arm of the pentose phosphate pathway to generate NADPH [42]. Redox homeostasis in plants
is maintained through antioxidant machinery such as SOD, CAT, POD, and some low molecular
non-enzymatic compounds like phenolics, flavonoids, terpenoids, tocopherols, and carotenoids [43].
SOD, CAT, and POD are important antioxidant enzymes having indispensable role in ROS
detoxification. Generally, antioxidant enzymes such as SOD, CAT, and POD alter in response to
change in ROS concentration [44]. SOD converts O2

− radicals to H2O2, and then H2O2 reduces to
water and oxygen by CAT and POD. Therefore, it is the first line of defense system which prevents the
cell from further injuries [45].

Exposure of NPs to plants resulted in cellular production of ROS [4]. Ag NPs increased SOD,
CAT, and POD activities in Spirodela polyoriza [46], while activities of these enzymes remain same
with high concentration of Al2O3 NPs [47]. Application of Ag NPs increased SOD, CAT, and POD
activities in water hyacinth, while CAT and POD reduced production of ROS in Bacopa monirei [10].
Exposure of Ag NPs increased SOD, CAT, and POD in water hyacinth plant roots [48], while level of
lipid per oxidation was reduced through increased activity of SOD, CAT, and POD in Phanerochaete
chryosporium [49]. Ag NPs mixed with organic and inorganic chemicals increased SOD, CAT, and POD
activities. In our study, glycolysis related proteins were decreased; however, activities of these proteins
were increased due to stimulation of enzyme activities.

3.5. Effect of Chemo-Blended Ag NPs on Yield and Growth of Next Generation

To study the possible role of blended Ag NPs on yield and yield components of wheat, wheat
plants were treated with Ag NPs mixed with organic and inorganic chemicals. Wheat yield was
promoted with blended Ag NPs. In another study, it has been reported that Ag NPs of low doses
25–50 mg kg−1 increased chlorophyll contents, nitrate reductase, and Phaselous vulgaris pod yield [50].
Ag NPs increased number of grains/spike, 100-grains weight, and yield of wheat, while exposure of Fe
and Cu NPs promoted yield and yield attributes of wheat [51]. Cesium NPs increased fruit production
in tomato [52], while it reduced yield in cucumber [53]. Copper NPs increased number of grains/spike,
100-grains weight, and yield of wheat [54], while Ag NPs increased yield of cucumber [55]. Nano
iron oxide increased pod dry weight and grain yield of soybean [56], while low concentration of Ag
NPs did not affect growth and ascorbic acid contents of wheat seeds [27]. Ag NPs with magnetic
field increased muskmelon fruit quality, yield, and soluble solid concentration [57]. Zinc oxide NPs
coated with natural phytochemicals increased growth, biochemical parameters, and biomass of cotton
significantly [58]. From these results, it can be concluded that application of NPs blended with organic
and inorganic chemicals have great potential for increasing yield and yield attributes of plants.

In the present experiment, lifecycle study was carried out through application of Ag NPs blended
with organic and inorganic chemicals. Seeds obtained from this life cycle were germinated and
analyzed for growth responses. In a related study, treatment of radish plants with copper oxide and
zinc oxide NPs through their life cycle indicated that root length, shoot length, and biomass in F1
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seedlings were reduced [19]. A low concentration of cesium oxide NPs through their lifecycle on seed
quality and next generation seedlings was obtained from treated parent plants with smaller biomass,
reduced water transpiration and high ROS [52]. Multi-generational exposure of cesium oxide NPs to
Brassica rapa showed slower plant growth and reduced biomass in the second and third generations.
The number of seeds produced per siliqua was reduced in the third generation [47]. Pumpkin
plants grown in an aqueous medium containing magnetite iron oxide NPs can absorb, translocate,
and accumulate particles in plant tissues [59]. Ajirloo et al. [60] reported that a nanofertilizer of
potassium and nitrogen increased growth, yield, and yield components of tomato. In the present study,
plant growth was not affected; thus, chemo-blended Ag NPs act like a fertilizer, with no toxic effects
on the next generation. Therefore, the current results provide future directions on cross generation
studies related to NPs, in a bid to clearly understand the interaction of NPs and the environment.

4. Materials and Methods

4.1. Preparation of Chemo-Blended Nanoparticles

Ag NPs were synthesized by the reduction of silver nitrate (AgNO3) with trisodium citrate
dihydrate (Na3C6H5O7. 2H2O). A solution of 500 ppm AgNO3 (Sigma-Aldrich, Munich, Germany)
and 300 ppm Na3C6H5O7 (Merck, Darmstadt, Germany) were prepared. Prior to mixing of both
solutions, AgNO3 solution was heated at 80 ◦C on a hot plate for 10 min. Trisodium citrate solution
was gradually added to the AgNO3 solution and mixed thoroughly. The resultant solution was stirred
at 7000× g for 1 h at 80 ◦C using a magnetic stirrer until a golden yellow color was attained [61].
Freshly prepared Ag NPs were analyzed through scanning electron microscopy image analysis.

Chemo-blended Ag NPs were prepared by mixing organic and inorganic chemicals. For the
preparation of chemo-blended Ag NPs, Ag NPs, nicotinic acid (Sigma Aldrich, Darmstadt, Germany),
and KNO3 (Sigma Aldrich, Darmstadt, Germany) were used. Different concentrations of 5 ppm Ag
NPs, 10 ppm nicotinic acid, and 0.75% KNO3 were mixed in various combinations to prepare the
blended NPs.

4.2. Plant Material and Treatment

Seeds of wheat (Triticum aestivum L. varPunjab-2011) were used to study the effects of Ag NPs
mixed with organic and inorganic chemicals on the morphological and proteomic analysis of wheat.
The seeds were sterilized with 2% sodium hypochlorite solution, followed by rinsing twice with water.
After cold treatment at 4 ◦C, the seeds were sown in a plastic case containning pre-sterilized silica
sand. Healthy and equal size seedlings were selected and placed on petridishes containing two layers
of filter papers, covered by a sponge. Growth conditions were maintained as 16 h light intensity of
200 μmol m−2 s−1 and 8 h dark with 20% humidity at 25 ◦C. Six-day-old wheat seedlings were treated
with and without 5 ppm Ag NPs, 5 ppm Ag NPs/10 ppm nicotinic acid, 5 ppm Ag NPs/0.75% KNO3

and 5 ppm Ag NPs/10 ppm nicotinic acid/0.75% KNO3. Shoot length, shoot-fresh weight, root length,
and root-fresh weight were analyzed on the 9th, 11th, and 13th day after sowing. Three independent
experiments were performed as biological replicates for all experiments. The plants used for biological
replicates were sown on different days (Figure 1).

An experiment was conducted to evaluate the response of blended Ag NPs on yield of wheat. The
seeds were sterilized and pre-soaked for two days. After cold treatment at 4 ◦C for one day, the seeds
were sown in clay pots filled with fertile and thoroughly mixed soil. Thirty two-day-old plants were
treated without and with blended nanoparticles, 5 ppm Ag NPs/10 ppm nicotinic acid/0.75% KNO3.
Proper irrigation was managed during the critical stages of crop growth. Number of grains/spike,
100-grains weight and yield were analyzed after harvesting complete ripened grains from the spikes
(Figure 1).

Seeds obtained from the above lifecycle were used for a morphological experiment. Sterilization
was carried out with 2% NaOCl solution for 2 min followed by rinsing and pre-soaking for 2 days.
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After cold treatment at 4 ◦C for one day, the seeds were sown and allowed to grow in growth chamber
at 25 ◦C, illuminated with white flourescent light of 200 μmol m−2 s−1 for 16-h light/day. Growth
parametres such as shoot length, shoot-fresh weight, root length, and root-fresh weight were analyzed
on the 5th, 7th, and 9th day after sowing. Three independent experiments were performed as biological
replicates for all experiments. Sowing of seeds were carried out on different days to make biological
replicates (Figure 1).

4.3. Protein Extraction

A portion (300 mg) of the sample was cut and ground for 60 times in a filter cartridge. It was
ground for 30 times after adding 100 μL of lysis buffer containing 7 M urea, 2 M thiourea, 5% CHAPS,
and 2 mM tributylphosphine. Furthermore, 50 μL of lysis buffer was added and ground for 30 times.
The suspension was incubated for 2 min at 25 ◦C and centrifuged at 15,000× g for 2 min at 25 ◦C. Later
on, the filter cartridge was removed and the supernatant was collected as total proteins.

4.4. Protein Enrichment, Reduction, Alkylation and Digestion

Extracted proteins (100 μg) were adjusted to a final volume of 100 μL. Methanol (400 μL) was
added to each sample and mixed before addition of 100 μL of chloroform and 300 μL of water. After
mixing and centrifugation at 20,000× g for 10 min to achieve phase separation, the upper phase was
discarded and 300 μL of methanol was added to the lower phase, and then centrifuged at 20,000× g
for 10 min. The pellet was collected as the soluble fraction [62]. The proteins were resuspended
in 50 mM NH4HCO3, reduced with 50 mM dithiothreitol for 30 min at 56 ◦C, and alkylated with
50 mM iodoacetamide for 30 min at 37 ◦C in the dark. Alkylated proteins were digested with trypsin
(Wako, Osaka, Japan) at a 1:100 enzyme/protein ratio for 16 h at 37 ◦C. Peptides were desalted with a
MonoSpin C18 Column (GL Sciences, Tokyo, Japan). Peptides were acidified with 0.1% formic acid
and analyzed by nano-liquid chromatography (LC) mass spectrometry (MS)/MS.

4.5. Measurement of Protein and Peptide Concentrations

The method proposed by Bradford [63] was used to determine the protein concentration with
bovine serum albumin used as the standard. A Direct Detect Spectrometer (Millipore, Billerica,
MA, USA) equipped with the Direct Detect software (version 3.0.25.0) was used to determine
peptide concentration.

4.6. Protein Identification Using Nano LC-MS/MS

The samples were then analyzed using a LC system (EASY-nLC 1000; Thermo Fisher Scientific)
coupled to a MS (Orbitrap Fusion ETD MS; Thermo Fisher Scientific). The LC conditions as well as
MS acquisition conditions are described in the previous study [64]. Briefly, the peptides were loaded
onto the LC system equipped with a trap column (Acclaim PepMap 100 C18 LC column, 3 μm, 75 μm
ID × 20 mm; Thermo Fisher Scientific) equilibrated with 0.1% formic acid and eluted with a linear
acetonitrile gradient (0–35%) in 0.1% formic acid at a flow rate of 300 nL/min. The eluted peptides
were loaded and separated on the column (EASY-Spray C18 LC column, 3 μm, 75 μm ID × 150 mm;
Thermo Fisher Scientific) with a spray voltage of 2 kV (Ion Transfer Tube temperature: 275 ◦C). The
peptide ions were detected using the MS with the installed Xcalibur software (version 4.0; Thermo
Fisher Scientific).

4.7. MS Data Analysis

The MS/MS searches were carried out using MASCOT (Version 2.6.1, Matrix Science, London,
U.K.) and SEQUEST HT search algorithms against the UniProtKBTriticumaestivum database
(2017-07-05) using Proteome Discoverer (PD) 2.2 (Version 2.2.0.388; Thermo Scientific). The search
parameters were described previously [64].
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4.8. Differential Analysis of Proteins Using MS Data

Label-free quantification was also performed with PD 2.2 and the differential analysis of the
relative abundance of proteins between samples was performed using the PERSEUS software
(version 1.6.0.7) [65], as previously described [64].

4.9. Functional Categorization

The protein sequences of the differentially changed proteins were subjected to a BLAST query
against the Ami gene ontology (GO) database (http://amigo1.geneontology.org/cgi-bin/amigo/
blast.cgi). The corresponding GO terms were extracted from the most homologous proteins using a
Perl program. The GO annotation results were plotted by the Web Gene Ontology Annotation Plot
(WEGO) (http://wego.genomics.org.cn/cgi-bin/wego/index.pl) tool by uploading compiled WEGO
native format files containing the obtained GO terms. The gene functional annotations and protein
categorization was analyzed using MapMan bin codes [66] and protein abundance ratio was assessed
through MapMan software [67]. The MapMan software is generally linked with several external
databases, which enable accurate measurement (http://mapman.gabipd.org). Pathway mapping
of identified proteins was performed using Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases [68] (http://www.genome.jp/kegg/).

4.10. Analysis of Superoxide Dismutase, Catalase Activity, and Peroxidase in Response to Chemo-Blended Ag NPs

For analyses of change in enzyme activities on chemo-blended Ag NPs, fresh leaves (0.5 g)
were ground in liquid nitrogen and homogenized in sodium phosphate buffer. The homogenate was
centrifuged at 12,000× g for 15 min at 4 ◦C, and supernatant was collected in another tube. SOD activity
was assessed by the method illustrated by Beauchamp and Fridovich [69] with little modifications.
Catalase (CAT) activity was measured by the method described by Aebi and Bergmeyer [70] by
analyzing decrease in H2O2 content at 240 nm with slight modifications. Peroxidase (POD) activity
was analyzed using the guaiacol oxidation method by Li et al. [71].

4.11. Statistical Analysis

Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison among
multiple groups using SPSS (version 22.0; IBM). A p-value of less than 0.05 was considered as
statistically significant. Student t-test was used for comparison between two groups for statistical
analysis. Significance (P < 0.05) among groups was indicated through asterisks.

5. Conclusions

Production and utilization of NPs are increasing in the eco-system. Plants as primary components
of eco-system are more prone to accumulation of NPs, indicating the importance of the interaction
of NPs with plants and the environment. The phytostimulatory effects of Ag NPs have been
reported in several studies; however, the effects of chemo-blended Ag NPs have not been explored
earlier. To investigate the mechanism of the effect of chemo-blended Ag NPs on wheat growth,
a gel-free/label-free proteomic technique was used. The key findings of the current study are
as follows: (i) The morphological analysis depicted that chemo-blended Ag NPs increased plant
growth. (ii) Proteins related to secondary metabolism, protein synthesis, and transport were
increased. (iii) Number of proteins related to glycolysis, signaling, and cell wall were decreased.
(iv) Similarly, proteins related to redox and mitochondrial ETC also decreased. (v) In glycolysis,
glyceraldehyde-3-phosphate dehydrogenase increased/decreased, while phosphoenol pyruvate
carboxylase decreased. (vi) Enzymatic activities of SOD, POD, and CAT increased when chemo-blended
AgNPs were tested on wheat. (vii) Chemo-blended Ag NPs promoted yield and yield components of
wheat. (viii) Morphological analysis of the next generation showed normal growth without any toxic
effects. Furthermore, maintenance of redox homeostasis through regulation of glycolysis and increased
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activities of antioxidant enzymes regulates energy metabolism. This maintenance of energy-related
activities may stimulate plant growth and development in response to chemo-blended Ag NPs.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/4/825/
s1.
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Abstract: Plant-derived smoke has effects on plant growth. To find the molecular mechanism of
plant-derived smoke on maize, a gel-free/label-free proteomic technique was used. The length
of root and shoot were increased in maize by plant-derived smoke. Proteomic analysis revealed
that 2000 ppm plant-derived smoke changed the abundance of 69 proteins in 4-days old maize
shoot. Proteins in cytoplasm, chloroplast, and cell membrane were altered by plant-derived smoke.
Catalytic, signaling, and nucleotide binding proteins were changed. Proteins related to sucrose
synthase, nucleotides, signaling, and glutathione were significantly increased; however, cell wall,
lipids, photosynthetic, and amino acid degradations related proteins were decreased. Based on
proteomic and immunoblot analyses, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
was decreased; however, RuBisCO activase was not changed by plant-derived smoke in maize shoot.
Ascorbate peroxidase was not affected; however, peroxiredoxin was decreased by plant-derived
smoke. Furthermore, the results from enzyme-activity and mRNA-expression analyses confirmed
regulation of ascorbate peroxidase and the peroxiredoxinin reactive oxygen scavenging system. These
results suggest that increases in sucrose synthase, nucleotides, signaling, and glutathione related
proteins combined with regulation of reactive oxygen species and their scavenging system in response
to plant-derived smoke may improve maize growth.

Keywords: proteomics; maize; plant-derived smoke; shoot

1. Introduction

Maize is highly commercial crop, being a major source of food, feed, biofuel, and industrial
products [1]. It is the most diverse crop analyzed at morphological and molecular levels [2]. Maize
is an ideal crop for genomic studies because it exhibits a high level of genetic diversity and many
structural variations [3]. Structural changes and genetic diversity play a key role in the morphology of
maize [4]. Maize plant has a very large size genome with a complex organization [5,6]. These findings
indicate the importance of maize genetic diversity for the manipulation of new resistant and high
yielding varieties.
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Fire is documented as ecological factor in ecosystems, because many forest plant species’ life
cycles depend on fire [7]. Fire products, which are heat, chemicals, ash, and smoke, have been widely
identified as germination cues for different species from both fire-prone and fire-free ecosystems [8].
Plant-derived smoke contains active compounds to promote seed germination of crops [9]. The karrikins
and cyanohydrins are identified as germination stimulants present in smoke [9]. These compounds have
extensive implications for horticulture, weed control, conservation, and restoration [10]. Plant-derived
smoke is a plant growth stimulant obtained from burning of wide variety of biotic sources including
leaf, shoot, and straw [11]. These results indicate that plant-derived smoke and compounds isolated
from smoke are vital stimulants for germination and plant growth.

Plant-derived smoke stimulated seed germination in 1200 plant species from more than 80 genera
of different families [10] including crops [12], medicinal plants [13], and fruit [14]. The promotive effects
of plant-derived smoke are independent of seed size, shape, and type [11]. In addition to stimulating
seed germination, plant-derived smoke enhanced the seedling length/weight of different crops [15] and
pollen germination/tube elongation of flowers belonging to different plant families [16]. Plant-derived
smoke induces many changes in seeds, including sensitivity of seeds to phytohormones [17] and
increased permeability by softening the seed coat [18]. These findings highlight the promotive effects
of plant-derived smoke on plant morphology.

Different physio-chemical contents of plants have been reported to be increased by plant-derived
smoke solution [19]. This solution has stimulatory effects on photosynthesis in Isatis indigotica seedlings
by enhancing carbon dioxide fixation, the transpiration rate, gaseous exchange, stomatal conductance,
and photochemical activities [20]. In addition, total soluble proteins, chlorophyll a/b, total carotenoids,
and total nitrogen contents were also increased in smoke treated rice seedlings [21]. Positive effects of
plant-derived smoke were also observed on seed germinating enzyme activities in different grasses [22].
This smoke improved the plant-defense system by increasing flavonoids, tannins contents, and level
of phenolics [23]. It is presumed that the stimulatory effects of plant-derived smoke are due to its
close relation with plant growth regulator [24]. Despite these findings, the mechanism underlying
these physiological changes remains unclear and needs an in-depth study to find plant-derived smoke
effects on the physiological processes of plants.

Various morphological and physiological studies were conducted to analyze the effects of
plant-derived smoke on plants growth; however, its mechanism of action on plant growth has not
been investigated yet. The present study is focused on investigating the effects of plant-derived smoke
on the initial seedling-stage of maize. Morphological analysis was performed on maize seedlings
raised from smoke treated seeds. Based on these morphological results, a gel-free/label-free proteomic
analysis was applied to assess the effects of plant-derived smoke solution on maize-shoot. It attempted
to explore some clues about the response mechanism of plants towards plant-derived smoke solution
at molecular level. In order to further validate and peep into the results at the molecular level,
immunoblot, enzyme-activity, and mRNA-expression analyses were performed in a continuation of
proteomic results.

2. Results

2.1. Morphological Effects of Plant-Derived Smoke on Maize Growth

To investigate the effects of plant-derived smoke on maize growth, morphological analysis was
performed. Seeds were soaked without or with 1000 ppm, 2000 ppm, and 4000 ppm plant-derived
smoke for 6 h. Length and fresh weight of shoot and root were measured for 4, 6, and 8 days
after sowing (Figure 1). The seed germination percentage was significantly increased by 2000 ppm
plant-derived smoke as compared to control while 4000 ppm plant-derived smoke did not affect
germination percentage (Figure 2). Length and fresh weight of shoot were increased by treatments of
1000 ppm and 2000 ppm plant-derived smoke 4 days after sowing (Figure 3). The length of the root
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was increased more by the 1000 ppm treatment than by the control as indicated in Figure 3; and the
increase was not significant with the 2000 ppm treatment.

The fresh weight of the root was not significantly changed by 1000 ppm or 2000 ppm treatment
compared to untreated plant (Figure 3). The length and fresh weight of root were not affected by
plant-derived smoke concentrations 6 days after sowing. Treatment with 4000 ppm plant-derived
smoke did not affect THE length and fresh weight of shoot and root compared to an untreated plant.

Figure 1. Experimental design for the effects of plant-derived smoke on maize growth. Maize seeds
were soaked without or with 1000 ppm, 2000 ppm, and 4000 ppm plant-derived smoke for 6 h and
grown in sand. For morphological analysis, germination ratio, shoot/root length, and weight were
measured at 2, 4, 6, and 8 days. For proteomic analysis, maize seeds were soaked with 2000 ppm
plant-derived smoke for 6 h. Shoot was collected after 4 days. Proteins were extracted, reduced,
alkylated, digested, and analyzed by nano LC-MS/MS. For western blotting, maize seeds were soaked
without or with 1000 ppm, 2000 ppm, and 4000 ppm plant-derived smoke for 6 h and grown in sand.
Shoot was collected and proteins were extracted after 4 days for immune blotting analysis.

352



Int. J. Mol. Sci. 2019, 20, 1319

Figure 2. Germination percentage of maize seeds treated with plant-derived smoke. Maize seeds
were soaked without or with 1000 ppm, 2000 ppm, and 4000 ppm plant-derived smoke for 6 h (A,B).
The images in (A) correspond to data bars in (B). (A) The above row shows seeds, just after presoaking,
while below row shows seeds, 2 days after presoaking. (B) Germination percentage was recorded after
2 days. The data are presented as the mean ± S.D. from 4 independent biological replicates. Different
letters indicate that the change is significant as determined by one-way ANOVA followed by Tukey’s
multiple comparison (p < 0.05).

Figure 3. Morphological changes in maize treated with plant-derived smoke. Maize seeds were soaked
without or with 1000 ppm, 2000 ppm, and 4000 ppm plant-derived smoke for 6 h and sown in sand for
4, 6, and 8 days. The length and fresh weight of shoot and root were measured. The data are shown
as means ± S.D. from 4 independent biological replicates. Different letters indicate that the change is
significant as determined by one-way ANOVA followed by Tukey’s multiple comparison (p < 0.05).

2.2. Functional Classification of Differentially Abundant Proteins in Maize Treated with Plant-Derived Smoke

Maize seeds were treated with 2000 ppm plant derived smoke solution and were grown for
4 days. Proteins were extracted from the 4-days old maize shoot and proteomic response was then
investigated. The criteria for significantly changed proteins were 2 or more than 2 matched peptides
with a p-value less than 0.05. Gel-free/label-free proteomic analysis revealed that a total of 69 proteins
were significantly changed by 2000 ppm plant-derived smoke (Table 1). Results showed that in the
biological process category, metabolic related proteins were prominently changed as compared to other
categories (Figure S1). For the cellular compartment, cytoplasm localized proteins were significantly
changed by plant-derived smoke (Figure S1). For the molecular function, the proteins with catalytic
activity were more significantly changed than the other categories (Figure S1).
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To determine the function of proteins in response to the plant-derived smoke solution, functional
classification of identified proteins was performed using MapMan bin codes (Figure 4). It was found
that 1 and 11 proteins involved in protein synthesis, degradation, post-translational modification,
targeting and folding were increased and decreased, respectively, in response to plant-derived smoke
solution. Plant-derived smoke treatment increased one and decreased two proteins related to redox
homeostasis. Three proteins related to signaling and 4 transport related proteins were also increased,
while RNA, amino acid metabolism and lipid metabolism related proteins were decreased in maize
shoot in response to the plant-derived smoke solution (Figure 4).

Figure 4. Categorization of identified proteins on the basis of their function in maize shoot in response
to plant derived smoke solution. Maize seeds were treated without or with 2000 ppm plant-derived
smoke solution for 6 h and grown for 4 days. Proteins were extracted from shoot and identified
using a gel-free/label-free proteomic technique. Mapman bin code software was used to categories all
the identified 69 proteins. Categories containing zero proteins are marked with (−). Abbreviations:
protein, protein synthesis/degradation/ post-translational modification/targeting/folding; cell, cell
division/organization/vesicle transport; RNA, RNA processing/ transcription/binding; Redox, redox
homeostasis; The “Others” category includes proteins related to N-metabolism, cellular homeostasis,
response to stimulus, cytoplasm, fermentation, DNA, nucleotide binding, and metal ion binding.

2.3. Pathway Analysis of Identified Proteins in Maize Treated with Plant-Derived Smoke

The plant-derived smoke treatment significantly changed some proteins. To visualize these
proteomic results in the context of pathways and processes, MapMan software was used (Figure S2).
Proteins associated with starch/sucrose, glutathione and nucleotide biosynthesis were significantly
increased; while, ascorbate, photosynthetic, lipids, and cell wall related proteins were decreased in
response to plant-derived smoke (Figure S2).

2.4. Immuno-Blot Analysis of Proteins Involved in Redox Homeostasis and Photosynthesis

To find out abundance level of large and small RuBisCO subunits, RuBisCO activase, ascorbate
peroxidase, and peroxiredoxin in maize shoot, immunoblot analysis was performed. Maize seeds
were treated without or with 1000 ppm, 2000 ppm, and 4000 ppm plant-derived smoke and proteins
were extracted from shoot after 4 days of sowing (Figure 1). Plant-derived smoke did not affect the
abundance of 37-kDa RuBisCO activase while decreasing the abundance of RuBisCO large subunit
in shoot of 4-day-old plants treated by 2000 ppm and 4000 ppm (Figure 5). Abundance of 55 kDa
ascorbate peroxidase was not affected by different treatments of plant-derived smoke; while, 2000 ppm
and 4000 ppm plant-derived smoke very slightly decreased the abundance of 37-kDa peroxiredoxin
compared to 1000 ppm and the control (Figure 6).
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Figure 5. Effect of plant-derived smoke on RuBisCO subunits and activase enzymes in maize. Maize
seeds were treated without or with 1000, 2000, and 4000 ppm plant-derived smoke for 6 h and sown in
sand. Proteins were extracted from 4-days old maize shoot. ImageJ software was used to determine
relative proteins intensities. Data are shown as means ± S.D. Different alphabets showing the statistical
level of significance as determined by one-way ANOVA followed by Tukey’s multiple comparison
(p < 0.05). In images, ‘M’ is used for marker.

Figure 6. Effect of plant-derived smoke on redox-homeostasis related proteins in maize. Maize seeds
were treated without or with 1000, 2000, and 4000 ppm plant-derived smoke for 6 h and grown for
4 days. Proteins extracted from shoot were separated by SDS-polyacrylamide gel electrophoresis
and transferred onto polyvinylidine difluoride membranes. The membranes were incubated with
anti-RuBisCO large/small subunits and anti-RuBisCO activase antibodies. The relative intensities of
bands were calculated using ImageJ software. Data are shown as means ± S.D. from 3 independent
biological replicates. Different letters indicate that the change is statistically significant as determined
by one-way ANOVA followed by Tukey’s multiple comparison (p < 0.05). In images, “M” is used
for marker.
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2.5. Effect of Plant-Derived Smoke on Enzymatic Activities and Gene Expression of Maize

To investigate the effects of plant-derived smoke on ROS scavenging enzymes, enzymatic
analysis was performed. Seeds were soaked in without or with 1000 ppm, 2000 ppm, and 4000 ppm
plant-derived smoke for 6 h and maize shoot was collected 4 days after sowing (Figure 1). Results
showed that 1000 ppm, 2000 ppm, and 4000 ppm plant-derived smoke did not change activity of
ascorbate peroxidase as compared to the control (Figure 7A). On the other hand, treatments 1000 ppm
and 2000 ppm and 4000 ppm slightly, but significantly affected the activity of peroxiredoxin with
a significant decrease compared to the control (Figure 7A).

Figure 7. Effect of plant-derived smoke on enzymatic analysis and expression level of ascorbate
peroxidase and peroxiredoxin gene in maize shoot. Maize seeds were treated without or with 1000 ppm,
2000 ppm, and 4000 ppm plant-derived smoke for 6 h and sown. Activities of ascorbate peroxidase
(APX) and peroxiredoxin (PRX) were measured in 4-day old maize shoot (A). For gene expression level,
RNAs extracted from maize shoot at 3rd day of treatment were analyzed by qRT-PCR (B). Relative
mRNA abundances of ascorbate peroxidase and peroxiredoxin were normalized against 18S rRNA
abundance. The data are shown as means ± S.D. from 4 independent biological replicates. White and
black bars indicate ascorbate peroxidase (APX) and peroxiredoxin (PRX), respectively. Different letters
indicate that the change is significant as determined by one-way ANOVA followed by Tukey’s multiple
comparison (p < 0.05).

To check the specific expression pattern of genes encoding ascorbate peroxidase and peroxiredoxin,
their mRNA levels in maize shoot were analyzed. Shoot total RNA was extracted, and qRT-PCR
was performed. The 18S rRNA was used as an internal control on qRT-PCR. Results revealed that
1000 ppm, 2000 ppm and 4000 ppm plant-derived smoke did not significantly affect the expression
level of ascorbate peroxidase (Figure 7B); however, the expression level of peroxiredoxin was regulated
with decreased expression at the transcript level in response to plant-derived smoke (Figure 7B).
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3. Discussion

3.1. Effect of Plant-Derived Smoke on Morphology of Maize

Plant-derived smoke increased seed germination in different plant species [25]. Soós et al. [26]
reported that plant-derived smoke enhanced the post-germination growth of maize. In this study,
2000 ppm plant-derived smoke significantly increased the seed germination percentage; furthermore,
shoot/root length/fresh weight were also increased in maize. Aslam et al. [27] reported that
plant-derived smoke increased the germination percentage, shoot/root length, and fresh weight
of maize. Furthermore, plant-derived smoke treated maize developed vigorous seedling and fresh
weight [28]. Abu et al. [29] reported that priming seeds in low concentrations of plant-derived smoke
increased the germination percentage and seedling length in wild rye. On the other hand, high
concentrations of plant-derived smoke reduced germination and shoot/root growth in lettuce [30].
In this study, 4000 ppm plant-derived smoke did not affect maize seed germination and shoot/root
length/fresh weight (Figures 2 and 3). This finding is similar to previous results revealing that
plant-derived smoke inhibited seed germination percentage at higher concentrations.

Plants treated with 2000 ppm plant-derived smoke and 10−8 M karrikins produced vigorous
shoot and increased leaf area in Eucomis autumnalis [31]. The vigorous shoot and high leaf area
enhanced photosynthetic activities in plants [31]. Flematti et al. [32] reported that plant-derived smoke
containing karrikins enhanced germination percentage and shoot length/fresh weight in Solanum
orbiculatum. Plant-derived smoke improved the shoot length and fresh weight in several plants,
including acacia [33], onion [34], and milk thistle [35]. Our results are in accordance with previous
findings suggesting that plant-derived smoke increases shoot length and fresh weight. Based on
these results, 4-days old shoot raised from maize seeds treated by 2000 ppm plant-derived smoke was
selected for gel-free/label free proteomic analysis.

3.2. Positive Effect of Plant-Derived Smoke on Cytoskeleton Related Proteins in Maize

With treatment of plant-derived smoke, the fold change of cytoskeleton related proteins such
as profilin and actin was significantly increased compared to protein abundance of untreated plant
(Table 1). The plant cytoskeleton plays an important role in many biological processes, including cell
division, expansion, organogenesis, tip growth, and intracellular signaling [36]. The actin cytoskeleton
proteins are concerned with the establishment and maintenance of cell polarity, and responses to
numerous environmental stimuli [37]. Profilin promoted F-actin elongation which played an important
role in the mobility and cell contraction during cell division [38]. Profilins are multifunctional
proteins according to their abundance and locations [39]. Furthermore, profilin is associated with
plasma membrane during development of microspores, pollens, and playing vital role in signal
transduction [40]. The present results confirmed that seed priming in plant-derived smoke promoted
shoot cytoskeleton proteins, which are necessary for cell division, signaling, and pollens development.

3.3. Effect of Plant-Derived Smoke on Photosynthetic Proteins in Maize

Plant derived smoked changed 8 photosynthesis related proteins with different regulation.
RuBisCO is the most abundant protein on earth playing key role in photosynthesis having CO2

fixation function [41]. Strong reduction was observed in activity of RuBisCO under drought stress [42].
Khodadadi et al. [43] observed that the activity of RuBisCO was reduced under drought stress. Another
study reported that RuBisCO is responsive to stresses and the rapid loss of its activity caused by
drought in sunflower [44]. Beside drought, cold stress also reduced the activity of RuBisCO, suggesting
damage to the chloroplasts and a decrease in the rate of photosynthesis under these conditions.
In plant-smoke derived compounds, karrikins also decreased RuBisCO in Arabidopsis [45]. The present
immunoblot result revealed that RuBisCO activase is not affected by plant-derived smoke; however,
a RuBisCO large subunit was decreased by plant-derived smoke. It may be possible that plant-derived

360



Int. J. Mol. Sci. 2019, 20, 1319

smoke plays an inhibitory role at higher concentrations. It is also possible that this short period of
presoaking in plant-derived smoke is not enough to activate the RuBisCO activase enzyme.

3.4. Effect of Plant-Derived Smoke on Scavenging Activity through the Ascorbate/Glutathione Pathway
in Maize

Ascorbate and glutathione are main antioxidants in the leaves of maize [46]. The fundamental
role of these compounds is linked to scavenging a broad range of reactive oxygen species generated
under stress conditions in plants [47]. It participates in scavenging of hydrogen peroxide [48]. Selote
and Chopra [49] reported that drought stress increased the amount of glutathione in rice. It is reported
that ascorbate peroxidase was decreased under flooding conditions [50]. Present results revealed that
ascorbate is decreased while glutathione is increased at the proteomic level. These results suggest that
plant-derived smoke seed pretreatment may have positive effects on glutathione pool in the maize
seedlings that might be helpful in achieving better performance during stress responses.

3.5. Effect of Plant-Derived Smoke on Enzymatic Activities of Maize

Ascorbate peroxidase and peroxiredoxin are important enzymes that are present in the plant
kingdom [51]. The exposure of plants to unfavorable environmental conditions increases the
production of reactive oxygen species such as hydrogen peroxide, and hydroxyl radical [52].
The reactive oxygen species detoxification process in plants is essential and occurs due to different
enzymes like ascorbate peroxidase and peroxiredoxin in plant cells and their organelles [52]. Ascorbate
peroxidase utilizes ascorbate as a specific electron donor to reduce hydrogen peroxide to water [53].
Experimental evidence has proven that during the metabolism process, antioxidant enzymes are also
produced to balance metabolism [54]. On the other hand, peroxiredoxins constitute the most recently
identified group of hydrogen peroxide -decomposing antioxidant enzymes [55]. It is reported that
plant-derived smoke decreased scavenging enzymes activity in maize [56]. Another redox homeostasis
enzymes, thioredoxins (Trxs) was also affected by plant-derived smoke treatments. It is a small and
widely distributed protein with a conserved active site, which controls the redox status of target
proteins through thiol-disulfide exchange reactions [57]. In plants, it has a fundamental role in
a number of cellular processes, including seed germination, carbon assimilation, lipid metabolism,
hormone metabolism, redox signaling, and stress response [57]. The present results are in accordance
with the previous reports and showed that plant-derived smoke did not significantly affect the
activities of ascorbate peroxidase and that peroxiredoxin activities were decreased, which revealed
that plant-derived smoke is a growth promoter and stress suppressor, which decreases the production
of stress responsive hormones.

Antioxidants are mostly expressed to cope with stressed situations and their expression also
has positive effects on the activation of enzymes related to plant growth [58,59]. In the present
study, plant-derived smoke is behaving as a growth promoter and thus did not affected ascorbate
peroxidase enzyme levels (Figure 7A). Auxins might not affect or could promote increases in the
activity of antioxidant enzymes regulating ROS levels, which could be associated with the activation of
embryo/organogenesis [60]. It might be suggested from the results that treatment with plant-derived
smoke could markedly enhance the self-capacity of defense against oxidative damage in normal growth
conditions, thus not affecting the production of antioxidant enzymes in maize seedlings significantly.

3.6. Effect of Plant-Derived Smoke on Expression of Ascorbate Peroxidase and Peroxiredoxin in Maize

Plant-derived smoke did not affect ascorbate peroxidase gene expression level, whereas gene
expression of peroxiredoxin was decreased at higher concentrations (Figure 7B). Ascorbate peroxidase
is an important enzyme of plant scavenging system. It uses ascorbate as a specific electron donor
for the conversion of hydrogen peroxide into water [61]. Besides this, it also improves the stress
resistance capacity in plants against various stresses [62,63]. Ascorbate peroxidase also plays a key
role in balancing the homeostasis of ascorbate and glutathione, and maintaining high photosynthetic
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rate in unfavorable conditions [64]. In addition, ascorbate is involved in other functions such as plant
growth, gene regulation, modulation of some enzymes, and redox regulation of membrane-bound
antioxidant compounds [65]. The present results revealed that ascorbate peroxidase related gene
was not significantly altered in maize seedlings due to plant-derived smoke. The present results are
consistent with immunoblotting results showing no effect on the abundance of ascorbate peroxidase.
Decreased peroxiredoxin abundance in maize shoot in response to plant derived smoke reflects the
resource economy phenomena of all living organisms, including plants. Peroxiredoxin might be
present in maize plants, taking part in plant defense system against stresses. There is close interaction
between plant-derived smoke and plant growth hormones [24]. It is also possible that plant immune
systems might be strengthened by plant-derived smoke, resulting in a decreased level of peroxiredoxin
level so as to economize plant resources. These results are in agreement with El-Gaied et al. [59] who
clearly demonstrated the decreased antioxidant enzymes level in the tomato plant in response to plant
growth promoting hormones.

4. Materials and Methods

4.1. Preparation of Plant-Derived Smoke Solution

Smoke solution was prepared from aerial semi dried parts of Cymbopogon jawarncusa [66].
Dry plant material weighing 333 g was taken and placed in a burner [67]. An electric heater was
adjusted beneath the burner until all the plant material was converted into ash. Smoke was bubbled
though 1 L of distilled water, resulting into 1 L of concentrated plant-derived smoke solution. It was
further diluted to 1000 ppm, 2000 ppm, and 4000 ppm and used for seed treatment in the experiment.
The seeds treated with distilled water were used as the control.

4.2. Plant Material and Treatment

Seeds of maize (Zea mays L. cv. Azam) were sterilized with 3% sodium hypochlorite solution.
The sterilized seeds were primed with 1000 ppm, 2000 ppm, and 4000 ppm plant-derived smoke for
6 h, and then sown in seedling case (150 mm × 60 mm × 100 mm) supplied with water. The seeds
treated with distilled water were used as control. Maize was grown in growth chamber illuminated
with white fluorescent light (160 μmol·m−2·s−1, 16 h light period/day) at 25 ◦C with 60% humidity.
Germination percentage was recorded after two days of sowing. Fifteen seeds were sown for each
treatment and 4 independent replicates were used for morphological analysis.

For proteomics and further investigation through immunoblot analysis, enzymatic analysis and
qRT-PCR, maize seeds (Zea mays L. cv. Honey Bantam) were sterilized using 3% sodium hypochlorite
solution, soaked in 2000 ppm plant-derived smoke for 6 h and grown in 450 mL silica sands with
water in seedling case (150 mm × 60 mm × 100 mm). The seeds treated with distilled water were
used as control. Conditions in growth chamber were illumination with white fluorescent light
(160 μmol·m−2·s−1, 16 h light period/day) at 25 ◦C with 60% humidity. Shoot was collected on
the 4th day after sowing from 3 biological replicates. Shoot raised from the seeds treated with distilled
water served as control. Biological replicates mean that maize was sown on different days.

4.3. Protein Extraction

A portion (300 mg) of maize shoot was cut into small pieces and ground 60 times in 2 mL
tube. It was ground 30 times after adding 50 μL of lysis buffer containing 7 M urea, 2 M thiourea,
5% CHAPS, and 2 mM tributylphosphine. Furthermore, 50 μL of lysis buffer was added and ground
for 30 times. Suspension was incubated for 2 min at 25 ◦C and centrifuged at 15,000× g for 2 min at
25 ◦C. Afterwards, the filter cartridge was removed and supernatant was collected as total proteins.
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4.4. Protein Enrichment, Reduction, Alkylation, and Digestion

Extracted proteins (100 μg) in lysis buffer were adjusted to a final volume of 100 μL. Methanol
(400 μL) was added to each sample and mixed before the addition of 100 μL of chloroform and
300 μL of water. After mixing and centrifugation at 20,000× g for 10 min to achieve phase separation,
the upper phase was discarded and 300 μL of methanol was added to the lower phase, and then
centrifuged at 20,000× g for 10 min. The pellet was collected as the soluble fraction [68].

Proteins were resuspended in 50 mM NH4HCO3, reduced with 50 mM dithiothreitol for 30 min
at 56 ◦C, and alkylated with 50 mM iodoacetamide for 30 min at 37 ◦C in the dark. Alkylated proteins
were digested with trypsin and lysyl endopeptidase (Wako, Osaka, Japan) at a 1:100 enzyme/protein
ratio for 16 h at 37 ◦C. Peptides were desalted with Mono Spin C18 Column (GL Sciences, Tokyo, Japan).
Peptides were acidified with formic acid (pH < 3) and analyzed by nano-liquid chromatography (LC)
mass spectrometry (MS)/MS.

4.5. Measurement of Protein and Peptide Concentrations

The method of Bradford [69] was used to determine the protein concentration with bovine serum
albumin used as the standard.

4.6. Protein Identification Using NanoLC-MS/MS

The peptides were loaded onto the LC system (EASY-nLC 1000; Thermo Fisher Scientific, San Jose,
CA, USA) equipped with a trap column (Acclaim PepMap 100 C18 LC column, 3 μm, 75 μm ID ×
20 mm; Thermo Fisher Scientific) equilibrated with 0.1% formic acid and eluted with a linear acetonitrile
gradient (0–35%) in 0.1% formic acid at a flow rate of 300 nL/min. The eluted peptides were loaded
and separated on the column (Easy-Spray C18 LC column, 3 μm, 75 μm ID × 150 mm; Thermo Fisher
Scientific) with a spray voltage of 2 kV (Ion Transfer Tube temperature: 275 ◦C). The peptide ions
were detected using MS (Orbitrap Fusion EDT MS; Thermo Fisher Scientific) in the data-dependent
acquisition mode with the installed Xcalibur software (version 4.0; Thermo Fisher Scientific). Full-scan
mass spectra were acquired in the MS over 375–1500 m/z with resolution of 120,000. The most intense
precursor ions were selected for collision-induced fragmentation in the linear ion trap at a normalized
collision energy of 35%. Dynamic exclusion was employed within 90 s to prevent repetitive selection
of peptides [70].

4.7. MS Data Analysis

The MS/MS searches were carried out using the Mascot (version 2.6.1, Matrix Science, London,
UK) and SEQUEST HT search algorithms against the UniProtKB Viridiplantae protein database
(2017-07) using Proteome Discoverer 2.1 (version 2.1.1.21; Thermo Fisher Scientific). The workflow for
both algorithms included a spectrum selector, Mascot, SEQUEST HT search nodes, percolator, ptmTS,
event detector, and precursor ion area detector nodes. Oxidation of methionine was set as a variable
modification and carbamidomethylation of cysteine was set as a fixed modification. MS and MS/MS
mass tolerance were set to 10 ppm and 0.6 Da, respectively. Trypsin was specified as the protease and a
maximum of one missed cleavage was allowed. Target-decoy database searches used for calculation of
false discovery rate (FDR) and for peptide identification FDR was set at 1%. Label-free quantification
was also performed with Proteome Discoverer 2.1 using precursor ions area detector nodes.

4.8. Differential Analysis of Proteins Using MS Data

For differential analysis of the relative abundance of peptides and proteins between samples,
the freely software PERSEUS (version 1.6.0.7) [71] was used. Proteins and peptides intensities
were transferred into log2 scale. Three biological replicates of each sample were grouped and
a minimum of 3 valid values was required in at least one group. Normalization of the intensities
was performed to subtract the median of each sample. Missing values were imputed based on
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a normal distribution (width = 0.3, down-shift = 2.2). Significance was assessed using student’s t-test
analysis. Accession codes is as follows: For MS data, RAW data, peak lists and result files have
been deposited in the ProteomeXchange Consortium [72] via the jPOST [73] partner repository under
data-set identifiers PXD008315.

4.9. Functional Categorization

The protein sequences of the differentially changed proteins, based on the Lan10 strain, were
subjected to a BLAST query against the Ami gene ontology database (http://amigo1.geneontology.
org/cgi-bin/amigo/blast.cgi). The corresponding Ami gene ontology terms were extracted from
the most homologous proteins using a Perl program. The Ami gene ontology database annotation
results were plotted by the Web Gene Ontology Annotation Plot (http://wego.genomics.org.cn/)
tool by uploading compiled Web Gene Ontology Annotation Plot native format files containing the
obtained Ami gene ontology terms. Functional categorization of identified proteins was performed
using MapMan bin codes (http://mapman.gabipd.org/) [74]. Visualization of protein abundance
was performed using MapMan software (version 3.6.0 RC1, http://mapman.gabipd.org/web/guest/
mapman) [75]. The software and mapping files of Gmax_109_peptide were also downloaded from the
MapMan website.

4.10. Immunoblotting Analysis

Maize shoot (100 mg) sample was ground in an SDS-sample buffer consisting of 60 mM
Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, and 5% 2-mercaptoethanol using mortar and pestle [76].
The obtained mixture was centrifuged 2 times at 15,000× g for 10 min and protein was collected
as a supernatant. SDS-polyacrylamide gel electrophoresis was used to separate protein (10 μg) in
SDS-sample buffer. The separated proteins were shifted to polyvinylidene difluoride membrane
using a semi-dry transfer blotter. A buffer containing 137 mM NaCl, 20 mM Tris-HCl (pH 7.5),
0.1% Tween-20, and a blocking solution (Wako) was used to block the blotted membrane for 1 h.
Afterwards, different diluted (1:1000) anti-ascorbate peroxidase antibody [77], anti-peroxiredoxin
antibody [78], anti-ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) large and small
subunits antibodies [79], and anti-RuBisCO activase antibody [80] was used to incubate the membrane
for 1 h. The membrane was washed 3 times with buffer containing 137 mM NaCl, 20 mM Tris-HCl
(pH 7.5), and 0.1% Tween-20 and treated for 1 h with anti-rabbit IgG conjugated with horseradish
peroxidase (Bio-Rad, Hercules, CA, USA) as secondary antibody. The membrane was incubated with
TMB membrane peroxidase substrate system (KPL, Sylacauga, AL, USA). ImageJ software (version
1.46, https://imagej.nih.gov/ij/) was used to calculate the relative intensities of bands.

4.11. Enzymatic Analysis

For ascorbate peroxidase analysis, a sample (1 g) of maize shoot was ground in pestle and
mortar with liquid nitrogen. This grinded mixture was homogenized in 50 mM potassium phosphate
buffer (pH 7.0) containing 0.5 mM Ascorbic acid, 0.1 mM EDTA and 0.1 mM hydrogen peroxide [81].
The hydrogen peroxide-dependent oxidation of Ascorbic acid was followed by monitoring the decrease
in absorbance at 290 nm assuming an absorption coefficient of 2.8 mM−1·cm−1. For peroxiredoxin
analysis, the assay contains 100 mM potassium phosphate-buffer (pH 7.0), 0.3–3 μM peroxiredoxin,
100 μM hydrogen peroxide in a total volume of 1000 μL. The reaction was stopped with 800 μL
oftrichloroacetic acid (12.5%) to an aliquot of 50 μL of assay solution. After the addition of 200 μL,
10 mM Fe (NH4)2(SO4)2 and 100 μL of 2.5 M KSCN, the absorbance at 480 nm was measured to
quantify the hydrogen peroxide contents of the solution, and hydrogen peroxide reduction rates were
calculated [82].
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4.12. RNA Extraction and Reverse Transcription Polymerase Chain Reaction Analysis

A total of 100 mg maize shoot was ground in mortar and pestle using liquid nitrogen. Total
RNAs was extracted by RNeasy plant mini kit (Qiagen, Valencia, CA, USA) from maize shoot powder
and treated with RNase-free DNase I during extraction. cDNA was synthesized from the extracted
RNAs by using RevertAid first strand cDNA synthesis Kit (Thermo Scientific) in reverse transcription
polymerase chain reaction (qRT-PCR). Fast Real Time PCR system (7900HT; Applied Biosystems, Foster
City, CA, USA) was used to perform a qRT-PCR reaction at the following conditions; 95 ◦C for 600 s,
followed by 35 cycles of 95 ◦C for 15 s and 60 ◦C for 60 s. As an internal control, 18S rRNA was used
to normalize the gene expression. For normalization of gene expression, 18S rRNA was used as an
internal control. For quantification of specific gene, primers were designed for regions of interest using
NCBI tool (primer blast) and Primer 3 online bioinformatics tools. Quantitative variation between
different samples was calculated by the relative quantification method (2−ΔΔCt) [83].

4.13. Statistical Analysis

Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison among
multiple groups using SPSS (version 22.0; IBM, Armonk, New York, USA). A p-value of less than 0.05
was considered to be statistically significant.

5. Conclusions

Gel-free/label-free proteomic technique was used to examine the effects of plant-derived smoke on
maize growth after 6 h presoaking. The main results of this study are as follows: (i) Plant-derived smoke
increased seed germination and seedling length/ fresh weight at low concentrations; (ii) Nucleotide,
starch degradation, and glutathione related proteins were increased; (iii) Protein synthesis/degradation
and cell division/organization proteins were changed; (iv) Cell wall, lipids, photosynthetic, and amino
acid degradations related proteins ware decreased; (v) plant-derived smoke increased cytoskeleton
proteins in maize; (vi) plant-derived smoke did not affect the activity of ascorbate peroxidase and
decreased the activity of peroxiredoxin; (vii) gene expression level of peroxiredoxin was altered by
plant-derived smoke. These results suggest that plant-derived smoke affects the proteins related to
metabolic processes while inhibiting proteins related with lipids, proteins, and cell wall. Furthermore
plant-derived smoke regulates the reactive oxygen species and their scavenging system. Although
various studies have been conducted demonstrating the promoting effects of plant derived smoke
solution on different growth parameters of plants, the molecular response of plant to plant derived
smoke solution remained unknown. This study was carried out to fill the gap between various
physiological processes regulated by a plant derived smoke solution and the possible mechanism of
action behind it.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/6/
1319/s1. Figure S1. GO categories of proteins with differential abundance in maize treated with plant-derived
smoke. Figure S2. Metabolic pathway of proteins identified in maize treated with plant-derived smoke.
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Abstract: A novel rice lesion mimic mutant (LMM) was isolated from the mutant population of
Japonica rice cultivar Hitomebore generated by ethyl methane sulfonate (EMS) treatment. Compared
with the wild-type (WT), the mutant, tentatively designated E40, developed necrotic lesions over the
whole growth period along with detectable changes in several important agronomic traits including
lower height, fewer tillers, lower yield, and premature death. To understand the molecular mechanism
of mutation-induced phenotypic differences in E40, a proteomics-based approach was used to
identify differentially accumulated proteins between E40 and WT. Proteomic data from isobaric tags
for relative and absolute quantitation (iTRAQ) showed that 233 proteins were significantly up- or
down-regulated in E40 compared with WT. These proteins are involved in diverse biological processes,
but phenylpropanoid biosynthesis was the only up-regulated pathway. Differential expression of the
genes encoding some candidate proteins with significant up- or down-regulation in E40 were further
verified by qPCR. Consistent with the proteomic results, substance and energy flow in E40 shifted
from basic metabolism to secondary metabolism, mainly phenylpropanoid biosynthesis, which is
likely involved in the formation of leaf spots.

Keywords: lesion mimic mutant; leaf spot; phenylpropanoid biosynthesis; proteomics; isobaric tags
for relative and absolute quantitation (iTRAQ); rice

1. Introduction

Some plant mutants spontaneously exhibit characteristics of typical pathogen infection without
any pathogen attack, these mutants are termed lesion mimic mutants (LMMs). Most LMM gene
mutations involve regulatory genes of immune responses or promoters of such genes, thereby
constitutively expressing pathogenicity-related (PR) genes, causing the production of reactive oxygen
species (ROS) and the accumulation of phytoalexins. LMMs are subjected to the development of
spontaneous cell death and necrotic lesions. Therefore, LMMs are useful as genetic tools to investigate
the molecular mechanisms of programmed cell death (PCD) and hypersensitive response (HR) in
plants. Since Sekiguchi discovered the first LMM of rice in 1965 [1], numerous LMMs and the involved
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genes have been identified in many plant species, such as Arabidopsis, maize, groundnut, barley,
and wheat [2–9].

Rice is a major staple food crop for a large part of the world’s population and an important model
monocot plant species for research. Rice has a small genome size and the complete genome sequence
is available [10,11]. LMMs in rice have been widely studied and more than 200 LMMs have been
reported in rice so far. Most LMM mutation sites occur in the regions of regulatory genes that are
resistant to pathogen infection [9,12–16]. These mutant genes are usually recessive genes and only
a fraction are dominant or semi-dominant genes [17]. So far, at least 56 genes responsible for rice LMMs
have been identified and registered in the Gramene database (http://www.gramene.org, accessed on:
11 August 2018). These LMM genes encode various functional proteins (Table 1).

Table 1. Some proteins encoded by lesion mimic mutant (LMM) genes.

Order Functional Proteins References

1 Heat stress transcription factor [18]
2 U-Box/Armadillo repeat protein [19]
3 Membrane-associated protein [3,20]
4 Ion channel [21]
5 Zinc finger protein [21]
6 Acyltransferase [22]
7 Ser/Thr protein kinase [23]
8 Clathrin associated adaptor protein complex 1 medium subunit 1 (AP1M1) [24]
9 Putative splicing factor 3b subunit 3 (SF3b3) [25]
10 Proteins involved in biosynthesis pathways of fatty acids lipids [26]
11 Aromatic amino acid [27]
12 Porphyrin [28]
13 Polyphenol oxidase enzyme in secondary metabolism [29]

However, studies on LMMs often focus on mining disease resistance genes, relatively few has
been reported on the plant immune response process and the optimum growth and development of
plants in terms of the distribution of energy and matter. LMMs generally show a series of defective
phenotypes such as reduced photosynthesis, decreased biomass accumulation, and severe yield
reduction. These phenotypes are not caused by pathogen attack but are due to the abnormal activation
of the immune system in LMMs, leading to redistribution of energy and substances in the metabolic
pathways in the plants. In order to reveal changes in energy flow of the plant’s immune system, we need
a more comprehensive proteomics study of LMMs mutants. Proteomics based on two-dimensional
gel electrophoresis (2-DE) is one of the most commonly used strategies to identify differentially
accumulated proteins between the wild-type (WT) rice and its LMMs. For example, two PR proteins,
OsPR5 and OsPR10, and three ROS-scavenging enzymes, catalase (CAT), ascorbate peroxidase (APX),
and superoxide dismutase (SOD), were differentially expressed in the blm mutant [30]. Similarly,
peroxidase, thaumatin-like protein and probenazole-induced protein (PBZ1) were upregulated in
the spl1 mutant [31]. However, the technical limitations of 2-DE make it difficult to identify the
LMM-involving proteins at the whole proteome level. Only a limited number of differential proteins
have been detected between LMMs and WT by 2-DE (e.g., about 18 by Kim et al. [31], 37 by
Tsunezuka et al. [32], 33 by Jung et al. [30], and 159 by Kang et al. [33]) which greatly limits the
development of proteome research on LMMs. Given its high resolution and accurate detailed protein
expression profiles, iTRAQ combined with LC-MS/MS is widely used, and the accumulation of
bioinformatics knowledge has made it possible to rapidly analyze and display data more accurately [34].
iTRAQ-based proteomics has been widely applied in investigating abiotic and biotic stresses response
in plants [35,36], but is rarely reported in studies on mechanisms of LMMs.

In this study, a novel rice lesion mimic mutant, E40, was isolated from the EMS mutant population
of japonica rice cultivar Hitomebore. We performed proteomic analysis with the iTRAQ method using
leaves from E40 plants at the four or five leaf stage to reveal the molecular mechanisms of lesion mimic
phenotypes. A total of 2722 proteins were identified, among which 233 proteins were found to be
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differentially expressed. These proteins were analyzed to increase our understanding of the altered
pathways between E40 and WT and the mechanisms involved in formation of lesions.

2. Results

2.1. Phenotypic Characterization of E40

In the greenhouse, E40 plants began to show visible lesion mimic spots in the middle parts of
blades at the four- or five-leaf stage with increasing size and density during the later stages of plant
development and at tillering stage. Meanwhile, the phenotypes in plant growth and development
were significantly different between E40 and WT (Figure 1A,B). Therefore, we hypothesized that
the protein difference between E40 and wild-type rice could reach the maximum divergence point
during this period, and then the leaves of that stage were taken as samples of the iTRAQ experiment.
In the field, the agronomic traits of E40 plants were even worse than indoors. All leaves of the
E40 plants were wilted at the late flowering stage, as if they had been burned by sunlight, and
plants eventually exhibited early senescence. Compared with the WT plants, the E40 plants displayed
abnormal developmental phenotypes and lower agronomic trait values, including significantly reduced
dry weight, plant height, number of panicles, grain number, and 1,000-grain weight were significantly
reduced compared with WT (Table 2). From the tillering stage, E40 and WT began to show significant
differences in dry weight. Until the fruiting period, the difference reached the maximum, nearly three
times the difference in the field, and nearly twice the difference in the greenhouse.

 

Figure 1. Phenotypic characterization of E40 and the experimental scheme of isobaric tags for relative
and absolute quantitation (iTRAQ) analysis. (A) the phenotypes of paddy-grown wild type (WT, left)
and E40 (right) plants grown in the greenhouse at tillering stage; (B) the phenotypes of WT (left)
and E40 (right) leaves collected from plants in (A) showing the lesion mimic phenotypes of E40;
(C) experimental scheme of sampling and iTRAQ analysis; (D) the phenotypes of WT (left) and E40
(right) grown in the field at the maturity stage.

Table 2. Performance of agronomic traits of E40 cultured in the field and greenhouse.

Material
Dry Weight (g) Plant Height

(cm)
No. of Panicle

Grain
Number

1000-Grain
Weight (g)Seedling Stage Tillering Stage Maturity Stage

Field
E40 - - 83.17 ± 7.71 ** 98.7 ± 2.42 ** 19.4 ± 4.62 * 32.25 ± 1.71 ** 17.68 ± 0.45 **
WT - - 247.62 ± 5.42 102.58 ± 1.05 23.2 ± 2.77 134.62 ± 2.84 23.6 ± 0.16

Greenhouse
E40 0.0224 ± 0.0017 4.15 ± 0.13 * 119.36 ± 4.76 ** 115.23 ± 1.79 ** 21.3 ± 1.72 * 47.05 ± 0.97 ** 18.76 ± 0.42 **
WT 0.0235 ± 0.0021 5.00 ± 0.06 218.67 ± 5.49 117.58 ± 2.16 23.9 ± 1.05 118.13 ± 2.47 22.96 ± 0.24

The data represent the means ± SD. Ten plants of each accession were evaluated for each agronomic trait.
*, significance at p < 0.05, **, significance at p < 0.01.

2.2. Proteomics Analysis of Differentially Abundant Proteins between E40 and WT

The WT and E40 leaves at the tillering stage were harvested for iTRAQ analysis following the
procedure shown in Figure 1C and 2722 proteins were identified from 25,887 distinct detected peptides
(Additional File 1). Under the screening criteria of fold change greater than 1.5 or less than 0.67
and p value <0.05, a total of 233 proteins were identified to be differentially abundant expressed by
comparison between E40 and WT; these proteins were regarded as candidate proteins associated with
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lesion formation (Table 3 and Supplementary Material: Table S1). Among them, 109 proteins were
up-regulated and 124 were repressed.

Table 3. Twenty differentially abundant proteins associated with lesion formation in E40 compared
with WT.

Protein ID Gene Name Annotation
Log2 Fold

Change

Q8S059 SSI2 Stearoyl-[acyl-carrier-protein] 9-desaturase 2 −3.259320177
Q84ZD2 P0534A03.109 Pentatricopeptide repeat-containing protein CRP1 homolog −2.235369295
Q2QVA7 LOC_Os12g13460 protein-lysine N-methyltransferase activity −1.957389474
B9F2U5 Os02g0157700 Promotes chloroplast protein synthesis −1.670452917
P0C512 rbcL Ribulose bisphosphate carboxylase large chain −1.525042871
Q69RJ0 GLU Ferredoxin-dependent glutamate synthase −1.459112364
O04882 P0421H07.25 Farnesyl diphosphate synthase −1.418836635
Q5NAI9 P0456F08.15 Putative OsFVE −1.411837321
Q69X42 P0429G06.10 glycine dehydrogenase (decarboxylating) activity −1.372611128
Q0JJY1 Os01g0709400 hydrolase activity −1.329396063

Q9LGB2 P0504H10.32 Putative wound-induced protease inhibitor 1.251971273
Q2QLS7 LOC_Os12g43450 P21 protein, putative 1.325084219
Q7XSU8 OSJNBa0039K24.8 Belongs to the peroxidase family 1.339045312
Q8W084 OSJNBa0091E23.10 Putative pathogenesis-related protein 1.397933437
Q0JR25 RBBI3.3 Bowman-Birk type bran trypsin inhibitor 1.417877593

Q9AWV5 P0044F08.5 serine-type endopeptidase inhibitor activity 1.447168008
Q5WMX0 dip3 Putative chitinase 1.502285455
Q0JMY8 SALT Salt stress-induced protein 1.596525805
Q75GR1 OSJNBb0065L20.2 * 1.728124034
Q306J3 JAC1 Dirigent protein 1.770280249

Note: *, uncharacteristic protein.

2.3. Gene Ontology (GO) Analysis of Altered Proteins

All the differentially abundant proteins identified were analyzed for gene ontology (GO) using GO
Slim and classified as biological processes, cellular component, or molecular function (Figure 2). In the
cell component group, the differentially abundant proteins were mainly distributed in the cytoplasm,
chloroplast, and plastid. The molecular functional analysis indicated that catalytic proteins and those
related to oxidoreductase activity were predominant. In terms of biological processes, identified
proteins were mainly involved in metabolic process, regulation of enzyme activity, and response to
oxidative stress.

Figure 2. Gene Ontology (GO) distribution analysis. GO analysis could be clustered into three
terms: the blue column chart represents biological processes term, the red column represents cellular
component term, and the yellow column represents molecular function term. The number of proteins
for each GO annotation is shown on the right axis, and the percent of proteins for each GO annotation is
on the left axis. P values were calculated using a modified Fisher’s exact test and corrected for multiple
testing using the Bonferroni correction in Omicsbean.
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2.4. Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis

Pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
(http://www.genome.jp/kegg/pathway.html, accessed on: 08 November 2018) identified 9 pathways
(p < 0.05) related to these proteins with differential relative abundance, as shown in Figure 3A.
Most pathways related to basic metabolism were down-regulated, including carbon fixation, linoleic
acid metabolism, carbon metabolism, and amino acid biosynthesis. The only uniquely up-regulated
pathway was phenylpropanoid biosynthesis, which is related to secondary metabolism (Figure 3B).

Figure 3. Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway-based sets and
a diagram of phenylpropanoid biosynthesis. (A) KEGG pathways which the differentially abundant
proteins were enriched. The x-axis shows the proteins involved in the extended KEGG network and
pathway. P values were calculated using a modified Fisher’s exact test and corrected for multiple
tests using the Bonferroni correction in Omicsbean. (B) A diagram of phenylpropanoid biosynthesis.
Enzymes in red indicate that the corresponding proteins were up-regulated, and those painted green
indicate that the proteins were not significantly up- or down-regulated in E40 compared with WT.
Up-regulated protein: 1.11.1.7, Peroxidase; 3.2.1.21, Beta-glucosidase.
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2.5. Protein-Protein Interaction Analysis

In order to get more information and discover the mechanisms involved in formation of lesion
phenotypes, the involved proteins in nine pathways with P values <0.05 and three additional pathways
including terpenoid backbone biosynthesis, pyruvate metabolism, and oxidative phosphorylation
were analyzed using STRING for protein-protein interaction (PPI) analysis (Figure 4).

Figure 4. Protein-protein interaction (PPI) network among differentially abundant proteins.
The following network model was generated with Cytoscape based on information gained from
up to three levels of functional analysis: fold change of gene/protein, protein–protein interaction, and
KEGG pathway enrichment. Circle nodes denote genes/proteins, and rectangles denote the KEGG
pathway or biological process. P values, mean Pathways related to proteins with differential relative
abundance, are colored with gradient colors from yellow to blue from 7.66 × 10−2 to 1.85 × 10−4.
Yellow denotes a low P value and blue denotes a high P value.

The central network showed that proteins such as PPDK1 (Q6AVA8), Glu (Q69RJ0), rbcL
(P0C512), CHL (Q53RM0), and OSJNBa0016I09.26 (Q5QNA5) were nodes; they interacted with
each other and other proteins related to most pathways including porphyrin and chlorophyll
metabolism, carbon fixation in photosynthetic organisms, linoleic acid metabolism, glyoxylate and
dicarboxylate metabolism, and terpenoid backbone biosynthesis. Proteins related to phenylpropanoid
biosynthesis and oxidative phosphorylation interacted indirectly with the above pathways through
basal metabolism and secondary metabolism.

2.6. qRT-PCR Data are Consistent with Protein Abundance Analysis Revealed by iTRAQ

To complement the iTRAQ results, eight genes were chosen for expression assays by real-time
PCR (RT-PCR). As shown in Table 4, four genes encoding Q5JMS4, Q7XSV2, Q94DM2, and Q9AS12
involved in phenylpropanoid biosynthesis were all up-regulated, which are consistent with iTRAQ
results, showing that the four proteins were more abundant in E40 plants. Besides, the results of
qRT-PCR and protein abundance assays were consistent on the two genes involved in porphyrin
and chlorophyll metabolism, and two genes involved in carbon fixation in photosynthetic organisms.
The consistency between RT-PCR and iTRAQ results indicates the reliability of these data (Table 4).
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3. Discussion

Like other LMMs, LMM rice E40 was obtained by EMS treatment and displayed lower height,
fewer tillers, lower yield, and premature death compared to WT. A total of 233 differentially
abundant proteins were identified containing 109 up-regulated proteins and 124 down-regulated
proteins. KEGG analysis showed all these 233 proteins were enriched in 9 signal pathways (p < 0.05)
including metabolic pathways, carbon fixation in photosynthetic organisms, porphyrin and chlorophyll
metabolism, biosynthesis of secondary metabolites, carbon metabolism, glycine, serine and threonine
metabolism, linoleic acid metabolism, glyoxylate and dicarboxylate metabolism, and phenylpropanoid
biosynthesis. Almost all the pathways were down-regulated except for phenylpropanoid pathway.

Glycine, serine and threonine are indispensable amino acid in plants and participate in multiple
synthesis of important substances, and the change of glycine, serine and threonine metabolism
could affect the basic substance synthesis and metabolic processes. Numerous serine-threonine
protein kinases universally excited in plants and could regulate signaling transduction pathways via
phosphorylated threonine and serine of target proteins [37,38]. Glycine could promote the absorption
of phosphorus, improve plant stress resistance, and promote plant growth, especially photosynthesis.
Serine is related to lignin biosynthesis, PCD, and plant aging [39]. And transport factors also have
impact on expression of relative genes involving in transduction pathways [40]. Abnormal metabolism
could lead to disturbance of signaling pathway. In our study, it is worth noting that the expression levels
of chitinase and some enzymes related to lignin biosynthesis were enhanced in E40. Mauch et al. [41]
found that chitinase function in defense against fungus, which could degrade fungal cell walls. Lignin
is accumulated and deposited in the cell wall, and this accumulation could enhance the ability of
the cell wall to resist the invasion of pathogenic microorganisms and provide mechanized protection
for the plasma membrane-wrapped protoplasm [42]. Lignin biosynthesis can thus be triggered as
a response to various biotic and abiotic stresses in cells. Evidence has shown that lignin biosynthesis
genes play crucial roles in basal defense and normal growth of plants [43]. In addition, salt stress
induced protein was also up-regulated (Table 3). Thus, we inferred that the up-regulation of chitinase,
enzymes related to lignin biosynthesis, and salt stress induced protein were caused by the immune
disorder in E40.

EMS treatment could cause the mutation of specific plant immune regulatory genes. This resulted
in abnormal expression of plant immune response-related genes, causing an increase in ROS in vivo,
accompanied by intracellular peroxides. Plant secondary metabolic pathways significantly increased
in E40. The only up-regulated pathway in E40 was the phenylpropanoid pathway (Figure 4).
Phenylpropanoids are involved in biotic stress response in plants and the phenylpropanoid pathway
plays a critical role in the plant innate immune system, which produces a variety of secondary
metabolites, such as flavonoids, isoflavonoids, lignin, anthocyanin, phytoalexins, and phenolic esters;
all of these are critical in development, structural protection, defense responses, and tolerance to
abiotic stimuli [44,45]. Previous studies showed that enzymes in the phenylpropanoid biosynthetic
pathway are associated with PCD [30,46]. Thus, it most likely leads to formation of PCD and the lesion
mimic phenotype.

The main carbon source for the phenylpropanoid pathway is phenylalanine, which is synthesized
by erythrose-4-phosphate (E4P) from the pentose phosphate pathway and phosphoenolpyruvate (PEP)
from the glycolysis pathway. E4P and PEP are also important intermediates for maintaining normal
operation of basic metabolism through a stable supply of both material and energy. A strengthened
phenylpropanoid pathway means a strong demand for E4P and PEP, which will affect normal
metabolism in E40. More PEP from glycolysis leads to less pyruvate and means fewer carbon skeletons
are generated for amino acid biosynthesis and energy release from the following tricarboxylic acid cycle
(TCA) and that there are fewer substrates for carbon dioxide fixation in photosynthesis (in C4 plants).
Demand for more E4P from the pentose phosphate pathway leads to greater demands of pentose,
meaning less ribose-5-phosphate for nucleotide formation and resulting in deficient biosynthesis of
adenosine triphosphate (ATP), coenzyme A (CoA), nicotinamide adenine dinucleotide (NAD), Flavine
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adenine dinucleotide (FAD), RAN, and DNA, and fewer ribulose-5-phosphate for carbon fixation in
photosynthesis as well.

An important and complex consequence of an abnormal increase in the phenylpropanoid pathway
lies in the effects on porphyrin and chlorophyll metabolism. On the one hand, as the biosynthesis of
chlorophyll begins from glutamic acid transformed from α-ketoglutarate, an intermediate product
of TCA, the increased phenylpropanoid pathway results in imbalance of the TCA cycle, leading
to an energy supply shortage and insufficient substrate for porphyrin and chlorophyll synthesis.
Tight regulation of chlorophyll biosynthesis and degradation is essential to cell survival [47]. Disruption
of chlorophyll biosynthesis at different stages can lead to lesion-mimic phenotypes due to the abnormal
accumulation of photoreactive molecules, like porphobilinogen [48], coproporphyrinogen III [28],
uroporphyrinogen III [49], and protochlorophyllide [50]. On the other hand, the insufficient chlorophyll
supply leads to low energy supply (from photosystem I and II) for synthesizing photosynthetic proteins.
Combined with the shortage of PEP for carbon fixation, the turnover of damaged photosynthetic
proteins in photoinhibition is suppressed; this results in ROS accumulation. Accumulation of ROS
causes the loss of chloroplast integrity followed by rupture of the central vacuole and, finally,
cell death [51]. Therefore, ROS regulators, e.g., peroxidases, oxidoreductases, and antioxidant proteins,
are increased in E40, a typical feature of LMMs.

Carbon fixation is an important biological process in plant photosynthesis [52]. Porphyrin is an
intermediate substance of biosynthesis of chlorophyll [53], both of which are closely related to the
photosynthesis efficiency and directly affect plant biomass. E40 displayed lower height, fewer tillers,
lower yield is most likely to result from the down-regulated carbon fixation pathway and porphyrin
and chlorophyll metabolism. Moreover, PPI analysis showed that terpenoid backbone biosynthesis are
linked to porphyrin and chlorophyll metabolism, carbon fixation in photosynthetic organisms, linoleic
acid metabolism, glyoxylate and dicarboxylate metabolism through the regulation of expression of
node proteins (commonly protease). Many important growth regulators, such as ABA, carotenoids,
and vitamin A, belonged to terpenoid, which play essential roles in seed generation, plant growth
and development. Up-regulation of the phenylpropanoid biosynthesis pathway was accompanied by
down-regulation of other pathways. We therefore concluded that the reason for lesion mimic in E40 is
due to substance and energy flow shifting from basic metabolism to secondary metabolism, especially,
phenylpropanoid (lignin) biosynthesis. As shown in Figure 5, a mutation caused abnormal HR that
triggers: (1) a shift in substance and energy flow from basic metabolism to secondary metabolism,
followed by cell starvation with suppression/interruption of basic metabolism such as porphyrin and
chlorophyll synthesis, disordered metabolism directly or indirectly (via ROS accumulation) results
in PCD, and, finally, formation of lesion mimic; (2) accumulation of ROS (also accumulated from
disordered metabolism caused by cell starvation), the ROS then directly and/or indirectly (via organelle
rupture) lead to PCD and finally formation of lesion mimic.

 
Figure 5. Putative mechanism of formation of lesion mimic in E40. HR, hypersensitive response; PCD,
programmed cell death; PRs, pathogen-related proteins; ROS, reactive oxygen species.
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4. Materials and Methods

4.1. Plant Materials

The novel rice lesion mimic mutant E40 was identified among 4500 mutant lines generated by
EMS treatment of the northern Japan japonica rice cultivar Hitomebore. E40 has been self-bred for
five generations and stably displays the target trait in greenhouse and field conditions. Agronomic
traits of WT and E40 were determined while M5 generation mutant and WT were grown in a paddy
field in Changchun, Jilin Province, China in 2016. Seeds of M5 generation mutant and WT were planted
in a greenhouse at 28/24 ◦C (day/night). At the tillering stage when the lesions were large enough,
pictures were taken, and leaves were harvested for proteomic analysis.

4.2. Protein Extraction

Approximately 100 mg of leaves from E40 and WT were thoroughly ground to a fine powder
in liquid nitrogen, added with 1:10 (w/v) Lysis buffer (pH 8.5), containing 2 M thiourea, 7 M urea
and 4% CHAPS with protease inhibitors (Sigma, St. Louis, MO, USA), for protein extraction at room
temperature. The mixture was sonicated for 60 s to obtain more soluble proteins. The plant residue
was removed by low temperature centrifugation, and the supernatant was transferred to a 50 cm3

tube containing 4 volumes of 10% (w/v) trichloroacetic acid (TCA)/acetone, mixed and stored at
−20 ◦C overnight. The precipitated protein was collected by centrifugation at 40,000× g for 10 min
at 4 ◦C and washed three times with cold acetone, and finally lyophilized. After removal of acetone
protein was resuspended in lysis buffer. Protein concentration was determined by was detected by
Nano Photometer spectrophotometer (IMPLEN, Westlake Village, CA, USA) Agilent Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, USA). The protein samples were stored at −80 ◦C.

4.3. Trypsin Digestion and iTRAQ Labeling

Each sample from different sources was treated in the manner described in the iTRAQ protocol
(AB SCIEX, Redwood City, CA, USA), approximately 100 μg total protein was taken, centrifuged at
100,000× g for 15 min at 4 ◦C, dried and resuspended in 50 mm3 of lysis buffer. After reduction and
cysteine-blocking, the proteins were digested with sequencing grade trypsin (50 ng/mm3) for 12 h at
37 ◦C, and finally 150 mm3 of an ethanol solution in which the iTRAQ reaction solution was dissolved
was added to the reaction solution for labeling.

In the present study, an experiment setting of 4:4 (eight-plex) was selected. The four biological
replicates of leaves from WT were labeled with 113, 114, 115, and 116 tags, and the four biological
replicates of leaves from E40 were labeled with 117, 118, 119, and 121 tags (Figure 1C). After incubation
at room temperature for 2 h and termination of the labeling reaction, the labeled samples were then
mixed and dried with a rotary vacuum concentrator.

4.4. LC-MS/MS and Bioinformatics Analysis

The labeled samples were separated at 0.3 cm3/min with a nonlinear binary gradient, and
segments were prepared for LC-MS/MS analysis. Rare data acquisition was performed with a Triple
TOF 5600 System (AB SCIEX, Redwood City, CA, USA) fitted with a Nanospray III source (AB SCIEX,
Redwood City, CA, USA) and a pulled quartz tip as the emitter (New Objectives, Woburn, MA, USA),
and protein identification and quantification were performed with Protein Pilot Software v. 5.0
(AB SCIEX, Redwood City, CA, USA) against the Oryza sativa database (https://www.ncbi.nlm.
nih.gov/protein/?term=Oryza%20sativa, accessed on: 15 October 2018) using the Paragon algorithm.
Detailed methods and parameter settings for these experiments followed the protocol detailed on the
website https://www.ebi.ac.uk/pride/archive/projects/PXD005731, (accessed on: 15 October 2018).

In order to narrow down the protein number and focus on the most significant proteins,
the screening criteria of differential proteins were: fold change greater than 1.5 or less than 0.67
and p value <0.05. The mean value of several repetitions was calculated using two group samples
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relative quantitative value. Bioinformatics analysis was conducted using Quick GO (http://www.ebi.
ac.uk/QuickGO/, EMBL-EBI, Wellcome Genome Campus, Hinxton, Cambridgeshire, UK, accessed
on: 22 November 2018), Ingenuity Pathway Analysis software (http://www.polyomics.gla.ac.uk/
resource-ipa.html, Glasgow Polyomics, College of Medical, Veterinary and Life Sciences, accessed on:
30 November 2018), UniProt (http://www.uniprot.org/, Centre Medical Universitaire 1, rue Michel
Servet, 1211 Geneva 4 Switzerland, accessed on: 13 March 2019), STRING (http://string-db.org/,
ELIXIR, Wellcome Genome Campus, Hinxton, Cambridgeshire, UK, accessed on: 24 February
2019) and OmicsBean (http://www.omicsbean.cn/, Gene for health, Shanghai, China, accessed on:
18 December 2018).

4.5. qRT-PCR Analysis

Total cellular RNA was extracted using TransZol Plant Kit (Transgen Biotech, Beijing, China) and
treated with TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR Kit (Transgen
Biotech, Beijing, China) for cDNA production. qRT-PCR was carried out using SYBR Green master
mix (Transgen Biotech, Beijing, China) and specific primer sets (Table 4). Amplification reactions were
performed under the following conditions: 2 min at 50 ◦C, 10 min at 95 ◦C, 40 cycles for 15 s at 95 ◦C,
1 min at 60 ◦C. Relative transcript levels were calculated using the 2−ΔΔCT method as specified by the
manufacturer. The relative expression values of the targeted gene were normalized to the expression
value of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.

5. Conclusions

In summary, we carried out proteomics analysis to understand cell death and identify proteins
activated in LMM mutant E40. A total of 233 proteins, screened from 2722 proteins identified using
iTRAQ, exhibited differential abundance. The data was complemented by qRT-PCR analysis with
randomly selected genes that encode differentially abundant proteins. The number of proteins
identified in this study is larger than other reports about LMMs using the 2-DE method. Identified
proteins are involved in diverse biological processes. Consistent with the proteomics results,
we speculated that substance and energy flow shifted in E40 from basic metabolism to secondary
metabolism, mainly phenylpropanoid biosynthesis, which is the main reason for formation of leaf spots.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/6/
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Abstract: Dormancy is the mechanism that allows seeds to become temporally quiescent in order
to select the right time and place to germinate. Like in other species, in barley, grain dormancy
is gradually reduced during after-ripening. Phosphosignaling networks in barley grains were
investigated by a large-scale analysis of phosphoproteins to examine potential changes in response
pathways to after-ripening. We used freshly harvested (FH) and after-ripened (AR) barley grains
which showed different dormancy levels. The LC-MS/MS analysis identified 2346 phosphopeptides
in barley embryos, with 269 and 97 of them being up- or downregulated during imbibition,
respectively. A number of phosphopeptides were differentially regulated between FH and AR
samples, suggesting that phosphoproteomic profiles were quite different between FH and AR grains.
Motif analysis suggested multiple protein kinases including SnRK2 and MAPK could be involved in
such a difference between FH and AR samples. Taken together, our results revealed phosphosignaling
pathways in barley grains during the water imbibition process.

Keywords: phosphoproteome; barley; seed dormancy; germination; imbibition; after-ripening

1. Introduction

The switch from dormancy to germination is one of important transition steps in the life cycle
of plants, because it will be the first and most fundamental factor determining their survivability.
During the evolutionary process, seeds have evolved to germinate only in favorable seasons or
places and dormancy is the mechanism that inhibits germination [1]. Seed dormancy is a complex
trait regulated by many genetic and environmental factors [2–5], and during plant domestication,
the dormancy and germination behavior of different species are set to fit their purpose. Most of
domesticated cereals have been selected for uniform and synchronized germination by selection for
weakened seed dormancy, which collaterally has made them prone to suffer pre-harvested sprouting
(PHS) when moist conditions appear at harvesting seasons [6]. Understanding the mechanisms
that operate during dormancy release will be very important to design molecular strategies to
reinforce dormancy and provide protection against PHS. Barley is a good model to study seed
dormancy regulation in cereals because freshly-harvested barley grains retain relatively high levels of
dormancy [7].
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To study seed dormancy, we can dissect this trait into three stages: acquisition, maintenance
and decay [8,9]. It is well known that the phytohormone abscisic acid (ABA) has a critical role in
all stages. During seed maturation, ABA accumulates and imposes the temporal quiescent state
known as dormancy. After imbibition, the dormant seed (freshly harvested; FH) will be able to
maintain high levels of ABA, thus blocking germination: the quiescent dry seed rapidly resumes
metabolic activity, and ABA represses embryo growth (embryo-based dormancy). On the other hand,
the seed husk physically inhibits oxygen absorption, and also constrains embryo growth (coat-based
dormancy). However, in the non-dormant seed (after-ripened; AR), the ABA content is reduced
during imbibition and the signaling repressed, which allows the germination to occur: gibberellic
acid-pathways are activated, cell walls are weakened, embryo grows and finally coleorhiza appears
through the husk-completing germination [1].

To understand the germination process, previous studies have performed a large-scale gene
expression analyses of FH and AR seeds in Arabidopsis or barley during imbibition [10–16].
These studies revealed the differences in transcriptome between both states. In addition to
transcriptional regulation, it has been reported that post-translational modifications (PTM), including
phosphorylation, S-nitrosylation, carbonylation, glycosylation and oxidation, have a role in the
regulation of seed dormancy and germination [17–20]. Among them, protein phosphorylation is
fundamentally involved in the core ABA signaling pathway [21–23]. Furthermore, a protein kinase,
MKK3, has been recently identified as a major quantitative trait locus (QTL) for grain dormancy in both
barley and wheat [24,25]. Although these results indicate the importance of protein phosphorylation
in seed dormancy and germination, the elements of the phosphosignaling pathways in cereal grains
are still unsolved.

Taking advantage of the barley model system using FH and AR grains with contrasting dormancy
levels, we have performed a large-scale phosphoproteomic analysis which allowed us to analyze
phosphoproteins in vivo and to evaluate their phosphorylation sites and phosphorylation levels.
In this study, we have identified nearly 2500 phosphopeptides in barley grains when being exposed to
water, and analyzed their differential regulations between the dormant and the AR states.

2. Results and Discussion

2.1. Phosphoproteomic Analysis of Imbibed FH and AR Grains

To understand the phosphosignaling pathways that operate during the imbibition of matured FH
and AR grains, phosphoproteomic analysis was performed in this study. In our phosphoproteomic
analysis, we have used barley half-grains in which husk-based dormancy is broken and only
embryo-based dormancy is present. In addition, the embryo was dissected and used for
phosphoproteomic analysis, to remove a large amount of storage proteins contained in the endosperm.

FH or AR half-grains were imbibed for 0, 1, 3 and 10 h, and then embryos were dissected under
the microscope; and proteins were isolated from these tissues and used for phosphoproteomic analyses.
LC-MS/MS analysis identified 2346 phosphopeptides and 2491 phosphorylation sites in FH and AR
grains, respectively (Table S1). About 95% of these were singly phosphorylated peptides, and 5% of
them were multiply phosphorylated (Figure 1A). The most prominent phosphorylated amino acid
was phosphoserine (84%), followed by phosphothreonine (15%), while only 1% was phosphotyrosine
(Figure 1B). Phosphoproteomic analyses in other plants, such as Arabidopsis, rice and Physcomitrella
patens, found a similar distribution of phosphorylated residues [26–31].

Datasets from FH and AR samples were compared and phosphopeptide changes and
phosphorylation levels were analyzed via principal component analysis (PCA) of the total identified
phosphopeptide data (Figure 1C). FH samples showed a similar localization in the PC1–PC2 projection,
while the 10 h sample appeared as the most different. The AR samples showed a very different
distribution from FH samples after imbibition. While small differences between FH and AR were seen
at 0 h and 1 h, the separation between them became very significant at 10 h. These results suggest
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that AR embryos experience larger phosphopeptide changes than FH embryos during imbibition,
with the AR 10 h sample the most different from the set. This may reflect the deep physiological
changes occurring during germination.

Figure 1. Summary of phosphoproteomic data. (A) Frequency of phosphorylated residues
distributed in the phosphopeptides. Each number indicates the number of phosphorylation sites
in phosphopeptides. (B) Distribution of phosphorylated residues in each phosphopeptide. pS, pT and
pY showed phosphorylated serine, threonine and tyrosine, respectively. (C) Sample pattern
recognition in principal component analysis. Blue circles and orange squares indicate FH and AR
samples, respectively.

2.2. Classification of Phosphopeptides in Barley Grains

To compare phosphoproteome between FH and AR grains, quantitative data of each
phosphopeptide was used for a clustering analysis. Hierarchical clustering analysis showed that
most phosphopeptides were upregulated in FH and AR grains, but some of them were differentially
regulated in FH and AR grains (Figure 2). This analysis divided phosphopeptides into three clusters.
The first and second clusters include phosphopeptides primarily showing large increases in either
FH (cluster a) or AR grains (cluster b), respectively. The third cluster included phosphopeptides that
showed similar tendencies in both samples (cluster c). Cluster b was the largest, and cluster c contained
the fewest members in this analysis. AR samples showed a different tendency between 0 and 10 h in
comparison with FH samples. This result was consistent with PCA, suggesting that AR grains change
phosphorylation status more than FH during imbibition.

To examine the most robust changes, we screened phosphopeptides that statistically increased
or decreased in imbibition as compared to the 0 h for each seed stage. Of these, 98 and
199 phosphopeptides increased in FH and AR embryos, respectively (Table 1; Table S2), with only 28 of
them (10.5%) being shared between the two sets. Conversely, 39 and 59 phosphopeptides decreased
in FH and AR embryos, respectively (Table 1; Table S2). Interestingly, only one phosphopeptide
was shared between these two sets. In accordance with Figure 2, the number phosphopeptides that
increased was more than those that decreased. Examples of phosphopeptides with different patterns
are shown in Figure 3. Some phosphopeptides showed significant changes specifically in FH and/or
AR samples. Two of those phosphopeptides exhibited converse accumulation patterns in FH and AR
embryos. For example, glycosyl hydrolase family protein was upregulated in the FH embryo and
downregulated in the AR embryo.
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Figure 2. Comparative analysis of FH and AR barley grains. Quantitative data of each phosphopeptide
in FH and AR grains was displayed as a heatmap. Phosphopeptides could be classified into clusters
a, b and c based on their phosphorylation patterns. Cluster a (red) and cluster b (green) include
phosphopeptides primarily showing large increases in FH and AR grains, respectively. The cluster c
(black) includes phosphopeptides that showed similar tendencies in both samples.
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Table 1. The numbers of up- and downregulated phosphopeptides in barley grains during imbibition.

Response Freshly Harvested Overlap After-Ripened Total

Upregulated 98 28 199 269

Downregulated 39 1 59 97

Comparative analysis selected phosphopeptides which were upregulated or downregulated in response to
imbibition in FH and AR grains. Each phosphopeptide was statistically tested by Student’s t-test (p-value < 0.05).

 
Figure 3. Examples of phosphopeptides in barley seeds. Quantitative data of each phosphopeptide
was analyzed for FH (solid) and AR (empty) grains treated with imbibition. Bars indicates ± standard
error (n = 3), and * and ** indicate p-values of <0.05 and <0.01, respectively.

2.3. Comparative Analysis of Phosphopeptides

Phosphopeptides were further analyzed to examine potential differences in biological processes
between FH and AR embryos. First, barley genes were annotated using the Arabidopsis database
(TAIR10); and gene ontology analyses of up- and downregulated phosphopeptides was performed.
The 70 and 171 phosphopeptides found in Table 1 to be uniquely upregulated in FH only and AR only,
respectively, were used for gene ontology (GO) analysis (Figure 4A,B; Table S3). Proteins upregulated
in FH grains were enriched in GO categories related to “response to ABA”, “embryo development
ending in seed dormancy” and “RNA splicing” (Figure 4A). Uniquely enriched in AR grains responses
included “response to osmotic stress”, “embryo development ending in seed dormancy”, cell wall
pectin metabolism”, “regulation of translation” and “mRNA processing” (Figure 4B). To compare FH
with AR, “response to ABA” in FH was enriched; and enrichment of “embryo development ending in
seed dormancy” was lower in FH than in AR. Especially the GO term of “cell wall pectin modification”
was highlighted to associate with germination. During germination, embryo growth and cell wall
degradation occur to be associated with physiological and physical dormancy, respectively [32–37].
This GO term indicates AR grains go toward radicle protrusion, germination.
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Figure 4. GO analysis of phosphopeptides in barley seeds. GO terms were evaluated by DAVID
program and visualized with REViGO for phosphopeptides upregulated and downregulated under
imbibition. Each circle color and size show p-value and frequency (%), respectively. Phosphopeptides
used for this analysis included 70 and 171 phosphopeptides upregulated in FH (A) and AR (B) seeds,
respectively; 38 and 58 phosphopeptides downregulated in FH (C) and AR (D) seeds, respectively.

From Table 1, the 38 and 58 downregulated phosphopeptides unique to each seed stage were used
for GO analysis (Figure 4C,D). For FH grains, GO term was enriched for “response to ABA” (Figure 4C).
GO terms of “response to ABA”, “post-embryonic development”, “meristem structural organization”
and “trichome morphogenesis” were enriched in AR (Figure 4D). Among GO terms of AR grains,
“post-embryonic development” was the most highlighted one. ABA-related phosphopeptides were
significantly downregulated in both of grains. The phytohormone ABA plays an important role
in response to environmental stress and dormancy [7,9,23,38]. Recently, it was reported that ABA
responses involve activation of protein kinase SnRK2, and then activated SnRK2 phosphorylates
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downstream substrates, including bZIP transcription factors [22,39–42], to modulate their activity.
The enrichment of the GO term “response to ABA” in phosphopeptides decreasing in AR is consistent
with the decay of ABA signaling that would be associated with the rapid decline in dormancy in AR
seeds after imbibition.

Phosphorylation motif analysis can indicate some kinases upstream of the differentially
phosphorylated proteins, thus pointing to kinases that may be changing in activity during these
processes [43,44]. In this study, two phosphorylation motifs, [-pS-P-] and [-R-x-x-pS-], were enriched in
both up- and downregulated candidates (Figure 5; Table S4). [-pS/-P-] is a known mitogen-activated
protein kinase (MAPK)- and cyclin-dependent kinase (CDK) target motif. SnRK2, calcium-dependent
protein kinases (CDPK) and CBL-interacting protein kinases (CIPK) phosphorylate on [-R-x-x-pS-]
motifs. Among 70 upregulated phosphopeptides in the FH sample, 22 (30.9%) and 17 (23.9%) include
[-pS/T-P-] and [-R/K-x-x-pS/T-], respectively, while 68 [-pS/T-P-] (38.4%) and 41 [-R/K-x-x-pS/T-]
(23.1%) were found in 171 upregulated phosphopeptides in the AR sample (Figure 5A).

Next, a motif analysis was performed for 97 phosphopeptides which were downregulated after
imbibition. As well as upregulated phosphopeptides, [-R/K-x-x-pS/T-] and [-pS/T-P-] were identified
in FH and AR grains (Figure 5B). Actually, it is difficult to understand why the same motifs were
enriched in both upregulated and downregulated phosphopeptides. It may result from different
protein kinases sharing the same target motifs as described above.

 

 
Figure 5. Motif analysis of phosphopeptides in barley grains. Motif analysis of 269 upregulated
phosphopeptides (A) and 97 downregulated phosphopeptides (B) using the motif-x algorithm.
Extracted phosphorylation motifs were counted in the data from FH or AR grains.
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2.4. Differential Regulation Mechanisms of Seed Dormancy

Various approaches have been performed to investigate the differences between FH and AR grains
in cereals [45–49]. A variety of different factors have been reported to contribute to the antagonistic
regulation of dormancy and germination, including environmental responses, such as light and
temperature, oxidation of proteins, and differential accumulation of transcripts (i.e., changes in gene
expression) [50,51]. These previous studies indicated that ABA has an indispensable role in dormancy
regulation. The perception of changes in ABA is primarily transmitted by three major components:
ABA receptors (PYR/PYL/RCAR), protein phosphatases (PP2Cs) and protein kinases (SnRK2s) [39–41].
Both ABA content and signaling are important for controlling plant responses [45,52], and it can be
difficult to separate both elements because of the complex feed-back regulation of the ABA synthesis
pathway. Millar et al. reported that the ABA content in dry seeds is similar between FH and AR
samples, and that only after imbibition a difference occurs due to the AR seeds being unable to maintain
high ABA levels [45]. This study and others would suggest that ABA signaling changes during
after-ripening are more critical than content changes for the regulation of dormancy and germination.
In agreement with this result, our GO analysis showed a set of phosphopeptides, of which responses
to imbibition are related to “response to ABA”. In FH, up- and downregulated phosphopeptides
contained “response to ABA”. On the other hand, “response to ABA” was strongly enriched in
downregulation in comparison with upregulation in AR. These results suggest ABA signaling is active
in FH, but it is impaired by imbibition in AR. Additionally, most of phosphopeptides containing
[-R/K-x-x-pS/T-] decreased their phosphorylation level with imbibition in AR. This indicates the
activities of SnRK2 and/or CDPK, which are involved in ABA signaling and target [-R/K-x-x-pS/T-],
are impaired during imbibition. These results consistently imply ABA signaling is attenuated in the
AR grain compared to that in the FH grain. Although the ABA contents of FH and AR grains decrease,
ABA signaling is activated or repressed in FH and AR grains, respectively. It is still unclear how a
decay in ABA signaling during imbibition is induced during after-ripening.

The influence of DELAY OF GERMINATION1 (DOG1) is one possible to alter ABA signaling
between FH and AR grains. DOG1 is expressed in fresh/dormant and also in AR Arabidopsis
seeds, but DOG1 proteins are less abundant or downregulated in AR seeds [53,54]. Interestingly,
recent studies have reported that DOG1 interacts with AHG1 and AHG3, one of PP2Cs in clade A,
and is able to repress its function directly [55,56]. This inhibition possibly induces the activation of
SnRK2 in FH grains, but not in AR grains.

2.5. The Role of Abscisic Acid in Seed Dormancy during Water Imbibition

We identified the ortholog of AREB3 and other ABA-responsive proteins were downregulated in
AR grains during water imbibition. AREB3 belongs to group A bZIP transcription factors, which are
responsible for ABA-responsive element (ABRE; PyACGTGG/TC)-dependent gene expression [57,58].
These factors are divided into two subclasses: ABRE-binding protein (AREB)/ABRE-binding factor
(ABF) subfamily having a role in the vegetative tissue and ABA-INSENSITIVE 5 (ABI5)/Dc3
promoter-binding factor (DPBF) subfamily working in the seed [59,60]. Group A bZIP transcription
factors are phosphorylated by SnRK2 and activate the gene expression in response to ABA [27,61–63].
bZIP transcription factors could be regulated by the ABA content. Millar et al. revealed ABA
content decreased sharply after water imbibition in AR grains in comparison with FH (dormant)
grains of barley [45]. Low ABA concentration cannot influence ABA signaling enough. Additionally,
bZIP transcription factors could be controlled by dephosphorylation. Group A bZIP transcription
factors were indicated to be dephosphorylated by PP2C [64,65]. In low ABA conditions, released
PP2C possibly dephosphorylates SnRK2 and bZIP transcription factors to repress ABA signaling.
Another possibility is that protein degradation negatively regulates group A bZIP transcription factors.
ABI5 is known to be degraded by KEEP ON GOING (KEG) and CUL4/DDB1 E3 Ligase [66–70]. It is
presumed that activated E3 ubiquitin ligases degrade bZIP transcription factors.
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Taken together, this study performed phosphoproteomic analyses of FH and AR embryos in
barley during imbibition and demonstrated differential phosphosignals in FH and AR barley grains.
We have identified numerous phosphopeptides and 365 of them significantly altered phosphorylation
levels during imbibition. These phosphopeptides are possibly involved in control of dormancy and
germination, and some of them could be involved in the regulation of ABA signaling. Further studies
will be required for understanding the role of these responsive phosphoproteins and the upstream
elements that regulate the activity of various protein kinases during after-ripening.

3. Materials and Methods

3.1. Plant Material and Growth Condition

Barley (Hordeum vulgare cv. Golden Promise) plants were grown in a phytotron glasshouse (CSIRO,
Canberra, Australia) under sunlight and temperature set at 17/9 ◦C day/night [71]. Grains were
harvested at physiological maturity and half of the harvest was stored at −20 ◦C to preserve a
dormancy level as FH. The other half was after-ripened at 37 ◦C for six months to impair dormancy
and then stored at −20 ◦C as well (AR).

3.2. Phosphoproteomic Analysis

Twenty half-cut grains were prepared and set on filter paper (9 cm in diameter, Whatman #1,
GE Healthcare, Chicago, IL, USA) in plastic petri dishes. After adding 5 mL double-distilled H2O,
dishes were sealed with a Parafilm and covered by aluminum foil, and then incubated at 20 ◦C for
each time course, 1 h, 3 h and 10 h.

Following imbibition, embryos were dissected from barley half grains and stored at −80 ◦C as
previously described [47,72]. Fifteen embryos were grounded by using TissueLyser II (QIAGEN,
Germantown, MD, USA), and samples were resuspended in 1 mL of protein extraction buffer
containing 10 mM Tris-HCl (pH 9.0), 8 M Urea, 2% Phosphatase Inhibitor Cocktail II (Sigma, St. Louis,
MO, USA) and 2% Phosphatase Inhibitor Cocktail III (Sigma, St. Louis, MO, USA). After centrifugation
at 17,400 g at 4 ◦C for 10 min, supernatants were collected as crude extracts, and protein concentrations
were measured by BCA Protein Kit (Thermo Scientific, San Jose, CA, USA).

The phosphoproteomic analyses were performed as previously described [27,30,59,60] with minor
modifications. Aliquots of 400 μg total protein were reduced with 10 mM DTT for 30 min, and alkylated
with 50 mM iodoacetamide for 20 min in the dark, and then with Lys-C (WAKO, Osaka, Japan; 1:200,
w/w) for 3 h. After 4-fold dilution with NH4HCO3, proteins were digested with trypsin (Promega,
Madison, WI, USA; 1:100, w/w) overnight at room temperature.

After enzymatic digestion, an equivalent volume of 2% trifluoroacetic acid (TFA) was added
to the digested samples, and then they were desalted using SDB-XC Empore disk membranes
(3M, St. Paul, MN, USA) as described previously [73]. To enrich phosphopeptides, the hydroxyl
acid-modified metal oxide chromatography (HAMMOC) method was performed [74]. Custom-made
metal oxide chromatography (MOC) tips made with C8-StageTips and 3 mg of bulk titania beads
(particle size, 10 μm; GL science, Torrance, CA, USA) were used in this study. The concentrated
phosphopeptide sample was desalted with a C18-SDC and C18-GC column (GL science, Torrance, CA,
USA). Each column was washed with solution A (80% acetonitrile and 0.1% TFA) and 0.1 % TFA by
using centrifugation at 700 g for 2 min at room temperature. Samples were loaded on each column and
centrifuged at 700 g at room temperature. After being washed with 0.1% TFA, phosphopeptides were
eluted with solution A by using centrifugation at 700 g for 2 min. Samples were dried in a vacuum
evaporator (Tomy, Tokyo, Japan), and diluted with 10 μL of 0.1% formic acid (FA).

Cleaned-up samples were analyzed with TripleTOF 5600 system (AB-SCIEX, Framingham, MA,
USA) equipped with Autosampler-2 1D plus (Eksigent, Framingham, MA, USA) and NanoLC Ultra
(Eksigent, Framingham, MA, USA) using MonoCap C18 High Resolution 2000 column (GL science,
Torrance, CA, USA) and PicoTip emitter SilicaTip (New Objective Inc., Woburn, MA, USA). Peptides
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were eluted at 500 nL min−1 with a four-step gradient, 0.5% acetic acid: 0.5% and 80% acetic
acid = 98:2 (0 min), 60:40 (300 min), 10:90 (20 min) and 98:2 (40 min). The eluate was sprayed
into mass spectrometer by electrospray ionization (ESI). The mass spectrometry (MS) scan range was
400–1250 m/z and the MS/MS scan range was 100–1600 m/z.

3.3. Phosphopeptide Identification and Quantification

Peak lists were generated using Protein pilot version 5.0.0.4769 (AB-SCIEX, Framingham, MA,
USA). Raw spectrum files were matched with the barley gene database published on 23 March 2012
(Plant Genome and Systems Biology; https://www.helmholtz-muenchen.de/pgsb) using Mascot
version 2.4.0 (Matrix Science, London, UK). Search settings were applied: a precursor mass tolerance
of 3 ppm, a fragment ion mass tolerance of 0.8 Da, and cut-off value of 0.95, allowing for up to two
miss cleavages, with the enzyme designated as trypsin. A fixed modification of carbamidomethylation
of cysteine and variable modifications of oxidation of methionine and phosphorylation of serine,
threonine and tyrosine were used. All raw data files were deposited in the Japan Proteome Standard
Repository/Database (jPOST; JPST000502, Kyoto, Japan).

Skyline software version 4.2 (https://skyline.ms/project/home/software/Skyline/begin.view)
was used for phosphopeptide quantification from peak areas [75]. The search settings were the same
as described for Mascot. The maximum false discovery rate (FDR) thresholds for protein was set to
5%. In addition, the site localization probability threshold was specified as >0.75. Fold changes were
calculated using quantitative values. For each time point, three biological replicates were analyzed
and the significance of time-dependent changes was determined by Student’s t test (p < 0.05).

3.4. Data Analysis

Each phosphoproteomic sample including FH and AR grains was compared by PCA [76–78].
Samples were plotted with principal component 1(PC1) and PC2. Hierarchical clustering analysis
was performed on phosphorylation intensity using Multi Experimental Viewer (MeV, Boston, MA,
USA). Pearson correlation and average linkage clustering were applied for settings. Gene Ontology
(GO) analysis was performed with DAVID (https://david.ncifcrf.gov) and REViGO (http://revigo.
irb.hr). Annotated data with Arabidopsis by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was
loaded to DAVID, and background database was set as the TAIR 10 Arabidopsis dataset. Outputted
GO terms in DAVID were visualized with REViGO. Settings used for REViGO were: medium (0.7)
similarity, UniProt Arabidopsis database (https://www.uniprot.org) and simRel semantic measure.
Phosphorylation motifs were predicted by the motif-x program (http://motif-x.med.harvard.edu) [79].
For motif analysis, 13 amino acids around phosphorylated residues were extracted from identified
phosphopeptide sequences, and submitted to motif-x, setting an occurrence to 20 and significance to
0.01. Barley expressed sequence tag (EST) data was submitted to the local BLAST program against the
Arabidopsis dataset (TAIR10) to make a list of orthologues [80].

4. Conclusions

To understand the phosphosignaling that take place during the after-ripening of barley grains
and that produce a decay in dormancy, phosphoproteomic profiles were obtained from FH and AR
embryos during imbibition. As a result, 2,346 phosphopeptides were identified, with 365 of them
responded to imbibition. Our data indicate that multiple protein kinases, such as SnRK2, CDPK, CIPK,
or MAPK, can actively participate in the differential phosphorylation of peptides in barley FH or AR
grains, and point to some key kinases that could be manipulated for regulating germination in cereals.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/2/
451/s1.
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Abstract: Morus alba is an important medicinal plant that is used to treat human diseases. The leaf, branch,
and root of Morus can be applied as antidiabetic, antioxidant, and anti-inflammatory medicines,
respectively. To explore the molecular mechanisms underlying the various pharmacological functions
within different parts of Morus, organ-specific proteomics were performed. Protein profiles of the
Morus leaf, branch, and root were determined using a gel-free/label-free proteomic technique. In the
Morus leaf, branch, and root, a total of 492, 414, and 355 proteins were identified, respectively,
including 84 common proteins. In leaf, the main function was related to protein degradation,
photosynthesis, and redox ascorbate/glutathione metabolism. In branch, the main function was
related to protein synthesis/degradation, stress, and redox ascorbate/glutathione metabolism. In root,
the main function was related to protein synthesis/degradation, stress, and cell wall. Additionally,
organ-specific metabolites and antioxidant activities were analyzed. These results revealed that
flavonoids were highly accumulated in Morus root compared with the branch and leaf. Accordingly,
two root-specific proteins named chalcone flavanone isomerase and flavonoid 3,5-hydroxylase were
accumulated in the flavonoid pathway. Consistent with this finding, the content of the total flavonoids
was higher in root compared to those detected in branch and leaf. These results suggest that the
flavonoids in Morus root might be responsible for its biological activity and the root is the main part
for flavonoid biosynthesis in Morus.

Keywords: Morus; organ; gel-free/label-free proteomics; flavonoid; antioxidant activity

1. Introduction

Mulberry tree (Morus alba L.) is a deciduous woody shrub in the family Moraceae and widely
cultivated in China, Korea, India, and Japan [1]. In addition to its use in sericulture, Morus can be used
in fruit production, tolerating saline soils, and soil retention in loess soils [2,3]. In China, different parts
of the mulberry tree have a long history of being used in traditional Chinese medicine to treat human
diseases such as diabetes, arthritis, and rheumatism [4]. Therefore, Morus has attracted attention for its
pharmaceutical value. For example, the mulberry leaf has been proven to modulate the cardiovascular
system through endothelial nitric oxide synthase signaling [5] and mulberry-leaf polysaccharides,
which are one of the main active components in mulberry leaf, have been purified from an ethanol
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extraction and showed potential antioxidative activities [6]. The mulberry-branch bark had a powerful
antidiabetic effect that could rescue gluconeogenesis and glycogen synthesis by protecting genes in the
phosphatidylinositol-3 kinase and protein kinase B signaling pathways [7]. Furthermore, the ethanol
extraction of mulberry root bark could effectively ameliorate hyperlipidemia and four major active
compounds, including mulberrofuran C, sanggenon G, moracin O, and moracin P, were isolated [8].
However, the mechanisms for the different biological activity in different parts of Morus remain unclear.

For most medicinal plants, their pharmaceutical value varies in different parts of the plant.
For example, the Scutellaria baicalensis root rather than its aerial parts can be used as a traditional
Chinese medicine for its anticancer, anti-HIV, and antibacterial effects [9]. The flower from
Coreopsis tinctorial has been reported to possess antioxidative and antidiabetic activities and is used
as a health food, while its stems and leaves are commonly discarded [10]. Organ- and tissue-specific
studies are an effective way to discover the reason for these phenomena and aid in the quality control
and pharmacological evaluation of medicinal plants, especially for medicinal plants such as Morus
whose vegetative organs (root, branch, and leaf) can all be used as medicines. A comparative study on
the antioxidant activity and phenolic contents of methanol extractions from mulberry leaf, stem bark,
fruit, and root bark indicated that the mulberry stem bark had the highest antioxidant activity [11].
In contrast, the ethanol extraction from mulberry leaf had a higher antioxidant activity than the fruit
and stem extractions [12]. Furthermore, the antioxidant activity of the ethanolic extraction from
mulberry twigs was better than that from mulberry root bark [13]. However, there have been no
systemic studies comparing the antioxidant activities among mulberry root, branch, and leaf, and the
mechanisms of their different antioxidant activities are still unknown.

Omics technologies allow for the analysis of the complete set of genomes and are the most
popular approaches for performing systemic studies [14]. The majority of functional genomics is
based on transcriptomics, proteomics and metabolomics [15]. Proteomic technologies provide one
of the best choices for the functional analysis of translated parts of the genome and have been
applied in organ-/tissue-specific studies in plants. Zhu et al. [16] performed organ-specific proteomic
analysis on the medicinal plant Mahonia and successfully identified the root-specific expressed proteins
S-adenosylmethionine synthetase and (S)-tetrahydroprotoberberine. As the roots accumulated the most
alkaloids, such as columbamine, jatrorrhizine, palmatine, tetrandrine, and berberine, these proteins
are assumed to be involved in alkaloid biosynthesis. Ji et al. [17] conducted a comparative proteomics
analysis using healthy and infected leaves from Morus to study the dwarf response mechanism.
Therefore, proteomic approaches can provide significantly more detailed protein information in
different organs, which may be beneficial for revealing important mechanisms.

Although the leaf, branch, and root of Morus can all be used as traditional Chinese medicine,
additional studies are needed to identify the organ-specific factors with medicinal value. In this
study, to uncover the molecular mechanisms of the different pharmacological functions in Morus leaf,
branch, and root, gel-free/label-free proteomic approach was used. Bioinformatic, phytochemical,
and qRT-PCR techniques were used for confirmation of results from proteomics.

2. Results

2.1. The Metabolite Contents and Antioxidant Activity in Morus Root were Higher than in Branch and Leaf

To reveal differences among the leaf, branch, and root in Morus, five secondary metabolites
were identified in the three organs. The leaf, branch and root were collected from mulberry trees
and methanol extracts from the three organs were examined by HPLC analysis. From the HPLC
chromatograms detected at 320 nm, 24, 18, and 40 peaks were observed in the extracts from the leaf,
branch, and root, respectively (Figure 1A). Five major secondary metabolites including mulberroside A,
oxyresveratrol, kuwanone H, chalcomoracin, and morusin were identified in the root, while only three
of the five metabolites (mulberroside A, oxyresveratrol, and morusin) were detected in the branch and
two of the five metabolites (mulberroside A, and chalcomoracin) were detected in the leaf. Except for
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oxyresveratrol, the contents of the other four metabolites in the root are more than 10 times higher
than those in the leaf and branch (Table 1). To understand the biological differences among the three
organs in Morus, the antioxidant activities were evaluated by using an ABTS+ scavenging activity,
hydroxyl free radical, and O2

− scavenging activity assays. As a result, the root had the strongest
ABTS+ scavenging activity, O2

− scavenging activity, and hydroxyl free radical inhibition activity, while
the leaf had the worst antioxidant activity (Figure 1B).

Figure 1. Analysis of the metabolites in Morus leaf, branch, and root and their antioxidant activities.
The methanol extracts from Morus leaf, branch, and root were analyzed by HPLC (A). A C18 column
was used with a flow rate of 1 mL min−1. The peaks were determined at a wavelength of 320 nm. For the
determination of the antioxidant activities of Morus leaf, branch, and root, ABTS+ scavenging, hydroxyl
free radical, and O2

− scavenging activities were analyzed (B). The data are shown as the mean ± SD
from three independent biological replicates. Means with the same letter are not significantly different
according to the one-way ANOVA test (p < 0.05).
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Table 1. Contents of five secondary metabolites in different organs of Morus.

Mulberroside A
(mg/g DW)

Oxyresveratrol
(mg/g DW)

Kuwanone H
(mg/g DW)

Chalcomoracin
(mg/g DW)

Morusin
(mg/g DW)

Leaf 0.917 ± 0.015 n.d. * n.d. 0.045 ± 0.005 n.d.
Branch 0.451 ± 0.012 0.453 ± 0.008 n.d. n.d. 0.043 ± 0.008
Root 24.206 ± 0.688 0.345 ± 0.022 5.551 ± 0.226 0.610 ± 0.051 2.874 ± 0.158

* n.d. means the metabolites is not determined in this organ; DW, means dry weight.

2.2. A Total of 257, 148, and 170 Proteins were Specific to Leaf, Branch, and Root in Morus, Respectively

To analyze the mechanisms functioning within the three organs, a gel-free proteomics approach
was used to identify and determine the abundance of proteins in mulberry leaf, branch, and root
with the help of nano LC-MS/MS. A total of 492, 414, and 355 proteins with more than two matched
peptides were identified in the leaf (Supplemental Table S1), branch (Supplemental Table S2) and root
(Supplemental Table S3), respectively. Among these proteins, 257 (257/492, 52%), 148 (148/414, 36%),
and 170 (170/355, 48%) were specific to the leaf, branch, and root, respectively (Figure 2).

To determine the biological processes involved in the three organs, the identified proteins were
functionally classified using MapMan bin codes (Figure 2, Supplemental Tables S1–S3, Supplemental
Figure S4. In leaf, the main functional categories were related to protein metabolism (82/492, 17%),
photosynthesis (64/492, 13%), redox ascorbate/glutathione metabolism (31/492, 6%), stress (20/492,
4%), and tricarboxylic acid cycle (TCA, 17/492, 3%). In branch, the main functional categories were
related to protein metabolism (67/414, 16%), stress (32/414, 8%), photosynthesis (30/414, 7%), redox
ascorbate/glutathione metabolism (28/414, 7%), and cell cycle/cell organization and division (17/414,
4%). In root, the main functional categories were related to protein metabolism (56/355, 16%), stress
(33/355, 9%), cell wall (20/355, 6%), RNA metabolism (19/355, 5%), and redox ascorbate/glutathione
metabolism (16/355, 5%). Based on these results, proteins related to protein synthesis/degradation
comprised the main functional category in all three organs. The abundance of proteins related to redox,
TCA cycle, and glycolysis largely differed in the root samples compared to the leaf and branch samples
(Figure 2).

2.3. Functional Characterization of Organ-Specific Proteins Identified from Morus

To determine the organ-specific protein expression patterns within each organ, leaf-, branch-,
and root-specific proteins were functionally categorized and visualized using the MapMan software
(version 3.6.0RC1, Aachen, Germany) (Figure 3). In the root, the number of cell wall-related proteins
(10 proteins) was larger than in the leaf (four proteins) and branch (two proteins). Moreover, the
proteins related to lipid metabolism identified in the root (four proteins) are more than the other
organs (one protein for branch and two proteins for leaf). Additionally, five root-specific proteins
related to major carbohydrate metabolism are functionally categorized as the degradation of sucrose
and starch, while two leaf-specific proteins are involved in the synthesis of sucrose. In amino acid
synthesis/metabolism, four root-specific proteins were found to be involved with amino acids; these
belonged to the glutamate and aspartate families. There were also four leaf-specific proteins related to
amino acid degradation/metabolism.
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Figure 2. Functional categorization of proteins in leaf, branch, and root from Morus. Leaf (white),
branch (gray), and root (black) samples were collected and proteins were extracted, digested, and
analyzed by nanoLC-MS/MS. Protein functions were predicted and categorized using MapMan bin
codes. Abbreviations: redox, redox ascorbate/glutathione metabolism; TCA, tricarboxylic acid; RNA,
RNA processing and regulation of transcription; cell, cell organization, and vesicle transport; CHO,
carbohydrates; OPP, oxidative pentose phosphate; ETC, electron transport chains; and DNA, DNA
synthesis, and repair. a Others, containing biodegradation of xenobiotics, co-factor and vitamin
metabolism, S-assimilation, gluconeogenesis, fermentation, and metal handling. b Others, containing
amino acid activation, posttranslational modification, and assembly/cofactor ligation.
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Figure 3. Organ-specific proteins were functionally categorized and visualized using the MapMan
software. Leaf- (red), branch- (green), and root-(blue) specific proteins were submitted to the MapMan
software (version 3.6.0RC1) using the metabolism overview pathway map. Each square indicates one
mapped protein.

There were several specifically identified proteins mapped to secondary metabolism that exhibited
organ-specific expression patterns. Therefore, the organ-specific proteins involved in secondary
metabolism were visualized using the MapMan software (version 3.6.0RC1, Aachen, Germany)
(Supplemental Figure S1). There were eight, five, and four specifically identified proteins from
the leaf, branch, and root samples, respectively. Leaf-specific proteins related to secondary metabolism
mainly accumulated in the non-MVA and phenlypropanoid pathways. Branch-specific proteins related
to secondary metabolism mainly accumulated in the phenlypropanoid and lignin/lignan pathways.
Notably, the root-specific proteins related to secondary metabolism, such as chalcone flavanone
isomerase and flavonoid 3,5-hydroxylase, were accumulated in the flavonoid pathway, especially for
the biosynthesis of chalcones and dihydroflavonols (Figure 4).

2.4. Largely Differential Common Proteins Were Identified among Three Organs in Morus

To further analyze the differences in the proteins among the three organs, Venn diagram analysis
was performed on the proteins identified in the three organs (Figure 2). A total of 84 proteins was
commonly identified from the three organs, and the abundance of peroxidase (protein number 2) in
the root was significantly higher than in the branch and leaf (Table 2). The abundance of proteasome
(protein number 9) in the root was approximately six times higher than that found in the leaf. However,
isoflavone reductase homolog P3 (protein number 48), which is the only protein involved in secondary
metabolism from the commonly identified protein group, was the most abundant in the branch
samples (1.17 mol%) compared to the leaf (0.33 mol%) and root (0.37 mol%) samples. Furthermore, the
abundance of triosephosphate isomerase in the leaf is approximately ten times higher than in the root.
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Figure 4. Comparison of the organ-specific proteins related to the flavonoid, phenlypropanoid,
simple phenol, and lignin. Leaf- (A), branch- (B), and root- (C) specific proteins related to secondary
metabolism were submitted to the MapMan software (version 3.6.0RC1). Each red square indicates one
mapped protein.
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2.5. TCA Cycle and Glycolysis Pathways Largely Differed among the Three Organs

To better understand the different metabolic pathways that are active in the leaf, branch,
and root of Morus, the identified proteins from each organ were mapped to the TCA cycle and
glycolysis pathways using the KEGG database (Figures 5 and 6). In the TCA cycle, the abundance
of dihydrolipoyl dehydrogenase (EC1.8.1.4) in the leaves was higher than that in the branches, and
no dihydrolipoyl dehydrogenase was detected in the roots. The abundance of NADP-dependent
malic enzyme (EC1.1.1.40) in the branches was higher than in the leaves and roots. The abundance
of malate dehydrogenase (EC1.1.1.37) in the leaves was nearly three times greater than that in the
roots. The abundance fumarate hydratase (EC4.2.1.2) in the leaves was more than three times higher
than that in the branches. Furthermore, isocitrate dehydrogenase (EC1.1.1.42) was only identified in
the branches (Figure 5). In the glycolysis pathway, the abundance of fructose bisphosphate aldolase
(EC4.1.2.13), phosphoglycerate kinase (EC2.7.2.3), and enolase (EC4.2.1.11) in the roots were higher
than in the branches and roots. Additionally, pyruvate kinase (EC2.7.1.40) was only identified in the
branches (Figure 6).

Figure 5. Cont.
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Figure 5. Mapping of proteins related to the TCA cycle in three organs from Morus. The TCA cycle
pathways were identified by the mapping of the identified proteins from the leaf (A), branch (B),
and root (C) using the KEGG database. Enzymes in red represent identified proteins, and the blue
number represents the protein abundance. The EC number for the following proteins are 1.1.1.37,
malate dehydrogenase; 1.1.1.40, malate dehydrogenase (oxaloacetate-decarboxylating) (NADP+);
1.1.1.41, isocitrate dehydrogenase (NAD+); 1.1.1.42, isocitrate dehydrogenase; 1.1.1.286, homoisocitrate
dehydrogenase; 1.2.4.1, pyruvate dehydrogenase E1; 1.2.4.2, 2-oxoglutarate dehydrogenase; 1.3.5.1,
succinate dehydrogenase; 1.3.5.4, fumarate reductase; 1.8.1.4, dihydrolipoamide dehydrogenase;
2.3.3.1, citrate synthase; 2.3.3.8, ATP-citrate synthase; 2.3.1.12, pyruvate dehydrogenase; 2.3.1.61,
dihydrolipoamide succinyltransferase; 4.2.1.2, fumarate hydratase; 4.2.1.3, aconitate hydratase; 6.2.1.4,
succinyl-CoA synthetase; and 6.2.1.5, ATP-citrate synthase.

2.6. Total Flavonoid Contents were the Highest in the Roots

The proteomics analysis of Morus revealed that two proteins involved in the flavonoid biosynthetic
pathway were only identified in the roots (Figure 4). Based on this finding, the total flavonoid contents
of the three organs in Morus were analyzed to confirm whether the flavonoids accumulated in the
roots. The total flavonoids extracted from the leaves, branches, and roots of Morus were analyzed
using a colorimetric method. The results confirmed that the total flavonoid contents in the roots
were significantly higher than in the leaves and branches (Figure 7A); the levels were approximately
1.5 times higher than in the leaves and four times higher than in the branches (Supplemental Table S4).

2.7. Expression of Genes Related to Root- and Branch-Specific Proteins

Functional characterization of the root-specific proteins showed that chalcone flavanone isomerase,
which is involved in secondary metabolism, was accumulated through the flavonoid pathway
(Figure 4). The abundance of isoflavone reductase in the branch was higher than in the leaf and
root (Table 2). Moreover, the abundance of phosphoglycerate kinase in the branch, which is involved
in the glycolysis pathway, was higher than in the other organs (Figure 6). Based on this finding, these
three genes, chalcone flavanone isomerase (CHI), isoflavone reductase (ISO), and phosphoglycerate
kinase (PGK), were selected for further analysis of their mRNA expression levels (Figure 7B). Among
the examined genes, the mRNA expression of CHI in the root is significantly higher than in the leaf
and branch. Additionally, the expression of PGK and ISO in the branch is significantly higher than in
the root (Figure 7B).
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Figure 6. Mapping of proteins related to glycolysis in the three organs from Morus. The glycolysis
pathways were identified by the mapping of the identified proteins from the leaf (A), branch
(B), and root (C) using the KEGG database. Enzymes in red represent identified proteins, and
the blue number represents the protein abundance. The EC number for the following proteins
are 5.4.2.2, phosphoglucomutase; 4.1.2.13, fructose-bisphosphate aldolase; 5.3.1.1, triosephosphate
isomerase; 1.2.1.12, glyceraldehyde 3-phosphate dehydrogenase; 1.2.1.9, glyceraldehyde-3-phosphate
dehydrogenase (NADP); 2.7.2.3, phosphoglycerate kinase; 5.4.2.11, phosphoglycerate mutase; 4.2.1.11,
enolase; and 2.7.1.40, pyruvate kinase.

Figure 7. Cont.

412



Int. J. Mol. Sci. 2019, 20, 365

 
Figure 7. Total flavonoid contents and the expression of three genes in the three organs from Morus.
The total flavonoids extracted from Morus leaf, branch, and root were analyzed using a colorimetric
method (A). The transcript abundance of the selected genes was analyzed by qRT-PCR. Total RNA was
extracted from the collected leaf, branch, and root (B). Data are shown as the means ± SD from three
independent biological replicates. Means with the same letter are not significantly different according
to one-way ANOVA test (p < 0.05). The abbreviations are follows: QE, quercetin-3-O-rutinoside.
The genes CHI, PGK, and ISO represent chalcone flavanone isomerase, phosphoglycerate kinase, and
isoflavone reductase, respectively. The β-actin gene was used as a reference control gene.

3. Discussion

3.1. The Secondary Metabolites and Total Flavonoid Contents are Different in Morus Leaf, Branch, and Root

Morus is a widely distributed medicinal plant in China, and various parts of Morus are commonly
used in traditional Chinese medicinal treatments [4]. To date, it has been reported that the leaf, branch,
and root of Morus have various pharmacological activities, such as antidiabetic, anti-inflammatory, and
anticancer [18–20]. In this study, the antioxidant activity of the root was the best among the three Morus
organs examined (Figure 1B). It is known that the antioxidant-enzyme system is an important part of
plant responses to oxidative stress [21]. Among the antioxidant enzymes, superoxide dismutase (SOD)
and peroxidase (POD) play a key role in the antioxidant defense mechanism [22]. SOD is the first line
of defense in the enzymatic pathway against free oxygen radicals [23]. POD is an enzymatic protectant
that scavenges both radical and non-radical oxygen species [24]. In the present study, the abundance
of peroxidase and superoxide dismutase were higher in the root than in the other organs (Table 2),
which might contribute to high antioxidant activity of the Morus root.

In contrast, many secondary metabolites with various biological activities, such as alkaloids,
flavonoids, polysaccharides, terpenoids, phenolic acids, stilbenoids, and coumarins, were identified
in Morus [25]. Chen et al. [26] compared the chemical composition among the bark, leaf, twig, and
fruit of Morus, and further analysis showed that the bark contained the highest amount of prenylated
flavonoids (kuwanon G, sanggenon C, morusin, and mulberroside A) compared to the twig, leaf, and
fruit. The total flavonoid contents showed a significant contribution to α-glucosidase inhibition. In the
present study, the differences among the leaf, branch, and root from Morus were uncovered at the
protein level using a gel-free proteomics technique. Two proteins (chalcone flavanone isomerase and
flavonoid 3,5-hydroxylase) involved in the flavonoid biosynthetic pathway were only identified in the
root (Figure 4), which might mean that synthesized flavonoids accumulate in the root.

Chalcone flavanone isomerase (CHI) is a key branch-point enzyme between the phenylpropanoid
and flavonoid pathways that can catalyze the synthesis of flavanones and the backbone for many
downstream metabolites including flavonoids and isoflavonoids [27]. Flavonoid 3,5-hydroxylase
(F3’,5’Hs), which belongs to the cytochrome P450 (CYP) enzyme family [28], can catalyze the
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hydroxylation of the flavonoid B-ring at the 3’ and 5’ positions [29]. The results also indicated that
dihydroxy B-ring-substituted flavonoids have a great potential to inhibit the generation of ROS and
show antioxidant activity [30]. In the present study, the total flavonoid and five secondary metabolites
contents were highly accumulated in the roots of Morus (Figure 1). This evidence strengthens the idea
that both antioxidant enzymes and secondary metabolites in the root of Morus are responsible for the
antioxidant activity.

3.2. Anaylses of Enzymes Involved in the Glycolysis and Isoflavonoid Biosynthetic Pathway in Morus

Glycolysis is a sequence of ten enzyme-catalyzed reactions that converts glucose into pyruvate.
Proteomic analyses of leaf, branch, and root showed that proteins related to glycolysis were mostly abundant
in the branch compared with the leaf and root (Figure 6). The abundance of fructose-bisphosphate
aldolase (EC:4.1.2.13), phosphoglycerate kinase (EC:2.7.2.3), and enolase (EC4.2.1.11) in the branch was
higher than in the leaf and root samples (Table 2). These enzymes play important roles in glycolysis.
Fructose-bisphosphate aldolase catalyzes the split of fructose 1,6-bisphosphate into dihydroxyacetone
phosphate and glyceraldehyde 3-phosphate [31]. Phosphoglycerate kinase catalyzes the transfer of a
phosphate group from 1,3-bisphosphoglycerate to ADP via phosphoglycerate kinase, forming ATP
and 3-phosphoglycerate [32]. Enolase converts 2-phosphoglycerate to phosphoenolpyruvate [33].
Cramer et al. [34] reported that the early-responding proteins to water deficit included proteins related
to photosynthesis, glycolysis, translation, antioxidants, and growth, which could funnel carbon and
energy into antioxidant defenses during the very early stages of plant responses to water deficit before
any significant injury. The enhanced glycolysis in the mulberry branch might be engaged in a similar
regulatory pathway, which enables the branch to exhibit antioxidant activity in vitro.

Furthermore, mulberry root bark is usually used in traditional Chinese medicine as a diuretic and
expectorant agent, while the leaf was consumed as food by silkworms [35] and the fruit was taken as a
health food [36]. However, the branch was largely neglected and ended up as fire wood material or
agro-waste. Few studies have examined and confirmed the pharmacological activities of the branch
bark from mulberry [37,38]. When comparing the abundance of commonly identified proteins from
different parts of Morus, we discovered that isoflavone reductase homolog (IFRh) was most abundant
in branches, approximately three times higher than in the leaf and root. Isoflavone reductase (IFR) is
located in the cytoplasm and has been identified as one of the key enzymes involved in the synthesis
of isoflavonoid phytoalexin [39–41]. IFR is unique to the plant kingdom and considered to have
crucial roles in plant responses to various biotic and abiotic stresses. Cheng et al [42] discovered that
overexpression of soybean isoflavone reductase enhanced resistance to Phytophthora sojae in soybean,
though its specific biological function remains to be elucidated. The abundantly expressed isoflavone
reductase homolog protein in mulberry branch inspired us to propose that intense isoflavonoid
biosynthesis is present in the mulberry branch. However, the reason for this phenomenon is unknown
and the function of IFRh in Morus is worth further investigation.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Mulberry trees (Morus alba L.) were provided by the College of Agriculture and Biotechnology,
Zhejiang University (Hangzhou, China). They were grown in a greenhouse under white fluorescent
light (160 μmol m−2 s−1, 16 h light period/day) at 25 ◦C and 70% humidity. The soil conditions were
controlled to ensure normal plant growth without exposure to extreme drought or plant diseases. Leaf,
branch and root were then collected, frozen in liquid nitrogen and stored at −80 ◦C. For each organ,
three independent experiments were performed as biological replicates. Each biological replicate
means leaves, branches, and roots from three individuals were collected and analyzed by mass
spectrometry separately. A total of nine plants were used in this study (Supplemental Figures S2 and S3).
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4.2. Protein Extraction

A portion (0.5 g) of each organ sample was ground into powder in liquid nitrogen using a mortar
and pestle and then transferred into a polypropylene tube containing a solution of 10% trichloroacetic
acid and 0.07% 2-mercaptoethanol in acetone. The resulting mixture was vortexed and sonicated for
10 min at 4 ◦C. The suspension was incubated for 1 h at −20 ◦C with vortexing every 15 min. It was
then centrifuged at 9000× g for 10 min at 4 ◦C. The supernatant was discarded and the pellet was
washed twice with 0.07% 2-mercaptoethanol in acetone. The final pellet was dried and resuspended in
lysis buffer consisting of 7 M urea, 2 M thiourea, 5% CHAPS, and 2 mM tributylphosphine by vortexing
for 1 h at 25 ◦C. The suspension was then centrifuged at 20,000× g for 20 min at room temperature
until a clean supernatant was obtained. Protein concentrations were determined using the Bradford
assay [43] with bovine serum albumin as the standard.

4.3. Purification and Digestion of Proteins for Mass Spectrometry Analysis

Proteins (100 μg) were purified with methanol and chloroform to remove any detergent from the
sample solutions [44]. Briefly, 400 μL of methanol was added to each sample, and the resulting solution
was mixed. Subsequently, 100 μL of chloroform and 300 μL of water were added to each sample,
which were mixed and centrifuged at 20,000× g for 10 min to achieve phase separation. The upper
aqueous phase was discarded and the pellets were dried. The dried pellets were resuspended in
50 mM NH4HCO3. The proteins were reduced with 50 mM dithiothreitol for 30 min at 56 ◦C and
alkylated with 50 mM iodoacetamide for 30 min at 37 ◦C in the dark. Alkylated proteins were digested
with trypsin and lysyl endopeptidase (Wako, Osaka, Japan) at 1:100 enzyme/protein concentrations at
37 ◦C for 16 h. The resulting tryptic peptides were acidified by mixing with formic acid (pH < 3), and
the resulting solution was centrifuged at 20,000× g for 10 min. The obtained supernatant was collected
and analyzed by nanoliquid chromatography (LC)- mass spectrometry (MS).

4.4. Nanoliquid Chromatography-Tandem Mass Spectrometry Analysis

Peptides were analyzed using a nanospray LTQ Orbitrap mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) with the Xcalibur software (version 2.1, Thermo Fisher Scientific, Bremen,
Germany) in data-dependent acquisition mode. Using an Ultimate 3000 nanoLC system (Dionex,
Germering, Germany), peptides in 0.1% formic acid were loaded onto a C18 PepMap trap column
(300 μm ID × 5 mm, Dionex, Sunnyvale, CA, USA) and were then eluted with a linear acetonitrile
gradient (8–30% over 150 min) in 0.1% formic acid at a flow rate of 200 nL/min. The eluted peptides
were separated and sprayed on a C18 capillary tip column (75 μm ID × 120 mm, Nikkyo Technos,
Tokyo, Japan) with a spray voltage of 1.5 kV.

Full-scan mass spectra were acquired on the LTQ Orbitrap mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) over 400–1500 m/z with a resolution of 30,000. A lock mass function
was used for high mass accuracy [45]. The ten most intense precursor ions were selected for
collision-induced fragmentation in the linear ion trap at a normalized collision energy of 35%. Dynamic
exclusion was employed within 90 s to prevent the repetitive selection of peptides [46].

4.5. Protein Identification from the Mass Spectrometry Data

Proteins were identified using the Mascot search engine (version 2.5.1; Matrix Science, London,
UK) with the Morus Genome database (MorusDB) (version 2.0, https://morus.swu.edu.cn/morusdb/
datasets). The acquired raw data files were processed using Proteome Discoverer (version 1.4.0.288,
Thermo Fisher Scientific, Bremen, Germany). The parameters used in Mascot searches were as follows:
carbamidomethylation of cysteine was set as a fixed modification and oxidation of methionine was
set as a variable modification. Trypsin was specified as the proteolytic enzyme, and one missed
cleavage was allowed. The peptide mass tolerance was set at 10 ppm, the fragment mass tolerance
was set at 0.8 Da, and the peptide charge was set at +2, +3, and +4. An automatic decoy database
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search was performed as part of the search. Mascot results were filtered with Mascot Percolator
to improve the accuracy and sensitivity of peptide identification [47]. The false discovery rates for
peptide identification in all searches were less than 1.0%. Peptides with a percolator ion score of more
than 13 (p < 0.05) were used for protein identification. Protein abundance was analyzed based on the
exponentially modified protein abundance index (emPAI) value [48]. Mascot-derived emPAI values
were converted to molar percentages by normalizing against the sum of all emPAI values for the
acquisition. Briefly, the mean of three emPAI values was divided by the sum of the emPAI values for
all identified proteins and multiplied by 100. The protein content was estimated by the molar fraction
percentage (mol%).

4.6. Functional Analysis of Identified Proteins

Protein functions were categorized using MapMan bin codes as previously described [49].
The small-scale prediction of the identified proteins from Mahonia was performed by transferring
annotations from the Arabidopsis thaliana genome and considering orthologous genes. Pathway
mapping of identified proteins was performed using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (https://www.kegg.jp/) [50].

4.7. Quantitative Analysis of Metabolites from Morus

A portion (0.2 g dry weight) of collected organ sample was sonicated in 150 mL of methanol for
2 h, centrifuged at 10,000× g for 10 min, and the supernatant was collected. The methanol extracts were
dried in a rotary evaporator at 50 ◦C. For root samples, the obtained residue was dissolved in 10 mL
of methanol. For branch and leaf samples, the obtained residue was dissolved in 2 mL of methanol.
The dissolved samples were then filtered through a 0.45-μm filter (Millipore, Bullerica, MA, USA) for
HPLC analysis. Several standard compounds, which consisted of mulberroside A, oxyresveratrol,
kuwanone H, chalcomoracin, and morusin, were provided by Zhejiang Institute for Food and Drug
Control (Hangzhou, China). For quantification, a calibration curve was constructed using the standard
solutions diluted in methanol at six different concentrations: mulberroside A (0.05, 0.1, 0.25, 0.375, 0.5,
and 0.75 mg mL−1), oxyresveratrol (0.001, 0.005, 0.01, 0.025, 0.05, and 0.1 mg mL−1), kuwanone H (0.01,
0.05, 0.1, 0.2, 0.3, and 0.5 mg mL−1), chalcomoracin (2.36, 4.72, 9.44, 14.16, 18.88, and 23.6 mg mL−1),
and morusin (0.01, 0.05, 0.1, 0.25, 0.5, and 1 mg mL−1). For HPLC analysis, 10 μL of the standard
solutions and samples were used.

HPLC analysis was performed on a Waters 2695 Alliance HPLC system (Waters, Milford, MA,
USA) equipped with a photodiode array detector, an online degasser and an auto-sampler for solvent
delivery. Compounds in samples were separated using reverse-phase HPLC. A C18 column (4.6 mm
ID × 250 mm, Agilent, Santa Clara, CA, USA) was used with a flow rate of 1 mL min−1 at 40 ◦C.
The solvent system consisted of a linear gradient from 10% to 95% (v/v) acetonitrile in water with
0.1% phosphoric acid over a period of 70 min followed by an isocratic elution with 95% for 5 min.
The spectra were measured at 320 nm and the retention time and ultraviolet spectra of the samples’
peaks were compared with that of the standards’ peaks.

4.8. In Vitro Antioxidant Activity Analysis of Mulberry Leaf, Branch, and Root

For the determination of the antioxidant activities of mulberry leaf, branch and root, ABTS+

scavenging activity, hydroxyl free radical and O2
− scavenging activity were analyses. The ABTS+

scavenging activities within different organs were determined using a total antioxidant capacity assay
kit (A015-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s
protocol. Briefly, 10 μL of each sample were mixed with diluted ABTS+ solution and then shaken
vigorously for 6 min at room temperature in the dark. The absorbance of the samples was measured
at 405 nm immediately after incubation. A calibration curve was constructed using absorbance
values measured when ABTS+ solution was mixed with a standard antioxidant—Trolox at 0.1 mM,
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0.2 mM, 0.4 mM, 0.8 mM and 1.0 mM. The antioxidant activity of each group was measured as a
Trolox-Equivalent Antioxidant Capacity (TEAC).

The hydroxyl free radical assay was performed using kit A018 purchased from the Nanjing
Jiancheng Bioengineering Institute following the manufacturer’s protocol based on the principle of
the Fenton reaction [51]. Samples were mixed with reaction buffer and reacted at 37 ◦C for 1 min and
terminated with the addition of developer. The absorbance of the samples was measured at 550 nm
after developing for 20 min; the standard sample contained 0.03% H2O2 as a control.

The O2
− scavenging activities were determined using the inhibition and produce superoxide

anion assay kit (A052, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to
manufacturer’s protocol. Samples were mixed with reaction buffer, incubated at 37 ◦C for 40 min and
terminated by the addition of developer. The absorbance of the samples was measured at 550 nm
after developing for 10 min developing; a vitamin C standard solution at 0.15 mg mL−1 was used as
the control.

4.9. RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis

Samples (0.1 g fresh weight) were ground to powder in liquid nitrogen using a sterilized mortar
and pestle. Total RNA was extracted using a Quick RNA Isolation Kit (Huayueyang Biotechnology,
Beijing, China) and reverse-transcribed using a 5X All-In-One RT MasterMix with AccuRT Genomic
DNA Removal Kit (Applied Biological Materials Ins, CA) according to manufacturers’ protocols.
The primers were designed using Primer Premier 6.0. qRT-PCR was performed in a 10 μL reaction
volume using an Evagreen 2 × qPCR MasterMix (Applied Biological Materials Ins, CA) in an IQ5
multicolor real-time PCR detection System (Bio-Rad, Hercules, CA, USA). The relative quantification
method (2-ΔΔCT) was used to evaluate the quantitative variation between treatments. β-actin
(GeneBank ID: HQ 163776) served as an internal control to normalize target gene quantities [52].
The gene-specific primers are listed in Supplemental Table S5. The qRT-PCR results were analyzed
using the Statistical Product and Service Solutions software (version 20.0, IBM, Armonk, NY, USA).

4.10. Quantitative Analysis of the Total Flavonoids in Three Morus Organs

The total flavonoid contents of the three organs in Morus was determined by a colorimetric
method as described previously with minor modifications [53]. Briefly, a portion (2.0 g) of each
freeze-dried organ sample was sonicated in 100 mL of methanol for 30 min, centrifuged at 8000× g
for 10 min, and the supernatant was collected. The pellet was resuspended in 100 mL of methanol
and the resulting suspension was sonicated for 30 min. The methanol extracts were dried in a rotary
evaporator at 50 ◦C. The obtained residue was dissolved in methanol using 10 mL in a volumetric
flask and brought to volume by methanol. One milliliter of the final extract was placed in a 10 mL
volumetric flask. Then, 0.5 mL of 5% NaNO2 was added and the mixture was maintained for 5 min at
room temperature. After incubation, 0.5 mL of 10% Al (NO3)3 was added to the reaction mixture and
incubated for 5 min. Next, 1.5 mL of 2 M NaOH was added and methanol was added up to volume.
After incubating for 15 min, the absorbance was measured at 510 nm. The data are expressed as mg
quercetin-3-O-rutinoside (rutin) equivalents (QE)/g dry weight (DW), as quercetin-3-O-rutinoside was
used as a reference standard for the quantification of the total flavonoids.

4.11. Statistical Analysis

The SPSS statistical software (version 22.0, IBM, Armonk, NY, USA) was used for the statistical
evaluation of the results. Statistical significance was evaluated by Student’s t-test when only two groups
were compared and with one-way ANOVA test when multiple groups were compared. All results are
presented as the mean ± SD from three independent biological replicates. A p-value less than 0.05 was
considered statistically significant.
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5. Conclusions

Morus is a medicinal plant with various biological activities. In this study, it is indicated that the
five secondary metabolites, including mulberroside A, oxyresveratrol, kuwanone H, chalcomoracin,
and morusin, and total flavonoids contents in Morus roots are higher than in other organs, which
might be responsible for its highest antioxidant activity. Proteomic analysis of the leaf, branch, and
root from Morus revealed that proteins related to the flavonoid pathway such as chalcone flavanone
isomerase and flavonoid 3,5-hydroxylase were accumulated in the root, resulting in the highest total
flavonoid contents among the three examined organs. Additionally, the protein expression profiling
of the leaf, branch, and root in Morus will enrich the proteome database of Morus. Additionally, the
present findings suggest that flavonoid biosynthesis is an important function in Morus root.
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2/365/s1. Supplemental Figure S1. Comparison of organ-specific proteins related to secondary metabolism.
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by gel-free/label-free proteomic analysis. Supplemental Table S2. Proteins Identified in the branch of Morus
by gel-free/label-free proteomic analysis. Supplemental Table S3. Proteins Identified in the root of Morus by
gel-free/label-free proteomic analysis. Supplemental Table S4. Contents of total flavonoids in different organs of
Morus. Supplemental Table S5. Primers of three genes used in this study.
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emPAI Exponentially-modified protein abundance index
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Abstract: Due to low culturing costs and high seed protein contents, legumes represent the main
global source of food protein. Pea (Pisum sativum L.) is one of the major legume crops, impacting
both animal feed and human nutrition. Therefore, the quality of pea seeds needs to be ensured in the
context of sustainable crop production and nutritional efficiency. Apparently, changes in seed protein
patterns might directly affect both of these aspects. Thus, here, we address the pea seed proteome in
detail and provide, to the best of our knowledge, the most comprehensive annotation of the functions
and intracellular localization of pea seed proteins. To address possible intercultivar differences, we
compared seed proteomes of yellow- and green-seeded pea cultivars in a comprehensive case study.
The analysis revealed totally 1938 and 1989 nonredundant proteins, respectively. Only 35 and 44
proteins, respectively, could be additionally identified after protamine sulfate precipitation (PSP),
potentially indicating the high efficiency of our experimental workflow. Totally 981 protein groups
were assigned to 34 functional classes, which were to a large extent differentially represented in
yellow and green seeds. Closer analysis of these differences by processing of the data in KEGG and
String databases revealed their possible relation to a higher metabolic status and reduced longevity
of green seeds.

Keywords: chlorophylls; LC-MS-based proteomics; pea (Pisum sativum L.); proteome functional
annotation; proteome map; seeds; seed proteomics

1. Introduction

Legumes represent the most prominent source of food protein, and their importance is increasing
with the growing global population [1]. Indeed, these crops are tolerant to environmental stressors,
cheap to culture, and rich in seed protein (typically about 25% of fresh seed weight) [2,3]. Among
the cultured legumes, pea (Pisum sativum L.) is the most widely spread pulse crop in Europe, where
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it serves as a protein food supplement for monogastric animals [4]. Therefore, quality of pea seeds
is important from the aspects of both sustainable crop production and high nutritional efficiency.
Obviously, changes in protein composition of seeds directly affect their agricultural and nutritional
value [5].

The first pea seed protein map was reported at the end of the last decade; it was based on the
two-dimensional gel electrophoresis (2D-GE) and mass spectrometric (MS) identification of visualized
electrophoretic zones (spots) and contained 156 proteins [6]. The majority of the identified polypeptides
were storage proteins (convicilins, vicilins, and legumins), which strongly dominate the seed proteome
and can serve as seed protein quality markers [7]. Removal of these highly abundant storage proteins
by extraction with aqueous (aq.) isopropanol-containing solutions [8] or by precipitation in presence of
aq. 0.01–0.1% (w/v) protamine sulfate [9] could increase coverage of the seed proteome. Alternatively,
as was shown for soybean (Glycine max), seed storage globulins (glycinin and β-conglycenin) can be
effectively removed by 10 mmol/L CaCl2 [10]. Low-abundance proteins can be selectively enriched by
means of the combinational peptide ligand libraries technology [11]. However, despite the efficiency
of these techniques, in combination with the gel-based proteomics approach, the numbers of identified
proteins never exceed several hundreds.

Because of this, implementation of liquid chromatography (LC)-MS-based strategy is desired to
get a deeper insight into the seed proteome [12]. However, as detergents, conventionally used for
solubilization of protein isolates [5], dramatically affect efficiency of electrospray ionization (ESI) [13],
it is difficult to find a compromise between completeness of protein reconstitution and sensitivity of
MS analysis. In this context, the introduction of degradable detergents into proteomic practice helped
to overcome this caveat [14]. Thus, commercially available detergents such as RapiGest™ and Anionic
Acid-Labile Surfactant II (AALS II) gave a deeper insight into the proteomes of young barley [15] and
developing oilseed rape [16] seeds.

When considering the pea seed proteome, it is necessary to remember that cultivars can differ
essentially by their metabolic background. For example, in the seeds of green-seeded cultivars,
chlorophylls are not quantitatively destroyed after completion of seed maturation, and the seeds
of such plants preserve green color in their mature state [17]. This phenomenon is underlain
by deficiency of one or several chlorophyll catabolic enzymes (CCEs), for example, chlorophyll b
reductase, 7-hydroxymethyl chlorophyll a reductase, Mg2+-dechelatase, pheophytinase, pheophorbide
a oxygenase, and reductase of red chlorophyll catabolite (RCC) [17]. Thus, the presence of
chlorophylls in sgr (stay-green) mutants is mostly attributed to the damage of SGR genes, prospectively
encoding the enzymes involved in chlorophyll degradation and/or disassembly of chlorophyll-protein
complexes [18]. Remarkably, green seeds are characterized with higher amenability to stressors
(e.g., associated with accelerated ageing [19,20]) that might be related to their higher oxidative
status [21]. Adaptation to these metabolic changes might result in essential alterations in seed
proteomes. These events, potentially affecting seed nutritional properties, have not been addressed
so far.

Therefore, here, we provide, to the best of our knowledge, the most complete map of the pea
seed proteome using sample prefractionation and LC-MS-based shotgun proteomics. We address the
differences in embryo proteomes of yellow- and green-seeded pea cultivars and discuss the function
and localization profiles of seed proteins in the context of possible differences in their response to
varying environmental conditions.

2. Results

2.1. Analysis of Physiological and Biochemical Parameters of Seed Quality

As green seeds contain residual chlorophylls, and are, therefore, potentially more prone to
development of oxidative stress [19,21], we addressed physiological and biochemical parameters,
giving access to oxidative status of the embryos and accompanying changes in lipid peroxidation levels,
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membrane integrity, status of antioxidant defense, and functional activity of photosynthetic apparatus.
Accordingly, the cultivar-specific differences in seed germination kinetics and electrolyte conductivity,
as well as the contents of photosynthetic pigments, hydrogen peroxide and lipid peroxidation products,
were determined. The yellow seeds of the cultivar Millennium and the green ones of the cultivar
Gloriosa clearly differed in the contents of photosynthetic pigments. Thus, chlorophylls were detected
solely in green seeds, and the contents of carotenoids were approximately 25% higher in these seeds
(t-test: p = 5.41 × 10−9), in comparison to the yellow ones (Figure 1A and Supplementary information
2). Both pea cultivars demonstrated 100% seed viability, although the seeds of the cultivar Millennium
germinated faster (Figure 1B).

Figure 1. Physiological and biochemical parameters of seed quality, acquired for the mature seeds of
cultivar Millennium (solid line, white columns) and Gloriosa (dashed line, grey columns): (A) contents
of carotenoids, (B) kinetics of germination, (C) distribution of seedlings by morphology (filled and
dotted columns indicate normally and abnormally developed seedlings, respectively), (D) electrolyte
leakage, expressed as medium conductivity, μS/cm, as well as (E) tissue levels of hydrogen peroxide
and (F) lipid peroxidation products, expressed as malondialdehyde (MDA) equivalents. Asterisks
denote statistically significant difference between cultivars (A,B,E,F) or indicate difference between
percentage of nongerminated seeds in two cultivars (C), t-test: p < 0.05.

Moreover, the percentage of normally developed seedlings on day ten was 13% higher for yellow
seeds, although this difference was not significant (Figure 1C). Conductivity testing did not reveal
differences in electrolyte leakage between yellow and green seeds (t-test: p = 0.07, Figure 1D), whereas
the green seeds demonstrated statistically significant approximately two- and fourfold higher levels of
lipid peroxidation products and H2O2 (t-test: p = 0.0058 and 0.0002, respectively, Figure 1E,F).

2.2. Protein Isolation and Tryptic Digestion

To ensure efficient extraction of seed proteins and the maximal coverage of the pea seed proteome,
we decided to use phenol-based protein extraction (Figure 2), thereby resulting dry protein isolates
could be reconstituted in shotgun buffer containing at least 0.15% AALS. Protein determination
revealed the extraction yields were in the range of 39.6–124.1 mg/g fresh weight (Table S1-5). Assay
precision was determined by SDS-PAGE loading 5 μg of protein (Figure S1-3); the overall lane densities
were 1.4 × 104 ± 4.5 × 102 arbitrary units (AU, RSD = 3.06%). The signal patterns observed in the
electrophoregrams were similar between lanes and pea cultivars (Figure S1-3). Tryptic digestion of
proteins was considered to be complete, as the bands of major pea storage proteins, such as legumin (α-
and β- subunits, ∼40 kDa and ∼20 kDa, correspondingly), vicilin (subunits of ∼29 kDa, ∼35 kDa, and
∼47 kDa), and convicilin (subunit of ∼71 kDa), could not be detected (Figure S1-4), assuming a staining
sensitivity better than 30 ng [22] and a legumin content of at least 80% of total seeds proteins [23].
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Figure 2. Experimental workflow, employed for characterization of the pea seed proteome.

2.3. Depletion of Storage Seed Proteins by Protamine Sulfate

To ensure sufficient efficiency of the PSP procedure in the presence of AALS, we diluted the protein
samples 10-fold, to arrive at a final AALS concentration of 0.015% (w/v). Additionally, we applied
the highest concentration, tested by the Kim’s group (0.07%), although the authors reported 0.05%
(w/v) protamine sulfate as a sufficient concentration, for efficient depletion of seed storage proteins.
Interestingly, the protein recoveries were higher for yellow seed embryos (71.3–84.0 mg/g fresh weight,
Table S1-6), than for the green ones (56.2–61.0 mg/g fresh weight). However, the recoveries after
protamine sulfate depletion were slightly higher for green than for yellow seed embryos (3.7–4.2 vs.
2.9–3.8 mg/g fresh weight, respectively). Accordingly, the depletion efficiency was slightly higher
for the yellow than for the green seed embryos (95.4–96.0 vs. 92.6–94.0%, respectively, Table S1-6).
In agreement with this observation, electrophoregrams of depleted protein extracts were clearly
different for yellow and green seeds (Figure S1-5B), although this was not the case for nondepleted
samples (Figure S1-3). SDS-PAGE revealed depletion of the major seed storage proteins (Figures S1-3
and S1-5), which was, however, incomplete (Figure S1-6). Tryptic digestion of depleted samples was
complete, that is, no proteins were detected in the corresponding electrophoregram (Figure S1-7).

2.4. Annotation of Pea Seed Proteins

To verify the applicability of our combined database for annotation of pea seed proteins,
we manually interpreted MS/MS spectra surpassing dual FDR thresholds (strict 0.01 and relaxed
0.05), but identified with the lowest XCorrs in both yellow and green seed embryo preparations.
This procedure revealed reliable identification of low-scoring peptides, and this was valid for all
three proteomes comprising the database; the sequences of corresponding individual peptides could
be confirmed by the numbers of b and y fragments, sufficient for their unambiguous identification
(Figure 3). In total, 9162 peptides (7923 and 8292 in Millennium and Gloriosa seeds, respectively,
Figure 4A, Supplementary information 3) were identified with the FDR of 0.05. On the basis of
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these identifications, 8769 possible proteins could be annotated (7821 and 8134 in yellow and green
seeds, respectively, Figure 4B, 0.05 protein FDR threshold), which represented 2195 nonredundant
proteins, or so-called protein groups (1938 and 1989 in Millennium and Gloriosa seeds, respectively,
Figure 4C). Precipitation of high-abundance proteins with 0.07% (w/v) protamine sulfate (PS) resulted
in identification of 2399 and 2286 tryptic peptides in yellow and green seed embryos, respectively
(totally 2974, Figure 4A), however, only 44 and 85 peptides were unique for PS-treated extracts of
yellow and green seeds. These unique peptides, identified specifically in yellow and green seeds,
gave access to 11 and 20 protein groups, represented by 24 and 42 proteins, respectively (Figure 4B,C).
Further, 24 protein groups, represented by 84 proteins, were in common to yellow and green seeds,
although identified solely in corresponding PS fractions. Removal of the high-abundance proteins was
effective, as can be judged by high numbers of proteins and protein groups, observed exclusively in
nondepleted samples (Figure 4B,C). Indeed, 1152 and 1196 proteins were removed by the PS treatment
from the extracts of Millennium and Gloriosa seeds, respectively (1377 in total), that accounted for 8%
and 10% of the totally identified protein groups.

Figure 3. Cont.
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Figure 3. Tandem mass spectra of (A) m/z 733.3 corresponding to the peptide NMOxAVTQFEPADAR,
which represents residues 131–143 of aminopeptidase (protein accession Lj1g3v1787580.1, Lotus japonicus),
(B) m/z 700.89 corresponding to the peptide GLVLTFITDFFK, which represents residues 179–190 of the
eukaryotic translation initiation factor (protein accession G7KRJ1, Medicago truncatula), and (C) m/z
510.79 corresponding to the peptide SVAGEIFGLK, which represents residues 170–180 of the protein
from glutamine synthetase family (protein accessionV7BHN3, Phaseolus vulgaris).

 
Figure 4. The numbers of tryptic (A) peptides, (B) proteins, and (C) protein groups, identified in
yellow-colored (cultivar Millennium) and green-colored (cultivar Gloriosa) seeds with and without
depletion of highly abundant proteins with protamine sulfate.

2.5. Functional Annotation of Seed Proteins and Prediction of Their Cellular Localization

Functional annotation resulted in assignment of 981 nonredundant proteins (875 and 900 proteins,
isolated from yellow and green seed embryos, respectively) to one or more of 34 functional bins,
whereas 1269 polypeptides remained unassigned (Figure 5A, Supplementary information 4a–f).
Among the assigned proteins, 926 and 380 could be annotated to functional bins in nondepleted
and PSP-depleted fractions, respectively (Figure 5B,C). The bin with the most entries (274 and 275
entries for yellow and green seeds, respectively), was nucleotide metabolism (bin #23), although it
included nucleotide binding proteins and ATPases (Supplementary information 4). Bins related to
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photosynthesis, metal handling, miscellaneous enzymes, RNA, DNA, and protein metabolism (#1, 15,
26–29) were also large (Figure 5A). For most of the functional groups, the numbers of proteins assigned
to them were similar in yellow and green seed embryos. However, the number of entries in the groups
of metal-binding proteins and enzymes of amino acid metabolism were higher in green seed embryos,
whereas nucleotide metabolism pathways and miscellaneous enzyme families were more represented
in yellow seeds. The results of localization prediction were in agreement with the observed functional
patterns, although only minimal differences between yellow and green seeds were observed (Figure 6,
Supplementary information 5a–f).

Figure 5. Functional annotation of proteins, identified in yellow seeds of cultivar Millennium
(yellow color) and in green seeds of cultivar Gloriosa (green color), (A) both in nondepleted samples
and after treatment with 0.07% (w/v) protamine sulfate, (B) only in nondepleted fraction and
(C) protamine-sulfate supernatant fraction.

Figure 6. Prediction of subcellular localization of proteins, identified (A) in yellow seeds of cultivar
Millennium and (B) in green seeds of cultivar Gloriosa, both in nondepleted samples and after treatment
with 0.07% (w/v) protamine sulfate. Subcellular fractions: CSK, cytoskeleton; CYT, cytoplasm; END,
endoplasmic reticulum; EXC, extracellular/secreted; GOL, Golgi apparatus; MIT, mitochondria; NUC,
nuclear; PLA, plasma membrane; POX, peroxisome; doubled labels denote corresponding combinations
of possible localization.
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Thus, in yellow seed embryos, representation of cytosol and plasma membrane was slightly higher
(20.4% and 12.6%, respectively), whereas the nuclear fraction accounted for 1.5% less, in comparison
with green seeds (Figure 6A). In green seeds, the largest fraction (approximately 46.7%) was represented
by nuclear proteins, whereas the majority of the other proteins were localized to cytosol, mitochondria,
and plasma membrane (19.3%, 13.7%, and 11.9%, respectively, Figure 6B). Remarkably, depletion of
high-abundance products did not essentially affect this distribution (Figure S1-8).

To address specific metabolic features of yellow and green seeds, we considered the proteins,
identified solely in one of the cultivars. Despite the general similarity of protein profiles (Figure 7A,
Supplementary information 6), miscellaneous enzyme families were better represented in yellow
seeds, whereas the pathways of RNA and amino acid metabolism were more prevalent in green
ones. Interestingly, green seeds contained more proteins, which could be localized to the nucleus and
endoplasmic reticulum (55% and 2.7%, respectively, Figure 7B), whereas cytosol and cytoskeleton were
represented more in yellow seed embryos (15% and 2%, respectively, Figure 7C).

Figure 7. Functional annotation (A) and prediction of subcellular localization (B,C) of proteins, unique
for yellow seeds of cultivar Millennium (yellow color in panel A and C) and for green seeds of cultivar
Gloriosa (green color in panel A and B), both in nondepleted samples and after treatment with 0.07%
(w/v) protamine sulfate. Subcellular fractions: CSK, cytoskeleton; CYT, cytoplasm; END, endoplasmic
reticulum; EXC, extracellular/secreted; GOL, Golgi apparatus; MIT, mitochondria; NUC, nuclear;
PLA, plasma membrane; POX, peroxisome; doubled labels denote corresponding combinations of
possible localization.

Among 251 proteins, unique for green seed embryos (Supplementary information 7), 237 could be
annotated by way of homology to A. thaliana proteins and analyzed with the String database. Thereby,
nine structural/functional and seven coexpression protein interaction networks could be annotated
(Figure 8).
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Figure 8. String database analysis (https://string-db.org/) of interaction networks formed by proteins,
unique for green seeds (cultivar Gloriosa). The networks (A,C) and related functional pathways
(B,D) relied on experimentally derived functional and/or structural evidences (A,B) and coexpression
data (C,D) with interaction score ≥ 0.7 (corresponded to highly confident entries). Color coding of
interactions: black, reaction; blue, binding; light blue, phenotype; green, activation; purple, catalysis;
red, inhibition; pink, posttranslational modifications (PTMs); yellow, transcriptional regulation.
Filled and empty nodes denote proteins with known and unknown structure, respectively. Detailed
description of protein data is provided in Supplementary information 7.

Finally, we addressed the question of how application of the protamine sulfate precipitation
(PSP) affects functional profiles and protein localization. For this purpose, we compared the proteins
identified only in nondepleted fractions (i.e., precipitation in the presence of protamine sulfate) and
those found only after depletion of the highly abundant proteins. As can be seen from Figure 9A,
precipitation of high-abundance proteins (representing mostly nucleotide, protein, amino acid, and
metal-related metabolism, Supplementary information 8) led to the identification of several other
proteins annotated to protein, nucleic acid, and nucleotide metabolism. Accordingly, the supernatants
obtained after supplementation with protamine sulfate were dominated by nuclear proteins, whereas
the depleted proteins exhibited a higher percentage of cytosolic, mitochondrial, and plasma membrane
polypeptides (Figure 9B,C).
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Figure 9. Functional annotation (A) and prediction of subcellular localization (B,C) of proteins,
identified both in yellow seeds of cultivar Millennium and in green seeds of cultivar Gloriosa in
nondepleted samples (white color in panels A and B) and after treatment with 0.07% (w/v) protamine
sulfate (grey color in panels A and C). Subcellular fractions: CSK, cytoskeleton; CYT, cytoplasm; END,
endoplasmic reticulum; EXC, extracellular/secreted; GOL, Golgi apparatus; MIT, mitochondria; NUC,
nuclear; PLA, plasma membrane; POX, peroxisome; doubled labels denote corresponding combinations
of possible localization.

3. Discussion

3.1. Protein Extraction and Depletion of Highly Abundant Proteome Fraction

Similarly to our earlier study [16], a high variability of protein yields (39.6–124.1 mg/g fresh
weight, Table S1-5) was observed. This phenomenon can be explained by biochemical heterogeneity of
seeds [24,25]. Approximately 50% higher recoveries, observed for green seeds, were in agreement with
a higher number of proteins, identified in this fraction (Figure 4). On the other hand, precise estimates
of protein abundance (RSD = 3%) were in line with our other previous work [26], and thus allowed a
comparative, label-free proteomics approach of the heterogeneous seed proteomes [22].

Due to a high abundance of major seed storage proteins [9] and a high amenability of DDA-based
shotgun proteomics measurements to a so-called under-sampling effect [27], poor identification
rates can be expected for low-abundance proteins. This issue can be expected to be the case when
analyzing seed protein digests, as the seed proteome is dominated by several highly abundant protein
families–vicilins, convicilins, 11S globulins (legumins), and 2S albumins (PA1 and PA2) [28]. Among
the analytical solutions, available for selective removal of storage proteins [29], we selected the PSP
method due to its high precision (CV < 12%) and, generally, in contrast to most of the other published
techniques, quantitative nature [30]. Indeed, in our hands, this approach allowed extensive proteome
coverage, that is, only a low number of proteins could be additionally identified after PSP (only 1.7%
of the total 2195 proteins, Figure 4). Interestingly, PSP yielded mostly regulatory proteins, represented
by transcription factors and regulators (GO terms “DNA binding” and “RNA binding”), kinases,
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transport proteins, and enzymes of energy metabolism (Supplementary information 8). The variability
of structural domains of these mostly short and polar polypeptides was much lower in PSP-treated
samples (Supplementary information 9).

3.2. Annotation of the Pea Seed Proteome

To date, studies of the legume seed proteome mostly relied on gel-based techniques (typically
2D-GE and MALDI-TOF(/TOF)-MS), yielding up to several hundreds of protein identifications now
available [31,32]. Sample prefractionation [33] and isoelectrofocusing (variation of pH gradients) [31,34]
do not dramatically improve the situation. In this context, due to the better resolution of RP-HPLC,
an LC-MS-based approach seemed promising [14]. Indeed, the most representative LC-MS-based
study to date of Min et al., performed with soybean seeds, identified 1626 nonredundant proteins [35],
which exceeds the best outcomes from gel-based proteomics surveys by at least twofold [29]. However,
it accounts for only a half of the proteins annotated here (Figure 4), although the authors relied on
the same prefractionation strategy and instrumentation. The possible reasons for this fact might be
(i) a longer nanoHPLC column and shallower gradient, (ii) a more efficient digestion protocol, and (iii)
a more representative sequence database, used here.

Longer analysis times with shallow gradients might allow better separation of the complex peptide
mixtures [36] and a larger number of DDA cycles per run. Our digestion protocol relies on Anionic
Acid-Labile Surfactant (AALS, Progenta), which ensures quantitative digestion of all proteins in a
sample, and can be completely destroyed and removed upon proteolysis [37]. Recently, we optimized
this procedure for the total protein fraction, obtained by phenolic extraction from various plant
species and tissues [16,27]. Similarly to the procedure based on the RapiGest detergent (Waters) [15],
this protocol is straightforward and does not include steps, at which losses of recovery and/or
precision would be expected to occur (e.g., ultrafiltration [38] or preseparation by PAGE [39]). Finally,
our sequence database, containing protein entries of three legumes related to pea, already proved to be
a reliable tool for the identification of low-abundance post-translationally modified (glycated) tryptic
peptides (known to yield complex fragmentation [40]) in common bean [41]. The database contained
exclusively reviewed (i.e., based on transcriptome and proteome data) entries. As reviewed sequence
information is currently scarce for P. sativum, we assumed this approach to be more appropriate than
use of a genomic database. The results of manual interpretation of low-scoring, statistically significant
PSMs (Figure 3) suggested reliable annotation of peptide sequences.

3.3. Functional Annotation of Pea Seed Proteins

Functions of pea seed embryo proteins were successfully annotated by in-house-designed
processing pipeline. As can be judged by spectral counts [42] for corresponding unique peptides,
storage proteins were the most abundant in proteomes of both yellow and green seeds, and their
pattern of legumins, convicilins, vicilins, and glycinins corresponded well with the observation of
Bourgeois et al. [6]. The other major functional classes were represented by the polypeptides involved
in metabolism of proteins and RNA, photosynthesis, metal handling, redox metabolism, and general
metabolism enzyme families (Figure 5). Based on the number of functionally assigned proteins
(Supplementary information 4), representation of protein metabolism in pea seeds was comparable to
soybeans [39,43]. However, the metal handling, RNA metabolism, and redox groups were much more
abundant here in comparison to those studies. This can be explained by deeper coverage of the seed
proteome, (threefold compared to Han et al. [39]), although the incomplete functional assignment in
our study makes the difference less striking.

3.4. Features of Embryonic Proteome, Related to Seed Vigor: Impact of Residual Chlorophylls

As pea seeds belong to the orthodox type and acquire desiccation tolerance during
development [44], their ability to sustain a prolonged dehydration is the most important feature
underlying their high vigor (i.e., the properties determining the potential for rapid, uniform emergence
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and development of normal seedlings [45]). During desiccation, stability of cellular structures is
secured by accumulation of protective proteins and quenching of overproduced reactive oxygen
species (ROS) [46]. Here, the green seeds showed distinctly lower vigor in comparison to the yellow
ones, as can be seen from delayed germination and higher percentage of abnormal seedlings observed
on the third day (t-test: p = 0.02, Figure 1B,C). To a large extent, it can be explained by a significantly
lower status of their antioxidant system (Figure 1E,F), whereas residual chlorophylls could underlie
accelerated formation of ROS [47,48]. Thereby, slightly increased contents of carotenoids (Figure 1A)
were not sufficient to quench ROS, which could lead to slightly compromised stability of membrane
structures (Figure 1D).

To address the effects prospectively related to seed residual chlorophylls at the molecular level, we
considered the proteins potentially affecting desiccation tolerance, vigor, and longevity. Among them,
late embryogenesis abundant (LEA) proteins preserving cell integrity under desiccation stress [49] were
one of the most highly represented groups, accounting for nine proteins (Supplementary information 3
and 4). Another important feature underlying high vigor is pre-expressed protein synthesis machinery,
which allows fast and concerted germination of seeds and development of seedlings [46]. Not less
importantly, rapid degradation of storage proteins is a prerequisite for appropriate mobilization of plant
resources for growth of a new plant organism [50]. Also, damaged (e.g., oxidized, glycated, lipoxidized,
or misfolded) polypeptides need to be degraded to prevent deleterious effects within the cell [51,52].
In agreement with previous reports [35], proteins involved in protein metabolism were represented
with t-RNA ligases, translation initiation, elongation factors, chaperones, and degradation enzymes.

Some enzymes related to protein metabolism showed differential expression in yellow- and
green-seeded cultivars. Thus, totally 33 nonredundant t-RNA ligases were identified in yellow
pea seed embryos, while 6 unique proteins were additionally annotated in green ones. Translation
initiation factors demonstrated similar differences (Supplementary information 4a and 6). As a decrease
in abundance of translation factors is known to accompany age-related loss of seed vigor [53,54],
the observed expression profiles might indicate a higher amenability of green seed embryos to such
a loss during a prolonged dormancy period. Protein folding was represented by more than 20
entries (HSP70 and 90, GroEL, T-complex protein TCP-1/cpn60, Supplementary information 4a,
bin 23). Indeed, HSP70 and GroEL were responsive to osmopriming in Arabidopsis and alfalfa
seeds, respectively [55,56], whereas abundance of TCP-1 was decreased in aged alfalfa seeds [57].
Remarkably, several peptidases and DnaJ heat shock protein were identified only in Millennium
seeds (Supplementary information 6), facilitating faster degradation of damaged polypeptides and
faster mobilization of storage proteins. Interestingly, pea seeds contained acylamino-acid-releasing
enzyme-like protein, involved in the degradation of oxidized and glycated proteins [58]. Thus, together
with the glyoxalase system and ribulosamine/erythrulosamine 3-kinase, it might contribute to the
plant antiglycative machinery.

One of the critical factors affecting vigor, longevity, and, in general, viability of dormant and
germinating seeds is the abundance of ROS in seed tissues [59,60]. In agreement with this, a rich
pattern of redox proteins (thioredoxin reductase, glutathione peroxidase, monodehydroascorbate
reductase, superoxide dismutase, dehydroascorbate reductase, and catalase), earlier identified in other
species [32,39,61], was confirmed here (Supplementary information 4). Yellow seed embryos contained
eight unique oxidoreductases that might indicate higher levels of oxidative catabolism and higher
capacity of electron transfer chains [47], and could potentially increase vigor of yellow seeds.

Deeper analysis of metabolic pathways potentially involved in seed longevity [35,62]
(Supplementary information 7) revealed S-adenosylmethionine (SAM) synthase 2 and glycolytic
enzyme hexokinase 1 and E1 alpha subunit of the pyruvate dehydrogenase complex. As was earlier
shown in priming and ageing experiments [53], SAM synthase is critical for seed vigor. Conversely,
enzymes of primary metabolism were shown to be affected by controlled deterioration (accelerated
ageing) of seeds (i.e., age-related loss of vigor [63,64]). In this case, the presence of additional isoforms
of hexokinase and pyruvate dehydrogenase might not only affect the rate of glycolysis, but also
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increase production of Ac-KoA and its involvement in the TCA cycle. Remarkably, yellow seeds
express three unique aldehyde dehydrogenases-enzymes, reducing reactive carbonyl products of lipid
peroxidation and glycation to corresponding alcohols, thereby protecting proteins from oxidative
damage [65].

To detect protein–protein interaction networks specific to green seed embryos, we performed
String database analysis with the proteins found solely in Gloriosa seeds (Figure 8). The largest
functional/structural cluster (#1, Figure 8A) was represented by enzymes, involved in nucleotide
metabolism and nucleotide-dependent regulatory pathways, as well as protein biosynthesis in
chloroplasts and malonyl-CoA biosynthesis (Figure 8B). These functional relations can be explained by
simultaneous synthesis of lipids and integral proteins of thylakoid membranes, triggered by activation
of phytosulfokine receptors and mediated by calmodulin-related signaling [66]. The second major
cluster (#5) comprised proteins related to m-RNA processing and initiation of translation. As can be
seen from Figure 8A, it is closely related to the previous one, suggesting an impact on activation of gene
expression during growth [67]. Analysis of the major coexpression clusters (Figure 8C, clusters 3 and 5)
was in agreement with these results and confirmed activation of protein synthesis (mostly translation
and RNA processing directly related to it, Figure 8D) as one of the main features of green-colored seeds
(Figure 8A and Supplementary information 7). Further, the coexpression clusters 4 and 7 confirmed
the functional annotation data, indicating high representation of photosynthesis-related proteins in the
seed proteome (Figure 5).

4. Materials and Methods

4.1. Reagents and Plant Material

Unless stated otherwise, materials were obtained from the following manufacturers. Carl Roth
GmbH & Co (Karlsruhe, Germany): acetonitrile (≥99.95%, LC-MS grade), ethanol(≥99.8%), sodium
dodecyl sulfate (SDS) (>99%), tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP, ≥98%); PanReac
AppliChem (Darmstadt, Germany): acrylamide (2K Standard Grade), glycerol (ACS grade); AMRESCO
LLC (Fountain Parkway Solon, OH, USA): ammonium persulfate (ACS grade), glycine (biotechnology
grade), N,N′-methylene-bis-acrylamide (ultrapure grade), tris(hydroxymethyl)aminomethane (tris,
ultrapure grade), urea (ultrapure grade), ammonium bicarbonate (puriss, p.a.); Bioanalytical
Technologies 3M Company (St. Paul, MN, USA): Empore™ solid phase octodecyl extraction
discs; Component-Reactiv (Moscow, Russia): phosphoric acid (p.a.); Reachem (Moscow, Russia):
hydrochloric acid (p.a.), isopropanol (reagent grade), potassium chloride (reagent grade); SERVA
Electrophoresis GmbH (Heidelberg, Germany): Coomassie Brilliant Blue G-250, 2-mercaptoethanol
(research grade), trypsin NB (sequencing grade, modified from porcine pancreas); Thermo Fisher
Scientific (Waltham, MA, USA): PierceTM Unstained Protein Molecular Weight Marker #26610
(14.4–116.0 kDa), PageRullerTM Plus Prestained Protein Ladder #26620 (10–250 kDa); Dichrom GmbH
(Marl, Germany): Progenta™ anionic acid labile surfactant II (AALS II) and adaptors for stage-tips;
Vekton (St. Petersburg, Russia): acetonitrile (HPLC grade), sucrose (ACS grade), conc. HCl (puriss).
All other chemicals were purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Water
was purified in-house (resistance 5–15 mΩ/cm) on water conditioning and purification systems Elix
3 UV (Millipore, Moscow, Russia) or Millipore Milli-Q Gradient A10 system (resistance 5–15 mΩ/cm,
Merck Millipore, Darmstadt, Germany).

Pea seeds of the yellow-seeded cultivar Millennium (Figure S1-1A–D) were obtained from the
Research and Practical Center of National Academy of Science of the Republic of Belarus for Arable
Farming (Zhodino, Belarus, harvested in the year 2015). The seeds of the green-seeded cultivar Gloriosa
(Figure S1-1E–H) were provided by the Institute of Vegetable Growing, National Academy of Science
(Minsk, Belarus, harvested in the year 2015).
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4.2. Analysis of Physiological and Biochemical Parameters of Seed Quality

The seeds were germinated on filter paper in a thermostat at 22 ◦C. To address the kinetics of
germination, the numbers of germinated seeds were monitored for 10 days on a daily basis, before
the seeds were classified as (i) nongerminating, and those producing (ii) normal and (iii) abnormal
seedlings upon germination, as defined by the International Seed Testing Agency (ISTA) [68]. Electrical
conductivity test relied on the method of Matthews et al. [69]. For this, seeds (n = 5) were incubated in
25 mL of distilled water for 2 h at 22 ◦C. The conductivity of the aqueous medium was determined
with a conductometer HI 8733 (HANNA Instruments Deutschland GmbH, Vöhringen, Germany)
before and after the incubation. Determination of photosynthetic pigments (n = 3) relied on the method
of Lichtenthaler and Wellburn [70] (for details see Supplementary information 1, Protocol S1-1).
Hydrogen peroxide was quantified by the method of Bilova et al. [71], whereas the contents of lipid
peroxidation products were determined as malondialdehyde (MDA) equivalents, as described by
Frolov and coworkers [26] (see Protocols S1-2 and S1-3, respectively).

4.3. Protein Isolation

Pea seeds (10 per biological replicate, n = 3) were frozen in liquid nitrogen and ground in a Mixer
Mill MM 400 ball mill with a Ø 20 mm stainless steel ball (Retsch, Haan, Germany) at a vibration
frequency of 30 Hz for 2 × 1 min. The resulting ground material (approximately 50 mg per replicate)
was placed in 2 mL safe-lock polypropylene tubes and stored at −80 ◦C prior to protein extraction, which
relied on the method of Frolov and coworkers [16] with some modifications. Briefly, the tubes with plant
material were transferred on ice, and 1 min later supplemented with 700μL of cold (4 ◦C) phenol extraction
buffer, containing 0.7 mol/L sucrose, 0.1 mol/L KCl, 5 mmol/L ethylenediaminetetraacetic acid (EDTA),
2% (v/v) mercaptoethanol and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF) in 0.5 mol/L tris-HCl
buffer (pH 7.5). The suspensions were vortexed for 30 s, before 700 μL of cold phenol (4 ◦C) saturated
with 0.5 mol/L tris-HCl buffer (pH 7.5) were added. After further mixing for 30 s, the samples were
shaken for 30 min at 900 rpm (4 ◦C) and centrifuged (5000× g, 30 min, 4 ◦C). Afterwards, the phenolic
(upper) phases were transferred to new 1.5 mL polypropylene tubes, and washed two times with
equal volumes of the phenol extraction buffer (after each buffer addition: vortexing 30 s, shaking for
30 min at 900 rpm at 4 ◦C, and centrifugation at 5000× g for 15 min at 4 ◦C). Then, the supernatants
were transferred to 1.5 mL polypropylene tubes, and proteins were precipitated by addition of a
fivefold volume of ice-cold 0.1 mol/L ammonium acetate in methanol, followed by storage overnight
at −20 ◦C. Next morning, the protein fraction was collected by centrifugation (10 min, 5000× g, 4 ◦C),
and the supernatants were discarded. The pellets were washed twice with two volumes of methanol
(relative to the volume of the phenol phase), and twice with the same volume of acetone (both at
4 ◦C). Each time, the samples were centrifuged (5000× g, 10 min, 4 ◦C) after resuspension. Finally, the
cleaned pellets were dried under air flow in a fume hood for 1 h, reconstituted in 100 μL of shotgun
buffer (8 mol/L urea, 2 mol/L thiourea, 0.15% AALS II in 100 mmol/L tris-HCl, pH 7.5), and protein
contents were determined by 2-D Quant Kit (GE Healthcare, Taufkirchen, Germany) according to
Matamoros and coworkers [41] or by the Bradford method as described by Frolov and coworkers [72].
The precision of the assay was verified by SDS-PAGE according Greifenhagen et al. [73] with minor
modifications (for details see Protocol S1-4).

4.4. Depletion of Seed Storage Proteins by Protamine Sulfate and Tryptic Digestion

Depletion of seed storage proteins relied on the protamine sulfate precipitation procedure (PSP)
of Kim et al. [9] with some modifications. In detail, 95 μL of the total protein fractions, isolated
from green and yellow seeds (n = 3) as described above, were supplemented with 855 μL of 0.077%
(w/v) protamine sulfate in 20 mmol/L MgCl2/0.5 mol/L Tris-HCl (pH 8.3) to yield a final protamine
sulfate concentration of 0.07% (w/v). After centrifugation (12,000× g, 10 min, 4 ◦C), supernatants were
transferred to 5 mL polypropylene tubes and supplemented with four volumes of 12.5% trichloroacetic
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acid (TCA) in cold (−20 ◦C) acetone and left at −20 ◦C overnight. Next morning, the pellets were
washed three times with 1 mL of cold acetone by sequential resuspending and centrifugation (12,000× g,
10 min, 4 ◦C), and clean pellets were dried in a fume hood for 1 h. The dried pellets were reconstituted
in 100 μL of shotgun buffer containing 0.15% AALS, and the protein contents were determined by
2-D Quant Kit without further dilution. The digestion procedure relied on the protocol of Frolov and
coworkers [26] with minor modifications (See Protocol S1-5 for details).

4.5. NanoHPLC-ESI-Q-Orbitrap Analysis

Dried tryptic digests were reconstituted in 100 μL of aq. acetonitrile (final concentration of
3% v/v) containing 0.1% (v/v) aq. formic acid, and 1 μL (250 ng) of peptide mixture was loaded
onto an Acclaim PepMap 100 C18 trap column (75 μm × 20 mm, nano-viper, 3 μm particle size).
After trapping, the peptides were separated on a PepMap™ RSL C18 column (75 μm × 50 cm,
2 μm particle size) using an EASY-nLC 1000HPLC system coupled on-line to a Q-Exactive Plus
mass spectrometer via an EASY-spray nano ion source (all Thermo Fisher Scientific, Bremen,
Germany). The details of the chromatographic method are summarized in Supplementary information
1 (Table S1-1). The nano-LC-Orbitrap-MS analysis relied on data-dependent acquisition (DDA)
experiments performed in the positive ion mode, comprising a survey Orbitrap-MS scan and dependent
MS/MS scans for the most abundant signals in the following 5 s (at certain tR) with charge states
ranging from 2 to 6. The mass spectrometer settings and DDA parameters are summarized in Table S1-2.
The database search relied on Proteome Discoverer 2.2 software (Thermo Fisher Scientific, Bremen,
Germany), SEQUEST search engine, and a combined sequence database comprising proteomes of
Medicago truncatula Gaertn, Lotus japonicus (Regel) K. Larsen, and Phaseolus vulgaris L [41] with addition
of protein sequences, prospectively related to seed longevity and color (see Table S1-3 for details).
The redundancy of the database was eliminated by the CD-HIT algorithm [74] with the sequence
identity cutoff set to 1. The database search parameters are summarized in Table S1-4.

4.6. Data Analysis and Postprocessing

Functional annotation of pea proteins was done withVisual Basic for Applications (VBA).
The corresponding script (Figure S1-2) was run within Excel instance and managed automatic
extraction, appendment, and rearrangement of tabular data, organized in spread sheets. Further,
it established access to a laboratory web server via a simplified HTTP protocol. The server, in turn,
was run under Apache 2.4, used as a CGI front end for a set of bash scripts. These scripts managed
previously cached data, performed actual queries to external public databases, or ran locally installed
programs. After screening against UniProt [75] or KEGG [76] databases, amino acid sequences, gene
ontology (GO) identifiers, and KEGG Orthology (KO) terms with text annotations were extracted as text
files [77]. Annotation relied on the functional bins used by the MapMan software suite [78]. Cellular
localization was predicted by the NGLOC algorithm [79]. Finally, all annotations were fitted back into
the original Excel spreadsheet and clustered by localization terms or by top MapMan hierarchy levels,
before the data was manually inspected, corrected, or further automatically processed.

Analysis of protein networks relied on a search against the Arabidopsis thaliana proteome in
the String database (for details see Protocol S1-6). Only highly confident protein entries with
interaction scores ≥0.7 were exported for building protein interaction maps based on (i) experimentally
confirmed evidences and (ii) coexpression. Venn diagrams were constructed using the web-based
tool InteractiVenn [80] based on the information given in Proteome Discoverer 2.2 output in columns
“Found in Samples”.

5. Conclusions

The quality of plant seeds is a prerequisite for sustainable agriculture and food production.
As legume crops represent the main source of food protein worldwide, the quality of their seeds
requires special attention. Using comprehensive methods of LC-MS-based proteomics, we succeeded
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in extensively covering the pea seed proteome and assigning functions to individual nonredundant
proteins. This systematic approach allowed the identification of characteristic metabolic features of
green-coloured seeds in comparison to yellow-coloured ones. Thereby, alterations in the proteome of
green seeds, prospectively related to their reduced vigor and longevity, were revealed.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/12/
4066/s1.
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2D-GE two-dimensional gel electrophoresis
AALS Anionic Acid-Labile Surfactant
CCEs chlorophyll catabolic enzymes
DDA data dependent acquisition
ESI electrospray ionization
FDR false discovery rate
ISTA International Seed Testing Agency
LEA late embryogenesis abundant
LC liquid chromatography
MALDI matrix-assisted laser desorption/ionization
MDA malondialdehyde
MS mass spectrometry
PS protamine sulfate
PSP protamine sulfate precipitation
PSMs peptide spectrum matches
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RP-HPLC reverse phase high performance liquid chromatography
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Abstract: Somatic embryos (SE) have potential to rapidly form a whole plant. Generally, SE is
thought to be derived from embryogenic calli (EC). However, in maize, not only embryogenic
calli (EC, can generate SE) but also nonembryogenic calli (NEC, can’t generate SE) can be induced
from immature embryos. In order to understand the differences between EC and NEC and the
mechanism of EC, which can easily form SE in maize, differential abundance protein species (DAPS)
of EC and NEC from the maize inbred line Y423 were identified by using the isobaric tags for
relative and absolute quantification (iTRAQ) proteomic technology. We identified 632 DAPS in EC
compared with NEC. The results of bioinformatics analysis showed that EC development might
be related to accumulation of pyruvate caused by the DAPS detected in some pathways, such as
starch and sucrose metabolism, glycolysis/gluconeogenesis, tricarboxylic acid (TCA) cycle, fatty acid
metabolism and phenylpropanoid biosynthesis. Based on the differentially accumulated proteins in
EC and NEC, a series of DAPS related with pyruvate biosynthesis and suppression of acetyl-CoA
might be responsible for the differences between EC and NEC cells. Furthermore, we speculate that
the decreased abundance of enzymes/proteins involved in phenylpropanoid biosynthesis pathway in
the EC cells results in reducing of lignin substances, which might affect the maize callus morphology.

Keywords: iTRAQ; proteomics; somatic embryogenesis; pyruvate biosynthesis; Zea mays

1. Introduction

Maize is one of the most important cereal crops in the world. Maize production is directly
related to the agricultural economy and farmers’ income [1]. With the development of molecular
breeding and transgenic technology, more and more new genetically modified (GM) maize varieties
have been developed and widely cultivated, which has made a tremendous contribution to raising
farmers’ incomes and ensuring food security (http://www.isaaa.org/resources/publications/briefs/).
However, many problems still limit the development of GM maize. For example, because of the
majority of maize genotypes showing low embryogenic growth response in culture, only several
inbred lines can be used for maize genetic transformation, such as A188 which displays a high
embryogenic culture response [2–4]. Somatic embryos (SE), which have the potential to rapidly form
a whole plant, have been widely used to propagate transgenic organisms and to obtain genetically
modified plants [5]. Efficient SE production also has significance for many agricultural biotechnology
applications such as clonal propagation, production of synthetic seed [6], and gamete cycling in
rapid breeding [7]. Understanding the mechanism of maize SE development is a key issue to be
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solved [5]. The first issue is to find the key regulatory pathways that could induce the development of
embryogenic callus (EC, can generate SE) rather than nonembryogenic callus (NEC, can’t generate SE)
during somatic embryogenesis.

A great deal of differentially expressing genes were identified to be related with EC development
in maize by cDNA-AFLP and RNA-seq [8,9], but the mRNA levels usually do not correlate well
with the protein abundances and functions, due to various post-translational modifications. Unlike
RNA, proteins are the central biomolecules that are responsible for all cellular functions in the
living organism. Therefore, the analysis of the differential proteins between EC and NEC can
more accurately explore the key factors affecting somatic embryogenesis. Early studies have
found that many extracellular proteins can affect somatic embryogenesis, in which arabinogalactan
protein (AGPs), nonspecific lipid transfer protein (nsLTPs) and germin-like proteins (GLPs) had
been considered as marker proteins in somatic embryogenesis. AGPs were reported that played a
facilitating role during the process of embryo development or somatic embryogenesis in maize [10],
wheat [11] and carrot [12]. And the specific expression of GLPs was detected during the early
development of somatic embryos in Pinus caribaea Morelet [13]. In recent years, high-throughput
proteomic technology was successfully used to understand the process of somatic embryogenesis in
different plants. In Medicago truncatula, 136 differentially abundant proteins were detected between
embryogenic and nonembryogenic lines [14]. Additionally, the reference maps with 169 proteins were
established for embryogenic cell lines delivered from M. truncatula protoplasts [15]. Four glycolytic
enzymes, namely uracil-diphosphate (UDP)-glucose pyrophosphorylase, fructose bisphosphate
aldolase, triosephosphate isomerase, and glyceraldehyde-3-phosphate dehydrogenase were found
up-accumulated in somatic embryos of Cyclamen persicum [16]. Related study also suggested that the
proteins related with auxin releasing might be important for late developmental stages of somatic
embryos [17]. Two-dimensional electrophoresis (2-DE) was performed to compare the proteomes of
embryogenic and nonembryogenic calli induced from H99 inbred maize line. Some proteins associated
with somatic embryogenesis were enriched in cell proliferation, transcription and protein processing,
stress response, signal transduction, metabolism and energy pathways [18]. And in the grape (Vitis
vinifera) [19], orange (Citrus sinensis Osbeck) [20], oil palm (Elaeis guineensis Jacq.) [21], the proteome
changes during somatic embryogenesis were also studied by 2-DE technique. The study results
showed that the differentially accumulated proteins were mostly related to carbohydrate and energy
metabolism or oxidative stress. At the same time, a large number of unknown proteins have also
been found and need to be further explored. Isobaric tags for relative and absolute quantification
(iTRAQ) is a new proteome research method which can identify low-abundance protein species and
the protein species that are too large/small, too acidic/basic and too hydrophobic to be detected by
2-DE [22,23]. Recently, iTRAQ has been used to explore the proteome of somatic embryogenesis in
Gossypium hirsutum L. [24], Larix principis-rupprechtii Mayr [25]. Although these studies have found
some proteins associated with somatic embryogenesis, the results cannot systematically elucidate the
mechanism that affects the development of EC and NEC in the process of somatic embryogenesis, and
which proteins could promote calli to transform into EC or SE.

As reported before, we have identified a new receptor of an elite maize (Z. mays L.) inbred line
for genetic transformation which displaying high efficiency via intact somatic embryogenesis [8,9].
Therefore, the purpose of this study is to compare the proteomes between EC and NEC by iTRAQ, and
then to analyze the differential proteins to explore key proteins or metabolic pathways that affect the
development of EC or NEC. This will provide a theoretical basis or working model for solving the
problem of EC induction in somatic embryogenesis.
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2. Results

2.1. Induction of Embryogenic and Nonembryogenic Calli

Somatic embryo (SE) offers great potential in plant propagation but its developmental process is
so complex. In order to induce somatic embryos, immature embryos of inbred maize line Y423 were
placed on the induction media. After induction and subculturing 4–5 times, globular somatic embryos
that were yellow, loose and small granular appeared on the surfaces of EC. In contrast, NEC looked
pale yellow and compact (Figure 1A,B). Histological analysis revealed that the EC cells were clusters of
cells with large nuclei and dense cytoplasm (Figure 1C), whereas the NEC cells had vacuoles and few
plastids with a loose cell arrangement without rules (Figure 1D). The scanning electron microscope
(SEM) analysis of the epidermal cells revealed that the EC had granule structures on their rough surface
(Figure 1E), but NEC had a smooth and flaky surface structure (Figure 1F). All these showed that there
was obvious difference at both morphological and cellular levels between EC and NEC.

Figure 1. Morphological and histological analysis of embryogenic calli (EC) and nonembryogenic calli
(NEC). (A) Morphological analysis of EC; (B) morphological analysis of NEC; (C) histological analysis
of EC (Bar: 200 μm); (D) histological analysis of EC (Bar: 200 μm); (E) scanning electron microscope
analysis of EC (Bar: 100 μm); (F) scanning electron microscope analysis of NEC (Bar: 100 μm).
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2.2. Primary Data Analysis and Protein Identification

To investigate the differences during maize SE development on protein perspective, proteins of EC
and NEC induced from Y423 were extracted and analyzed using an iTRAQ-based shotgun proteomics
strategy. Samples were double labeled with iTRAQ tags for higher confidence in identification. Totally
286,622 spectra were generated after three biological replicates data merging from. Mascot identified a
total of 39,493 spectra matched to known spectra, 28,830 spectra matched to unique spectra, 19,842
peptides, 15,878 unique peptides and 5592 proteins. The peptide length distribution, the peptide
number distribution, protein mass distribution, and distribution of protein’s sequences coverage were
provided in Supplementary Figure S1A–D, respectively. Around 57% of the proteins included at least
two peptides. Protein sequences coverage with 40–100%, 30–40%, 20–30%, 10–20%, and under 10%
variation accounted for 5%, 6%, 14%, 24%, 51%, respectively.

2.3. Identification of Differentially Accumulated Protein Species (DAPS) by iTRAQ

A protein species was considered differentially accumulated as it exhibited a fold change > 1.2
and a p-value < 0.05 with a false discovery rate (FDR) of <5%. Based on these two criteria, 632 DAPS
were identified, of which, 366 were up-accumulated and 266 were down-accumulated in EC compared
with NEC. Supplementary Table S2 shows the DAPS detailed information.

2.4. Bioinformatics Analysis of DAPS Identified by iTRAQ

To identify the significantly enriched GO functional groups of DAPS, GO annotation was carried
out. The DAPS between EC and NEC were classified into 31 functional groups (Figure 2), of which
biological processes accounted for 15 GO terms (the most representative were “metabolic processes”),
cellular components accounted for 9 GO terms (the most representative were “cell” and “cell part”),
and molecular functions accounted for 7 GO terms (the most representative was “catalytic”). The results
also showed that some DAPS clustered into the groups of extracellular region part and multi\-organism
process just including the up-accumulated DAPS in EC. In addition, the quantity of up-accumulated
DAPS was obviously higher than that of down-accumulated in the groups of membrane-enclosed
lumen and organelle part. In contrary, the quantity of up-accumulated DAPS was lower than that of
down-accumulated ones in the groups of “catalytic”, “transporter”, and “metabolic process”.

Figure 2. Gene ontology (GO) annotation of the differential abundance protein species (DAPS) in EC
compared to NEC. The up-accumulation means a higher protein relative abundance in EC than in NEC,
and the down-accumulation means a lower protein relative abundance in EC than in NEC.
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A total of 539 DAPS (85.3%) between EC and NEC identified by iTRAQ were classified into
21 clusters of orthologous groups of proteins (COG) categories. In up-accumulated DAPS, “general
function prediction only” represented the largest group, followed by “post-translational modification”,
“protein turnover, chaperones”, “carbohydrate transport and metabolism”, and “translation, ribosomal
structure and biogenesis” (Figure 3A). In down-accumulated DAPS, “amino acid transport and
metabolism” represented the largest group, followed by “energy production and conversion”,
“general function prediction only” and “lipid transport and metabolism” (Figure 3B). Especially,
three groups, “chromatin structure and dynamics” (8 DAPS), “cell cycle control, cell division,
chromosome partitioning” (4 DAPS) and “transcription” (8 DAPS), were just found in the classification
of up-accumulated DAPS (Figure 3, Table 1). These DAPS might be the key proteins during the
development of EC in maize.

Figure 3. Clusters of orthologous groups of proteins (COG) classification of differential abundance
protein species (DAPS) in EC and NEC. The arrows mark the groups just found in the upregulated
DAPS. (A) Up-regulated DAPS; (B) Down-regulated DAPS.

Table 1. Protein information in the COG classification of including only the upregulated DAPS.

Protein Accession Fold Change Description COG Code

gi|195605264|gb|ACG24462.1| 1.311 Histone H2A [Zea mays] B
gi|195635409|gb|ACG37173.1| 1.314 Histone H4 [Zea mays] B
gi|162458988|ref|NP_001105357.1| 1.41 Histone H2A [Zea mays] B
gi|195618876|gb|ACG31268.1| 1.467 Histone H2A [Zea mays] B
gi|195616386|gb|ACG30023.1| 1.541 Histone H2A [Zea mays] B
gi|195617710|gb|ACG30685.1| 1.906 Histone H2A [Zea mays] B
gi|194693822|gb|ACF80995.1| 2.084 Unknown [Zea mays] B

gi|226496461|ref|NP_001140401.1| 1.234 Calmodulin [Zea mays] DTZR
gi|226501230|ref|NP_001149695.1| 1.29 Cell division protein ftsz [Zea mays] D
gi|226494524|ref|NP_001150546.1| 1.321 Serine/threonine-protein phosphatase 2A activator 2 [Zea mays] DT
gi|293331121|ref|NP_001167965.1| 1.334 Uncharacterized protein LOC100381681 [Zea mays] D

gi|212276110|ref|NP_001130839.1| 1.315 Uncharacterized protein LOC100191943 [Zea mays] K
gi|226506726|ref|NP_001141599.1| 1.372 Uncharacterized protein LOC100273717 [Zea mays] KLJ
gi|226490952|ref|NP_001152536.1| 1.412 ATP-dependent RNA helicase DDX23 [Zea mays] KLJ
gi|226496545|ref|NP_001148353.1| 1.53 Small nuclear ribonucleoprotein Sm D1 [Zea mays] K
gi|195656155|gb|ACG47545.1| 1.565 Small nuclear ribonucleoprotein Sm D3 [Zea mays] K
gi|219363641|ref|NP_001136911.1| 1.586 Uncharacterized protein LOC100217069 [Zea mays] K
gi|226503431|ref|NP_001140836.1| 1.647 Uncharacterized protein LOC100272912 [Zea mays] K
gi|194699902|gb|ACF84035.1| 2.544 U6 snrna-associated Sm-like protein lsm3 [Zea mays] K

To further investigate biological functions of these proteins, 500 DAPS (79.1%) were mapped to 106 pathways in
the KEGG database, in which 33 KEGG pathways were significantly enriched (p-value ≤ 0.05) (Supplementary
Table S3). “Metabolic pathways” (p = 1.19 × 10−11) was the most represented pathway, followed by “biosynthesis of
secondary metabolites” (p = 4.09 × 10−10) and “pyruvate metabolism” (p = 8.74 × 10−5). Some DAPS were also
significantly enriched in pathways of “starch and sucrose metabolism” (p = 0.001436749), “Fatty acid metabolism”
(p = 0.006471598), “glycolysis/gluconeogenesis” (p = 0.01189691), and so on.
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2.5. Transcriptional Analysis of Selected Genes for the Differentially Expressed Proteins

To elucidate the correspondence between the mRNA and protein level and confirm the
authenticity and accuracy of the proteomic analysis, transcriptional analysis of 12 protein species, eight
up-accumulated DAPS and four down-accumulated DAPS, was performed by qRT-PCR (Figure 4,
Table 2). Of the selected proteins, 10 genes displayed accordant change tendency on the transcript
level as the results of iTRAQ, such as nucleotide pyrophosphatase, putative subtilase family protein,
peroxidase superfamily protein and terpenoid cyclases. By contrast, two genes (rhicadhesin receptor
precursor and C cell wall invertase 2) showed no significant difference on the transcription level
despite the detection of differential expression patterns on the protein level. The discrepancy between
the transcription level of the two genes and the abundance of the corresponding protein species
probably resulted from various posttranslational modifications between EC and NEC, such as protein
phosphorylation and glycosylation.

Figure 4. Analysis of transcript levels of the differential abundance protein species between EC and
NEC by qRT-PCR.

Table 2. Candidate genes for qRT-PCR.

Code Protein Accession Fold Change Description

UP76 gi|195614828|gb|ACG29244.1| 4.26 Nucleotide pyrophosphatase/phosphodiesterase [Zea mays]
UP12 gi|195621264|gb|ACG32462.1| 4.46 histone H1 [Zea mays]

UP250 gi|414878739|tpg|DAA55870.1| 4.272 TPA: putative O-Glycosyl hydrolase superfamily protein [Zea mays]
UP322 gi|413952293|gb|AFW84942.1| 4.218 Putative subtilase family protein [Zea mays]
UP316 gi|414866956|tpg|DAA45513.1| 4.841 Peroxidase superfamily protein [Arabidopsis thaliana]
UP108 gi|414586772|tpg|DAA37343.1| 6.499 Polygalacturonase inhibiting protein 1 [Arabidopsis thaliana]
UP292 gi|195654029|gb|ACG46482.1| 6.87 Rhicadhesin receptor precursor [Zea mays]
UP283 gi|1352469|sp|P49174.1|INVA_MAIZE 4.771 Cell-wall invertase 2 [Arabidopsis thaliana]

DOWN60 gi|257626267|emb|CBD24252.1| 0.152 Unnamed protein product [Zea mays]
DOWN90 gi|239050557|ref|NP_001132867.2| 0.233 S-adenosylmethionine synthetase family protein [Arabidopsis thaliana]

DOWN205 gi|226500748|ref|NP_001140439.1| 0.199 NAD(P)-binding Rossmann-fold superfamily protein [Arabidopsis thaliana]
DOWN1 gi|162458192|ref|NP_001105950.1| 0.156 Terpenoid cyclases/Protein prenyltransferases superfamily protein [Arabidopsis thaliana]

3. Discussion

The first report about the use of somatic embryogenesis for maize tissue culture was published
in 1975 [26]. However, it is very difficult to obtain somatic embryos from most of maize elite inbred
lines because of the genetic diversity of maize. Well-known receptors for maize genetic transformation,
just including A188, HiII, H99, and some other inbred lines, can been inducted to embryonic calli with
high efficiency [9,27,28]. Nevertheless, many of these inbred lines were not suitable for productive
applications because of their weak combining ability. A new-screened elite inbred line, Y423, can be
inducted easily to develop somatic embryos and can be used in both production and scientific
research [8]. However, NEC is obtained with EC at the same time during the process of SE induction,
which will increase costs and is unfavorable to GM maize production. Therefore, it is necessary to
study the mechanism of EC and NEC development.
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Protein is substance basis of life and specific practitioner of life activities. Although transcriptome
analysis is very useful to reveal the differential expression between EC and NEC, the expression level
of mRNA is not a good predictor of the abundance of the corresponding proteins due to several factors
such as post-translational modifications. Therefore, research on proteomics is helpful to reveal complex
difference between EC and NEC in maize and provides new information concerning EC development.
iTRAQ was explored for proteomics profiling and enrichment of differentially expressed analysis
between EC and NEC of the inbred maize line Y423. As a result, 632 DAPS were identified, among
which, 366 DAPS were up-accumulated and 266 DAPS down-accumulated proteins detected in EC
compared with NEC. Bioinformatics analysis showed that DAPS were annotated in 31 GO functional
groups, 539 DAPS were classified into 21 COG categories, and 512 DAPS were identified to 106 KEGG
pathways. Some significant DAPS were grouped into categories based on the GO, COG, and KEGG
analysis which we discussed below.

In order to elucidate the functional difference of DAPS between EC and NEC, we analyzed
the COG of high and low abundance proteins in EC, respectively. The results showed 20 special
up-accumulated DAPS in EC versus NEC were clustered in three classifications (“chromatin structure
and dynamics”, “cell cycle control, cell division, chromosome partitioning” and “transcription”)
(Table 1). Most of the DAPS, in the classification of “chromatin structure and dynamics”, were histones
which are basic proteins, rich in basic amino acids such as arginine and lysine. Some studies have
shown that high level of arginine was detected in embryogenic callus, which is beneficial to cell
division and cell differentiation [29]. Arginine, as an important component, was also added to the
medium in cotton somatic embryo tissue culture [30–32]. In addition, some studies have shown
calmodulin, in the classification of “cell cycle control, cell division, chromosome partitioning”, played
a very important role in somatic embryogenesis. In carrot somatic embryos, calmodulin was localized
in the shoot apical meristem region and was strongly expressed in the globular and cardiac phases,
whereas it was less expressed in undifferentiated calli [33]. During the somatic embryogenesis of
sugarcane, calmodulin accelerated cell differentiation, and the content of calmodulin was higher at
any stage of somatic embryo as compared to undifferentiated calli [34].

To study which metabolic pathway plays a major role in the induction of EC, KEGG pathway
enrichment analysis was explore. 512 DAPS were mapped in 106 KEGG pathways, in which pyruvate
metabolism not only was the most significantly enriched pathway of DAPS, but also the number of
enriched DAPS is up to 25. In starch and sucrose metabolism and glycolysis/gluconeogenesis closely
related to pyruvate metabolism, a large number of DAPS was also enriched significantly, reaching 24
and 23, respectively (Table S3). We also noted that more than 20 DAPS were enriched in the ribosomes
and the phenylpropanoid biosynthesis pathways.

Thirty DAPS were detected in ribosomal pathway, accounting for 6% of total differential proteins,
of which 25 DAPS were up-accumulated and only five were down-accumulated in EC (Figure S2,
Table 3). Most of up-accumulated DAPS were clustered in the classification of “translation”, “ribosomal
structure and biogenesis”, which was consisted with the COG results of up-accumulated DAPS. These
DAPS are mainly related to the 40S small subunit and 60S large subunit (Table 3). This result may
indicate that protein synthesis in EC was more exuberant than that in NEC. Ribosome-inactivating
protein, which inhibits ribosomal formation, was not detected in the EC of spinach (Spinacia
oleracea) [35]. This also illustrated that reducing the abundance of proteins, which inhibit the formation
of ribosomes in EC, might result in a significant increase in the number of ribosomes which in turn
would promote protein synthesis.
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Table 3. Information of DAPS in ribosome pathway.

Protein Accession Enzyme Commission Fold Change Regulated Description

gi|212722264|ref|NP_001132360.1| S12e 1.436 UP 40S ribosomal protein S12 isoform 1 [Zea mays]
gi|195605820|gb|ACG24740.1| S20e 1.352 UP 40S ribosomal protein S20 [Zea mays]
gi|195623210|gb|ACG33435.1| S20e 1.247 UP 40S ribosomal protein S20 [Zea mays]

gi|162463985|ref|NP_001105635.1| S24e 1.245 UP 40S ribosomal protein S24 [Zea mays]
gi|226532924|ref|NP_001146968.1| S24e 0.833 DOWN 40S ribosomal protein S24 [Zea mays]

gi|195634815|gb|ACG36876.1| S29e 2.384 UP 40S ribosomal protein S29 [Zea mays]
gi|226499664|ref|NP_001149323.1| S30e 1.394 UP 40S ribosomal protein S30 [Zea mays]
gi|162464000|ref|NP_001105390.1| LP1, LP2 0.735 DOWN 60S acidic ribosomal protein P2B [Zea mays]
gi|212275159|ref|NP_001130808.1| L13Ae 1.46 UP 60S ribosomal protein L13a [Zea mays]

gi|195623288|gb|ACG33474.1| L13Ae 1.206 UP 60S ribosomal protein L13a [Zea mays]
gi|195642172|gb|ACG40554.1| L17e 1.536 UP 60S ribosomal protein L17 [Zea mays]
gi|195656195|gb|ACG47565.1| L17e 1.336 UP 60S ribosomal protein L17 [Zea mays]
gi|195621692|gb|ACG32676.1| L24e 1.342 UP 60S ribosomal protein L24 [Zea mays]
gi|195646398|gb|ACG42667.1| L28e 1.39 UP 60S ribosomal protein L28 [Zea mays]
gi|195625790|gb|ACG34725.1| L35e 1.535 UP 60S ribosomal protein L35 [Zea mays]
gi|413922853|gb|AFW62785.1| L6e 1.362 UP 60S ribosomal protein L6 [Zea mays]
gi|195656241|gb|ACG47588.1| L7Ae 1.352 UP 60S ribosomal protein L7a [Zea mays]

gi|212274675|ref|NP_001130101.1| L10e 1.791 UP Acid phosphatase 1 [Zea mays]
gi|195642478|gb|ACG40707.1| S19 1.24 UP Glycine-rich RNA-binding protein 2 [Zea mays]

gi|212722104|ref|NP_001132260.1| L11e 1.24 UP Hypothetical protein [Zea mays]
gi|226509268|ref|NP_001141489.1| LP0 0.798 DOWN Hypothetical protein [Zea mays]
gi|162460468|ref|NP_001105280.1| L31e 1.643 UP Putative 60S ribosomal protein L31 [Zea mays]

gi|132668| sp|P08529.2|RK14_MAIZE L14 0.709 DOWN Recname: Full=50S ribosomal protein L14, chloroplastic
gi|3264605|gb|AAC24573.1| L23Ae 1.39 UP Ribosomal protein L25 [Zea mays]

gi|226497590|ref|NP_001148801.1| L7Ae 1.312 UP TPA: 60S ribosomal protein L7a [Zea mays]
gi|414873848|tpg|DAA52405.1| S4e 1.475 UP TPA: ribosomal protein S4 [Zea mays]

gi|212721318|ref|NP_001131538.1| L18e 1.414 UP Uncharacterized protein LOC100192878 [Zea mays]
gi|224030849|gb|ACN34500.1| L6e 1.793 UP Unknown [Zea mays]

gi|342591|gb|AAA84482.1| RP-L16 0.768 DOWN Unknown protein (chloroplast) [Zea mays]
gi|257722902|emb|CBD23964.1| L19e 1.268 UP Unnamed protein product [Zea mays subsp. Mays]

In addition, 24 DAPS were enriched in the pathway of starch and sucrose metabolism,
of which 18 DAPS were up-accumulated and only six were down-accumulated in EC (Figure S3,
Table 4). In the results of COG analysis, these up-accumulated DAPS were mainly clustered in the
classification of “carbohydrate transport and metabolism”. In this pathway, the proteins related with
D-Glucose biosynthesis, exoglucanase precursor (3.2.1.21) and endoglucanase 1 precursor (3.2.1.4),
were up-accumulated in EC, the fold change reaching 2.07 and 3.941, respectively. In EC of maize
inbred line A19, a protein associated with D-glucose biosynthesis, beta D-glucosidase, was also
up-accumulated [36]. The accumulated abundance of the proteins mentioned above could promote
the synthesis of D-glucose, which is an important source of pyruvate. These results suggested that
the high expression of glucose-producing related enzymes in starch and sucrose metabolism might
indirectly affect the metabolism of pyruvate from its source.

Table 4. Information of DAPS in starch and sucrose metabolism pathway.

Protein Accession
Enzyme

Commission
Fold

Change
Regulated Description

gi|162462658|ref|NP_001105539.1| 3.2.1.1 2.29 UP Alpha-amylase precursor [Zea mays]
gi|226530773|ref|NP_001150278.1| 3.2.1.1 1.627 UP Alpha-amylase precursor [Zea mays]

gi|1352469|sp|P49174.1|INVA_MAIZE 3.2.1.26 4.771 UP Beta-fructofuranosidase/cell wall isozyme;
gi|226495335|ref|NP_001151458.1| 3.2.1.4 3.941 UP Endoglucanase 1 precursor [Zea mays]

gi|8809764|gb|AAF79936.1| 3.2.1.21 2.07 UP Exoglucanase precursor [Zea mays]
gi|195639126|gb|ACG39031.1| 2.7.1.4 1.261 UP Fructokinase-2 [Zea mays]

gi|162460322|ref|NP_001105368.1| 5.3.1.9 1.324 UP Glucose-6-phosphate isomerase, cytosolic [Zea mays]
gi|308080756|ref|NP_001183080.1| 3.2.1.15 1.683 UP Hypothetical protein precursor [Zea mays]

gi|413933069|gb|AFW67620.1| 3.2.1.21 3.115 UP Hypothetical protein ZEAMMB73_549956 [Zea mays]
gi|413922001|gb|AFW61933.1| 2.4.1.14 1.242 UP Putative sucrose-phosphate synthase family protein [Zea mays]

gi|413952450|gb|AFW85099.1| 3.1.3.12/
2.4.1.15 1.325 UP Putative trehalose phosphatase/synthase family protein [Zea mays]

gi|194740442|gb|ACF94692.1| 2.4.1.1 1.228 UP Starch phosphorylase 1 precursor [Zea mays]
gi|525344616|ref|NP_001266691.1| 2.4.1.13 1.203 UP Sucrose synthase 1 [Zea mays]

gi|414867410|tpg|DAA45967.1| 3.2.1.28 2.643 UP TPA: hypothetical protein ZEAMMB73_076801 [Zea mays]
gi|414879406|tpg|DAA56537.1| 3.1.1.11 2.287 UP TPA: pectinesterase [Zea mays]

gi|414885330|tpg|DAA61344.1| 3.1.3.12/
2.4.1.15 1.84 UP TPA: putative trehalose phosphatase/synthase family protein [Zea mays]

gi|257713456|emb|CBD15747.1| 3.2.1.37 1.917 UP Unnamed protein product [Zea mays]
gi|257713456|emb|CBD15747.1| 3.2.1.21 1.917 UP Unnamed protein product [Zea mays]
gi|413946674|gb|AFW79323.1| 2.7.7.27 0.553 DOWN ADP-glucose pyrophosphorylase large subunit [Zea mays]
gi|413920595|gb|AFW60527.1| 2.4.1.14 0.55 DOWN Putative sucrose-phosphate synthase family protein [Zea mays]

gi|1351136|sp|P49036.1|SUS2_MAIZE 2.4.1.13 0.808 DOWN Sucrose-UDP glucosyltransferase 2
gi|226529913|ref|NP_001146685.1| 3.1.1.11 0.773 DOWN TPA: pectinesterase [Zea mays]

gi|414865602|tpg|DAA44159.1| 3.1.3.12/
2.4.1.15 0.728 DOWN TPA: putative trehalose phosphatase/synthase family protein [Zea mays]

gi|226505764|ref|NP_001149225.1| 1.1.1.22 0.602 DOWN UDP-glucose 6-dehydrogenase [Zea mays]
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Glycolysis/gluconeogenesis is a closely related metabolic pathway with starch and sucrose
metabolism. Twenty-three DAPS were enriched in this pathway, of which 11 DAPS were
up-accumulated and 12 DAPS were down-accumulated in EC (Figure S4, Table 5). Most of the
11 up-accumulated proteins were enzymes and related proteins that catalyze pyruvate production,
while the down-accumulated proteins were mainly distributed in the glycolytic pathway of
pyruvate to produce acetyl-CoA and to generate ethanol. Accumulation of enzymes involved
in pyruvate synthesis were also detected in EC derived from maize inbred lines A19 and H99,
respectively [18,36]. Similar to the studies in maize, the content of pyruvate-synthesis related enzymes
(i.e., phosphoglycero mutases) also significantly increased during the somatic embryogenesis of
Arabidopsis thaliana [37]. The main function of phosphoglycero mutases is to catalyze the conversion
of 2-phospho-D-glycerate to phosphoenolpyruvate. In our study, we found that the high abundance
of heat shock factor-binding protein 1 in EC, which involved in the process of conversion of
2-phospho-D-glycerate to phosphoenolpyruvate catalyzed by phosphoglycero mutases. These results
suggested that heat shock factor-binding protein 1 should be involved in the folding of the catalytic
process. Meanwhile, pyruvate kinase (2.7.1.40), the key enzyme for pyruvate generation, was also
up-accumulated in EC. Overall, the major role of up-accumulated DAPS should be to promote pyruvate
formation in EC. One metabolism direction of pyruvate is the formation of lactate. The enzyme (1.1.1.27:
L-lactate dehydrogenase A) that catalyzes pyruvate to produce lactate in EC expressed higher than that
in NEC, but the expression of various enzymes (i.e., pyruvate decarboxylase 3) that catalyze pyruvate
to produce ethanol is lower than that in NEC. The other one metabolism direction of pyruvate is
the formation of Acetyl CoA, which is the pivot of energy metabolism and substance metabolism.
The abundance of DAPS showed that the expression of various enzymes (i. e., 1.2.4.1: pyruvate
dehydrogenase, 1.8.1.4: dihydrolipoyl dehydrogenase and 2.3.1.12: dihydrolipoyl lysine-residue
acetyltransferase) in the process of generating acetyl-CoA was lower in EC than that in NEC. All these
results indicated that EC mainly relied on not TCA but glycolysis to provide ATP. And the demand
for energy and new substances might be lower in EC than in NEC, which also explained why EC
usually grew slower than NEC. It is interesting that our results are similar to some stem cell studies,
which have proved pyruvate is a very important metabolite for controlling stem cell development. In
quiescent state, glycolysis-associated enzymes, such as pyruvate kinase and lactate dehydrogenase
A, are highly expressed in pluripotent stem cells. As a result, pyruvate can be catalyzed to produce
lactic acid in stem cells. At the same time the synthesis of lipids, proteins or nucleotides are blocked.
Stem cells are slow cycling. Along differentiation, energy demands increase and TCA cycle turns on
in cells [38–42]. It is suggested that the final destination of pyruvate might determine the direction
of callus differentiation during somatic embryogenesis in maize as same as in stem cells. The same
regulation mechanism of differentiation might be shared in plant cells and animal cells.

Some lignin substances (i.e., guaiacyl lignin, syringyl lignin and p-Hydroxyphenyl lignin) are
generated in phenylpropanoid biosynthesis pathway, in which the DAPS was obviously enriched. Most
of DAPS enriched in phenylpropanoid biosynthesis pathway were low abundance in EC (Figure S5).
We speculated that this should be an important reason for Y423 EC to have the characteristics of the
low lignin content loose structure, and rough surface.

Based on a comprehensive analysis of GO, COG, and KEGG results obtained in this and
similar studies, we discovered a new regulation strategy that might affect embryogenic callus
development in maize. Pyruvate is the pivot of this model, which involves a lot of biochemical
processes such as starch metabolism, glycolysis/gluconeogenesis, pyruvate metabolism, fatty acid
biosynthesis and TCA cycle (Figure 5). In maize EC, the up-accumulated DAPS in starch and sucrose
metabolism and glycolysis/gluconeogenesis could promote pyruvate generation; meanwhile, the other
down-accumulated DAPS could inhibit the conversion of pyruvate to ethanol and to acetyl-CoA.
In addition, some DAPS in fatty acid metabolism were also down-accumulated in EC (Figure S6), which
further limited the generation of acetyl-CoA. The decrease of acetyl-CoA content would further inhibit
leucine biosynthesis, fatty acid biosynthesis, TCA cycle and TCA cycle’s downstream metabolism.
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These changes could reduce the material accumulation and energy supply, resulting in EC were in a
quiescent state. Combined with the reduction of lignin substances, EC could be more likely to maintain
in a soft and loose growth state and be more suitable for subculture and differentiation. Conversely,
in NEC, more material accumulation and energy supply would lead to rapid growth of calli with high
lignin content, hard and smooth surface, not easy to subculture and differentiate.

Table 5. Information of DAPS in glycolysis /gluconeogenesis pathway.

Protein Accession
Enzyme

Commission
Fold

Change
Regulated Description

gi|6225010|sp|P93629.1|ADHX_MAIZE 1.1.1.1 1.386 UP Alcohol dehydrogenase class-III;
gi|195613242|gb|ACG28451.1| 5.1.3.3 1.7 UP Aldose 1-epimerase precursor [Zea mays]

gi|162460322|ref|NP_001105368.1| 5.3.1.9 1.324 UP Glucose-6-phosphate isomerase, cytosolic [Zea mays]
gi|162457962|ref|NP_001105090.1| 4.2.1.11 1.58 UP Heat shock factor-binding protein 1 [Zea mays]
gi|226528284|ref|NP_001150088.1| 4.2.1.11 1.609 UP Heat shock factor-binding protein 1 [Zea mays]

gi|413956284|gb|AFW88933.1| 4.1.1.49 1.316 UP Hypothetical protein ZEAMMB73_030639 [Zea mays]
gi|195621388|gb|ACG32524.1| 1.1.1.27 1.774 UP L-lactate dehydrogenase A [Zea mays]

gi|226509797|ref|NP_001142404.1| 2.7.2.3 1.334 UP Phosphoglycerate kinase isoform 3 [Zea mays]
gi|195620854|gb|ACG32257.1| 2.7.1.40 1.712 UP Pyruvate kinase, cytosolic isozyme [Zea mays]

gi|226528689|ref|NP_001141131.1| 1.1.1.1 1.288 UP TPA: putative alcohol dehydrogenase superfamily protein [Zea mays]
gi|291047868|emb|CBK51447.1| 1.2.1.3 1.272 UP Unnamed protein product [Zea mays]
gi|195614676|gb|ACG29168.1| 1.2.1.3 0.629 DOWN Aldehyde dehydrogenase, dimeric NADP-preferring [Zea mays]

gi|162460054|ref|NP_001105576.1| 1.2.1.3 0.576 DOWN Aldehyde dehydrogenase2 [Zea mays]
gi|363543269|ref|NP_001241850.1| 1.1.1.2 0.3 DOWN Aldose reductase [Zea mays]
gi|293335591|ref|NP_001169718.1| 1.8.1.4 0.766 DOWN Dihydrolipoyl dehydrogenase [Zea mays]

gi|226499350|ref|NP_001142314.1| 2.3.1.12 0.8 DOWN Dihydrolipoyl lysine-residue acetyltransferase component of pyruvate
dehydrogenase complex [Zea mays]

gi|120670|sp|P08735.2|G3PC1_MAIZE 1.2.1.12 0.69 DOWN Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic
gi|226531804|ref|NP_001148246.1| 1.1.1.2 0.533 DOWN NAD(P)H-dependent oxidoreductase [Zea mays]

gi|413937078|gb|AFW71629.1| 6.2.1.1 0.674 DOWN Putative AMP-dependent synthetase and ligase superfamily protein [Zea mays]
gi|162457852|ref|NP_001105052.1| 4.1.1.1 0.777 DOWN Pyruvate decarboxylase 3 [Zea mays]
gi|226529151|ref|NP_001150473.1| 1.2.4.1 0.588 DOWN Pyruvate dehydrogenase E1 component subunit beta [Zea mays]
gi|226528639|ref|NP_001140759.1| 1.2.4.1 0.613 DOWN Uncharacterized protein LOC100272834 [Zea mays]

gi|219887835|gb|ACL54292.1| 1.2.1.12 0.832 DOWN Unknown [Zea mays]

Figure 5. Working model for development of embryogenic and nonembryogenic calli proposed based
on DAPS by iTRAQ.

4. Materials and Methods

4.1. Plant Materials and Tissue Culture Conditions

The maize elite inbred line Y423 collected by our lab was used in this study, which was the only
one of 40 maize inbred lines selected by our lab that can obtain intact somatic embryos [8]. The whole
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ears were harvested 12–15 days after self-pollination. After husk and sterilization, the immature
embryos (size around 2 mm2) were inoculated onto the induction medium (100 embryos per plate) in
accordance with the procedure of Jimenez and Bangerth [43] with minor modifications as previously
described [8]. The immature embryos were incubated in the dark at 24 ◦C. Buds generated from the
immature embryos were removed every other 7 days. After 20–25 days, the primary calli appeared,
and then were transferred onto fresh subculture medium. Calli were then subcultured every 20 days
on the same subculture medium. After 4–5 times subculturing, the EC and NEC produced, and were
selected by histological staining as previously described [8]. We collected around 15 g of EC and NEC
separately from 30 plates (derived from one plate of immature embryos) for one biological replicate
and then stored them at −80 ◦C until required. Three biological replicates were performed.

4.2. Protein Preparation

EC and NEC samples were ground into powder in liquid nitrogen, extracted with Lysis buffer
(7 M Urea, 2 M Thiourea, 4% CHAPS, 40 mM Tris-HCl, pH 8.5) containing 1 mM PMSF and 2 mM
EDTA (final concentration). After 5 min, 10 mM DTT (final concentration) was added to the samples.
The suspension was sonicated at 200 W for 15 min and then centrifuged at 4 ◦C, 30,000× g for 15 min.
The supernatant was mixed well with 5× volume of chilled acetone containing 10% (v/v) TCA and
incubated at −20 ◦C overnight. After centrifugation at 4 ◦C, 30,000× g, the supernatant was discarded.
The precipitate was washed with chilled acetone three times. The pellet was air-dried and dissolved
in Lysis buffer (7 M urea, 2 M thiourea, 4% NP40, 20mM Tris-HCl, pH 8.0–8.5). The suspension was
sonicated at 200 W for 15 min and centrifuged at 4 ◦C, 30,000× g for 15 min. The supernatant was
transferred to another tube. To reduce disulfide bonds in proteins of the supernatant, 10 mM DTT
(final concentration) was added and incubated at 56 ◦C for 1 h. Subsequently, 55 mM IAM (final
concentration) was added to block the cysteines, incubated for 1 h in the darkroom. The supernatant
was mixed well with 5 5× volume of chilled acetone for 2 h at −20 ◦C to precipitate proteins. After
centrifugation at 4 ◦C, 30,000× g, the supernatant was discarded, and the pellet was air-dried for 5 min,
dissolved in 500 μL 0.5 M TEAB (Applied Biosystems, Milan, Italy), and sonicated at 200 W for 15 min.
Finally, samples were centrifuged at 4 ◦C, 30,000× g for 15 min. The supernatant was transferred to
a new tube and quantified with the Bradford assay using BSA as the calibrant. The proteins in the
supernatant were kept at −80 ◦C for further analysis.

4.3. iTRAQ Labeling and SCX Fractionation

Total protein (100 μg) was taken out of each sample solution and then the protein was digested
with Trypsin Gold (Promega, Madison, WI, USA) with the ratio of protein: trypsin = 30:1 at 37 ◦C
for 16 hours. After trypsin digestion, peptides were dried by vacuum centrifugation. Peptides were
reconstituted in 0.5M TEAB and processed according to the manufacture’s protocol for 8-plex iTRAQ
reagent (Applied Biosystems, Waltham, MA, USA). Briefly, one unit of iTRAQ reagent was thawed and
reconstituted in 24 μL isopropanol. The EC replicates were labeled with the iTRAQ tags TP1-113 and
TP2-114, and the NEC replicates were labeled with the tags FT1-115 and FT2-116.The peptides were
labeled with the isobaric tags, incubated at room temperature for 2 h. The labeled peptide mixtures
were then pooled and dried by vacuum centrifugation.

SCX chromatography was performed with a LC-20AB HPLC pump system (Shimadzu, Kyoto,
Japan). The iTRAQ-labeled peptide mixtures were reconstituted with 4 mL of buffer A (25 mM NaH2PO4

in 25% ACN, pH 2.7) and loaded onto a 4.6 × 250 mm Ultremex SCX column containing 5-μm particles
(Phenomenex, Torrance, CA, USA). The peptides were eluted at a flow rate of 1 mL/min with a gradient of
buffer A for 10 min, 5–60% buffer B (25 mM NaH2PO4, 1 M KCl in 25% ACN, pH 2.7) for 27 min, 60–100%
buffer B for 1 min. The system was then maintained at 100% buffer B for 1 min before equilibrating with
buffer A for 10 min prior to the next injection. Elution was monitored by measuring the absorbance at
214 nm, and fractions were collected every 1 min. The eluted peptides were pooled into 20 fractions,
desalted with a Strata X C18 column (Phenomenex, Torrance, CA, USA) and vacuum-dried.
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4.4. LC-ESI-MS/MS Analysis

Each fraction was resuspended in buffer A (5% ACN, 0.1% FA) and centrifuged at 20,000× g for
10 min, the final concentration of peptide was about 0.5 μg/μL on average. 10 μL supernatant was
loaded on a LC-20AD nanoHPLC (Shimadzu, Kyoto, Japan) by the autosampler onto a 2 cm C18 trap
column. Then, the peptides were eluted onto a 10cm analytical C18 column (inner diameter 75 μm)
packed in-house. The samples were loaded at 8 μL/min for 4min, then the 35min gradient was run
at 300 nL/min starting from 2 to 35% B (95% ACN, 0.1% FA), followed by 5 min linear gradient to
60%, then, followed by 2 min linear gradient to 80%, and maintenance at 80% B for 4 min, and, finally,
return to 5% in 1 min.

Data acquisition was performed with a TripleTOF 5600 System (AB SCIEX, Concord, ON, USA)
fitted with a Nanospray III source (AB SCIEX, Concord, ON, USA) and a pulled quartz tip as the
emitter (New Objectives, Woburn, MA, USA). Data was acquired using an ion spray voltage of 2.5 kV,
curtain gas of 30 psi, nebulizer gas of 15 psi, and an interface heater temperature of 150 ◦C. The MS was
operated with a RP of greater than or equal to 30,000 FWHM for TOF MS scans. For IDA, survey scans
were acquired in 250 ms and as many as 30 product ion scans were collected if exceeding a threshold
of 120 counts per second (counts/s) and with a 2+ to 5+ charge-state. Total cycle time was fixed to
3.3 s. Q2 transmission window was 100Da for 100%. Four time bins were summed for each scan at a
pulser frequency value of 11 kHz through monitoring of the 40 GHz multichannel TDC detector with
four-anode channel detect ion. A sweeping collision energy setting of 35 ± 5 eV coupled with iTRAQ
adjust rolling collision energy was applied to all precursor ions for collision-induced dissociation.
Dynamic exclusion was set for 1/2 of peak width (15 s), and then the precursor was refreshed off the
exclusion list.

4.5. Protein Identification and Data Analysis

Raw data files acquired from the Orbitrap were converted into MGF files using Proteome
Discoverer 1.2 (PD 1.2, Thermo, SanJose, CA), [5600 msconverter] and the MGF file were searched.
Proteins identification were performed by using Mascot search engine (Matrix Science, London, UK;
version 2.3.02) against the NCBI Zea mays database containing 172,446 sequences (http://www.ncbi.
nlm.nih.gov/protein?term=txid4577) with the following parameters: Carbamidomethyl (C), iTRAQ
8 plex (N-term), and Deamidated (NQ) as fixed modification, Gln→pyro-Glu (N-termQ), Oxidation
(M), and Deamidated (NQ) as potential variable modifications; the instrument type was set to default;
the enzyme was set to trypsin and one max missed cleavages was allowed; a mass tolerance of
±0.05 Da was permitted for intact peptide masses and ±0.1 Da was permitted for fragmented ions.
The charge states of peptides were set to +2 and +3. Specifically, an automatic decoy database search
was performed in Mascot by choosing the decoy checkbox in which a random sequence of database is
generated and tested for raw spectra as well as the real database. To reduce the probability of false
peptide identification, only peptides with significance scores (≥20) at the 99% confidence interval
by a Mascot probability analysis greater than “identity” were counted as identified. Each confident
protein identification involves at least one unique peptide. For protein quantitation, it was required
that a protein contains at least two unique peptides. The quantitative protein ratios were weighted
and normalized by the median ratio in Mascot. We only used ratios with p-values < 0.05, and only fold
changes of >1.2 were considered as significant.

4.6. Bioinformatics Analysis

Functional annotations of differentially accumulated protein species were performed using Gene
Ontology (http://www.geneontology.org). The Clusters of Orthologous Groups of proteins (COG)
(http://www.ncbi.nlm.nih.gov/COG/) database was carried out for functional classification of DAPS,
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/ or
http://www.kegg.jp/) was used to predict the main metabolic pathways and biochemical signals
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transduction pathways that involved the DAPS. A p-value ≤ 0.05 was used as the threshold to
determine the significant enrichments of GO and KEGG pathways.

4.7. Quantitative Real-Time PCR Analysis

Total RNA extracted from the EC and NEC was treated with DNase I to remove genomic DNA.
The first strand cDNA synthesis and the qRT-PCR were carried out using the SuperScript™ III
First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA, USA) and the SYBR Green JumpStart™
Taq ReadyMix™ (Sigma-Aldrich, St. Louis, MO, USA), respectively. qRT-PCR was carried out in the
ABI PRISM 7500 sequence detection system (Waltham, MA, USA) according to the manufacturer’s
instructions. To validate the DAPS obtained from iTRAQ, 12 genes were subjected to quantitative
real-time PCR. Each 20 ml reaction mixture contained 10 mM each primers 0.4 ml, 2× SYBR Premix Ex
Taq 10 ml, 50× ROX Reference Dye II 0.4 mL and cDNA (1:5) template 2 ml. Gene-specific primers were
designed using Primer Express 3.0 (Waltham, MA, USA), and amplified maize actin 1 and gapdh were
used as reference genes (Supplementary Table S1). Three replications were performed for each sample.

5. Conclusions

We used the iTRAQ technique to perform quantitative proteome analysis of EC and NEC derived
from Y423 inbred maize line. This approach identified some new proteins involved in pyruvate
metabolism (i.e., pyruvate dehydrogenase E1 component subunit beta and dihydrolipoyllysine-residue
acetyltransferase component of pyruvate dehydrogenase complex), TCA cycle (i.e., citrate synthase and
aconitate hydratase), fatty acid metabolism (i.e., acetyl-CoA acetyltransferase), and phenylpropanoid
biosynthesis (i.e., peroxidase 39 isoform and 1-Cys peroxiredoxin) that were not previously known to
be associated with EC and SE developing. Based on functional analysis, we proposed a regulation
strategy for reprograming of somatic cell to EC in maize. This strategy suggests that accumulation of
pyruvate and the alterations in abundances of proteins in several associated pathways (i.e., starch and
sucrose metabolism and glycolysis/gluconeogenesis) might be responsible for differences between
EC and NEC. In summary, our analysis of differences in the protein profiles between EC and NEC
increased our understanding of the mechanisms of EC development in maize.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/12/
4004/s1.
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COG clusters of orthologous groups of proteins
DAPS differential abundance protein species
EC embryogenic calli
FDR false discovery rate
GM genetically modified
GO gene ontology
iTRAQ isobaric tags for relative and absolute quantification
NEC nonembryogenic calli
SE Somatic embryo
TCA tricarboxylic acid
UDP uracil-diphosphate

454



Int. J. Mol. Sci. 2018, 19, 4004

References

1. Ash, C.; Jasny, B.R.; Malakoff, D.A.; Sugden, A.M. Food security. Feeding the future. Introduction. Science
2010, 327, 797. [CrossRef] [PubMed]

2. Armstrong, C.L.; Romero-Severson, J.; Hodges, T.K. Improved tissue culture response of an elite maize
inbred through backcross breeding, and identification of chromosomal regions important for regeneration
by RFLP analysis. Theor. Appl. Genet. 1992, 84, 755–762. [CrossRef] [PubMed]

3. Landi, P.; Chiappetta, L.; Salvi, S.; Frascaroli, E.; Lucchese, C.; Tuberosa, R. Responses and allelic frequency
changes associated with recurrent selection for plant regeneration from callus cultures in maize. Maydica
2002, 47, 21–32.

4. Hodges, T.K.; Kamo, K.K.; Imbrie, C.W.; Becwar, M.R. Genotype Specificity of Somatic Embryogenesis and
Regeneration in Maize. Nat. Biotechnol. 1986, 4, 219–223. [CrossRef]

5. Garrocho-Villegas, V.; De Jesus-Olivera, M.T.; Quintanar, E.S. Maize somatic embryogenesis: Recent features
to improve plant regeneration. Methods Mol. Biol. 2012, 877, 173–182. [PubMed]

6. Dennis, J.G.P.D.; Amul, P.P.D.; Triglano, R.N. Somatic embryogenesis and development of synthetic seed
technology. Crit. Rev. Plant Sci. 1991, 10, 33–61.

7. Murray, S.C.; Eckhoff, P.; Wood, L.; Paterson, A.H. A proposal to use gamete cycling in vitro to improve
crops and livestock. Nat. Biotechnol. 2013, 31, 877–880. [CrossRef]

8. Liu, B.; Su, S.; Wu, Y.; Li, Y.; Shan, X.; Li, S.; Liu, H.; Dong, H.; Ding, M.; Han, J.; et al. Histological and
transcript analyses of intact somatic embryos in an elite maize (Zea mays L.) inbred line Y423. Plant Physiol.
Biochem. 2015, 92, 81–91. [CrossRef]

9. Sun, L.; Wu, Y.; Su, S.; Liu, H.; Yang, G.; Li, S.; Shan, X.; Yuan, Y. Differential gene expression during somatic
embryogenesis in the maize (Zea mays L.) inbred line H99. Plant Cell Tissue Organ Cult. 2012, 109, 271–286.
[CrossRef]

10. Šamaj, J.; Baluška, F.; Bobák, M.; Volkmann, D. Extracellular matrix surface network of embryogenic units of
friable maize callus contains arabinogalactan-proteins recognized by monoclonal antibody JIM4. Plant Cell
Rep. 1999, 18, 369–374. [CrossRef]

11. Letarte, J.; Simion, E.; Miner, M.; Kasha, K.J. Arabinogalactans and arabinogalactan-proteins induce
embryogenesis in wheat (Triticum aestivum L.) microspore culture. Plant Cell Rep. 2006, 24, 691–698.
[CrossRef] [PubMed]

12. Stacey, N.J.; Roberts, K.; Knox, J.P. Patterns of expression of the JIM4 arabinogalactan-protein epitope in
cell cultures and during somatic embryogenesis in Daucus carota L. Planta 1990, 180, 285–292. [CrossRef]
[PubMed]

13. Neutelings, G.; Domon, J.M.; Membre, N.; Bernier, F.; Meyer, Y.; David, A.; David, H. Characterization
of a germin-like protein gene expressed in somatic and zygotic embryos of pine (Pinus caribaea Morelet).
Plant Mol. Biol. 1998, 38, 1179–1190. [CrossRef]

14. Almeida, A.M.; Parreira, J.R.; Santos, R.; Duque, A.S.; Francisco, R.; Tome, D.F.; Ricardo, C.P.; Coelho, A.V.;
Fevereiro, P. A proteomics study of the induction of somatic embryogenesis in Medicago truncatula using
2DE and MALDI-TOF/TOF. Physiol. Plant. 2012, 146, 236–249. [CrossRef] [PubMed]

15. Imin, N.; De Jong, F.; Mathesius, U.; Van Noorden, G.; Saeed, N.A.; Wang, X.D.; Rose, R.J.; Rolfe, B.G.
Proteome reference maps of Medicago truncatula embryogenic cell cultures generated from single protoplasts.
Proteomics 2004, 4, 1883–1896. [CrossRef] [PubMed]

16. Winkelmann, T.; Heintz, D.; Van Dorsselaer, A.; Serek, M.; Braun, H.P. Proteomic analyses of somatic and
zygotic embryos of Cyclamen persicum Mill. reveal new insights into seed and germination physiology.
Planta 2006, 224, 508–519. [CrossRef] [PubMed]

17. Rode, C.; Lindhorst, K.; Braun, H.P.; Winkelmann, T. From callus to embryo: A proteomic view on the
development and maturation of somatic embryos in Cyclamen persicum. Planta 2012, 235, 995–1011.
[CrossRef]

18. Sun, L.; Wu, Y.; Zou, H.; Su, S.; Li, S.; Shan, X.; Xi, J.; Yuan, Y. Comparative proteomic analysis of the H99
inbred maize (Zea mays L.) line in embryogenic and non-embryogenic callus during somatic embryogenesis.
Plant Cell Tissue Organ Cult. 2013, 113, 103–119. [CrossRef]

19. Marsoni, M.; Bracale, M.; Espen, L.; Prinsi, B.; Negri, A.S.; Vannini, C. Proteomic analysis of somatic
embryogenesis in Vitis vinifera. Plant Cell Rep. 2008, 27, 347–356. [CrossRef]

455



Int. J. Mol. Sci. 2018, 19, 4004

20. Pan, Z.; Guan, R.; Zhu, S.; Deng, X. Proteomic analysis of somatic embryogenesis in Valencia sweet orange
(Citrus sinensis Osbeck). Plant Cell Rep. 2009, 28, 281–289. [CrossRef]

21. Silva Rde, C.; Carmo, L.S.; Luis, Z.G.; Silva, L.P.; Scherwinski-Pereira, J.E.; Mehta, A. Proteomic
identification of differentially expressed proteins during the acquisition of somatic embryogenesis in oil
palm (Elaeis guineensis Jacq.). J. Proteom. 2014, 104, 112–127. [CrossRef] [PubMed]

22. Gilany, K. Proteomics a Key Tool for a Better Understanding of Endometriosis: A Mini-Review. J. Paramed.
Sci. 2011, 2, 51–58.

23. Zieske, L.R. A perspective on the use of iTRAQ reagent technology for protein complex and profiling studies.
J. Exp. Bot. 2006, 57, 1501–1508. [CrossRef] [PubMed]

24. Zhu, H.G.; Cheng, W.H.; Tian, W.G.; Li, Y.J.; Liu, F.; Xue, F.; Zhu, Q.H.; Sun, Y.Q.; Sun, J. iTRAQ-based
comparative proteomic analysis provides insights into somatic embryogenesis in Gossypium hirsutum L. Plant
Mol. Biol. 2017, 96, 89–102. [CrossRef]

25. Zhao, J.; Li, H.; Fu, S.; Chen, B.; Sun, W.; Zhang, J.; Zhang, J. An iTRAQ-based proteomics approach
to clarify the molecular physiology of somatic embryo development in Prince Rupprecht’s larch (Larix
principis-rupprechtii Mayr). PLoS ONE 2015, 10, e0119987. [CrossRef] [PubMed]

26. Lu, C.; Vasil, V.; Vasil, I.K. Improved efficiency of somatic embryogenesis and plant regeneration in tissue
cultures of maize (Zea mays L.). Theor. Appl. Genet. 1983, 66, 285–289. [CrossRef] [PubMed]

27. Ishida, Y.; Saito, H.; Ohta, S.; Hiei, Y.; Komari, T.; Kumashiro, T. High efficiency transformation of maize
(Zea mays L.) mediated by Agrobacterium tumefaciens. Nat. Biotechnol. 1996, 14, 745–750. [CrossRef]

28. Zhao, Z.Y.; Gu, W.N.; Cai, T.S.; Tagliani, L.; Hondred, D.; Bond, D.; Schroeder, S.; Rudert, M.; Pierce, D. High
throughput genetic transformation mediated by Agrobacterium tumefaciens in maize. Mol. Breed. 2002, 8,
323–333. [CrossRef]

29. Yokoya, N.S.; West, J.A.; Luchi, A.E. Effects of plant growth regulators on callus formation, growth and
regeneration in axenic tissue cultures of Gracilaria tenuistipitata and Gracilaria perplexa (Gracilariales,
Rhodophyta). Phycol. Res. 2004, 52, 244–254. [CrossRef]

30. Cheng, W.H.; Wang, F.L.; Cheng, X.Q.; Zhu, Q.H.; Sun, Y.Q.; Zhu, H.G.; Sun, J. Polyamine and Its Metabolite
H2O2 Play a Key Role in the Conversion of Embryogenic Callus into Somatic Embryos in Upland Cotton
(Gossypium hirsutum L.). Front. Plant Sci. 2015, 6, 1063. [CrossRef]

31. Shang, H.H.; Liu, C.L.; Zhang, C.J.; Li, F.L.; Hong, W.D.; Li, F.G. Histological and ultrastructural
observation reveals significant cellular differences between Agrobacterium transformed embryogenic and
non-embryogenic calli of cotton. J. Integr. Plant Biol. 2009, 51, 456–465. [CrossRef]

32. Rajasekaran, K. Regeneration of plants from cryopreserved embryogenic cell suspension and callus cultures
of cotton (Gossypium hirsutum L.). Plant Cell Rep. 1996, 15, 859–864. [CrossRef] [PubMed]

33. Overvoorde, P.J.; Grimes, H.D. The Role of Calcium and Calmodulin in Carrot Somatic Embryogenesis. Plant
Cell Physiol. 1994, 35, 135–144.

34. Suprasanna, P.; Desai, N.S.; Nishanth, G.; Ghosh, S.B.; Laxmi, N.; Bapat, V.A. Differential gene expression in
embryogenic, non-embryogenic and desiccation induced cultures of sugarcane. Sugar Tech 2004, 6, 305–309.
[CrossRef]

35. Kawade, K.; Ishizaki, T.; Masuda, K. Differential expression of ribosome-inactivating protein genes during
somatic embryogenesis in spinach (Spinacia oleracea). Physiol. Plant. 2008, 134, 270–281. [CrossRef] [PubMed]

36. Varhanikova, M.; Uvackova, L.; Skultety, L.; Pretova, A.; Obert, B.; Hajduch, M. Comparative quantitative
proteomic analysis of embryogenic and non-embryogenic calli in maize suggests the role of oxylipins in
plant totipotency. J. Proteomics 2014, 104, 57–65. [CrossRef]

37. Andriotis, V.M.; Kruger, N.J.; Pike, M.J.; Smith, A.M. Plastidial glycolysis in developing arabidopsis embryos.
New Phytol. 2010, 185, 649–662. [CrossRef]

38. Zhang, J.; Khvorostov, I.; Hong, J.S.; Oktay, Y.; Vergnes, L.; Nuebel, E.; Wahjudi, P.N.; Setoguchi, K.; Wang, G.;
Do, A.; et al. UCP2 regulates energy metabolism and differentiation potential of human pluripotent stem
cells. EMBO J. 2011, 30, 4860–4873. [CrossRef]

39. Yu, W.M.; Liu, X.; Shen, J.; Jovanovic, O.; Pohl, E.E.; Gerson, S.L.; Finkel, T.; Broxmeyer, H.E.; Qu, C.K.
Metabolic regulation by the mitochondrial phosphatase PTPMT1 is required for hematopoietic stem cell
differentiation. Cell Stem Cell 2013, 12, 62–74. [CrossRef] [PubMed]

40. Corbet, C. Stem Cell Metabolism in Cancer and Healthy Tissues. Pyruvate in the Limelight. Front. Pharmacol.
2017, 8, 958. [CrossRef]

456



Int. J. Mol. Sci. 2018, 19, 4004

41. Ito, K.; Suda, T. Metabolic requirements for the maintenance of self-renewing stem cells. Nat. Rev. Mol.
Cell Biol. 2014, 15, 243–256. [CrossRef] [PubMed]

42. Simsek, T.; Kocabas, F.; Zheng, J.; Deberardinis, R.J.; Mahmoud, A.I.; Olson, E.N.; Schneider, J.W.; Zhang, C.C.;
Sadek, H.A. The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic
niche. Cell Stem Cell 2010, 7, 380–390. [CrossRef] [PubMed]

43. Jimenez, V.M.; Bangerth, F. Hormonal status of maize initial explants and of the embryogenic and
non-embryogenic callus cultures derived from them as related to morphogenesis in vitro. Plant Sci. 2001,
160, 247–257. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

457



 International Journal of 

Molecular Sciences

Article

iTRAQ-Based Quantitative Proteomics Analysis
Reveals the Mechanism Underlying the Weakening of
Carbon Metabolism in Chlorotic Tea Leaves

Fang Dong 1,2, Yuanzhi Shi 1,2, Meiya Liu 1,2, Kai Fan 1,2, Qunfeng Zhang 1,2,* and

Jianyun Ruan 1,2

1 Tea Research Institute, Chinese Academy of Agricultural Sciences, Hangzhou 310008, China;
18305811752@163.com (F.D.); shiyz@tricaas.com (Y.S.); liumeiya@tricaas.com (M.L.);
fankaitea@tricaas.com (K.F.); jruan@tricaas.com (J.R.)

2 Key Laboratory for Plant Biology and Resource Application of Tea, the Ministry of Agriculture,
Hangzhou 310008, China

* Correspondence: hill@tricaas.com; Tel.: +86-571-8527-0665

Received: 7 November 2018; Accepted: 5 December 2018; Published: 7 December 2018

Abstract: To uncover mechanism of highly weakened carbon metabolism in chlorotic tea
(Camellia sinensis) plants, iTRAQ (isobaric tags for relative and absolute quantification)-based
proteomic analyses were employed to study the differences in protein expression profiles in
chlorophyll-deficient and normal green leaves in the tea plant cultivar “Huangjinya”. A total of
2110 proteins were identified in “Huangjinya”, and 173 proteins showed differential accumulations
between the chlorotic and normal green leaves. Of these, 19 proteins were correlated with RNA
expression levels, based on integrated analyses of the transcriptome and proteome. Moreover,
the results of our analysis of differentially expressed proteins suggested that primary carbon
metabolism (i.e., carbohydrate synthesis and transport) was inhibited in chlorotic tea leaves.
The differentially expressed genes and proteins combined with photosynthetic phenotypic data
indicated that 4-coumarate-CoA ligase (4CL) showed a major effect on repressing flavonoid
metabolism, and abnormal developmental chloroplast inhibited the accumulation of chlorophyll
and flavonoids because few carbon skeletons were provided as a result of a weakened primary
carbon metabolism. Additionally, a positive feedback mechanism was verified at the protein level
(Mg chelatase and chlorophyll b reductase) in the chlorophyll biosynthetic pathway, which might
effectively promote the accumulation of chlorophyll b in response to the demand for this pigment in
the cells of chlorotic tea leaves in weakened carbon metabolism.

Keywords: Camellia sinensis; chlorotic mutation; chlorophyll deficiency; weakening of carbon
metabolism; iTRAQ; proteomics

1. Introduction

Tea (Camellia sinensis) is a perennial evergreen leafy woody plant native to southwest China.
Recently, chlorophyll-deficient chlorina tea plant cultivars have become valuable materials in
processing high quality green tea because of their high amino acid content and low catechin
content [1,2]. The natural mutant of tea, “Huangjinya”, exhibits chlorotic leaves and lower
carbon metabolism than non-chlorotic varieties under sunlight [1,2]. In our previous studies [2,3],
metabolomics and transcriptomics analyses were performed on green and chlorotic shoots of
“Huangjinya” to gain an overview of the amino acid, flavonoid, and carbohydrate metabolism. These
analyses revealed that the weakening of carbon metabolism is accompanied by nitrogen accumulation,
suggesting that the metabolism of carbon and nitrogen are unbalanced [3]. Satou et al. [4] have shown
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similar results in the pale green mutants of Arabidopsis thaliana. However, the correlation of protein
expression with weakened carbon metabolism in chlorotic tea leaves remains to be elucidated.

Chlorophyll consists of chlorophyll a and chlorophyll b, and plays indispensable roles in
harvesting and transferring light energy during photosynthesis and carbon assimilation [5]. Chlorosis
in tea leaves has always been attributed to chlorophyll deficiency. Studies on chlorophyll biosynthesis
have been widely reported, and at least in angiosperm plants represented by Arabidopsis thaliana,
genes for all 15 steps in the chlorophyll biosynthesis pathway, starting from the biosynthesis of
glutamyl-tRNA to that of chlorophylls a and b, have been identified [6]. However, the effect of
chlorophyll metabolism on photosynthesis is largely unclear. Mutants defective in chlorophyll
biosynthesis have been identified in higher plants [7,8]. For example, the leaf phenotype was
yellow-green in the chlorophyll mutant (Oryza sativa) and the level of chlorophyll decreased,
meanwhile, chloroplast development was delayed [8]. Thylakoid proteome analysis of a novel rice
(Oryza sativa) mutant, Zhenhui 249Y, and the wild type has shown that the reduction of chlorophyll b
affects the assembly of light harvesting complex I (LHC-I) more severely than that of LHC-II [9].

Proteomics of leaf color mutants of tea plant has been performed using both isobaric tags for
relative and absolute quantification (iTRAQ) [10] and two-dimensional gel electrophoresis (2-DE)–mass
spectrometry [11,12]. In these studies, 437 differentially accumulated proteins have been identified
between the tea plant cultivars “Longjing43” and “Zhonghuang1” [10] and 46 differentially abundant
proteins between tender purple and mature green leaves of tea plant [12]. However, it is difficult to
clarify the mechanism of weakened carbon metabolism because of the complex genetic background
or inconsistent developmental stages of experimental material in different tea varieties [10]. In this
study, we used chlorotic and normal green leaves (“Huangjinya”, the albino tea plant cultivar) with
the same genetic background and developmental stage as the experimental material to compare the
protein expression profiles of shaded and non-shaded leaves by iTRAQ technique.

It is hypothesized that the inhibition of carbon assimilation results in a down-regulation of protein
expression in carbohydrate synthesis and transport pathways, further weakening primary carbon
metabolism. Meanwhile, flavonoid metabolism, as the major secondary metabolism, may also be
suppressed by the down-regulation of the expression of related proteins. In this study, iTRAQ-based
quantitative proteomics with phenotypic, biochemical, and transcriptome data confirmed our findings
on the differences in protein expression profiles underlying the weakening of carbon metabolism
in chlorotic “Huangjinya” tea leaves. The results of this study also provide new insights into the
expression level of proteins to understand the mechanisms responsible for chlorophyll deficiency in
etiolated tea plant leaves.

2. Results

2.1. Phenotype, Ratio of Pigment Content, Photosynthesis of Chlorotic and Green Leaves

Compared with shaded leaves of tea plants (Figure 1A), leaves of tea plants grown under
full sunlight were chlorotic and exhibited a yellow phenotype (Figure 1B). Transmission electron
microscopy showed clear differences in leaf ultrastructure between chlorotic and shaded green leaves
(Figure 1C,D). Compared with green leaves (Figure 1C), chlorotic leaves showed chloroplasts with
abnormal structural development—thylakoids were observed, but the stacks of grana were not found
(Figure 1D).
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Figure 1. Characterization of the phenotype and ultra-structure of chlorotic and green leaves of the
tea plant mutant cultivar “Huangjinya”. (A,B) Young shoots either grown in shade with 60% light
intensity (A) or exposed to 100% sunlight (B). (C,D) Ultrastructure of leaves grown under shade (C) or
under full sunlight (D). Ch: chloroplast; CW: cell wall; Gr: grana; O: osmiophilic granules; Pl: plastid;
Sg: starch granule; V: vacuole.

The contents of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids in chlorotic
mutants and green leaves has been reported previously [3]. In this study, the contents of these four
pigments were significantly lower in chlorotic leaves than those in green leaves. Furthermore, the ratio
of chlorophyll a to chlorophyll b and that of total chlorophyll to carotenoids were significantly lower
in chlorotic leaves than in green leaves (Figure 2).

Figure 2. Ratio of chlorophyll a to chlorophyll b and that of total chlorophyll to carotenoids. Values
represent mean ± SD of three biological replicates (** p < 0.01).

Leaf gas exchange analysis showed that net photosynthesis and intercellular CO2 concentration
were reduced by approximately 21.7% and 36.13%, respectively, in chlorotic leaves compared with
green leaves. By contrast, the stomatal conductance and transpiration rate of chlorotic leaves were
increased by approximately 15.2% and 21.4%, respectively, compared with green leaves (Table 1).
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Table 1. Leaf gas exchange analysis of green and chlorotic leaves of the tea plant mutant
cultivar “Huangjinya”.

Genotype
NPR a

(μmol CO2·m−2·s−1)
SC b

(mmol H2O·m−2·s−1)

IC c

(μmol CO2·mol−1)
TR d

(mmol H2O·m−2·s−1)

Green 8.17 ± 0.45 0.046 ± 8.39 × 10−4 256.54 ± 18.04 1.45 ± 0.07
Chlorotic 6.39 ± 0.25 ** 0.053 ± 5.1 × 10−3 * 163.85 ± 14.28 ** 1.76 ± 0.13 **
a net photosynthetic rate; b stomatal conductance; c intercellular CO2 concentration; d transpiration rate (**: p < 0.01;
*: p < 0.05).

2.2. Quantitative Identification of Tea Leaf Proteins Using iTRAQ

Differentially accumulated proteins in chlorotic and green leaves were identified using iTRAQ
technique, and 302,042 spectra were obtained. Analysis using the Mascot software revealed that
the number of matched spectra and unique spectra were 15,804 and 14,943, respectively. A total of
6157 unique peptides were identified. Distributions of protein mass, peptide number, and peptide
length are shown in Supplementary Figures S1–S3.

We identified 2110 proteins. According to GO analysis, 1354, 1284, and 1349 proteins were
annotated as cellular components, functional molecules, and those involved in biological processes,
respectively (Figure 3). The main biological function categories included nucleoside phosphate
metabolic process, photosynthesis, and carbohydrate derivative catabolic process. The proteins
classified as having functional molecular properties were mainly classified based on their activity:
hydrolase activity, acting on glycosyl bonds, alpha-glucosidase activity, translation elongation factor
activity, glucosidase activity, ATP-dependent peptidase activity, and oxidoreductase activity. A total
of 1540 proteins were assigned to 22 categories using the Clusters of Orthologous Groups of
proteins (COG) database; the main functional categories were transport and metabolism (21.5%);
protein turnover, chaperones (10.5%); energy production and conversion (7.2%); and translation,
ribosomal structure, and biogenesis (7.7%) (Figure 4). Additionally, 1268 proteins were annotated in
119 pathways using the Kyoto Encyclopedia of Gene and Genomes (KEGG) database. The main
pathways were metabolic pathways (30.52%); biosynthesis of secondary metabolites (17.03%);
plant–pathogen interaction (4.18%); protein processing in endoplasmic reticulum (3.79%); starch
and sucrose metabolism (3.39%); and pyruvate metabolism (3.15%) (Supplementary Table S1).

Figure 3. Gene ontology (GO) classification of differentially accumulated proteins in chlorotic and
green leaves of the tea plant mutant cultivar “Huangjinya”.
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Figure 4. Clusters of Orthologous Groups of proteins (COG) classification of differentially accumulated
proteins in chlorotic and green tea leaves of the tea plant mutant cultivar “Huangjinya”. A: RNA
processing and modification; B: Chromatin structure and dynamics; C: Energy production and
conversion; D: Cell cycle control, cell division, chromosome partitioning; E: Amino acid transport and
metabolism; F: Nucleotide transport and metabolism; G: Carbohydrate transport and metabolism;
H: Coenzyme transport and metabolism; I: Lipid transport and metabolism; J: Translation, ribosomal
structure, and biogenesis; K: Transcription; L: Replication, recombination, and repair; M: Cell
wall/membrane/envelope biogenesis; O: Post-translational modification, protein turnover, chaperones;
P: Inorganic ion transport and metabolism; Q: Secondary metabolites biosynthesis, transport, and
catabolism; R: General function prediction only; S: Function unknown; T: Signal transduction
mechanisms; U: Intracellular trafficking, secretion, and vesicular transport; V: Defense mechanisms;
Z: Cytoskeleton.

2.3. Regulation of Proteins in Response to Chlorosis

In this study, 173 proteins showed significant difference (ratio of protein abundance > 1.2/0.8 fold;
p < 0.05) between chlorotic and green leaves, including 80 up-regulated and 93 down-regulated
proteins (Table 2). A total of 23, 49, and 87 proteins reproducibly decreased by 0.50-, 0.67-, and
0.83-fold, respectively, in chlorotic leaves compared with green leaves (Supplementary Table S2).
On the other hand, levels of 3, 23, and 75 proteins increased by more than 2.0-, 1.5-, and 1.2-fold,
respectively, in chlorotic leaves compared to in green leaves (Supplementary Table S3).

Table 2. Pathway enrichment analysis of differentially accumulated proteins in green and chlorotic
leaves of the tea plant mutant cultivar “Huangjinya”.

Pathway Pathway Enrichment Score Number of Proteins

ID a Scores b Up c Down d

ko00195 Photosynthesis 0.003016 0 6
ko00603 Glycosphingolipid biosynthesis—globo series 0.010268 1 2
ko00052 Galactose metabolism 0.016302 2 3
ko00600 Sphingolipid metabolism 0.030562 2 1
ko00511 Other glycan degradation 0.031593 2 2
ko00190 Oxidative phosphorylation 0.034353 2 5
ko00604 Glycosphingolipid biosynthesis—ganglio series 0.059274 1 1
ko00531 Glycosaminoglycan degradation 0.059274 1 1
ko00904 Diterpenoid biosynthesis 0.107256 0 1
ko03040 Spliceosome 0.133227 2 6
ko00906 Carotenoid biosynthesis 0.167604 1 1
ko00402 Benzoxazinoid biosynthesis 0.203083 0 1
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Table 2. Cont.

Pathway Pathway Enrichment Score Number of Proteins

ID a Scores b Up c Down d

ko01110 Biosynthesis of secondary metabolites 0.208389 17 10
ko00330 Arginine and proline metabolism 0.241617 1 2
ko04144 Endocytosis 0.251564 1 3
ko04145 Phagosome 0.276463 0 4
ko03010 Ribosome 0.284144 5 2
ko00062 Fatty acid elongation 0.288692 1 0
ko00710 Carbon fixation in photosynthetic organisms 0.301754 4 0
ko00520 Amino sugar and nucleotide sugar metabolism 0.327304 0 4
ko00900 Terpenoid backbone biosynthesis 0.333655 2 0
ko00770 Pantothenate and CoA biosynthesis 0.365164 1 0
ko00196 Photosynthesis—antenna proteins 0.365164 0 1
ko00730 Thiamine metabolism 0.365164 0 1
ko00300 Lysine biosynthesis 0.365164 1 0
ko04141 Protein processing in endoplasmic reticulum 0.411499 4 2
ko00460 Cyanoamino acid metabolism 0.414401 1 1
ko01100 Metabolic pathways 0.418741 21 22
ko00051 Fructose and mannose metabolism 0.425589 2 1
ko03030 DNA replication 0.433469 1 0
ko00073 Cutin, suberine, and wax biosynthesis 0.433469 0 1
ko00480 Glutathione metabolism 0.452965 2 0
ko00561 Glycerolipid metabolism 0.490057 1 1
ko00450 Selenocompound metabolism 0.494474 1 0
ko00500 Starch and sucrose metabolism 0.497233 3 2
ko01040 Biosynthesis of unsaturated fatty acids 0.548952 1 0

ko00130 Ubiquinone and other terpenoid-quinone
biosynthesis 0.548952 0 1

ko00940 Phenylpropanoid biosynthesis 0.551185 1 3
ko00360 Phenylalanine metabolism 0.591425 0 2
ko00860 Porphyrin and chlorophyll metabolism 0.597598 1 0
ko00562 Inositol phosphate metabolism 0.597598 1 0
ko00350 Tyrosine metabolism 0.597598 1 0
ko00020 Citrate cycle (TCA cycle) 0.621742 2 0
ko00240 Pyrimidine metabolism 0.641032 1 0
ko00592 alpha-Linolenic acid metabolism 0.679808 1 0
ko00280 Valine, leucine, and isoleucine degradation 0.679808 1 0
ko00290 Valine, leucine, and isoleucine biosynthesis 0.679808 1 0

ko00400 Phenylalanine, tyrosine, and tryptophan
biosynthesis 0.714424 1 0

ko03015 mRNA surveillance pathway 0.725342 2 1
ko00941 Flavonoid biosynthesis 0.745321 0 1
ko00910 Nitrogen metabolism 0.745321 0 1
ko03013 RNA transport 0.751412 5 0
ko00250 Alanine, aspartate, and glutamate metabolism 0.772898 1 0
ko00061 Fatty acid biosynthesis 0.797508 1 0
ko00640 Propanoate metabolism 0.797508 1 0
ko00010 Glycolysis/gluconeogenesis 0.808197 3 0
ko00071 Fatty acid metabolism 0.819469 1 0
ko03018 RNA degradation 0.821126 2 0
ko00620 Pyruvate metabolism 0.822001 3 0
ko00230 Purine metabolism 0.856546 1 0
ko00030 Pentose phosphate pathway 0.856546 1 0
ko03008 Ribosome biogenesis in eukaryotes 0.886052 1 0
ko04146 Peroxisome 0.909525 1 0
ko00053 Ascorbate and aldarate metabolism 0.909525 0 1
ko04075 Plant hormone signal transduction 0.951118 0 2
ko04626 Plant–pathogen interaction 0.997861 1 0

a Serial number of the enrichment pathway of differential accumulated proteins in the Kyoto Encyclopedia of
Gene and Genomes (KEGG); b Degree of pathway enrichment of differential proteins in KEGG; c Number of
up-accumulated proteins; d Number of down-accumulated proteins.
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KEGG pathway enrichment analysis was employed to explore the metabolic and biosynthetic
pathways, which changed in response to the chlorotic mutation with those differentially accumulated
proteins. A number of such pathways were identified, including chlorophyll biosynthesis,
carbohydrate transport and metabolism, energy production and conversion, flavonoid metabolism,
nitrogen metabolism, chloroplast function, and oxidative stress (Table 3).

Table 3. Differentially accumulated proteins identified in pathways potentially associated with
chlorophyll deficiency in green and chlorotic leaves of the tea plant mutant cultivar “Huangjinya”.

Identity Proteins a EC Number b Accession c Fold Change
(Etiolation/Green)

Chlorophyll biosynthesis

Aspartyl-tRNA/glutamyl-tRNA
amidotransferase subunit A 6.3.5.6 CL57658Contig1 1.12

Chlorophyll(ide) b reductase 1.1.1.294 CL49902Contig1 0.90

Geranylgeranyl 2.5.1.1 CL1Contig45 1.41

Glutaminyl-tRNA synthetase 6.1.1.18 CL18599Contig1 1.26

Magnesium chelatase 6.6.1.1 CL498Contig6 1.34

Magnesium protoporphyrin 2.1.1.11 CL18563Contig1 1.02

Porphobilinogen deaminase 2.5.1.61 CL37040Contig1 1.68

Protochlorophyllide reductase 1.3.1.33 CL508Contig2 0.80

Violaxanthin de-epoxidase 1.10.99.3 CL3Contig71 0.93

Carbohydrate transport and metabolism

6-Phosphofructokinase 2.7.1.11 CL128Contig12 1.01

Fructokinase 2.7.1.4 CL18457Contig1 0.99

Hexokinase 2.7.1.1 CL60051Contig1 0.88

Phosphoglycerate mutase 5.4.2.1 CL15710Contig1 1.24

Phosphopyruvate hydratase 4.2.1.11 CL19736Contig1 0.95

Pyruvate kinase 2.7.1.40 comp42454_c0_seq1_3 1.56

Ribulose-bisphosphate carboxylase 4.1.1.39 CL8Contig62 0.76

Granule-bound starch synthase CL7825Contig1 0.38

Fructose-1,6-bisphosphatase comp51045_c1_seq8_2 1.72

Beta-fructofuranosidase CL53580Contig1 1.26

Xylosidase comp80972_c0_seq1_4 0.99

Galactose oxidase CL17517Contig1 1.23

UDP-L-arabinosidase comp62280_c0_seq4_2 1.19

Beta-glucosidase CL167Contig8 1.77

Energy production and conversion

Aconitate hydratase 4.2.1.3 CL79359Contig1 1.37

ATP-citrate synthase 2.3.3.1 comp116390_c0_seq1_3 0.95

Dihydrolipoyl dehydrogenase 1.8.1.4 comp99158_c0_seq16_4 0.86

Dihydrolipoyllysine-residue
acetyltransferase 2.3.1.12 CL17321Contig1 1.47

Dihydrolipoyllysine-residue
succinyltransferase 2.3.1.61 CL64635Contig1 0.78

Isopropylmalate dehydrogenase 1.1.1.85 comp102244_c2_seq1_4 1.11

Malate dehydrogenase CL2510Contig4 1.22

Pyruvate dehydrogenase 1.2.4.1 CL37234Contig1 1.31

Succinate dehydrogenase 1.3.5.1 comp131171_c0_seq3_3 1.48
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Table 3. Cont.

Identity Proteins a EC Number b Accession c Fold Change
(Etiolation/Green)

Flavonoid metabolism

4-Coumarate-CoA ligase 6.2.1.12 CL48129Contig1 0.75

Anthocyanidin 3-O-glucosyltransferase 2.4.1.115 CL319Contig5 1.13

Anthocyanidin reductase 1.3.1.77 CL103Contig2 1.09

Anthocyanidin synthase 1.14.11.19 CL3972Contig1 1.48

Chalcone isomerase 5.5.1.6 CL12172Contig2 1.49

Chalcone synthase 2.3.1.74 CL8845Contig1 1.84

Cinnamate 4-hydroxylase 1.14.13.11 CL30220Contig1 1.05

Flavonol synthase 1.14.11.23 CL11177Contig1 0.62

Phenylalanine ammonia-lyase 4.3.1.24 comp64735_c0_seq1_2 0.70

3-Dehydroshikimate dehydratase 4.2.1.118 CL16483Contig1 1.14

3-Dehydroquinate synthase 4.2.3.4 CL55Contig2 1.30

Nitrogen metabolism

3-Deoxy-7-phosphoheptulonate
synthase activity 2.5.1.54 comp124631_c0_seq3_3 1.02

Alanine transaminase 2.6.1.2 CL34278Contig1 1.52

Anthranilate synthase 4.1.3.27 CL19422Contig1 1.34

Aspartate kinase 2.7.2.4 CL43459Contig1 1.13

Cysteine synthase 2.5.1.47 CL37334Contig1 1.14

Ferredoxin-nitrite reductase 1.7.7.1 CL61698Contig1 0.69

Glutamate synthase 1.4.7.1 comp109180_c0_seq1_1 1.36

Glycine hydroxymethyltransferase 2.1.2.1 CL5210Contig1 0.98

Homoserine kinase 2.7.1.39 CL16611Contig1 1.18

Methionine synthase 2.1.1.13 CL9637Contig1 1.19

S-adenosylmethionine synthase 2.5.1.6 CL39736Contig1 0.93

Glutathione reductase (NADPH) 1.8.1.7 CL9366Contig1 1.30

Chloroplast function

Proton ATPase subunit C CL6Contig55 0.78

Elongation factor G, chloroplastic CL107Contig12 1.26

Protein ABCI7, chloroplastic comp100064_c2_seq1_1 1.45

Pentatricopeptide repeat-containing protein
At4g16390, chloroplastic CL9Contig51 1.93

Chloroplast small heat shock protein CL2Contig56 1.50

Photosystem Q(B) protein comp95426_c0_seq3_4 0.40

Cytochrome P450 86A2 CL102Contig8 1.13

Oxidative stress

Fructose-bisphosphate aldolase 3,
chloroplastic CL1744Contig2 1.24

Histone deacetylase HDT1 CL85545Contig1 1.20

B5TV66_CAMSI Putative dehydrin CL14231Contig1 2.29

Peroxidase 50 CL920Contig3 1.01
a Proteins identified by isobaric tag for relative and absolute quantification (iTRAQ); b Enzyme commission
numbers in PDB; c Accession number of the identified proteins in the National Center for Biotechnology Information
non-redundant protein sequences (NCBI-nr) database.
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The differentially accumulated proteins involved in chlorophyll biosynthesis included nine
proteases. The up-regulation of six of these proteins, including glutamyl-tRNA (Gln) amino-transferase,
geranylgeranyl, glutaminyl-tRNA synthetase, magnesium chelatase, magnesium protoporphyrin,
and porphobilinogen deaminase, was increased in the chlorotic leaves than in green leaves by 1.02-
to 1.68-fold, whereas that of the remaining three proteins, including chlorophyll(ide) b reductase,
protochlorophyllide reductase, and violaxanthin de-epoxidase, was reduced in the chlorotic leaves by
0.8- to 0.93-fold.

The differentially accumulated proteins related to carbohydrate transport and metabolism mainly
comprised six rate-limiting enzymes of the glycolytic pathway (6-phosphofructokinase, fructokinase,
hexokinase, pyruvate kinase, phosphoglycerate mutase, and phosphopyruvate hydratase),
five glycosidases (beta-fructofuranosidase, xylosidase, galactose oxidase, UDP-L-arabinosidase, and
beta-glucosidase), and three proteases related to photosynthesis (ribulose-bisphosphate carboxylase,
fructose-1,6-bisphosphatase, and granule-bound starch synthase). The level of eight proteins was
up-regulated by 1.01- to 1.77-fold in the chlorotic leaves. Additionally, the level of six proteins was
down-regulated by 0.38- to 0.99-fold in the chlorotic leaves.

The most relevant pathway for energy generation and conversion is the tricarboxylic acid (TCA)
cycle or the Krebs cycle, which generates the highest amount of energy in the most efficient way through
the oxidation of sugars and other substances. The differentially accumulated proteins involved in
the Krebs cycle mainly include five dehydrogenases (isopropyl-malate dehydrogenase, dihydrolipoyl
dehydrogenase, malate dehydrogenase, pyruvate dehydrogenase, and succinate dehydrogenase),
two dihydrolipoyllysine-residue transferases (dihydrolipoyllysine-residue acetyltransferase and
dihydrolipoyllysine-residue succinyltransferase), the other are ATP citrate synthases and aconitate
hydratase. Among these proteins, 16 were up-regulated by 1.05- to 1.48-fold and 4 were
down-regulated by 0.95- to 0.76-fold in the chlorotic mutation compared to green leaves.

Of the eleven differentially accumulated proteins involved in flavonoid metabolism, the
levels of eight proteins (cinnamate acid 4-hydroxylase (C4H), chalcone isomerase (CHI), chalcone
synthase (CHS), anthocyanidin synthase (ANS), anthocyanidin reductase (ANR), anthocyanidin
3-O-glucosyltransferase (A3Glc), 3-dehydroshikimate dehydratase (3DSD), and 3-dehydroquinate
synthase (3DHQ)) were increased by 1.09- to 1.84-fold in chlorotic leaves than in green leaves, whereas
those of three proteins (phenylalanine ammonia-lyase (PAL), 4-coumarate-CoA ligase (4CL), and
flavonol synthase (FLS)) were reduced by 0.62- to 0.75-fold in the chlorotic leaves compared to in
green leaves. Phenylalanine is a precursor of the flavonoid biosynthesis pathway, and PAL and
4CL play key roles in the conversion of phenylalanine to coumaroyl CoA. Our results showed
that levels of PAL and 4CL proteins were reduced in the chlorotic leaves, indicating that flavonoid
metabolism was inhibited. From the branching of flavonoid biosynthesis (i.e., the synthetic pathway
of anthocyanins and flavonols), the accumulation of anthocyanins was promoted and the synthesis of
flavonols was inhibited.

Among the proteins involved in nitrogen metabolism, the levels of nine proteins’ expression
(3-deoxy-7-phosphoheptulonate synthase, alanine transaminase, anthranilate synthase, aspartate
kinase, cysteine synthase, glutamate synthase, homoserine kinase, methionine synthase, and
glutathione reductase, GR [NADPH; nicotinamide adenine dinucleotide phosphate]) were increased
and the expression levels of three proteins (ferredoxin-nitrite reductase, glycine hydroxymethyl
transferase, and S-adenosyl methionine synthase) were reduced. These results indicated that the
up-regulation of the expression of most amino acid synthase proteins might promote nitrogen
assimilation and recycling.

Photosystem Q(B) plays an important role in chloroplast function, and the expression level of its
protein was down-regulated by 0.4-fold in chlorotic leaves compared with green leaves, indicating
that chloroplast function was inhibited under strong light stress. Dehydrins, also known as LEA
D-11 or LEA II, are proteins whose expression is induced by various environmental stress factors [13].
B5TV66_CAMSI Putative dehydrin was annotated as an oxidative stress protein, and its expression
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level was significantly up-regulated by 2.29-fold. Therefore, it is speculated that the antioxidant
capacity of chlorotic tea leaves might be enhanced compared to that of green leaves.

2.4. Integrated Analysis of Transcriptomic and Proteomic Datasets

A total of 5051 differentially expressed genes (DEGs), with differences between chlorotic and
shaded green leaves, were selected for bioinformatics analysis. The combination of transcriptomic and
proteomic datasets revealed correlations between 126, 52, and 19 genes and proteins in identification,
quantitation, and differential expression levels, respectively (Table 4). Nineteen genes and proteins
with significant differences at the quantitative level are shown in Table 5. These were classified in the
following categories: chloroplast structure and function; carbohydrate and amino acid metabolism;
and flavonoid biosynthesis and oxidative stress.

Genes and proteins related to chloroplast structure and function are related to the chloroplast
stroma thylakoids (i.e., V-type proton ATPase subunit C, tRNA (cytosine38-C5)-methyltransferase,
chloroplast small heat shock protein). The C metabolism pathway mainly involves proteins for
starch synthesis (glycogen synthase), alpha-maltase (alpha-glucosidases), and lignin metabolism
(L-ascorbate oxidase). Metabolic processes associated with nitrogen metabolism are mainly arginine
metabolism (arginase). Oxidative stress caused by the etiolating mutation of tea leaves was also
related to gene expression and protein accumulation levels. Oxidative stress-related proteins and
enzymes changed significantly (fructose-bisphosphate aldolase and dehydrin). The change of the
polyphenol metabolic pathway is mainly related to its upstream pathway, such as 4-coumarate-CoA
ligase (CL48129Contig1), phenylalanine ammonia lyase (comp64735_c0_seq1_2), two key genes and
enzyme levels were significantly down-regulated in etiolated leaves.

Table 4. The number of proteins and genes identified, quantified, and differentially expressed in green
and chlorotic leaves of the tea plant mutant cultivar “Huangjinya”.

Group Names Type
Number of

Proteins
Number of

Genes
Number of

Correlations

EM a vs. NG b Identification 2110 5051 126
EM vs. NG Quantitation 976 5051 52
EM vs. NG Differential Expression 173 5051 19

a etiolated mutation; b normal green.
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3. Discussion

Carbohydrates are a direct product of carbon assimilation via photosynthesis. Additionally,
carbohydrates represent a source of plant energy and are involved in the formation of the plant
cytoskeleton. In this study, the increased stomatal conductance and the decreased CO2 concentration
was accompanied by a reduced net photosynthesis rate in the chlorotic leaves. However, the
concentration of CO2 in the study of Brassica napus increased [14], possibly because of differences
in the leaf structure of the two plants. Both studies have shown impaired carbon fixation efficiency
in chlorotic leaves. In this study, levels of some proteins involved in carbohydrate metabolism,
including fructokinase, hexokinase, phospho-pyruvate hydratase, ribulose-bisphosphate carboxylase,
granule-bound starch synthase, and xylosidase, were reduced, which is consistent with this speculation.
Rubisco (ribulose-bisphosphate carboxylase/oxygenase) is the rate-limiting enzyme for carbon fixation
in photosynthetic reactions, and is essential for improving the photosynthetic efficiency of plants [15].
In this study, the abundance of Rubisco protein was significantly reduced in chlorotic leaves compared
with green leaves (Table 3), leading to a reduction in carbohydrate biosynthesis and sugar content.
Simultaneously, proteins (6-phosphate fructokinase, pyruvate kinase, phosphoglycerate mutase, and
fructose 1,6-bisphosphatase) with higher expression levels were involved in the glycolytic pathway
in chlorotic leaves, promoting carbohydrate catabolism. Some scholars have shown that chloroplast
endometrial damage activates the expression of glycolysis-related genes [4]. Results of protein
accumulation and gene expression indicated that carbohydrate accumulation was decreased in
“Huangjinya” leaves under strong light.

Carbon and nitrogen metabolism balance guarantees the normal growth of tea plants, and
enhanced nitrogen metabolism is accompanied by the reduced capability of photosynthesis and
carbon metabolism [4]. In this study, methionine synthetase, cysteine synthetase, and glutamate
synthetase were up-regulated in chlorotic leaves compared with green leaves, indicating that strong
light promotes nitrogen metabolism and amino acid accumulation in “Huangjinya”, which is consistent
with a previous study [16]. We speculate that reduced chlorophyll biosynthesis in turn reduced nitrogen
consumption, thus increasing the content of upstream substances (amino acids) in leaves. In addition,
environmental stress such as intense light and high temperature affect the normal growth of plants,
and reactive oxygen species (ROS) are accumulated as a by-product [17]. Previous studies have
shown that increasing the glutathione reductase activity in chloroplasts improves the photochemical
ratio in transgenic cotton plants, thereby reducing photoinhibition [18]. This suggests that enhanced
glutathione reductase activity protects the leaf cell biofilm and enhances the plant’s ability to defend
itself against abiotic stress (e.g., UV-B radiation) [19]. In this study, the expression of glutathione
reductase protein was increased by 1.3-fold, and as a result the ability to remove ROS produced by
UV-B radiation under intense light might be enhanced.

A simplified schematic presentation of the weakening of carbon metabolism in the chlorotic
mutation is shown in Figure 5. The ratio of chlorophyll a to chlorophyll b has been considered as an
important parameter to measure the light tolerance of plants. An increase in this ratio is beneficial for
the absorption of blue-violet light, which is suitable for plant growth in the dark [20]. Generally, the
biosynthesis and degradation of chlorophyll a and chlorophyll b in plants occur in a dynamic cycle,
and chlorophyll biosynthesis requires relatively low light intensity. However, as a light-sensitive plant,
the ratio of chlorophyll a to chlorophyll b in leaves of “Huangjinya” under the shade was significantly
higher than that under intense light, suggesting that the conversion of chlorophyll a to chlorophyll
b is accelerated under strong light. Increase in chlorophyll b content is beneficial for the plant’s
adaptation to light stress. Chlorophyll(ide) b reductase is the key enzyme that catalyzes the first step
in chlorophyll b degradation, and plays an important role in the process of leaf senescence, with the
degradation of LHC-II and chloroplast matrix [21]. Studies have reported that chlorophyll b reductase
was involved in the conversion process of chlorophyll b and chlorophyll a, which is considered to
be an important clue for chlorophyll b degradation [22]. In this study, the level of chlorophyll(ide) b
reductase was reduced by 0.9-fold in chlorotic leaves, and the ratio of chlorophyll a to chlorophyll

469



Int. J. Mol. Sci. 2018, 19, 3943

b was lower in chlorotic leaves than in green leaves, indicating that the activity of chlorophyll b
reductase was suppressed. Zhang and Tan [23] also obtained similar results regarding the reduction
of chlorophyll content and chlorophyll a/b ratio under salt stress. The studies of Sang et al. [24] and
Huang et al. [25] suggested that the decreased ratio of chlorophyll a/b resulted from a higher sensitivity
to various environmental stresses for chlorophyll a compared to chlorophyll b. Therefore, the pathway
of chlorophyll b biosynthesis is still enhanced although the total chlorophyll content was decreased in
the chlorotic leaves. Interestingly, the content of chlorophyll b was not increased with the enhanced
pathway of chlorophyll b synthase in “Huangjinya” leaves under strong light. Because the process of
chlorophyll biosynthesis is complex and highly conserved, the mutation of a gene can severely affect
the chlorophyll content, leading to a different color phenotype of leaves [26]. Magnesium chelatase
is another enzyme with a significant effect on chlorophyll biosynthesis. It catalyzes the insertion
of Mg2+ into protoporphyrin IX [27]. In the process of leaf albinism, the abundance of magnesium
chelatase subunit proteins in higher plants is significantly increased under light [28,29]. In this study,
the expression level of magnesium chelatase protein was higher in chlorotic leaves by 1.34-fold than
in green leaves, which is consistent with the study of Walker et al. [29]. Müller et al. [30] showed
that oxidative stress improved the quality of monomeric chlorophyll H in Escherichia coli. Moreover,
genes involved in the biosynthesis of chlorophyll were induced by ROS in “Huangjinya” leaves, but
the sub-structure of magnesium chelatase was not influenced, although its activity was enhanced.
Comprehensively, we proposed that a feedback mechanism existed in weakened carbon metabolism,
where the pathway of chlorophyll b biosynthesis was positively regulated as a result of increased
expression of Mg chelatase proteins and decreased expression of chlorophyll b reductase proteins.

Figure 5. A simplified schematic presentation of the weakening of carbon metabolism in the
chlorotic mutation. Red arrows indicate up-regulated expression of the protein. Green arrows indicate
down-regulated expression of the protein. Black solid arrows indicate metabolic pathways. Black
dotted arrows indicate regulatory relationships between metabolites and metabolites or metabolites
and metabolic pathways. Red cross indicates inhibition of related metabolic pathways.
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Flavonoids are important secondary metabolites of carbon metabolism in the tea plant, and have
several physiological functions. Flavonoids provide plants with vibrant pigmentation, which protects
the plants from UV-B radiation and helps attract pollinators as well as seed dispersers [31]. Because
photosynthetic carbon assimilation is severely inhibited in chlorotic leaves, flavonoid biosynthesis
is accordingly reduced [32]. Similar to the results of Zhang et al. [2], in this study, the expression
levels of PAL and 4CL proteins (i.e., the rate-limiting enzymes of the flavonoid biosynthesis pathway)
were down-regulated by 0.70- and 0.75-fold in chlorotic leaves (Table 3). Additionally, changes in
the gene expression of 4CL confirmed the result of 4CL protein expression, thereby inhibiting the
accumulation of flavonoids. A previous study showed that most of flavonoids were accumulated on
the leaf surface to protect structure and organization in plants from UV-B radiation damage [33], while
in this study, our results indicated that abnormally developed chloroplast inhibited the accumulation
of chlorophyll and flavonoids because few carbon skeletons were provided as a result of weakening of
carbon metabolism, and the reduction of flavonoids contents was unfavorable for the chlorotic mutant
to protect against UV-B radiation damage.

4. Materials and Methods

4.1. Plant Material and Shading Treatment

“Huangjinya” (Camellia sinensis (L.) O. Kuntze cv.) is a light-sensitive albino tea variety, which
displays yellow shoots under strong light condition. The low levels of flavonoids in “Huangjinya”
reveals that the metabolism of flavonoids has great correlation to strong light stress [1,2]. A mutant of
“Huangjinya” was officially released in Zhejiang province in 2008 and specimens were obtained free
of charge from the owner of the mutant Deshi Tea Plantation, Yuyao, Zhejiang province [34]. Then,
the experimental material was planted in pots at the Tea Research Institute, Chinese Academy of
Agricultural Sciences (TRI, CAAS), Hangzhou, China. In March 2014, 60 pots of tea plants with uniform
young shoots, with one bud and one leaf, were selected for the experiment. Half of the pots were treated
with high-density polyethylene tape with two-pin net (60% sun-shading, 320–800 μmol·m−2·s−1), and
the remaining half were exposed to full sunlight (800–2000 μmol·m−2·s−1) for ten days. Randomly
selected samples of young shoots, with one bud and two leaves, were harvested, immediately frozen
in liquid nitrogen, and stored in a −70 ◦C ultra-refrigerator. Sampling was repeated six times from
shaded and unshaded plants.

4.2. Electron Microscope Analysis

Transmission electron microscope (TEM, Hitachi Ltd., Tokyo, Japan) was used to observe
the ultrastructure of chlorotic leaves. Leaf samples (approximately 1 mm2) were fixed in 2.5%
glutaraldehyde solution overnight at 4 ◦C. Ultrathin sections of fixed leaves were cut, stained, and
viewed under a JEM-1230 transmission electron microscope (Nippon Tekno, Tokyo, Japan) at an
accelerating voltage of 80 kV as described previously [1].

4.3. Leaf Gas Exchange Measurement

The fifth leaf of potted chlorotic mutants and wild-type tea plants was subjected to gas exchange
analysis. A Li-Cor 6400 portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) with a built-in
light source set at 1000 μmol photons·m−2·s−1 was used to determine the net photosynthesis and
stomatal conductance. All measurements were carried out between 09:00 a.m. and 11:00 a.m., with the
leaf temperature adjusted to 25 ◦C.

4.4. Protein Extraction, iTRAQ Labeling, Data Acquisition, and Processing

Samples used for proteomic analysis were the same as those used for transcriptome analysis,
and consisted of two biological replicates of shaded and unshaded leaves. All of the steps, including
protein extraction, iTRAQ labeling of protein samples, liquid chromatography electrospray ionization
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tandem mass spectrometry (LC-ESI-MS/MS) analysis based on Q Exactive, mass spectrometer
data analysis, and functional annotation of proteins, were performed as described previously [35].
Protein identification was performed using the Mascot search engine (Matrix Science, London, UK;
version 2.3.02) against a database containing 133,175 sequences.

4.5. Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was isolated using an RNA plant plus kit (Tiangen, China). cDNA was synthesized
using a Prime Script TM RT reagent Kit (TaKaRa, Biotechnology Co., Ltd., Dalian, China). qRT-PCR
was performed on the Applied Biosystems 7300 machine (Carlsbad, CA, USA). Primer pairs used
for qRT-PCR are shown in Supplementary Table S4, and GAPDH was used as the reference gene.
For each target gene, triplicate reactions were performed. Relative transcript levels were calculated
against that of the internal control (GAPDH) according to the equation 2−ΔΔCt. All data are shown as
mean ± standard deviation (SD) (n = 3).

4.6. Bioinformatics Analysis

Functional analysis of the identified proteins was conducted using gene ontology (GO) annotation
(Available online: http://www.geneontology.org/), and proteins were categorized according to their
biological process, cellular components, and molecular function. The differentially accumulated
proteins were further classified into the Clusters of Orthologous Groups of proteins database (Available
online: http://www.ncbi.nlm.nih.gov/COG/) and Kyoto Encyclopedia of Gene and Genomes (KEGG)
database (Available online: https://www.kegg.jp/kegg/pathway.html). GO and pathway enrichment
analyses were performed to determine the functional sub-categories and metabolic pathways in which
the differentially accumulated proteins showed significant enrichment. Cluster analysis of differentially
accumulated proteins was performed using Cluster 3.0 (Stanford University, California, USA).

Data of integrated transcriptomic analysis reported previously [3] were deposited in the Sequence
Read Archive (SRA) database (Available online: https://trace.ncbi.nlm.nih.gov/Traces/sra/) of the
National Center for Biotechnology Information (NCBI) under the accession number SRP072792.

5. Conclusions

In this study, 2110 proteins were identified in “Huangjinya” leaves, the expression levels of 19 of
which changed significantly, correlating with RNA expression. Differential protein expression analysis
indicated that primary carbon metabolism (i.e., carbohydrate synthesis and transport) was inhibited in
chlorotic tea leaves. The differentially expressed genes and proteins combined with photosynthetic
phenotypic data suggested that 4-coumarate-CoA ligase (4CL) had a major effect on repressing
flavonoid metabolism (secondary carbon metabolism), and abnormal developmental chloroplast
inhibited the accumulation of chlorophyll and flavonoids because few carbon skeletons were provided
as a result of the weakened primary carbon metabolism. Additionally, a positive feedback mechanism
was verified at the protein level (Mg chelatase and chlorophyll b reductase) in the chlorophyll
biosynthetic pathway, which might effectively promote the accumulation of chlorophyll b in response
to the demand for this pigment in the cells of chlorotic tea leaves in weakened carbon metabolism.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/12/
3943/s1.
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Abstract: Brunfelsia acuminata is a popular ornamental plant with different colors resulted from the
rapid change of color after blooming. The petals at day one (purple), day three (white and purple)
and day five (white) were used to analyze the reason of flower color change by a comparative
proteomics approach, gas chromatography coupled to a time-of-flight mass analyzer (GC-TOF-MS)
and quantitative real-time PCR (qRT-PCR). The results showed that the 52 identified proteins were
classified into eight functional groups, 6% of which were related to the anthocyanin metabolic
pathway. The expression levels of all anthocyanin proteins from the first day to fifth day were
remarkably down-regulated, which was consistent with the changing patterns of the key genes (CHS,
CHI and F3′5′H) in petals. Simultaneously, the main floral volatile components including Linalool
and 2-Hexenal (E) were identified, and the contents of 2-Hexenal at day five increased dramatically.
Moreover, the content of flavonoids and total phenolic increased at day five. The majority of the
proteins associated with stress defense and senescence proteins were up-regulated and the activities
of peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT) in the petals at day five were
significantly higher than others. It was concluded that the competition in the precursors of metabolic
pathways occurs and causes the flow of metabolite to the pathways of floral scent and lignin derived
from the shikimate pathway or degrade into others. Therefore, the anthocyanin content significantly
decreased, and the petal color changed from deep purple to white.

Keywords: B. acuminata petals; MALDI-TOF/TOF; GC-TOF-MS; qRT-PCR; differential proteins

1. Introduction

B. acuminata is an evergreen shrub native to Brazil. The date of flower blooming is from April to
May (South of China). The color change in plants is very obvious, with a high ornamental value [1]. The
color of the petal begins to change gradually from purple to white after two to three days of opening.
The flower color is affected by different kinds of pigments, and the change is related to the decline of the
anthocyanin content [2]. In general, the pigment of the petals is distributed in the vacuoles of epidermal
cells, but is also present in other tissues, such as the cell wall [3], palisade, and chromoplasts [4].
The anthocyanin component in the B. acuminata petal includes in malvidin-3-O-glucoside chloride,
petunidin-3-glucoside and delphinidin-3- glucoside, which are part of the polyphenolic [5]. They are
water-soluble plant pigments that are susceptible to change [4] by pollinators [6], temperature, light [7],
solvents, chemical structures, and pH changes [8]. Phenolic compounds are a large class of plant
secondary metabolites including phenolic acids, tannins, lignans, coumarins, and flavonoids, which
are responsible for the color of fruits and substrates for enzymatic browning [9]. Previous studies have
shown that phenolic compounds play a role in the antioxidant activity of the flower [10,11]. Flavonoids
are a biologically important group of phenolics in plants [12]. Secondary compounds are important
in plants, especially in anthocyanin and as a stress and defense substance [13]. In addition, in the
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process of flower growth and development, the appearance of the petal changes with the alternation of
the internal structure. Many studies have observed change in the structure and ultrastructure of the
petals [14,15].

The biosynthetic pathway of anthocyanin has been the subject of much research and the associated
biosynthetic and regulatory genes such as chalcone synthase (CHS), chalcone isomerase (CHI), and
flavonoid 3′5′-hydroxylase (F3′5′H) are well defined in Brunfelsia plants [1,16,17]. These genes are
also studied in many plants such as P. hybrida ‘Mirage Rose’ [18], Lilium spp. cultivar ‘Dizzy’ [19]. The
process of anthocyanin degradation in B.calycina was dependent on de novo synthesis of mRNAs
and proteins of peroxidase (BcPrx01) [20]. It is speculated that POD is an enzyme that causes the
degradation of anthocyanin of B. calycina petals by Oren-Shamir [2].

Proteome approaches are a powerful tool and can assist the investigation of comprehensive protein
expression profiles in specific biological responses [21]. Two dimensional electrophoresis (2-DE) is one
of the mainstream methods for floral proteomics, and has been widely applied to flower organs, such
as the androecium, the gynoecium, and petals [22].

However, the detailed knowledge of the degradation of anthocyanin is poorly understood in the
B. acuminata petal. Therefore, the aim of this study was to explore the profiles of color changes of the
flower in B. acuminata through proteomics analysis.

2. Results

2.1. Changes in Corolla Diameter, Content of Water, Anthocyanin, Flavonoid, Total Phenolic, and
Ultra-Structure during Flower Development

The corolla diameter of B. acuminata petals increased, and its water content at day 3 went up
significantly as compared with day 1 and it kept stable in the petals at day 5 (Figure 1A). Simultaneously,
the anthocyanin content reduced significantly (Figure 1B) in development of B. acuminata petals. The
content accumulated to a maximum level at day 1 and degraded to a minimum level at day 5, whereas,
the flavonoid content in the petals increased significantly from day 1 to day 3 (Figure 1C). Total phenolic
content in the petals at day 3 was significantly higher than that in day 1. No significant difference was
observed in between the contents at day 3 and at day 5 (Figure 1D).

Figure 1. Changes of corolla diameter, water content, anthocyanin content, flavonoid content, and total
phenolic content of B. acuminata petals. The different petals during anthocyanin degradation and the
corolla diameter and water content changes after flower opening in petals (A); the contents of total
anthocyanin (B), flavonoid content (C), and total phenolic content (D) in the petals. Note: Values (mean
± SD) were determined from three independent experiments (n = 3). Different letters above the bars
indicate a significant difference at p < 0.05.
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From the day 1 to day 5, the cell volume of the petal expanded, and the petals grew rapidly
(Figure 2A). The epidermal cell at day 1 was small purple and compact. With the expansion of the cell,
its color became shallow at day 3, and became white at day 5 (Figure 2A,B). Unknown black pigment
grain in the vacuoles of the petals was obviously observed at day 1, but the grain became smaller at
day 3 and disappeared at day 5 (Figure 2C).

 
Figure 2. The pigment distribution and ultrastructure of epidermal cells in different days. Longitudinal
section of the petal epidermis (A) and the petal upper epidermis under a microscope magnified 20
times (B); the petals of ultrastructure in upper epidermis of 10 μm (C).

2.2. Protein Identification and Functional Classification

As shown in Supplementary Materials, 60 spots of the differentially abundant proteins were
screened out. Figure 1 and 52 proteins were identified in B. acuminata petals by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/TOF-MS) (Table 1). Among of
which, 35 protein spots were significantly up-regulated and 17 protein spots were down-regulated. Of
the 52 proteins successfully identified, some were identified as the same protein such as adenosine
succinate syntheses (spot 3, spot 4), mitochondrial ATP synthase beta subunit (spot 32, spot 45),
and anthocyanin 5-O-glucosyltransferase (5-GT, spot 17, spot 18). We found that 35 proteins were
significantly up-regulated at day 5. Many of them had 2-fold or more in abundance. The six proteins
(spot 25, spot 40, spot 46, spot 53, spot 27, spot 47) appeared at day 3 (Figure S2). Among of which,
three new proteins (spot 27, spot 46, spot 47) showed a sudden increase in expression at day 3.

The visualization of differential abundance of the identified 52 proteins was showed in Figure 3. It
can be classified into eight groups: Carbohydrate and energy metabolism pathway (20%), anthocyanin
metabolic pathway (6%), lignin biosynthesis pathway (4%), stress defense and senescence proteins
(34%), floral scent metabolic pathway (10%), signaling and photosynthesis (8%), cytoskeleton and
chaperone (12%), and unclassified protein (6%) (Figure 4). It is interesting to find that all the proteins
involved in floral scent metabolic pathway, lignin biosynthesis pathways and cytoskeleton and
chaperon were up-regulated, while all anthocyanin metabolic proteins were down-regulated (Figure 4).
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Figure 3. The heat map visualization of differential abundance of the identified 52 proteins in B.
acuminata petals. The upregulated and downregulated proteins are indicated from red to green,
respectively. The color scale is shown at the left of the cluster.

Figure 4. Functional classification and expression of identified proteins in B. acuminata petals.

2.3. The Expression Levels of Key Genes Encoding Anthocyanin Synthesis in Different Days

The key genes of anthocyanins biosynthesis genes encoding proteins, namely, chalcone isomerase
(CHI), flavonoid 3′5′-hydroxylase (F3′5′H), and CHS were examined to ascertain whether the protein
differential abundance levels correlated with their mRNA content. Figure 5 showed that the expression
levels of CHS and F3′5′H were remarkably down-regulated in different days. These results were
consistent with trends in changes in color-related proteins. CHI has an upward trend in the later stage
at day 5, which is likely to participate in other metabolic pathways.

F3'5'H
CHI
CHS

Figure 5. The expression levels of key genes of anthocyanin synthesis in different days. Values (mean
± SD) were determined from three independent experiments (n = 3). Different letters above the bars
indicate a significant difference at p < 0.05.
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2.4. Analysis of Volatiles

A total of 52 kinds of volatile components detected in different days of B. acuminata by GC-TOF-MS
were classified into included terpenes, alcohols, aldehydes, esters, and so forth. At day 1, day 3, and
day 5, 32, 46, and 40 components were detected in petals, respectively (Figure 6, Table S2). In Table 2,
eight kinds of terpenoid with similarity greater than 800 and relative content greater than 5% is listed,
and other volatiles are shown in Table S2. The volatile components of petals at day 1 are mainly linalool,
and benzaldehyde and at day 3 are mainly including linalool, 2-hexenal, (E)-, trans-Linalool oxide
(furanoid), where relative content of the compound is more than 10%. The relatively high content of
the components at day 5 was linalool, 1-hexanol, benzeneacetaldehyde, which were 19.24%, 12.53%,
and 11.40%, respectively.

Figure 6. Volatile components were detected in different days of B. acuminata petals.

Table 2. Main terpenoids were detected in different days of B. acuminata petals.

Number Compounds
Relative Contents (%)

1d 3d 5d

1 Linalool 37.59 ± 8.39 31.27 ± 2.12 19.24 ± 4.12
2 2-Hexenal, (E)- 44.92 ± 5.11 20.98 ± 1.29 —
3 trans-Linalool oxide (furanoid) 5.91 ± 1.47 11.61 ± 1.58 8.27 ± 1.56
4 (E)-4,8-Dimethylnona-1,3,7-triene 9.62 ± 5.28 9.81 ± 1.07 10.11 ± 6.31

5 2-Furanmethanol,
5-ethenyltetrahydro-à,à,5-trimethyl-, cis- 3.47 ± 0.42 9.34 ± 1.60 6.07 ± 1.37

6 1-Hexanol 5.22 ± 0.83 5.13 ± 1.25 12.53 ± 5.98
7 Benzeneacetaldehyde 0.67 ± 0.20 4.15 ± 1.70 11.40 ± 0.85
8 2-Hexenal 0.74 ± 0.44 0.45 ± 0.13 16.78 ± 1.43

2.5. SOD, CAT, POD Activity and Soluble Protein Content in Petals of B. acuminata

Superoxide dismutase (SOD) and catalase (CAT) activity in the petals at day 5 were significantly
higher than those at day 1 (Figure 7A,B). However, the soluble protein content (Figure 7C) in the petals
decreased significantly from day 1 to day 5. The content had no significant difference between day 3
and day 5. Interestingly, the peroxidase (POD) activity increased significantly from day 1 to day 5
during blooming (Figure 7D).
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Figure 7. Activity of antioxidant-related enzymes, superoxide dismutase (SOD) (A), catalase (CAT) (B),
soluble protein content (C), peroxidase (POD) (D), and in B. acuminata petals during blooming. Values
(mean ± SD) were determined from three independent experiments (n = 3). Different letters above the
bars indicate a significant difference at p < 0.05.

3. Discussion

3.1. Main Proteins and Genes Related to Anthocyanin Synthesis

The appearance of plant color is closely related to the content of anthocyanin. In most cases, the
color change is due to the induction of anthocyanin synthesis, but the color change of B. acuminata petal
during anthesis is the exact opposite of Viola cornuta cv. yesterday, today, and tomorrow [23]. In the
process of B. acuminata flowering, anthocyanin biosynthesis in the early opening petal of B. acuminata
is the most exuberant, resulting in the deepest color. The anthocyanin degraded gradually, resulting in
a change of flower color from deep purple to white. The color change of the petal is a complex process,
from flower formation to degradation, requiring the participation of many enzymes and genes.

The enzymatic degradation of anthocyanin in plant tissues can play an important role in the
regulation of plant pigments. Two proteins namely, anthocyanin-5-O-glucosyltransferase (5-GT) and
anthocyanin-O-methyl transferase (OMT) related to the metabolic pathway of anthocyanin were
identified and analyzed in three different periods of discoloration of B. acuminata petals (Table 1,
Figure 3). 5-GT (spot 17, spot 18) is an enzyme that forms anthocyanin-3,5-O-diglucoside from
anthocyanin-3-O-glucoside, which is responsible for the modification of anthocyanins to more stable
molecules in complexes for co-pigmentation, supposedly resulting in a purple hue [24]. In our study,
the expression level of 5-GT was higher in purple petals (day 1, 1d) than that in white petals (day 5,
5d) (Figure 3). OMT (spot 14) is one of the key enzymes for anthocyanin modification and flower
pigmentation [25]. Many OMT genes are involved in the formation of methylated anthocyanins [25].
OMT was down-regulated and may not be able to methylate to form anthocyanins. Furthermore, all
anthocyanin metabolic proteins were down-regulated, and many anthocyanin-modifying enzymes
involved in the anthocyanin synthesis pathway were not activated during the petals changing from
purple to white.

CHS, CHI, and F3′5′H are important enzymes for the formation of flower colors [26]. F3′5′H is a
key enzyme for the synthesis of blue-purple pigments [27]. The expression levels of CHS and F3′5′H
are both down-regulated in the process of flowering, consistent with protein differential abundance
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trends (Figure 5, Table 1). This result was supported by our previous work that the striking color
change from dark purple to pure white resulted from a decline in anthocyanin content of the petals
and was preceded by a decrease in the expression of BaCHS [28]. However, CHI expression differed
from them, which has an upward trend in the later stage at day 5. Chalcone isomerase (CHI) converts
yellow chalcone to colorless naringenin, which expression level directly affects the accumulation of
yellow chalcone, a colorless phenotype, and flavanol compounds [29,30]. Maybe CHI is involved in
other metabolic pathways, and the expression level will decrease later.

3.2. Other Protein Associated with Anthocyanin Synthesis

The shikimate pathway is induced at later stages in the flower of B. acuminata, linking carbohydrate
metabolism to the precursors for the synthesis of anthocyanins, benzenoids, and lignin [31,32] (Figure 8).
As a class of floral substances in plants, terpenoids have similar synthetic pathway with anthocyanins
and carotenoids [33]. In our study, we found that four proteins are terpenoid-related and up-regulated
during the flowering. Methyl salicylate is a volatile plant component, but also an important substance
in the defense mechanism of plants [34]. The methylation of salicylic acid is performed by salicylate
carboxymethyltransferase (SAMT, spot 39) [34]. 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
reductase (IDS, spot 33), and 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR, spot 34) were
significantly up-regulated, indicating that terpenoids continue to increase from day 1 to day 5. The
putative salicylic acid carboxyl methyltransferase (spot 40, spot 42) is a new protein related to floral
scent and lignin pathway and is also up-regulated. In the process of petal scent release, the black
pigmentation is reduced and finally disintegrated (Figure 2). It can be speculated that the function
of the black pigmentations is a reservoir of aroma precursors or energy in B. acuminata. This black
pigmentation is similar to the description of the epidermal cells of jasmine petals described by
Zhang [35]. In the B. acuminata petals, the expression levels of caffeoyl O-methyltransferase (COMT,
spot 41) and caffeoyl-CoA O-methyltransferase (CCoAOMT, spot 47) were significantly up-regulated.
Both are involved in the synthesis of the volatile compounds in Brunfelsia [31]. A similar result has
been reported that multifunctional CCoAOMTs play roles in catalyzing the 3′or 3′-5′ O-methylation of
their B ring of flavonoid substrates [36]. Glutathione S-transferase is associated with the formation
of color, which can transport anthocyanins into vacuoles. 14-3-3-like protein GF14 Psi (spot 22) is
associated with the shikimic acid pathway, which participates in the synthesis of aromatic compounds
and indirectly affects the color changes [37]. GST and Glutamine synthetase 1, 4 (GS1, 4, spot 27)
showed a significant upward trend in B. acuminata petals.

Lignin biosynthesis is the second metabolic pathway of the phenylpropane pathway branch,
which is induced during petal expansion in the opening Brunfelsia flower [31]. Both anthocyanins
and benzoic acid are derived from benzoic acid metabolic pathways, and there is a competitive effect
between them [38]. Inhibition of other competitive biosynthetic pathways in the synthesis of floral
substances can improve the synthesis of plant floral compounds such as anthocyanin biosynthetic
pathway [38]. In our experiment, lignin synthesis enzymes and floral synthesis-related proteins were
up-regulated, while anthocyanin synthesis-related proteins showed down-regulation, which may be
the key reason to color changes. The dramatic changes in color are accompanied by the synthesis of
aromatic phenol volatiles in the petal of B. acuminata. Anthocyanin degradation and the synthesis of
aromatic benzene compounds may be pollinators’ signals [1,31]. Further studies may reveal a network
of B. acuminata and related species of volatile and pigment phenolic metabolism.

The anthocyanin biosynthetic pathway belongs to a branch of the flavonoid biosynthetic pathway.
Based on flavanones, all other flavonoid-classes are generated, including isoflavones, flavanols,
anthocyanidins, flavanols, and flavones [39]. The anthocyanin content dropped significantly (Figure 1B),
while the contents of flavonoid and total phenolic in the petals of B. acuminata increased significantly
from day 1 to day 3 (Figure 1C). Thus, we speculated that the competition in the precursors of metabolic
pathways occurs and causes the metabolite flow to the pathways of floral scent and lignin both derived
from the shikimate pathway (Figure 8).
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Figure 8. A putative metabolic map described the pathway including the floral scent metabolic pathway
and lignin pathway during the degradation of anthocyanins in B. acuminata petals. The diagram
shows the different pathways. The diagram summarizes the results of qRT-PCR, MALDI-TOF/TOF
and GC-TOF-MS analyses. The dashed black arrows represent several consecutive enzymatic steps.
The color of the box indicates the method by which they were identified. The red arrow represents
up or down and the symbol with * in the picture is expressed as an important substance identified
in the petals. Enzymes: SAMT, salicylic acid carboxyl methyltransferase; COMT, catechol O-methyl
transferase; CCoA-OMT, caffeoyl-CoA O-methyl; OMT, Anthocyanin-O-methyl transferase. Genes:
CHS, chalcone synthase; CHI, chalcone isomerase; F3′5′H, flavonoid 3′5′-hydroxylase.

3.3. The Proteins Associated with Other Metabolic Pathways

In plants, there are many enzymes involved in sucrose metabolism, among which invertase is
one of the key enzymes involved in plant sucrose metabolism [40]. Vacuolar invertase 2 (spot 29) can
be the one in vacuole hydrolyzing glucose and fructose to regulate the concentration of intracellular
sucrose. In this study, the water content of B. acuminata petals at day 3 went up significantly and it
kept stable in the petals at day 5 (Figure 1A,B), and the vacuolar invertase was up-regulated from day
1 to day 5, promoting the expansion and enlargement of the petals.

Soluble acid invertase 2 (spot 24) is also a key enzyme in the process of carbohydrate metabolism,
mainly in the vacuole. Highly active soluble acid invertase is closely related to the growth of the young
parts of the plant and the rapid expansion of the storage organs [41].

With the growth of B. acuminata petals, respiration will become faster to provide the energy and
raw materials necessary for plant life activities. Malate dehydrogenase, cytoplasmic-like (MDH, spot
5) is present. In this study, the protein differential abundance of MDH decreased from purple to white
in the petals (Figure 3). It is possible that the petals are about to enter the aging period and the petal
respiration and energy metabolism begin to weaken on day 5 of bloom. The ATP synthase β subunit
(spot 49) was up-regulated in the B. acuminata petals, which indirectly provided energy for petal growth
and development.

It is worth noting that Phosphoenolpyruvate carboxylase kinase1 (PpcK1, spot 46) and Glutamine
synthetase (GS, spot 27) showed a sudden increase in expression at day 3. Two novel proteins,
ASR1 (spot 25) and plastid-lipid-associated (spot 53) are related to stress defense proteins, which also
appeared and up-regulated at day 3 (Figure S2). Phosphoenolpyruvate carboxykinase (PEPCK) is only
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known to be located in the cytosol in flowering plants [42]. In CAM plants, it is an important metabolic
regulated and Ca2+-independent protein related to light, and the shift of kinase phosphorylation signal
transduction pathway [43]. GS is a crucial enzyme in the network of N metabolism and also involved
in N recycling in the plant [44]. ASR1 belongs to a family of hydrophilic proteins in responses to abiotic
stresses as well as signaling molecules [45]. Plastid lipid-associated proteins are known to accumulate
in fibrillar-type chromoplasts such as in leaf chloroplasts from Solanaceae plants under abiotic stress
conditions [46] and involved in the pigment accumulation during fruit development [47]. The majority
of these proteins associated with stress defense and senescence proteins were up-regulated indicating
that the petal of B. acuminata at day 5 might be at the beginning of aging (Figure 4). This hypothesis is
supported by the data that the activities of POD, SOD, and CAT in the petals at day 5 were significantly
higher than those at day 3 and day 1 to prevent ageing (Figure 7) [48,49], and that all the protein
involved in cytoskeleton and chaperon were up-regulated (Figure 4). The cytoskeleton constitutes
the structural support of the living matter. Molecular chaperones are housekeeping factors of the
cytoskeleton network [50].

In conclusion, the color change of B. acuminata flower is a complicated process involving numerous
factors. The competition in the precursors of metabolic pathways occurs and causes the metabolite
flow to the pathways of floral scent and lignin both derived from the shikimate pathway. Meanwhile,
the decline of expression levels of CHS, CHI, and F3′5′H resulted in down-regulation of anthocyanin
metabolic proteins. Therefore, the anthocyanin content decreased, and petal color change from deep
purple to white (Figure 1). This work provides new proteomic and GC-TOF-MS insights of color
change of flower in plants.

4. Materials and Methods

4.1. Plant Materials and Morphological Indicators

Flowers opened with purple petals (day 1,1d) that changed to light purple and white (day 3,3d),
and pure white (day 5,5d) during a 5-day lifespan. B. acuminata petals in the different stages (1d, 3d,
5d) were collected from the greenhouse of Fujian Agriculture and Forestry University, Fuzhou, China
(Figure 1A). The plants were grown at 20–25 ◦C/12–15 ◦C (day/night) temperature conditions, and
60%–80% humidity, and 14/10 h (day/night) with 100 mol·m−2·s−1 photosynthetically active radiation
(PAR). Three replicate samples were collected at random from individual plants and immediately
kept in liquid nitrogen, and stored at −80 ◦C for proteomic, quantitative real-time (qRT-PCR), and
GC-TOF-MS analysis.

The petals of B. acuminata were randomly selected to observe their morphological changes and
measure their flower diameter and water content. Vernier caliper was used to measure corolla diameter.
Petal water content was determined as the percentage of total petal weight ((FW-DW)/FW·100) by
weighing samples of 5 outer flower petals, before and after their drying in a drying box at 60 ◦C for 20
min. Each measurement was repeated with 5 flowers [51].

4.2. Observation of Petal Epidermal Cells Structure and Ultra-Structure

The petals were washed with distilled water. The longitudinal section of the petal was made by
double-blade cutting to determine the internal structure of the petal and the distribution of pigment. A
temporary water-filled sheet was prepared to observe the shape of the epidermis cells of the petals and
whether the epidermis had a pigment distribution by optical microscope (Nikon, Tokyo, Japan). The
photographs were taken under a microscope magnified 20 times. Transmission electron microscope
(TEM, Hitachi, Tokyo, Japan) was used to observe the changes of epidermal cell ultra-structure of
a flower in different days. The middle part of the fresh flowers were cut into pieces (about 1 mm2),
and these fragments of flower were used for transmission electron microscopy in accordance to the
described method by Meng [52].
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4.3. Preparation of Total Protein Extraction

Proteins samples were prepared by phenol extraction in accordance with the methods of Wang [53].
The protein sample was dried at −20 ◦C and stored at −80 ◦C until used.

4.4. 2-DE and MALDI-TOF/TOF Analysis

The protein powder was mixed with a lysis buffer, containing 7 M urea, 2 M thiourea, and 4%
CHAPS, 2% Pharmalyte3-10, and 40 mM DTT, and ultrasonically shaken for 20 min. After the protein
powder was completely dissolved, it was placed in a water bath at 37 ◦C for 2.5 h, centrifuged at
20,000× g for 15 min at room temperature. The supernatant was transferred to a new centrifuge tube
after centrifugation. The protein content was determined according to the Bradford method [54]. The
steps of two-dimensional electrophoresis are in accordance with Wang et al [53]. A volume of 1.5 mg
aliquots of protein was added to a 24 cm linear gradient Immobilized pH gradient (IPG) strip at pH
4–7 and hydrated for 12 h. The isoelectric focusing procedure: 200 V (l h)–500 V (l h)–1000 V (l h)
-Gradient–8000 V (0.5 h)–8000 V (6 h)–1000 V (2 h). The maximum current for each strip is 50 mA. The
operating conditions were 20 ◦C.

After the first isoelectric focusing, the strips were equilibrated in equilibrium solution I (50 mM
Tris-HCl (pH 8.8), 6 M urea, 30% v/v glycerol, 2% w/v SDS, 1% DTT) for 15 min and transferred to
equilibrium solution II (50 mM Tris-HCl (pH 8.8), 6 M urea, 30% v/v glycerol, 2% w/v SDS, 2.5%
iodoacetamide) for 15 min. After the end of the two balances, the strips were removed, and the surface
of the strip was washed again with electrophoresis buffer and transferred to a 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in Ettan DALT-six System (GE Healthcare
Bio-Sciences, Uppsala, Sweden) at 18 ◦C.

The electrophoresis was terminated when the bromophenol blue band reached the bottom of the
gel. After electrophoresis, staining was performed by Coomassie brilliant blue staining (CBB-R250)
and shaking for 2 h. After staining, the stained liquid drained, the gels washed with distilled water and
then added the right amount of bleaching solution for decolorization, until the gel background cleared
up. After the decolorization was completed, the Epson scanner 11000XL-USB (EPSON, Tokyo, Japan)
was used to perform gel image scanning. Gel image analysis was performed using Image MasterTM

2D Platinum Software Version 5.0 software (BioRad, Hercules, CA, USA).
The differential protein spots were excised carefully from the gels from the preparative 2D gels.

In-gel digestion by trypsin and analysis by MS analysis in an AB SCIEX MALDI TOF-TOF™ 5800
analyzer (AB SCIEX, Foster City, CA, USA), was performed in accordance with the method described
by Wang [53]. According to the results of mass spectrometry analysis, the data were selected using
GPS Explorer (V3.6, Applied Biosystems) and the search engine MASCOT (2.1, MatrixScience, London,
UK) with the following parameters: National Center for Biotechnology Information green plants
(release date: 2015. 04. 01); MS tolerance was set at 100 ppm; MS/MS tolerance of 0.8 Da. Proteins
were considered statistically significant (p < 0.05 and Ratio > 1.5) confident identifications with scores
greater than 75. Individual raw MS and MS/MS spectra were accepted if at least two identified peptides
having a probability of 95% correct match were found.

4.5. GC-TOF-MS Analysis

The flower volatile compounds were carried out on an Agilent 7890 gas chromatography (Agilent,
Santa Clara, CA, USA) unit and Gerstel Autosampler (Gerstel, Muhlheim, Germany), and a LECO
Pegasus HT time of flight mass spectrometer (LECO, St. Joseph, MI, USA) as described by Barakiva [31].
Individual flowers collected from day 1 to day 5 were placed in a 10 mL glass, sealed, and incubated
under ambient conditions.

The identification of individual compounds was detected and identified by comparison with the
mass spectra library from National Institute of Standards and Technology (NIST, Gaithersburg, MD,
USA) and Fiehn Retention Time Lock (Agilent, Santa Clara, CA, USA) library. All the available data

486



Int. J. Mol. Sci. 2019, 20, 2000

acquisition and processing were conducted using Chroma TOF-GC software version 4.51.6.0 (Leco, MI,
USA) and performed ANOVA statistical analysis for significance and principal component analysis
with a similarity greater than 800.

4.6. Quantitative Real-Time (qRT-PCR) Analysis

The qRT-PCR analysis in accordance with the method described by Li et al. [28] The CHS, CHI, and
F3′5′H genes sequences for primer design were obtained from GenBank (Genbank accession number:
JN966986, JN887637, JQ678765), respectively. All of the primers used are shown in Table S1. Relative
transcription levels were calculated using the 2−ΔCTΔCT method.

4.7. Analysis of Physiological Parameters

Total contents of anthocyanin and flavonoid were determined according to the method of
Zhang [55] with slight modifications. In brief, 0.1 g of each tissue was ground in liquid nitrogen and
total anthocyanins were extracted with HCl/methanol (1:99, v/v) at dark for 4 h. The supernatants
were determined using UV spectrophotometry at 535 nm and 657 nm. Total phenolic content was
determined according to Mitra [56]. Soluble protein content was determined by Coomassie brilliant
blue staining method, SOD, POD and CAT activity was quantified according to Wang [57].

4.8. Bioinformatic Analysis of Identified Proteins

The clustering analysis and heat map of protein differential abundance were carried out using
the expression values and generated with MultiExperiment Viewer version 4.8 software (MeV;
http://www.tm4.org/mev/). The results were viewed using Java TreeView. The GO analysis and
classification are based on KEGG (http://www.kegg.jp/kegg/pathway.html).

4.9. Statistical Analysis

All the indexes were analyzed and plotted by Excel 2003 (Microsoft Corporation, Seattle, WA,
USA) and the difference was statistically analyzed by SPSS 19 software (IBM, Armonk, NY, USA).
Duncan’s multiple range tests were considered statistically significant at p ≤ 0.05. The samples were
measured from different plants, analyzed in triplicate (n = 3), and shown as mean ± SD.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/8/2000/
s1.
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Abstract: The role of the protein phosphorylation mechanism in the mobilization of vegetative storage
proteins (VSPs) is totally unknown. Patatin is the major VSP of the potato (Solanum tuberosum L.) tuber
that encompasses multiple differentially phosphorylated isoforms. In this study, temporal changes
in the phosphorylation status of patatin isoforms and their involvement in patatin mobilization are
investigated using phosphoproteomic methods based on targeted two-dimensional electrophoresis
(2-DE). High-resolution 2-DE profiles of patatin isoforms were obtained in four sequential tuber life
cycle stages of Kennebec cultivar: endodormancy, bud break, sprouting and plant growth. In-gel
multiplex identification of phosphorylated isoforms with Pro-Q Diamond phosphoprotein-specific
stain revealed an increase in the number of phosphorylated isoforms after the tuber endodormancy
stage. In addition, we found that the phosphorylation status of patatin isoforms significantly changed
throughout the tuber life cycle (P < 0.05) using the chemical method of protein dephosphorylation
with hydrogen fluoride-pyridine (HF-P) coupled to 2-DE. More specifically, patatin phosphorylation
increased by 32% from endodormancy to the tuber sprouting stage and subsequently decreased
together with patatin degradation. Patatin isoforms were not randomly mobilized because highly
phosphorylated Kuras-isoforms were preferably degraded in comparison to less phosphorylated
non-Kuras isoforms. These results lead us to conclude that patatin is mobilized by a mechanism
dependent on the phosphorylation status of specific isoforms.

Keywords: Solanum tuberosum; patatin; seed storage proteins; vegetative storage proteins; tuber
phosphoproteome; targeted two-dimensional electrophoresis

1. Introduction

The molecular mechanisms controlling the mobilization of seed storage proteins (SSPs) play
a critical role in plant reproduction [1,2]. Storage proteins accumulate progressively during
seed development providing the nutrients necessary for germination and plant growth [3–5].
Phosphoproteomic studies have shown that SSPs (i.e., albumins, globulins, prolamines and glutelins)
are abundantly phosphorylated and thereby phosphorylation may play a key role in the accumulation
of storage proteins during seed development and mobilization during germination [6–8]. Studies in the
model plant Arabidopsis thaliana suggest that a complex crosstalk of protein kinases, phosphatases and
phytohormones are mainly involved in the regulatory networks modulating the phosphorylation status
of SSPs [9–12]. An added complexity is that SSPs often exhibit multiple differentially phosphorylated
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isoforms with contrasting temporal patterns during seed development and germination [6,8,13–16].
The biological meaning of these isoform-dependent temporal phosphorylation patterns is not well
understood. Lopez-Pedrouso et al. [17] reported that highly phosphorylated isoforms of the phaseolin
in common beans were preferentially degraded in dry-to-germinating seed transition, suggesting a
phosphorylation-dependent mobilization mechanism.

VSPs are a particular type of differentiated and less studied plant storage proteins located in
vegetative tissues [1,3,18]. Patatin is the most abundant VSP in the potato (S. tuberosum) tuber, accounting
for up to circa 45% of the total soluble protein [1,3,19]. Unlike most other plant storage proteins, patatin
also exhibits different enzymatic activities including a non-specific lipid acyl hydrolase (LAH) activity
with a probable role in plant defense mechanisms [1,20–22]. Phosphorylated isoforms of VSPs were
identified for the first time in the patatin protein [23]. It is a very complex protein that comprises multiple
differentially phosphorylated isoforms within—and between—potato cultivars [23,24]. A 2-DE-based
phosphoproteomic study enabled the identification of 20 differentially phosphorylated patatin isoforms
in Kennebec cultivar, with phosphorylation rates (PRs) varying between 4.6 and 52.3% [23]. This finding
raises the question of whether VSPs are mobilized by a phosphorylation-dependent mechanism as
occurs in the common bean. It is noteworthy that the germination of dry after-ripening seeds can
be easily activated in the laboratory with water imbibition to assess changes in the phosphorylation
status of SSPs in dry-to-germinating seed transition. However, this is a more difficult issue to solve
experimentally in potatoes because tubers undergo continuous growth between endodormancy and
sprouting stages. The endodormancy phase ends with the construction of phloem structures that allow
for the provision of nutrients to the apical meristem to produce the first 2-mm-long apical bud (bud
break) and then tuber progresses until the sprouting phase [5,25]. Accordingly, changes in the status of
phosphorylation associated with the onset of patatin mobilization can potentially occur within the
extensive time period comprised between the endodormancy and sprouting stages.

This study aimed to assess whether the existence of differentially phosphorylated patatin isoforms
in potato tubers is related to the mechanism of patatin mobilization. For this purpose, a comprehensive
analysis of temporal phosphorylation changes in patatin was performed in tubers of Kennebec cultivar
(Figure 1). We used targeted 2-DE-based proteomic methods enabling the separation of multiple storage
protein isoforms with high resolution and reproducibility as well as the efficient in-gel quantitation
of their phosphorylation levels [8,17,23,24,26,27]. The results will contribute to understanding the
mechanisms underlying the mobilization of VSPs.

Plant GrowthSproutingBud BreakEndodormancy

2 cm 2 cm 2 cm

3 cm

 

Figure 1. Four sequential stages of the potato tuber life cycle used to assess changing status of patatin
phosphorylation in Kennebec cultivar: endodormancy, bud break (2 mm apical bud length), sprouting
(5 cm bud length) and plant growth (12 cm stem length).
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2. Results and Discussion

2.1. Reference Patatin Profiles throughout the Tuber Life Cycle

Figure 2A shows representative high-resolution profiles of patatin on 2-DE gels stained with
SYPRO Ruby total-protein stain at each of the four potato life cycle stages of the Kennebec cultivar
analyzed: endodormancy, bud break, sprouting and plant growth. The relative molecular mass (Mr) of
2-DE patatin spots ranged from 40.0 to 45.0 kDa and their isoelectric points (pIs) ranged from 4.8 to
5.4 as previously reported in bud break stage of the same cultivar [23]. Qualitative variations in the
number of patatin spots were detected throughout tuber stages. Most variations were identified after
endodormancy stage on more acidic gel positions involving spot Numbers 1–4. Thus, spot Numbers 1,
2 and 4 were identified in bud-break, sprouting and plant growth stages, while only spot Number 2
was identified in the endodormancy phase.

Previous protein identification of 2-DE patatin spots in the bud break tuber stage of the
Kennebec cultivar using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
and MALDI-TOF/TOF mass spectrometry (MS) revealed that spot Numbers 1, 2 and 4 contained the
Patatin-3 Kuras 1 (PT3K1) isoform, while the other spots (i.e., spot Numbers 5–20) contained non-Kuras
patatin isoforms [23]. The PT3K1 isoform was unequivocally identified because it is the patatin isoform
with the most highly differentiated sequence [28]. In the present study, we confirmed these previous
identifications by MALDI-TOF and MALDI-TOF/TOF MS from 2-DE gels in the endodormancy phase
(Supplementary Tables S1 and S2; Supplementary Materials). Therefore, MS analysis leads us to
conclude that Kuras isoforms explain most variations in the number of patatin spots throughout the
tuber stages.
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Figure 2. Representative two-dimensional electrophoresis (2-DE) gel images of reference and
dephosphorylated profiles of patatin at four different tuber life stages of the Kennebec cultivar:
endodormancy, bud break, sprouting and plant growth. (A) Reference profiles on 2-DE gels stained
with Pro-Q Diamond and post-stained with SYPRO Ruby fluorescent dyes. Phosphorylated patatin
spots are numbered. (B) Dephosphorylated patatin profiles on 2-DE gels stained with SYPRO Ruby
from total tuber protein extracts treated with hydrogen fluoride-pyridine (HF-P). Circles show the gel
position of newly arisen patatin spots following chemical dephosphorylation with HF-P. The arrows
indicate the gel position of ovalbumin (45.0 kDa) phosphoprotein marker.
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2.2. Changes in Patatin Abundance in the Tuber Life Cycle

A rough estimation of the amount of patatin in each of the four tuber life cycle stages was
obtained by means of the sum of the patatin spot volumes assessed by PDQuest software. Mean
values of the amount of protein along with the bias-corrected 95% bootstrap confidence intervals,
adjusted by Bonferroni’s correction for multiple comparisons, were obtained in each potato stage from
four biological replicate gels. Figure 3A shows that patatin abundance significantly increased from
endodormancy to sprouting (p-value < 0.05) and then decreased to plant growth potato stage (p < 0.05).
These results have a clear biological significance. Patatin achieved maximum abundance at the time
of tuber sprouting when storage protein reserves are necessarily broken down into seedling growth.
In agreement with these results, Lehesranta et al. [29] previously reported from 2-DE data that most
patatin isoforms in the Desiree cultivar increased during tuber development achieving high amounts at
the onset of sprouting and subsequently decreased in fully sprouted tubers. Quantification of patatin
from Ranger Russet cultivar by LAH activity using p-nitrophenyl myristate as substrate showed its
pronounced decrease during plant establishment [30]. In addition, analyses of the transcriptome
throughout the potato tuber life cycle are in accordance with those proteomic studies. Thus, a
comparative analysis of transcripts encoding patatin throughout the potato (Kennebec cultivar) tuber
cycle based on cDNA-AFLP fingerprinting (Bintje cultivar) and expressed sequence tag (EST) libraries
have shown that patatin transcripts were relatively higher at the onset of tuber sprouting [31,32].
Chemically (bromoethane) induced cessation of dormancy coupled to microarrays constructed from
potato EST libraries has also shown a decrease in transcripts that encode for patatin after the onset of
sprouting in tubers of the Russet Burbank cultivar [33]. Temporal studies of patatin concentration,
activities of proteases and protease inhibitors suggest correlative changes during tuber development and
plant establishment. There is increasing evidence that protease inhibitors (cys-protease inhibitor potato
multicystatin, the Kunitz protease inhibitor family and others) may facilitate patatin accumulation in
developing tubers by attenuating the activity of proteases, while catabolism of protease inhibitors may
facilitate patatin mobilization following tuber sprouting [30,33–35].
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Figure 3. (A) Dynamic changes in the patatin abundance through the different stages of the potato
tuber life cycle: endodormancy, bud break, sprouting and plant growth. In each tuber stage, mean
patatin quantity over four biological replicates is represented together with their Bonferroni-corrected
95% bootstrap CIs. (B) Mean PR values together with their 95% confidence interval obtained from four
biological replicates in endodormancy, bud break, sprouting and plant growth potato tuber stages of
the Kennebec cultivar. Different lower case letters (a–c) indicate statistically significant differences
(p < 0.05) between sample groups by the post hoc Tukey-Kramer test following the one-way analysis of
variance (ANOVA) test.

2.3. Identification of Phosphorylated Patatin Isoforms along the Tuber Life Cycle

Patatin profiles on 2-DE gels stained with Pro-Q Diamond phosphoprotein-specific fluorescent
dye in endodormancy, bud break, sprouting and plant growth tuber stages of Kennebec cultivar are
shown in Supplementary Figure S1 (Supplementary Materials). All 2-DE patatin spots contained
phosphorylated isoforms because they were reproducibly Pro-Q-Diamond-stained across biological
replicates. These results suggest that the above-mentioned variations in the number of Kuras isoforms
contribute to the increase of patatin phosphorylation after the endodormancy stage.
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2.4. Changes in Patatin Phosphorylation Status during Tuber Life Cycle

The phosphorylation level of patatin spots was assessed using the method of chemical
dephosphorylation with hydrogen fluoride-pyridine (HF-P). 2-DE patatin profiles obtained from total
tuber (Kennebec cultivar) protein extracts dephosphorylated with HF-P in the tuber phases analyzed
are shown in Figure 2B. First of all, HF-P was a very effective treatment of protein dephosphorylation as
previously shown [17,23]. Note that the isoforms of the ovalbumin phosphoprotein marker completely
shifted to more basic gel positions after HF-P treatment, as a result of the loss of phosphate groups.

The phosphorylation level of each patatin spot was estimated using the PR coefficient.
This coefficient calculates the percentage by which the total spot volume (untreated protein samples)
decreased after protein dephosphorylation with HF-P (treated protein samples). Therefore, it is a
phosphorylation measure independent of the existing variations in the amount of patatin over spots.
Mean (± SE) PR values of patatin spots obtained from four biological replicate gels in the distinct
sample groups are shown in Table 1. It can be seen that all spots contained phosphorylated isoforms
because PR-values were always higher than zero, which is in agreement with those results obtained
with Pro-Q Diamond stain. In addition, PR-values exhibited remarkable differences among spots when
mean values ranged from 10.9 (spot Number 11/endodormancy) to 53.2% (spot Number 14/sprouting).
No PR-value achieved the maximum value of 100%, which indicates that each patatin spot contained a
variable mixture of phosphorylated and unphosphorylated isoforms.

Table 1. Mean (± SE) phosphorylation rate (PR) of patatin spots in different stages of potato tuber
(Kennebec cultivar) life cycle.

Spot Number a pI
PR

Mean (± SE)
Endodormancy Bud Break Sprouting

Plant
Growth

1 4.84 N/A 39.8 ± 2.5 51.9 ± 5.2 33.1 ± 5.6 41.6 ± 5.5
2 4.88 38.1 ± 5.3 41.2 ± 6.1 52.4 ± 5.9 39.6 ± 5.7 42.8 ± 3.3
3 4.90 N/A 43.1 ± 2.9 N/A N/A N/A
4 4.93 N/A N/A 39.7 ± 5.4 23.0 ± 4.6 31.4 ± 8.4
5 4.96 27.1 ± 1.9 42.8 ± 2.0 43.2 ± 6.4 30.5 ± 4.4 35.9 ± 4.2
6 4.96 N/A 52.3 ± 4.1 38.4 ± 4.4 27.5 ± 5.2 39.4 ± 7.2
7 5.02 32.3 ± 4.5 39.0 ± 4.1 42.5 ± 5.9 26.9 ± 5.8 35.2 ± 3.5
8 5.02 15.3 ± 3.8 27.2 ± 5.6 27.0 ± 4.6 29.1 ± 5.1 24.6 ± 3.2
9 5.05 27.3 ± 2.4 32.5 ± 3.3 40.5 ± 5.1 31.4 ± 5.7 32.9 ± 2.8
10 5.12 32.0 ± 4.0 30.5 ± 4.7 23.5 ± 6.1 40.0 ± 6.4 31.5 ± 3.4
11 5.12 10.9 ± 6.9 25.1 ± 4.3 26.4 ± 4.4 25.2 ± 6.3 21.9 ± 3.7
12 5.13 28.3 ± 2.4 51.4 ± 5.5 52.7 ± 4.2 31.9 ± 7.0 41.1 ± 6.4
13 5.14 N/A N/A N/A 26.0 ± 7.2 N/A
14 5.16 50.1 ± 4.9 44.3 ± 9.4 53.2 ± 7.5 33.3 ± 5.9 45.2 ± 4.4
15 5.20 41.4 ± 2.4 41.9 ± 3.8 44.1 ± 5.5 28.0 ± 5.3 38.8 ± 3.7
16 5.20 12.8 ± 3.1 27.0 ± 8.4 17.2 ± 4.3 25.1 ± 5.1 20.6 ± 3.3
17 5.23 23.8 ± 3.6 36.0 ± 2.4 39.8 ± 6.3 29.3 ± 4.6 32.2 ± 3.5
18 5.25 29.6 ± 5.3 34.2 ± 4.1 51.6 ± 4.5 22.9 ± 4.6 34.5 ± 6.1
19 5.29 N/A N/A N/A N/A N/A
20 5.27 11.6 ± 2.0 11.9 ± 4.6 25.6 ± 6.3 29.2 ± 4.9 19.6 ± 4.6
Mean (± SE) 27.2 ± 3.1 36.5 ± 2.5 39.4 ± 2.8 29.6 ± 1.1

a Gel position of numbered spots is shown in Figure 2. N/A = not applicable, absent spot in untreated and treaded
protein samples or with volume below the limit of detection.

Parametric statistical tests were used to test for differences in PR over the different potato tuber
phases because their sampling distributions did not significantly deviate from the theoretical normal
distribution (p > 0.05; Shapiro-Wilk test). The one-way analysis of variance (ANOVA) test revealed that
mean values of PR differed significantly (p < 0.01) among sample groups. More specifically, we found
by using the Tukey-Kramer method for multiple comparisons that PR-values increased by 32% from
endordormacy release to tuber sprouting (p < 0.05) and subsequently decreased up to the plant-growth
stage (p < 0.05), achieving levels close to the endodormancy stage (Figure 3B). Concomitant temporal
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changes of the amount of patatin (Figure 3A) and phosphorylation levels (Figure 3B) suggest that
protein phosphorylation is involved in the regulation of the synthesis and mobilization of patatin.
A targeted 2-DE-based study in common bean also showed that the phosphorylation status of phaseolin
isoforms increased in dry seed-to-gemination transition [17].

The advantage of targeted 2-DE is that the global phosphorylation of storage proteins can be
estimated more accurately by considering the complete set of isoforms. In contrast, non-targeted
2-DE only enables the analysis of a limited number of storage protein isoforms. A number of
non-targeted 2-DE proteomic studies have reported temporal phosphorylation changes in SSPs during
seed development and germination. In white lupin, only vicilin family proteins were phosphorylated
during seed development, both vicilins and legumins were phosphorylated in mature seeds and only
vicilins increased their phosphorylation level at 2 d after the onset of germination [13]. In rice, a
phosphoproteomic study in different phases of seed germination revealed that storage proteins achieved
the highest levels of phosphorylation at the same time as their degradation [15]. In wheat, increased
phosphorylation levels of globulin 3 were detected at 12 h following imbibition [16]. In Helianthus,
11S globulins showed increased levels of phosphorylation following completation of germination [14].
In oilseed rape, the amount of phosphorylated cruciferin subunits exhibited contrasting trends over
distinct sequential phases of seed development, either increasing or decreasing their phosphorylation
level in the late maturation stage [6]. Unfortunately, the global phosphorylation trend of the subunits
identified was not reported. Overall, the join analysis of targeted and non-targeted 2-DE studies on
temporal phosphorylation changes in SSPs and patatin VSP suggests that storage proteins tend to
increase their phosphorylation levels during seed/tuber development until immediately after the onset
of the seed germination/tuber sprouting phase.

A reduced number of studies have shown that phytohormones, protein kinases and protein
phosphatases cooperate in largely unknown complex signaling networks that specifically regulate the
changing status of storage protein phosphorylation. Seed phosphoproteomic studies in Arabidopsis
indicate a key regulatory role of phytohormone abscisic acid (ABA). It has been suggested that
cruciferin tyrosine-phosphorylation is modulated by ABA, which might help to prevent cruciferin
proteolysis [11]. The ABA-insensitive gene (abi1) encodes a protein phosphatase that is a negative
regulator of ABA-dependent kinase signaling during seed development and interacts with the
ubiquitin-proteosome system [10,36,37]. Wan et al. [10] reported an increased phosphorylation level of
the seed storage protein cruciferin in abi1-1 mutant seeds.

Another important issue is to elucidate why the phosphorylation status decreases when patatin is
degraded following tuber sprouting. Note that the phosphorylation status should remain unchanged
as long as patatin isoforms are randomly degraded. The answer to this question can be found
by analyzing isoform-dependent phosphorylation changes throughout the tuber life cycle. Mean
PR-values for Kuras and non-Kuras isoforms in the four potato stages are graphically represented in
Figure 4. It is noteworthy that PR-values were always higher in Kuras than in non-Kuras isoforms
(p < 0.01, Wilcoxon’s signed-ranks test). Therefore, Kuras isoforms made a remarkable contribution,
both qualitatively and quantitatively, to the variations of patatin phosphorylation in tuber stages.
In addition, PR-values of Kuras and non-Kuras isoforms changed significantly in the potato tuber
cycle (p < 0.05, one-way ANOVA test), following similar trends to those observed for all the isoforms.
However, Kuras isoforms experienced a noticeable decrease in PR (33%) from sprouting to plant
growth stage (p < 0.01), whereas no parallel decrease was detected in non-Kuras isoforms (p > 0.05).
This finding supports the conclusion that differentially-phosphorylated patatin isoforms were not
randomly degraded after tuber sprouting. It appears, therefore, that proteases predominantly selects
highly phosphorylated isoforms during patatin mobilization. In agreement with these results, previous
phosphoproteomic research in common bean showed that highly phosphorylated phaseolin isoforms
are preferentially degraded at the onset of seed germination [17].
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Figure 4. Temporal changes in the phosphorylation status of Kuras and non-Kuras patatin isoforms
in the different stages of the potato tuber life cycle: endodormancy, bud break, sprouting and plant
growth. Values on the y-axis are means of PR computed from four biological replicate gels over
Kuras (triangles) and non-Kuras (squares) patatin spots. Different lower case letters (a and b) indicate
statistically significant differences (p < 0.05) between sample groups by the post hoc Tukey-Kramer test
following the one-way ANOVA test.

The challenge is how to explain the fact that highly phosphorylated isoforms were
preferentially degraded by proteolytic enzymes. Wan et al. [10] suggested that the level of
phosphorylation/dephosphorylation might destabilize tertiary and quaternary interactions of storage
proteins leading to proteolytic cleavage. Patatin is an 88-kDa dimer, each subunit has approximately
366 aminoacids (17 Tyr) with negative and positive charges of the side-chains randomly distributed
throughout the protein sequence, while amino acid residues are highly structured containing about 33%
α-helical and 45% β-stranded structures [38,39]. It could be hypothesized that an excess of phosphates
with a negative charge in highly phosphorylated patatin isoforms might disrupt the structure and
facilitate proteolytic degradation. In silico prediction of patatin phosphopeptides/phosphosites from
MS data suggests pronounced phosphopeptide/phosphosite variations between endodormancy and
bud break tuber stages (Supplementary Table S3; Supplementary Materials). However, a more
precise knowledge of the positions of phosphosites and stoichiometry throughout the tuber life cycle
using phosphopeptides enrichment procedures coupled to MS analysis would be needed to explore
phosphosite interactions with the tertiary and quaternary structure of the patatin. Unfortunately, this
is not an easy task because it would require the isolation and purification of 20 highly homologous
(frequently higher than 90%) and immunologically indistinguishable patatin isoforms [40–42] from
tuber protein extracts prior to the application of enrichment procedures. To our knowledge, this
wide diversity of patatin isoforms has only successfully been separated by targeted 2-DE to date.
Pots et al. [42] reported that patatin isoforms pools (A, B, C, D) isolated from the Bintje variety showed
no differences in conformation and thermal conformational stability before the sprouting of potatoes.
In this regard, comparison of structural properties and stability of isoforms has not been reported in fully
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sprouted tubers when variably phosphorylated patatin isoforms were accumulated and differentially
degraded. It would be necessary to perform a comparative analysis of structural properties and stability
among all previously isolated patatin isoforms from protein extracts, following tuber sprouting, in
order to achieve a reliable conclusion. An alternative explanation is that increased phosphorylation
levels of patatin may induce its degradation by proteases. A number of studies have shown that
reversible phosphorylation/dephosphorylation in plant proteins is a significant post-translational
regulatory mechanism inducing degradation by the ubiquitin-proteosome pathway [15,43,44].

Taken together, our observations open up new ways of unraveling the complex regulatory
mechanisms underlying not only phosphorylation-dependent patatin mobilization, but also to explore
how patatin phosphorylation affects its enzymatic activities. It is noteworthy that patatin contains
a conserved amino acid motif (Gly-X-Ser-X-Gly) at the position 75-79 of the sequence of patatin
Pat17, which is a catalytic domain responsible for its LAH activity with an insecticidal function [45,46].
Mutational and enzymatic activity studies revealed that the Ser residue of the catalytic domain is critical
for esterase and insecticidal activity [45–47]. Therefore, it would be interesting to assess whether the
active site Ser residue is phosphorylated. In vitro assays with purified patatin suggest that activation
of LAH activity might be caused through phosphorylation by a protein kinase [48,49]. No evidence for
phosphorylation in this Ser residue was found in our prospective identification of patatin phosphosites
(Supplementary Table S3; Supplementary Materials). However, the application of targeted MS analysis
using high resolution technologies should be able to answer this important question.

Further follow-up studies are clearly needed to assess the potential effects of patatin
phosphorylation on stability and LAH enzymatic activity, protease activity, as well as the regulatory
mechanisms linked to changes in patatin phosphorylation status by the concerted action of
kinases/phosphatases. In particular, the combined use of targeted and non-targeted 2-DE-based
proteomics together with gel-free MS-driven proteomics could contribute very significantly to the
understanding of the complex crosstalk between patatin phosphorylation and interacting proteins.

3. Materials and Methods

3.1. Plant Material

Potato (S. tuberosum) tubers of Kennebec cultivar were collected from an experimental field located
at Xinzo de Limia (Orense, Spain). Four biological replicates were obtained in four tuber life cycle
stages: endodormancy, bud break, sprouting and plant growth (Figure 1). Endodormant tubers were
collected immediately after potato harvest, while bud-broken (2 mm apical bud length) and sprouting
tubers (about 5 cm bud length) were obtained in the dark at room temperature. Potato plants (about
12 cm stem length) were grown in pots with fertilized soil and water supply inside a growth chamber
with photoperiod (16/8 h light/dark) and temperature (22/18 ◦C light/dark) control. Four tubers from
each tuber stage were eventually cut into small pieces, lyophilized after grinding the tissue into a fine
powder with liquid nitrogen using a pre-cooled mortar and pestle, and stored separately at −80 ◦C
before proteomic analysis. All experimental data in bud break stage were previously reported [17].

3.2. Tuber Protein Extraction

Total protein was extracted from lyophilized tubers using the phenol method based on phenol
extraction coupled to ammonium acetate/methanol precipitation [50]. 200 mg of lyophilized
sample was suspended in 3 mL of extraction buffer (500 mM Tris-HCl; 700 mM sucrose; 50 mM
ethylenediaminetetraacetic acid, EDTA; 100 mM KCl; 1 mM phenylmethylsulfonyl fluoride, PMSF; 2%
dithiothreitol, DTT; pH 8.0). An equal volume of phenol saturated with Tris-HCL (pH 6.6–7.9) was
added. The sample was centrifuged for 15 min at 5000× g and 4 ◦C (Labofuge 400 R Heraeues, St Louis,
MO, USA), and the phenolic phase was recovered. The precipitation solution (0.1 M ammonium acetate
in cold methanol) was added, the pellet was washed (10 mM DTT and 80% acetone) and re-suspended
in lysis buffer (7 M urea; 2 M thiourea; 4% CHAPS; 10 mM DTT; and 2% PharmalyteTM pH 3–10, GE
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Healthcare, Uppsala, Sweden). The protein concentration was quantified prior electrophoresis using
a modified Bradford assay kit (CB-XTM Protein Assay kit; GBiosciences, St Louis, MO, USA) on a
CroMate® 4300 Microplate Reader. (Awareness Technology, Palm City, FL, USA) and bovine serum
albumin (BSA) as standard.

3.3. Protein Chemical Dephosphorylation

Protein extracts from the four tuber stages were chemically dephosphorylated with hydrogen
fluoride-pyridine (HF-P) as described previously [51], with some modifications [17,23]. Tuber protein
extract (1 mg) was added to 250μL of HF-P (70%) and incubated for 2 h in an ice water bath. The solution
was neutralized with 10 M NaOH and desalinated by using Amicon Ultra-4 centrifugal filter devices
(Millipore, Billerica, MA, USA) and then eluted in 300 μL of lysis buffer. Protein purification was
eventually carried out using the Clean-Up kit (GE Healthcare, Chicago, IL, USA). The ovalbumin
phosphoprotein marker (45.0 kDa, Molecular Probes, Leiden, the Netherlands) was used to control the
efficiency of the dephosphorylation reaction. A quantitative comparison of patatin spot volumes on
two-dimensional (2-DE) gels from treated versus untreated protein samples of the same tuber was
used to estimate their levels of phosphorylation. Four independent biological replicates were used at
each tuber stage (i.e., 16 tubers and 32 gels).

3.4. Two-Dimensional Electrophoresis (2-DE)

High-resolution patatin profiles from protein extracts were obtained using previously described
targeted 2-DE protocols [23,24]. Briefly, first-dimension isoelectric focusing (IEF) was conducted on a
PROTEAN® IEF Cell (Bio-Rad Laboratories, Hercules, CA, USA) system using 24-cm-long immobilized
pH gradient (IPG) strips (ReadyStrips™, Bio-Rad Laboratories) with linear pH gradient (pH 4–7).
Protein extracts (75 μg) dissolved in lysis buffer were mixed with rehydration buffer (7 M urea, 2 M
thiourea, 4% CHAPS, 0.002% bromophenol blue) to a final volume of 450 μL, 0.6% DTT and 1% IPG
buffer (Bio-Rad Laboratories). The mixture was loaded onto initially rehydrated (50 V for 12 h) gel
strips and then an increasing voltage was applied up to 70 kVh. Focused strips were subsequently
equilibrated with two equilibration buffers (buffer I: 50 mM Tris pH 8.8, 6 M urea, 30% glycerol and 2%
SDS; 1% DTT; buffer II: 50 mM Tris pH 8.8, 6 M urea, 30% glycerol and 2% SDS; 2.5% iodoacetamide)
for 15 min each at room temperature. For second-dimension separation, strips were transferred to
10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (24 × 20 cm) and
run on an Ettan™ DALTsix multigel electrophoresis system (GE, Healthcare, Uppsala, Sweden) at
16 mA/gel for 15 h. Molecular-mass markers ranging from 15 to 200 kDa (Fermentas, Burlington,
Ontario, Canada) were loaded into a lateral well of SDS-PAGE gels.

3.5. Gel Staining for Total Protein and Phosphoproteins

Gel staining for total patatin was performed with SYPRO Ruby fluorescent dye (Lonza, Rockland,
ME, USA) following the manufacturer’s instructions. In-gel identification of phosphorylated
patatin isoforms was conducted with Pro-Q Diamond phosphoprotein-specific stain (Molecular
Probes) following the protocol described in Agrawal and Thelen [52], with some minor
modification [17]. The PeppermintStick™ (Molecular Probes, Thermo Fisher Scientific, Waltham, MA,
USA) phosphorylated and unphosphorylated molecular weight markers were added to tuber protein
extract prior 2-DE as positive and negative controls of Pro-Q Diamond staining. Gels stained with
Pro-Q Diamond were subsequently stained with SYPRO Ruby to assess which of the patatin isoforms
were phosphorylated on the same 2-DE gel.

3.6. Image Analysis

Images of 2-DE gels stained with SYPRO Ruby and Pro-Q Diamond fluorescent dyes were
digitalized with the Gel DocTM XR + System (Bio-Rad Laboratories) and processed with the PDQuestTM

Advanced software v. 8.0.1 (Bio-Rad Laboratories). Automatic spot matching across gels following
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background subtraction and normalization with the total density of valid spots was checked manually.
Only patatin spots reproducibly detected in at least three replicates were selected for further analyses.
The experimental relative molecular mass (Mr) and isoelectric point (pI) of spots was estimated from
their gel position relative to the standard molecular mass markers and IPG-strip linear range of
pH 4–7, respectively.

3.7. Mass Spectrometry (MS)

Kuras and non-Kuras patatin isoforms were identified at endodormancy tuber stage by
MALDI-TOF and MALDI-TOF/TOF MS as previously [23]. Briefly, selected spots were subjected to
in-gel proteolytic digestion with modified porcine trypsin (Promega, Madison, WI, USA) according
to Jensen et al. [53]. Eluted tryptic peptides were dried in a SpeedVac (Thermo Fisher Scientific,
Waltham, MA, USA) and stored at −20 ◦C. Dried peptide samples were redissolved with 0.5% formic
acid and mixed with matrix solution (3 mg/mL CHCA in 50% ACN, 0.1% TFA). Peptide solution
was deposited onto a 384 Opti-TOF MALDI target plate (Applied Biosystems, Foster City, CA. USA)
using the “thin layer” procedure [54]. Mass spectra of each sample were adquired in the positive-ion
reflector mode on a 4800 MALDI-TOF/TOF mass spectrometer (Applied Biosystems), Nd:YAG laser at
355 nm, an average accumulation of 1000 laser shots and at least three trypsin autolysis fragments for
internal mass calibration. Tandem MS data were obtained from selected precursor ions with a relative
resolution of 300 full width at half-maximum (FWHM) and metastable suppression. Automated
analysis of peptide mass fingerprinting (PMF) and peptide fragmentation spectra was performed
using the 4000 Series Explorer Software v. 3.5 (Applied Biosystems). GPS Explorer Software v.
3.6 using Mascot software v. 2.1 (Matrix Science, Boston, MA, USA) was used for the combined
search of PMF and MSMS spectrum data against the S. tuberosum UniProtKB/Swiss-Prot databases.
Database searching settings were precursor mass tolerance of 30 ppm, fragment mass tolerance of
0.35 Da, one missed cleavage site allowed, carbamidomethyl cysteine (CAM) as fixed modification
and oxidized methionine as variable modification. All identifications and spectra were checked
manually. The identification of Kuras and non-Kuras patatin isoforms required at the least three
matched peptides and statistically significant (p-value < 0.05) Mascot probability scores. Prediction
of patatin phosphopeptides/phosphosites was performed from spectra data allowing phosphoserine
(PhosphoS), phosphotyrosine (PhosphoY) and phosphothreonine (PhosphoT) residues as variable
modification to search against the UniProtKB/Swiss-Prot databases.

3.8. Statistical Analysis

The phosphorylation rate for each protein spot was quantified by the coefficient PR = [(X − Y)/X] × 100,
in which X and Y are the 2-DE spot volumes from untreated and treated tuber protein extracts with
HF-P, respectively [17]. Non-parametric bootstrap confidence intervals obtained by the bias-corrected
percentile method were used to test changes in patatin abundance (mean values) during tuber life
cycle stages, following the procedure described previously [55]. Bootstrap confidence intervals (95%)
were adjusted with the Bonferroni correction for multiple comparisons. The usual statistical tests (i.e.,
Wilcoxon’s signed-ranks, Shapiro-Wilk, one-way ANOVA and the Tukey-Kramer post-hoc tests) were
performed with the IBM SPSS Statistics 21 (SPSS, Chicago, IL, USA) software package.

4. Conclusions

In this study, we have provided, for the first time, confident evidence of qualitative and quantitative
temporal changes in the phosphorylation status of patatin isoforms. It is also the first study on this
subject in VSPs. Our data revealed that isoforms with major extent of phosphorylation accumulated
progressively from endodormancy up to reaching the tuber sprouting stage. The joint analysis of
previously published proteomic studies in distinct SSPs showed similar dynamic temporal patterns.
These temporal patterns acquired their full meaning when our observations showed that highly
phosphorylated isoforms were preferably degraded immediately after the onset of tuber sprouting.
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Similar results have been reported in the mobilization of the major common bean storage protein.
Therefore, the evidence available suggests that degradation of storage proteins dependent on the status
of phosphorylation of specific isoforms might be a general mobilization mechanism involving both
VSPs and SSPs. Further research is clearly required to assess the signaling networks that trigger and
regulate these complex processes.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/8/1889/
s1.
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Abstract: Phalaenopsis flowers are some of the most popular ornamental flowers in the world.
For most ornamental plants, petal longevity determines postharvest quality and garden performance.
Therefore, it is important to have insight into the senescence mechanism of Phalaenopsis. In the
present study, a proteomic approach combined with ultrastructural observation and activity
analysis of antioxidant enzymes was used to profile the molecular and biochemical changes
during pollination-induced petal senescence in Phalaenopsis “Red Dragon”. Petals appeared to be
visibly wilting at 24 h after pollination, accompanied by the mass degradation of macromolecules
and organelles during senescence. In addition, 48 protein spots with significant differences in
abundance were found by two-dimensional electrophoresis (2-DE) and subjected to matrix-assisted
laser desorption/ionization time of flight mass spectrometry (MALDI-TOF/TOF-MS). There were
42 protein spots successfully identified and homologous to known functional protein species involved
in key biological processes, including antioxidant pathways, stress response, protein metabolism, cell
wall component metabolism, energy metabolism, cell structure, and signal transduction. The activity
of all reactive oxygen species (ROS)-scavenging enzymes was increased, keeping the content of ROS at
a low level at the early stage of senescence. These results suggest that two processes, a counteraction
against increased levels of ROS and the degradation of cellular constituents for maintaining nutrient
recycling, are activated during pollination-induced petal senescence in Phalaenopsis. The information
provides a basis for understanding the mechanism regulating petal senescence and prolonging the
florescence of Phalaenopsis.

Keywords: Phalaenopsis; petal; pollination; senescence; 2-DE; ROS

1. Introduction

Phalaenopsis, named for its butterfly-like flowers, is known as the “queen of the orchids” for its
graceful shape and colorful flowers. Phalaenopsis flowers are among the most popular ornamental
flowers in the world and have high economic value [1]. For most ornamental plants, petal longevity
determines postharvest quality and garden performance [2], so it is essential to have insight into the
mechanism regulating petal senescence.

The longevity of Phalaenopsis petals is under tight developmental control for up to 3 months [3],
so it is difficult to understand the mechanism of regulating petal senescence, which can be affected
by many environmental factors. However, its petal senescence can be almost synchronized with
pollination, and detectable signs of senescence can occur within one day [4]. Petal senescence and
shedding are the earliest and most obvious changes induced by pollination [5]. Therefore, pollination
treatment provides a quick and efficient approach for the study of Phalaenopsis petal senescence.

Petal senescence is accompanied by a series of ultrastructural and physiological-biochemical
changes that form the last stage of flower development [6,7]. The maintenance of petals is costly in
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terms of water loss and metabolic energy; therefore, cellular constituents such as macromolecules and
organelles are degraded so that nutrients can be recycled for reallocation to developing tissues [8].
As a conserved system, autophagy supports the recycling function, appearing to play a crucial role
in degradation during petal senescence [6]. Reactive oxygen species (ROS) play a key role in the
regulation of many developmental processes, including senescence, as well as in plant responses
to biotic and abiotic stresses [9]. The activity of ROS-scavenging enzymes tends to increase during
senescence [10]. Simultaneously, there is a concomitant increase in the level of malondialdehyde
(MDA), which acts as an indicator of lipid peroxidation [11].

The combination of two-dimensional electrophoresis (2-DE) and matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF/TOF-MS) analyses allows
research on the plant at the post-transcriptional level; i.e., the protein level. This combination has
been used to study not only plant developmental processes [12,13], but also stress responses [14,15].
These proteomic studies have provided unique insight into the role of post-translational modifications
regulating and executing plant development and stress response. Coincidentally, senescence is also
controlled at the post-transcriptional level [16]. Therefore, the proteomic approach is feasible for
investigating petal senescence.

The regulation of gene expression occurs at the protein and the transcript levels. Therefore,
the mechanism regulating petal senescence in Phalaenopsis is complex and unclear. In the present
study, we report on the first proteomic characterization of Phalaenopsis petal senescence, combined with
ultrastructural observation and physiological-biochemical analysis. The aim of this study is to elucidate
the dynamic changes that occur at the molecular and biochemical levels during petal senescence.

2. Results

2.1. Ultrastructural Changes of Organelles in Senescing Phalaenopsis Petals

In our experiment, Phalaenopsis showed 2–3 months’ flower longevity in natural conditions.
By contrast, pollination dramatically accelerated the senescence of petals, and flowers visibly wilted at
24 h after pollination (Figure 1A).

The ultrastructural changes in Phalaenopsis petals during pollination-induced senescence are
shown in Figure 1B–I. The plasmodesma was partially closed at 8 h and completely closed at 16 h in
pollinated flowers (Figure 1B). By contrast, the Golgi bodies were almost intact, except for the local
structural distortion exhibited in Figure 1C. Mesophyll cell walls showed plasmolysis at 8 h and were
severely degraded at 24 h, whereas epidermis cell walls hardly changed within 24 h after pollination
(Figure 1D,E). The vacuoles appeared to have lost membrane integrity as senescence progressed
(Figure 1F). Cells containing vacuoles of various sizes were observed, and the vacuoles contained many
vesicles and granules in pollinated flowers at 16 h. At the same time, numerous osmiophilic granules
were revealed (Figure 1G). For chloroplasts, the ongoing increase in the number of osmiophilic granules
was concomitant with the loss of a considerable portion of thylakoids and double-layer membrane
structures (Figure 1H). Figure 1I shows that the mitochondria had swelled and the cristae had degraded
to a lesser extent in the cells 24 h after pollination; however, the mitochondria were nearly intact overall.
The nucleus remained until a late stage of senescence, although several nuclear ultrastructural changes
were observed at 24 h, such as shrinkage trait, loss of ellipticity, and blebbing. Peroxisomes were not
present in Phalaenopsis petal cells during pollination-induced senescence.
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Figure 1. (A) Morphological changes of Phalaenopsis petal during pollination-induced senescence;
(B–I) Ultrastructural changes of Phalaenopsis petal during pollination-induced senescence.
(B) Plasmodesmata (×20,000); (C) Golgi apparatus (×40,000); (D) mesophyll cell wall (×40,000);
(E) epidermal cell wall (×25,000); (F) vacuole (×15,000); (G) osmiophilic granule (×10,000);
(H) chloroplast (×40,000); (I) mitochondria (×40,000). Corresponding structures in each figure are
indicated by arrows.

2.2. Protein Profiling and Analysis of Protein Species Changes

Protein yield obtained from Phalaenopsis petals after phenol-based extraction was evaluated.
Protein yields were the same among petals at four time points, in the range of 6.03 ± 0.94 mg/g of
fresh weight (Table 1).

To analyze the variation of protein species in pollination-induced senescing Phalaenopsis
petals, the differentially regulated protein spots were separated by 2-DE and identified with
MALDI-TOF/TOF-MS. In 2-DE of the petal protein extract, more than 1000 protein spots per gel
were consistently observed in all replicates, with molecular weight (MW) and isoelectric point (pI)
ranging from <14 kDa to 115 kDa and 4 to 9, respectively (Figure 2). As shown in Table 1, the average
proteomic maps were 1069 ± 92, 1061 ± 203, 1056 ± 80, and 1014 ± 8 for 0, 8, 16, and 24 h, respectively.
The mean coefficient of variance (CV) for all of these samples was 9.12%. Based on the criteria for
protein spot detection, 48 protein spots with significant differences in abundance were detected in
response to pollination and 42 protein spots were confidently identified according to the databases;
six protein spots (3, 21, 22, 27, 28, and 45) could not be identified conclusively.
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Table 1. Protein yield (mg/g fresh weight), number of spots, and significant quantitative difference
(spots up/downregulated) in Phalaenopsis petals at each time point.

Samples
Protein Yield Number of Spots Quantitative Difference

(mg/g Fresh Weight) (Mean ± SD) Number of Upregulated Number of Downregulated

0 h

6.03 ± 0.94

1069 ± 92 0 0
8 h 1061 ± 203 1 14

16 h 1056 ± 80 5 22
24 h 1014 ± 8 16 23

 

Figure 2. Representative two-dimensional electrophoresis (2-DE) gels of Phalaenopsis petal proteomic
variation during pollination-induced senescence. The protein spots were separated on immobilized
pH gradient (IPG) dry strips (24 cm in length, pH 3–10 nonlinear gradient (NL)). The numbers on the
left in the images indicate the corresponding protein spots listed in Table 2.

2.3. Functional Classification of Differentially Regulated Protein Species

Among 42 protein spots, during petal senescence, 17 protein spots (2, 8, 10, 13, 17, 18, 23, 24, 25,
31,32, 37, 38, 39, 43, 46, and 47) were upregulated and 25 protein spots (1, 4, 5, 6, 7, 9, 11, 12, 14, 15, 16,
19, 20, 26, 29, 30, 33, 34, 35, 36, 40, 41, 42, 44, and 48) were downregulated at one or more time points
compared with 0 h. The 2-DE map acquired from 0 h petals was taken as the control, and qualitative
differences in spot intensity between the control (0 h) and the pollination treatment (8, 16, or 24 h)
were found and are displayed in Table 1. The number of differentially regulated protein spots was
obtained from the changes of 42 spots’ abundance. As shown in Table 1, by 8 h after pollination,
one protein spot was upregulated and 14 protein spots were downregulated in petals by greater than
1.5-fold (p < 0.05). There were 5 protein spots upregulated and 22 protein spots downregulated at 16 h
(p < 0.05). At 24 h after pollination, the numbers of upregulated and downregulated protein spots were
16 and 23, respectively.

All proteins identified and the correspondence between a given spot number and the assigned
protein species are detailed in Table 2. According to the Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) annotations, as well as the related references, the 42 protein species
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were classified into eight groups (Figure 3): six (14.3%) were involved in the antioxidant pathway,
11 (26.2%) in the stress process, five (11.9%) in protein metabolism, three (7.1%) in cell wall component
metabolism, eight (19.1%) in energy metabolism, three (7.1%) in cell structure, four (9.5%) in signal
transduction, and the remaining two (4.8%) were not classified.

Figure 3. Functional categorization of the differentially regulated protein species in Phalaenopsis petals
during pollination-induced senescence.

In this study, protein species were identified as being associated with pollination-induced
senescence, improving our knowledge of how senescence progresses in Phalaenopsis petals. Further
studies are needed to characterize the mechanism of pollination-induced senescence in more detail.

2.4. Changes in Antioxidant Enzymes and MDA

In the proteomic study described above, it was found that thioredoxin-dependent peroxidase
(POD, spot 10) was upregulated during petal senescence. However, the relationship between POD
regulation and activity changes was unknown. Hence, the activity of three ROS-scavenging enzymes,
superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), was measured. During petal
senescence, the activity of POD continuously increased (Figure 4A), which was consistent with the
proteomic result. The activity of SOD and CAT changed simultaneously with POD, but noticeably
decreased after 8 h in pollinated flowers (Figure 4A). Additionally, malondialdehyde (MDA) levels
content increased considerably in the senescing petals of pollinated flowers compared with the control
samples (0 h) (Figure 4B).

 

Figure 4. (A) Changes of superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) activity
in Phalaenopsis petal during pollination-induced senescence; (B) Change of malondialdehyde (MDA)
content in Phalaenopsis petal during pollination-induced senescence. Values are presented as means ± SD.
Means distinguished with different letters are significantly different from each other (p ≤ 0.05).
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3. Discussion

3.1. Ultrastructural Analysis

Usually, one of the earliest ultrastructural changes is the closure of plasmodesmata, which, when
open, allow the transfer of relatively small molecules such as sugars, hormones, and RNA molecules
between neighboring cells [17]. In the present study, the plasmodesmata indeed showed significant
changes at 8 h (Figure 1B). In several species, such as Alstroemeria and Sandersonia, petal mesophyll
cells were found to die considerably earlier than epidermis cells [18,19], and this phenomenon was
also shown in senescing Phalaenopsis petals. In our experiment, petal cells in Phalaenopsis exhibited
a decrease in vacuolar size and an increase in the number of small vacuoles because of the zoned
phenomenon of vacuoles during senescence (Figure 1F), which is in line with other plants such as
petunia [6]. The appearance of osmiophilic granules is a typical organelle alteration during aging [20].
Accordingly, in this study the increased number of osmiophilic granules demonstrated that organelles
such as chloroplasts and mitochondria also changed in senescing petals (Figure 1G,H). Visible external
senescing syndrome was the outcome of vast ultrastructural changes.

Collectively, the data indicate that petal senescence was accompanied by the mass degradation
of macromolecules and organelles, and the ultrastructural changes to the structures and organelles
were typical features of programmed cell death (PCD). From Figure 1, it can be seen that visible
morphological changes of pollinated petals occurred at 24 h, whereas ultrastructure exhibited
significant changes after 16 h, indicating that the ultrastructural change of petals was the structural
basis of morphological changes. The protein species that play important roles in petal senescence are
differentially regulated in the early stage, before visible morphological changes occur. Therefore, we
selected four time points within 24 h (0, 8, 16, and 24 h) where the petals did not show dramatic wilting.

3.2. Protein Function Analysis

In this study, a number of functional protein species participated in regulation, as evident from
their differential regulation in non-senescing and senescing petals; these protein species were likely to
be involved in various pathways, including antioxidant pathways, stress response, protein metabolism,
cell wall component metabolism, energy metabolism, cell structure, and signal transduction.

3.2.1. Antioxidant Enzymes

Plants have evolved complex regulatory mechanisms to prevent cellular injury through
regulating destructive ROS so that they are present at steady-state levels [21]. In our study, several
protein species involved in antioxidant pathways, including thioredoxin-dependent peroxidase
(POD, spot 10), thioredoxin H-type (TRX, spot 7), glutathione S-transferase (GST, spots 14, 16, and 34),
and NAD(P)-linked oxidoreductase (spot 41), were found to be differentially regulated during petal
senescence. All of these protein species are components of a pathway that is activated by the plants
themselves to remove ROS.

POD is important for scavenging ROS and for protecting the cellular membrane from
peroxidation [22]. Usually, the peroxidase family members serve as detoxifying enzymes and perform
oxidation reactions to remove toxic reductants [23]. Indeed, our results showed that the abundance
of POD (spot 10) increased during petal senescence, which was consistent with the measured POD
activity (Figure 4A). TRX, which functions as a regulator of apoplastic ROS, maintains redox balance
via thiol-disulfide exchange reactions and plays a critical role in responding to ROS-induced cellular
damage [24]. Another detoxifying enzyme, GST, can protect a senescing cell from lipid hydroperoxides
prior to cell death. An oxidative burst and GST induction are usually used as markers of induction
of the defense response [25]. As our results show, the abundances of TRX (spot 7) and GST (spots 14,
16, and 34) were very high in early senescence but decreased at 16 h, possibly because there were
some circadian or diurnal effects on these patterns. Diurnal redox behaviors of these two enzymes
were strictly linked to light intensity and the mRNA of TRX and GST tended to be lower in the dark
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phase (16 h) [26]. Ratnayake et al. [27] found that an alternative way to increase the antioxidant status
of a cell is to enhance the defense system involving cytoprotective antioxidant enzymes, including
NAD(P)H: quinone oxidoreductase 1 (NQO1) [27]. However, NAD(P)-linked oxidoreductase (spot 41)
was downregulated in pollinated petals after 16 h, from which it could be postulated that an oxidative
burst might turn up at that time, an actual time point of senescence.

In the present study, the abundance of these enzymes after pollination indicated that petals
outperformed themselves to maintain the metabolic balance of the active oxygen system, thereby
postponing the senescence process. Therefore, we can conclude that enhancing the gene expression of
ROS-scavenging enzymes is an effective way to prolong Phalaenopsis petal longevity.

3.2.2. Stress Response Protein Species

Phospholipase D (PLD) hydrolyzes membrane lipids to generate phosphatidic acid (PA) and
a free-head group, which destroy membranes and activate other lipid-degrading enzymes from
the hydrolysis of membrane phospholipids [28]. In PLDδ-knockout Arabidopsis, leaf senescence was
delayed because the production of PA was repressed by the attenuation of lipid degradation [29].
In this context, the upregulation of PLD (spot 31) was exclusively detected in 2-DE gels, perhaps
demonstrating that petal senescence was accompanied by increased phospholipid catabolism for
maximum cellular recycling [30]. Alcohol dehydrogenase (ADH) catalyzes redox reactions between
acetaldehyde and ethanol, participating in plant anaerobic respiration. It is an inducible enzyme
and can be activated under some adverse conditions [31]. Therefore, ADH may be crucial for
regulating plant stress resistance and accommodating to adversity. Nevertheless, no similarities
to these previous findings were observed in this study; the abundance of ADH (spot 42) was decreased,
suggesting that the ethanol fermentation pathway might be shut down during senescence. Therefore,
it is speculated that the shutdown of this pathway is one of the drivers of the decrease in reducing
capacity and the increase in ROS levels. However, the relationship between this pathway and ROS
levels remains unclear.

Above all, pollination-induced Phalaenopsis petal senescence is a very complex process.
The differential regulation of protein species involved in antioxidant pathways and stress response in
senescing petals might be closely related to ROS. Nonetheless, how these protein species interact with
each other remains unknown.

3.2.3. Protein Species Involved in Protein and Cell Wall Component Metabolism

The total protein level decreased drastically prior to visible senescence symptoms in the
petals [32]. The decrease in protein levels is primarily due to an increase in degradation, as well
as a decrease in synthesis [17], demonstrating that large-scale degradation occurs during senescence.
Additionally, nutrient remobilization from senescent organs requires the action of a suite of degradative
enzymes [25].

Cysteine protease (CP) is encoded by SAG12/Cab, which acts as a molecular indicator of leaf
senescence progression [33]. Battelli et al. [34] also found that CP is responsible for most of the
proteolytic activity in senescent petals [34]. Our results show that CP (spot 32) accumulated during
petal senescence, which agrees with previous observations [35]. Aminopeptidase can be induced at high
carbohydrate levels, which may initiate senescence and result in nitrogen remobilization [36]. In our
experiment, aminopeptidase N (APN, spot 23), which might be important for nitrogen nutrient
recycling, was upregulated. In short, these four protein species sufficiently supported nutrient
remobilization during the senescence stage. Three protein species related to cell wall component
metabolism, namely cellulose synthase (CesA, spot 9), xyloglucan endotransglucosylase/hydrolase
(XTH, spot 38), and cinnamyl alcohol dehydrogenase (CAD, spot 39), were identified. CesA catalyzes
the conversion of D-glucose to cellulose via β-1, 4-glycosidic bonds [37]. XTH, a primary cell-loosening
enzyme, can catalyze the degradation of xyloglucan, which is the primary composition of
hemicellulose [38]. An increase in XTH and a decrease in xyloglucan during petal senescence were
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found in previous studies [19,39]. Cellulose and hemicellulose are components of the cell wall; therefore,
a decrease in these two substances may cause a bend in the shape of the flowers. In this study, the
downregulation of CesA (spot 9) and upregulation of XTH (spot 38) resulted in the degradation of cell
wall components, affecting the external morphology of the petals. CAD is the limiting enzyme in lignin
synthesis, a secondary metabolic process [40]. Lignin provides structural rigidity for tracheophytes to
stand upright and strengthen the cell walls [41]. The upregulation of XTH (spot 38) and downregulation
of CAD (spot 39) were both obviously exacerbated at 16 h after pollination, suggesting that the cell
wall components were broken down and degraded gradually, which was in agreement with the
ultrastructural observations (Figure 1D). This phenomenon supports a viewpoint that ethylene burst
(accelerating petal senescence) is started after several hours, not at 0 h, after pollination in orchids [42].

3.2.4. Energy Metabolism Protein Species

Petal senescence after pollination denoted a massive increase in carbon flow through glycolysis
and the tricarboxylic acid cycle (TCA), and protein spots corresponding to related enzymes (spots 8, 11,
15, 17, 18, 19, 26, and 40) were identified. Pyrophosphate-fructose 6-phosphate 1-phosphotransferase
subunit β (PFP, spot 40) and triosephosphate isomerase (TPI, spots 8 and 15) are important
enzymes in glycolysis, and two of these (spots 40 and 15) became downregulated once pollination
occurred. One possibility for this phenomenon would be a self-defense mechanism in which low
glucose metabolism contributed to sugar accumulation, sequentially inhibiting the expression of
senescence-associated genes (SAGs), given that van Doorn et al. [43] proposed that sugar starvation
would directly result in petal senescence, and vice versa [43]. Nonetheless, the upregulation of spot
8 might be conducive to maintaining carbon recycling during petal senescence. Dihydrolipoamide
acetyltransferase (E2, spot 11) and dihydrolipoamide dehydrogenase (E3, spot 19) are components
of the pyruvate dehydrogenase system, which catalyzes the conversion of pyruvate into acetyl-CoA.
A decrease in the abundance of these two protein species demonstrated that the TCA cycle is
downregulated during petal senescence induced by pollination, as noted in a review by van Doorn
and Woltering [17]. The level of pyruvate orthophosphate dikinase (PPDK, spots 17 and 18) increased
during senescence, consistent with the viewpoint that the abundance of PPDK might dramatically
increase during abiotic stress, such as low-oxygen stress and water deficit [44]. A reduction in ATP
synthase (ATPase, spot 26) abundance occurred, possibly because this membrane enzyme produces
ATP—generated from the downregulated TCA cycle—from ADP in the presence of a proton gradient
across the membrane.

3.2.5. Signal Transduction Protein Species

Four protein species (spots 4, 25, 36, and 48) related to signal transduction were successfully
identified. Numerous studies have demonstrated that 14-3-3 protein is a key anti-apoptotic factor that
is upregulated in senescent plants and blocks apoptosis by inhibiting the activation of p38 MAPK.
In addition, 14-3-3 protein binds to the apoptosis-promoting protein BAD and to forehead transcription
factor FKHRL1, inhibiting the stimulation of apoptosis [45]. In this study, the upregulation of 14-3-3
protein (spot 25) perhaps demonstrated that 14-3-3 protein can postpone petal senescence by repressing
the activity of apoptotic factors. GTP-binding protein (GTP) regulates many physiological processes,
such as vesicular transportation, signal transduction, and cell apoptosis [46]. Casein kinase II (CKII) is
a highly conserved and messenger-independent serine/threonine protein kinase with both cytosolic
and nuclear localization in eukaryotic cells [47]. This enzyme is implicated in important biological
processes, including apoptosis. In our study, the downregulation of GTP (spot 4) and CKII (spot 36)
during petal senescence differed from the regulation changes in GTP and CKII observed in Mangifera
indica and Coleus blumei [48,49], and further study is needed to obtain the satisfactory elucidation of
these findings.
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3.3. Physiological-Biochemical Analysis

The functions of ROS-scavenging enzymes in senescing petals include detoxifying ROS and
preventing the accumulation of toxic substances. In this context, POD activity was higher in pollination
treatment (8, 16, and 24 h) than in the control (0 h) (Figure 4A), as has been shown in other plants,
such as carnation and day lily [50,51]. The activity of SOD and CAT rapidly increased in the first
8 h (Figure 4A), which was similar to previous observations in Hemerocallis (day lily) flowers [51],
demonstrating that these enzymes provide the first line of defense against ROS. However, the overall
picture shows a reduction in the activity of ROS-scavenging enzymes as senescence progresses after
8 h, with earlier decreases in the activity of SOD and CAT compared to POD, corresponding to the
view proposed by Zeng et al. [50]. The levels of MDA were elevated considerably in the senescing
petals of pollinated flowers (Figure 4B), in agreement with previous results [11].

In the 2-DE results, the content of POD was increased during pollination-induced senescence.
There is a close relationship among POD, CAT, and SOD, which are important antioxidant systems
that catabolize superoxide and hydrogen peroxide, a precursor of reactive oxidants [52,53]. Based on
the 2-DE results and previous studies, we also monitored the changes in the activities of these three
enzymes during petal senescence. The results showed that the activities of the antioxidant enzyme
were also increased. The 2-DE and physiological-biochemical results showed that the ROS-scavenging
system was activated after pollination treatment in Phalaenopsis petals. However, we were not able
to explain why the presence of peroxisome marker enzymes was detected and no peroxisomes were
highlighted with the ultrastructural analysis.

Overall, the effective ROS-scavenging system was rapidly activated once pollination occurred
and maintained ROS at a controlled level, delaying the senescence process.

3.4. Possible Processes That Regulate Differentially Regulated Protein Species during Petal Senescence

Based on the functions of the differentially regulated protein species, a possible mechanism
of petal senescence is proposed (Figure 5). Initially, pollination could trigger the upregulation of
ethylene biosynthetic genes [21]. In this study, ethylene-responsive transcription factors were activated
by direct phosphorylation (possibly by CK II and GTP) or an MAPK cascade (14-3-3 protein) [45].
Other transcription factors were activated by other signals, probably including PA and ROS [9,54].
An increase in ethylene production could activate PLD, which would contribute to rapid PA
accumulation. PA formation could switch on downstream ethylene responses via interaction of
the lipid with CTR1 [54]. PA itself could also promote membrane curvature and induce vesicle
formation [55]. A burst of ROS production might activate the ROS-scavenging system during the
early stage of senescence. The abundance and activity of antioxidant enzymes such as SOD, CAT, and
POD were upregulated, postponing early senescence. However, in general, during petal senescence,
ROS levels rose and antioxidant levels fell, resulting in oxidative stress [9]. Many other protein species
involved in cell wall degradation (CesA, XTH, and CAD), protein degradation (CP, UDF1, PSβ1,
and APN), and carbon mobilization (PFP, TPI, PPDK, ADH, E2, and E3) were also differentially
regulated. Cell wall degradation might result in the loosening of the cell wall, as shown by the
ultrastructural results; meanwhile, protein degradation and carbon mobilization supported nutrient
remobilization. Overall, each of these differentially regulated protein species plays a unique and
cooperative role in regulating petal senescence.
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Figure 5. Putative functions of differentially regulated protein species during petal senescence.
Identified protein species are shown in bold text. Upregulated protein species are marked with ↑,
and downregulated protein species are marked with ↓. ‘Mlti-step enzymatic reaction’ is marked with

. ROS, reactive oxygen species; SOD, superoxide dismutase; CAT, catalase; POD, peroxidase
(spot 10); UFA, unsaturated fatty acid; LOX, lipoxygenase; MDA, malondialdehyde; CK II, casein
kinase II (spot 36); GTP, GTP-binding protein (spot 4); 14-3-3 protein (spot 25); PLD, phospholipase D
(spot 31); PA, phosphatidic acid; CesA, cellulose synthase (spot 9); XG, xyloglucan; XTH, xyloglucan
endotransglucosylase/hydrolase (spot 38); PHE, phenylalanine; HCA, hydroxycinnamic aldehyde;
CAD, cinnamyl alcohol dehydrogenase (spot 39); HMA, hydroxy cinnamic alcohol; CP, cysteine
proteinase (spot 32); UP, ubiquitinated protein; UDF1, ubiquitin fusion degradation protein 1 (spot 37);
PSβ1, proteasome subunit β type 1 (spot 43); AA, amino acid; APN, aminopeptidase N (spot 23);
F6P, fructose-6-phosphate; PFP, pyrophosphate-fructose 6-phosphate 1-phosphotransferase (spot 40);
F1,6P2, fructose-1, 6-diphosphate; DHAP, dihydroxyacetone phosphate; TPI, triosephosphate isomerase
(spots 8 and 15); G3P, glyceraldehydes-3-phosphate; PPDK, pyruvate orthophosphate dikinase
(spots 17 and 18); E1, pyruvate dehydrogenase; E2, dihydrolipoamide acetyltransferase (spot 11);
E3, dihydrolipoyl dehydrogenase (spot 19); ADH, alcohol dehydrogenase (spot 42); TCA, tricarboxylic
acid cycle.
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4. Materials and Methods

4.1. Plant Materials

Phalaenopsis “Red Dragon” plants were grown in a greenhouse at South China Normal University
(Guangzhou, China). Flowers in the middle of inflorescence were selected. They were hand pollinated,
using the method described by Visser et al. [56], in the morning (10:00) on the first day after flowering
and were examined hourly thereafter for visible morphological changes. The petals were collected
from pollinated flowers at 0, 8, 16, and 24 h. For proteomic and physiological-biochemical analysis,
samples were frozen under liquid nitrogen rapidly and stored at −80 ◦C until required. Ten fresh
petals were collected from one group (20 plants) at random and pooled together as one biological
replicate of each time point. In this experiment, three biological replicates and three technical replicates
of three biological replicates were conducted for proteomic analysis and physiological-biochemical
analysis, respectively.

4.2. Observation of the Petal Ultrastructure

To visualize autophagic processes in Phalaenopsis petals, samples collected at each time point were
observed by using transmission electron microscopy (TEM). The experimental petals of each time point
were prepared from flowers that were chosen from one group (20 plants) at random. The operating
steps were conducted as recommended by Shibuya et al. [6] with the following modifications [6].
The center section of each petal was selected and cut into pieces (5 mm × 2 mm). The sample pieces were
fixed in 0.1 M phosphate buffer (pH 7.0) (containing 4% paraformaldehyde and 4% glutaraldehyde)
at 4 ◦C for at least 4 h. After fixation, the sample pieces were rinsed with 0.05 M phosphate buffer,
followed by post-fixation in 0.1 M phosphate buffer (pH 7.0) (containing 1% osmium tetroxide) at 4 ◦C
for 2 h. Then, dehydrated specimens were embedded in epoxy resin. Ultrathin sections (70 nm) were
made with a diamond knife using an ultramicrotome (RM 2255; Leica, Wetzlar, Germany) and placed
on copper grids. Sections were stained with 2% uranyl acetate at room temperature for 15 min and
rinsed with double-distilled water, followed by secondary staining with a lead-staining solution at
room temperature for 3 min. Lastly, the sections were observed and photomicrographs were recorded
with a transmission electron microscope (JEM-1010; JEOL, Tokyo, Japan).

4.3. Protein Extraction

A phenol-based extraction method was employed for protein extraction with the following
modifications [57]. Frozen Phalaenopsis petals (1.5 g) were finely powdered in liquid nitrogen and
suspended in 4 mL ice-cold extraction buffer (500 mM Tris-HCl buffer pH 8.0 containing 0.7 M sucrose,
50 mM ethylenediaminetetraacetic acid, 100 mM KCl, and 2% (v/v) β-Mercaptoethanol) and 4 mL
water-saturated phenol (pH < 4.5) in a 10-mL centrifuge tube. The homogenate was left for 30 min and
centrifuged at 19,500× g for 30 min at 4 ◦C. The upper phenolic phase was collected into a new 10-mL
centrifuge tube, whereas the lower water phase was re-extracted with 4 mL Tris-saturated phenol
(pH > 8.0). Phenolic phases was combined and precipitated overnight with 8 mL of 0.1 M ammonium
acetate/methanol at −20 ◦C. After it was successively rinsed in 5 mL ice-cold 100% acetone and 80%
acetone, the pellet was transferred to a 2-mL microtube and rinsed twice in 1 mL ice-cold 100% acetone.
The final pellet was air-dried for 1.5 h at room temperature and dissolved in lysis buffer (8 M urea, 2 M
thiourea, 4% 3-[(3-Cholamidopropyl)dimethylammonio]propanesulfonate, 1% DL-Dithiothreitol, 0.5%
pH 3–10 non-linear gradient (NL) immobilized pH gradient (IPG) buffer, and a trace of bromophenol)
for 1.5 h at room temperature. The protein solutions were centrifuged at 16,100× g for 40 min at 4 ◦C.
The protein concentration of the supernatants was determined using bovine serum albumin (BSA) as
a standard according to the Bradford method [58].
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4.4. 2-DE and Staining

A sample containing 1350 μg proteins was loaded onto a 24-cm pH 3–10 NL IPG strip
(GE Healthcare, Princ-eton, NJ, USA), which was rehydrated for 16 h at 20 ◦C. After rehydration,
isoelectric focusing (IEF) was performed in a PROTEAN IEF system (GE Healthcare, Fairfield, CT, USA)
under the following conditions: a gradient from 0 to 100 V for 4 h, 250 V for 1 h, 1 kV for 1 h, a gradient
from 1 to 10 kV for 2 h, and a gradient from 10 to 100 kV for 12 h. Subsequently, the strip was
equilibrated for two periods of 15 min with 1.0% (w/v) DTT and 2.5% (w/v) indole-3-acetic acid (IAA)
in equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (v/v) SDS, and a trace
of bromophenol). SDS-PAGE was performed on vertical 12% SDS-PAGE self-cast gels with an Ettan
DALTsix System (GE Healthcare, Fairfield, CT, USA) under the following conditions: 1 W for 30 min
and 15 W for 6 h at 15 ◦C. After 2-DE, the gel was stained with 0.12% Coomassie brilliant blue (CBB)
G-250. At least three biological replicates were assessed for each time point.

4.5. Image Acquisition and Statistical Analysis

The stained gels were scanned with an Image Scanner III (GE Healthcare, Fairfield, CT, USA) with
default parameters as follows: optical resolution, 300 dots per inch (dpi); brightness, 3; contrast, −9;
saturation, 9; total input value, 140; and output value, 20. These images were analyzed on PDQuest
V 8.0 (Bio-Rad, Hercules, CA, USA). After the images were properly cropped and optimized, spot
detection and gel-to-gel matching were performed automatically and were refined by manual spot
editing when needed. Three well-separated gels for each time point were used to create “replicated
groups”. We only considered “consistent spots”, which were present in the three biological replicates,
thus preventing the assignment of normalized volume values to missing spots for multivariate analysis.
These consistent spots were added to the master gel so they could be matched to all of the samples.
The experimental molecular weight (MW) and isoelectric point (pI) of proteins were estimated using
their position in the 2-DE gel.

All data regarding the protein spots from 2-DE maps were preprocessed according to the
recommendations proposed by Valledor and Jorrin [59]. The protein abundance of each spot was
normalized as a percentage of the total volume of all the spots present in the gel, to correct for variability
due to quantitative variations in the intensity of the protein spots. Differentially regulated spots were
defined with one-way ANOVA using SPSS v. 13.0 (Available online: http://spss.en.softonic.com/).
Spot values passed the Duncan test and the degree of freedom (DF) was 11. False discovery rate (FDR)
was controlled at level 0.05. A multivariate analysis was performed over the whole set of spots and on
those showing differences. Spots whose regulation intensity was more than 1.5 times (w/v 0.05) or
less than 0.67 times (p < 0.05) that of the control (0 h) at one or more time points were considered as
differentially regulated protein spots for further analysis.

4.6. Protein In-Gel Digestion and Identification by MALDI-TOF/TOF-MS

Protein spots of interest were excised from the gels, transferred into sterilized 2-mL microtubes,
and then washed twice with double-distilled water. Protein spots were repeatedly de-stained using
50 mM ammonium bicarbonate in 50% (v/v) acetonitrile (ACN) for 30 min at 37 ◦C. Subsequently,
the gel pieces were shrunk by dehydration in ACN and then swollen for 30 min at 4 ◦C in digestion
buffer (25 mM ammonium bicarbonate, 10% (v/v) ACN and 0.02 μg/mL trypsin). After digestion
for 16 h at 37 ◦C, the supernatants were collected and the peptides were extracted again using 0.1%
(v/v) trifluoroacetic acid (TFA) in 67% (v/v) ACN for 30 min. The two supernatants were combined,
vacuum-dried, and then re-dissolved in 67% (v/v) ACN and 0.1% (v/v) TFA for MS analysis.

Peptide mass determinations were performed using an ABI 4800 Plus MALDI-TOF/TOF Analyzer
(Applied Biosystems, Foster City, CA, USA). Identification of the protein sample was conducted using
Mascot Version 2.1 software (Matrix Science, London, UK) with the following optimized parameters:
present in the National Center for Biotechnology Information (NCBI) nonredundant (nr) database,
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a member of the Viridiplantae taxon, a maximum of one missed cleavage, a fixed modification of
carbamidomethyl (C), variable modifications of acetyl (protein N-term) and oxidation (C), a peptide
mass tolerance of 100 ppm, and an MS/MS tolerance of 0.4 Da. The score threshold was greater than
50 (p < 0.05). If the peptides were matched to multiple members of a protein family or if a protein
appeared under different names and accession numbers, only significant hits with the highest protein
score were accepted for identification of the protein sample. When the values of two scores were very
close, we took the reference of the experimental MW and pI.

4.7. Functional Analysis

The bioinformatics data of the successfully identified proteins were gained by GO and
KEGG annotation. GO (Available online: http://www.geneontology.org) and KEGG pathway
(Available online: http://www.genome.jp/kegg/pathway.html) analyses were performed with the
PartiGene program (Available online: http://www.nematodes.org/bioinformatics/annot8r/index.
shtml). Annot8r assigns KEGG (gene) pathways and GO (protein) terms based on BLASTX similarity
(E-value < 1.0 × 10−5) and known GO annotations. The results of GO analyses are summarized in
three independent categories (biological process, cellular component, and molecular function).

4.8. Antioxidant Enzyme Activity Assays and Lipid Peroxidation Analysis

Phalaenopsis petals (0.5 g) were ground in ice-cold 100 mM phosphate buffer (pH 7.5) on ice.
Homogenates was centrifuged at 1500× g for 20 min at 4 ◦C. The supernatant was used for subsequent
assays. Superoxide dismutase activity (SOD; EC 1.15.1.1), catalase activity (CAT; EC 1.11.1.6),
and peroxidase activity (POD; EC 1.11.1.7) were measured according to Chakrabarty et al. [51].
The measurement of lipid peroxidation, which is determined by measuring malondialdehyde
(MDA), was assessed as described previously [11]. CAT and POD activity was expressed as U·g
fresh weight (FW)−1. SOD activity and MDA content were expressed as U·min−1·g FW−1 and
nmol·g FW−1, respectively.

4.9. Statistical Analysis of Physiological-Biochemical Changes

The significance of the differences between the pollination treatment (8, 16, and 24 h) and the
control (0 h) were determined with one-way ANOVA test (p < 0.05) using SPSS v. 13.0 package
(Available online: http://spss.en.softonic.com/). A repeated measurement is given as the mean ± SD.

5. Conclusions

Senescence is a very complex process that involves changes at the physiological, biochemical,
and molecular biology levels. To explore the mechanism underlying senescence, we performed
a comparative proteomic analysis combining several approaches, including ultrastructural observation
and antioxidant enzyme activity analysis, on Phalaenopsis petals at 0, 8, 16, and 24 h after pollination
.The petals appeared to be visibly wilting 24 h after pollination, and this could be accompanied
by the mass degradation of macromolecules and organelles (Figure 1). Proteomic analysis yielded
42 differentially regulated proteins, including 17 proteins that were upregulated and 25 proteins
that were downregulated, and these were identified with confidence by MALDI-TOF/TOF-MS and
homology-driven searches. These protein species are likely to be involved in a wide range of cellular
pathways. Taken together, the results suggest that multiple cellular pathways operate in a coordinated
manner during petal senescence. The identified protein species with specific expression patterns can be
used as putative markers of senescence. Additionally, the activity of all of the ROS-scavenging enzymes
increased, keeping the ROS content at a controlled level at the early stage of senescence. In summary,
the 2-DE proteomic data, ultrastructural observations, and physiological-biochemical analysis results
presented here will help us further understand the molecular and biochemical changes that occur
during petal senescence, thus providing a basis for prolonging florescence. However, as to the progress
of senescence, additional studies will be necessary to fully elucidate the complexity of this process.
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Abstract: Heterotrimeric G proteins are the molecule switch that transmits information from
external signals to intracellular target proteins in mammals and yeast cells. In higher plants,
heterotrimeric G proteins regulate plant architecture. Rice harbors one canonical α subunit
gene (RGA1), four extra-large GTP-binding protein genes (XLGs), one canonical β-subunit gene
(RGB1), and five γ-subunit genes (tentatively designated RGG1, RGG2, RGG3/GS3/Mi/OsGGC1,
RGG4/DEP1/DN1/qPE9-1/OsGGC3, and RGG5/OsGGC2) as components of the heterotrimeric
G protein complex. Among the five γ-subunit genes, RGG1 encodes the canonical γ-subunit,
RGG2 encodes a plant-specific type of γ-subunit with additional amino acid residues at the
N-terminus, and the remaining three γ-subunit genes encode atypical γ-subunits with cysteine-rich
C-termini. We characterized the RGG4/DEP1/DN1/qPE9-1/OsGGC3 gene product Gγ4 in the
wild type (WT) and truncated protein Gγ4ΔCys in the RGG4/DEP1/DN1/qPE9-1/OsGGC3 mutant,
Dn1-1, as littele information regarding the native Gγ4 and Gγ4ΔCys proteins is currently available.
Based on liquid chromatography-tandem mass spectrometry analysis, immunoprecipitated Gγ4
candidates were confirmed as actual Gγ4. Similar to α-(Gα) and β-subunits (Gβ), Gγ4 was
enriched in the plasma membrane fraction and accumulated in the developing leaf sheath.
As RGG4/DEP1/DN1/qPE9-1/OsGGC3 mutants exhibited dwarfism, tissues that accumulated
Gγ4 corresponded to the abnormal tissues observed in RGG4/DEP1/DN1/qPE9-1/OsGGC3 mutants.

Keywords: Dn1-1; γ-subunit; heterotrimeric G protein; mass spectrometry analysis; RGG4; rice;
western blotting

1. Introduction

Heterotrimeric G proteins consist of three subunits (α, β, and γ) in mammals and yeast cells. They
act as signal transducers by transferring extracellular information to intracellular components [1–4].
External signals bind or affect G protein-coupled receptors (GPCRs) to activate them. Activated GPCRs,
which function as an intrinsic GDP/GTP exchange factor of GPCRs, convert α-GDP to α-GTP. When
GTP binds to the α-subunit (α-GTP), heterotrimeric G proteins dissociate into α subunit (α-GTP) and
βγ dimer. The α-subunit and βγ dimer can regulate respective effector molecules. In higher plants,
heterotrimeric G proteins are important molecules that regulate plant development and transmit
external signals to intracellular target proteins [5–7]. Biochemical characteristics of plant heterotrimeric
G proteins have been investigated [5]. The signaling mechanisms and effector molecules that regulate
plant heterotrimeric G proteins have been reviewed [6], as has the plant morphology of heterotrimeric G
protein mutants [7]. Arabidopsis harbors three extra-large GTP-binding protein genes (XLGs) [8,9], one
canonical α-subunit gene (GPA1) [10], one canonical β-subunit gene (AGB1) [11], and three γ-subunit
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genes (AGG1–AGG3) [12–14]. Rice (Oryza sativa) harbors four extra-large GTP-binding protein genes
(XLGs) [15], one canonical α-subunit gene (RGA1) [16], one canonical β-subunit gene (RGB1) [17], and
five γ-subunit genes, which are tentatively designated RGG1, RGG2 [18], RGG3/GS3/Mi/OsGGC1 [19],
RGG4/DEP1/DN1/qPE9-1/OsGGC3 [20,21], and RGG5/OsGGC2 [22].

With regard to the γ-subunit genes in Arabidopsis, AGG1 [12] and AGG2 [13] encode the canonical
γ-subunits and AGG3 [14] encodes the atypical γ-subunit having a cysteine-rich C-terminus. With
regard to the γ-subunit genes in rice, RGG1 encodes the canonical γ-subunit [18], RGG2 encodes the
plant-specific type of γ-subunit [18], and the remaining three γ-subunit genes (RGG3/GS3/Mi/OsGGC1,
RGG4/DEP1/DN1/qPE9-1/OsGGC3, and RGG5/OsGGC2) encode the atypical γ-subunits homologous
to AGG3. RGG3 corresponds to GRAIN SIZE 3 (GS3) [19] and RGG4 corresponds to DENSE AND ERECT
PANICLES 1 (DEP1) [20], DENSE PANICLE1 (DN1) [21], and qPE9-1 [23]. The genome sequence of
RGG5 was predicted by Botella [22]. The diversity and agronomical importance of plant γ-subunits
have been reviewed previously [24].

Concerning mutants of heterotrimeric G proteins, xlg1–xlg3 [25], gpa1 [26], agb1 [27,28], agg1 [29],
agg2 [29], and agg3 [14] in Arabidopsis, and d1 [30,31], Chuan7(GS3-4) and Minghui 63 (GS3-3) [32],
dep1 [20] in rice, have been isolated. By the analysis of gpa1 [26], agb1 [28], d1 [33], and RGB1
knock-down lines [34], an allele of GS3 [35], dep1 [20], it was shown that the plant heterotrimeric G
proteins modulated cell proliferation.

Comparing the wild type and mutant responses to external signals, it has been shown that
plant heterotrimeric G proteins were involved in transductions of multiple external signals, such as
abscisic acid [36–40], auxin [26,28], gibberellin [41–44], brassinosteroid [26,42,43], sugar [26,45,46], blue
light [47,48], ozone [49], elicitors [50–53]. Plant heterotrimeric G proteins may regulate at integration
points for these signals.

Regarding protein–protein interactions in the G protein complex, Klopffleish et al. proposed
that 68 highly interconnected proteins form the core G protein interactome in Arabidopsis, using the
yeast two-hybrid assay (Y2H) [54]. In previous studies, the regulators of G protein signaling protein
(AtRGS1) [55], THYLAKOID FORMATION1 (THF1) [46], and cupin domain protein (AtPrin1) [38],
were shown to be contained in the interactome. It was also shown that G protein complexes containing
Gα subunit—which were solubilized by the plasma membrane—were the huge complexes in rice [18]
and Arabidopsis [56], respectively. The huge complexes may be a part of the interactome.

Among three atypical γ-subunit genes (RGG3, RGG4, and RGG5) in rice, RGG3 corresponds to
GRAIN SIZE 3 (GS3), which regulates seed length in rice [19,32,35,57,58]. RGG4 corresponds to DENSE
AND ERECT PANICLES 1 (DEP1) [20], DENSE PANICLE1 (DN1) [21], quantitative trait locus qPE9-1
(qPE9-1) [23], which regulate plant architecture including semi-dwarfness, panicle number and panicle
erectness. DEP1 regulates nitrogen-use efficiency in addition to regulating plant architecture [59]. RGG5
corresponds to GGC2 [22], which a gene that increases grain length in combination or individually
with DEP1 [57]. These genes are important for rice breeding.

We previously analyzed the native proteins, Gα, Gβ, Gγ1, and Gγ2, localized plasma membrane
fraction [18]. However, there is little information on the native proteins translated by RGG3, RGG4,
and RGG5, such as Gγ3, Gγ4, and Gγ5, respectively. Among the three atypical γ-subunits, we aimed
to identify native Gγ4 and truncated Gγ4 using the anti-Gγ4 domain antibody. The study of the native
Gγ4 and truncated Gγ4 is important to understand the function of Gγ4 and truncated Gγ4, which
regulate plant architecture. When they are identified, biochemical analysis, namely measurement of
subunit stoichiometry and affinity to Gβ, canonical Gα and XLGs, is possible. We tried to identify
the native Gγ4 and in wild type rice using an anti-Gγ4 domain antibody. However, the antibody
recognized multiple proteins. To identify the native Gγ4 protein, we used the RGG4 mutant Dn1-1,
which produces a partially defective protein, as the reference for subtraction. We found candidates
of the native Gγ4 and truncated Gγ4 and confirmed that the candidates are actually the native Gγ4
and truncated Gγ4 by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of
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immunoprecipitation products using anti-Gγ4 domain antibody. The antibody was used to examine
the subcellular localization and tissue-specific accumulation of the native Gγ4.

2. Results

2.1. Rice Heterotrimeric G protein γ4 Gene (RGG4/DEP1/DN1/qPE9-1/OsGGC3) Mutant

To identify the rice heterotrimeric G protein γ4 subunit, Gγ4, we used a mutant possessing the
Dn1-1 mutation in the Nipponbare background. Dn1-1 displayed characteristics of semi-dwarfism and
slightly increased number of spikelets, as described previously [21]. These results indicated that Dn1-1
mutation clearly affected plant height and panicle number.

2.2. Genomic Structure of RGG4 and Protein Structure of Gγ4

The genome sequence of RGG4 was found in RAP-DB (Os09g0441900). We reconfirmed the
genome sequence of RGG4. RGG4 consists of five exons (Figure 1a). The translation product, Gγ4,
comprises 426 amino acid residues. To prepare recombinant proteins, cDNA for RGG4 was isolated.
The molecular weight of Gγ4 calculated from cDNA was 45210 Da. Gγ4 comprised a canonical γ
domain of approximately 100 amino acids, a short region with hydrophobic amino acid residues
(tentatively termed the transmembrane region, TM), and a region enriched in cysteine residues
(Cys-rich region) (Figure 1b).

The Dn1-1 mutation occurred as a result of a one-base substitution. We reconfirmed the mutation
in Dn1-1 in which C, at position 512 in the full-length cDNA of RGG4, was substituted by A (C512A),
resulting in the generation of a stop codon (Figure 1a). In Dn1-1, the mutated protein, tentatively
designated Gγ4ΔCys, consisted of 170 amino acid residues (Figure 1b). The cysteine-rich region was
absent in Gγ4ΔCys. The molecular weight of Gγ4ΔCys calculated from cDNA was 18997 Da.

 

Figure 1. Genome and protein structure of RGG4/DEP1/DN1/qPE9-1/OsGGC3. (a) Genome structure of
RGG4/DEP1/DN1/qPE9-1/OsGGC3 and position of the mutation in RGG4/DEP1/DN1/qPE9-1/OsGGC3
mutant Dn1-1. The one-base substitution (C512A in full-length cDNA) in Dn1-1 was in a codon in
which TCG (cysteine) was changed to TAG (stop codon). (b) Protein structure of the product of
RGG4/DEP1/DN1/qPE9-1/OsGGC3 in wild type (WT) (Gγ4) and Dn1-1 (Gγ4ΔCys). The canonical
γ-domain region is shown as γ domain. Putative transmembrane domain is indicated as TM. The
cysteine-rich region is indicated by the gray box. An arrow under WT Gγ4, which covers 137 amino acid
residues from the N-terminus, is the region used for recombinant proteins, such as the thioredoxin
(Trx)-tagged Gγ4 domain protein (Trx-Gγ4 domain protein), which was used as the antigen, and
glutathione S transferase (GST)-tagged Gγ4 domain protein (GST-Gγ4 domain protein), which was
used for affinity purification of the antibody.
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2.3. Gγ4 Candidates Localized in the Plasma Membrane Fraction

Identification of native Gγ4 and Gγ4ΔCys was carried out using both WT and Dn1-1 as subtraction
references, respectively. As rice Gα and Gβ were known to be localized in the plasma membrane
fraction, the plasma membrane fractions of wild type (WT) and Dn1-1 were prepared using an aqueous
two-polymer phase system. Gγ4 candidates were detected by western blotting (WB) using anti-Gγ4
domain antibody. In WT, a 55-kDa protein (Gγ4 candidate) was detected (Figure 2a, lane 2); this band
was not observed in Dn1-1. The molecular weight of Gγ4 candidate was much higher than that of Gγ4
calculated from WT cDNA (45 kDa). In Dn1-1, a 27-kDa protein (Gγ4ΔCys candidate) was detected
(Figure 2a, lane 3). The molecular weight of the Gγ4ΔCys candidate was much higher than that of
Gγ4ΔCys calculated from cDNA (19 kDa). The molecular weight of Gγ4 and Gγ4ΔCys candidates
was measured using molecular weight markers (Figure 2b). Since a sharp band with molecular weight
of 31 kDa (indicated by an arrowhead) was found in WT and Dn1-1, this band was eliminated to be a
Gγ4 candidate.

The chemiluminescent intensity of Gγ4ΔCys was more than 3-fold that of Gγ4, when 10 μg of
plasma membrane protein of the WT and Dn1-1, respectively, was analyzed by western blot.

Figure 2. Immunological study of the Gγ4 candidates in leaf sheath of wild type (WT) and Dn1-1.
(a) Plasma membrane protein fractions of WT and Dn1-1 (10 μg) were used for western blot analysis
using anti-Gγ4 domain antibody. Lane 1 contains molecular weight markers. The Gγ4 candidate
(indicated by an arrow) was detected as a broad band with a molecular weight of approximately 55 kDa
in WT (lane 2). The Gγ4ΔCys candidate (indicated by an arrow) was detected as a broad band with
a molecular weight of approximately 27 kDa in Dn1-1 (lane 3). An arrowhead indicates non-specific
bands found in both WT and Dn1-1. (b) The molecular weights of Gγ4 and Gγ4ΔCys candidates were
estimated using molecular weight marker as the standard.

2.4. Immunoprecipitation of Gγ4, and Gγ4ΔCys Using Anti-Gγ4 Domain Antibody

To concentrate Gγ4 and Gγ4ΔCys candidates, immunoprecipitation was carried out using
anti-Gγ4 domain antibody. Fifty micrograms of anti-Gγ4 domain antibody was added to 2 mg and
1 mg of solubilized plasma membrane protein of leaf sheath of WT (Figure 3a) and Dn1-1 (Figure 3b),
respectively. Gγ4 and Gγ4ΔCys candidates were collected with the antibody cross-linked Protein
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A-bound beads. The Gγ4 candidate in WT (55 kDa; Figure 3a, lane 3) and Gγ4ΔCys candidate in Dn1-1
(27 kDa; Figure 3b, lane 3), were immunoprecipitated. Most other proteins detected by WB of plasma
membrane fraction were not observed in the immunoprecipitated products.

Figure 3. Immunoprecipitation (IP) of Gγ4 and Gγ4ΔCys candidates in leaf sheath of wild type (WT)
and Dn1-1. (a) IP of Gγ4 candidate from solubilized plasma membrane proteins of wild type (WT)
using anti-Gγ4 domain antibody. Lane 1, molecular weight markers; lane 2, 10 μg of plasma membrane
protein fraction of WT; lane 3, IP product of solubilized plasma membrane proteins and anti-Gγ4
domain antibody; lane 4, control experiment (buffer in the placement of membrane proteins). (b) IP of
Gγ4ΔCys candidate from solubilized plasma membrane proteins of Dn1-1 using anti-Gγ4 domain
antibody. Lane 1, molecular weight markers; lane 2, 10 μg of plasma membrane protein fraction of
Dn1-1; lane 3, IP product of solubilized plasma membrane proteins of Dn1-1 and anti-Gγ4 domain
antibody; lane 4, control experiment (buffer in the placement of membrane proteins).

2.5. LC-MS/MS Analysis

LC-MS/MS analysis was performed to confirm that Gγ4 and Gγ4ΔCys candidates were actually
Gγ4 and Gγ4ΔCys and to confirm that proteins with which anti-Gγ4 domain antibody reacted were
actually Gγ4 and Gγ4ΔCys. First, we analyzed whether Gγ4 and Gγ4ΔCys candidates in eluate from
SDS-PAGE gel pieces of plasma membrane proteins were detected by LC-MS/MS. When the signal
intensities of Gγ4 and Gγ4ΔCys in LC-MS/MS were low, we analyzed immunoprecipitation products
enriched by anti-Gγ4 domain antibody.

Plasma membrane proteins from WT and Dn1-1 were analyzed by LC-MS/MS. Forty micrograms
each of plasma membrane protein isolated from WT and Dn1-1 leaf sheath were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and each lane of the gel was cut into
10 pieces according to molecular weight marker to increase the relative amount of target proteins.
After these gel pieces were digested with trypsin, peptides were analyzed by LC-MS/MS in triplicate.
WT plasma membrane proteins did not display fragments with p < 0.05 Gγ4 and Mascot score of
Gγ4 was <50. In LC-MS/MS analysis of Dn1-1 plasma membrane proteins, five fragments with
p < 0.05 in Gγ4ΔCys were obtained. The Mascot score in Gγ4ΔCys was 95. Fifteen high accuracy
LC-MS/MS fragments of immunoprecipitated WT Gγ4 were obtained (Table 1A). They were chosen
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as the standard and were numbered. The five fragments from Dn1-1 plasma membrane protein
corresponded to fragment numbers 2, 3, 4, 6, and 7 (Table 1). The Gγ4 candidate was not detected in
the LC-MS/MS analysis of WT plasma membrane proteins, and the immunoprecipitation experiment
using anti-Gγ4 domain antibody was done.

IP products from WT and Dn1-1 were separated by SDS-PAGE and analyzed by LC-MS/MS,
but the products were not detected by silver staining. In IP products of WT (Figure 3a, lane 3), a gel
piece containing a 55-kDa protein was excised and digested with trypsin. The resultant peptides were
analyzed by LC-MS/MS. Fifteen Gγ4 fragments with primary mass (p < 0.05) were obtained (Table 1A).
In IP products of Dn1-1, a gel piece containing a 27-kDa protein was excised and digested by trypsin,
and the resultant peptides were analyzed by LC-MS/MS. Eight fragments (p < 0.05) were obtained
(Table 1B).

Figure 4a presents examples of fragments with high accuracy, the MS/MS results of fragments 1,
8, 11, and 15. Based on these results, we concluded that the 55-kDa and 27-kDa proteins were Gγ4 and
Gγ4ΔCys, respectively. When the NCBI protein database was used for the analysis of Gγ4 candidates,
Gγ4 was found to be annotated using other names, such as ACL27948.1.

Table 1. LC-MS/MS analysis of Gγ4 fragments in leaf sheath of wild type (WT) and Dn1-1. (A) Gγ4
fragments in immunoprecipitation products of the WT membrane fraction. (B) Gγ4 fragments in
immunoprecipitation products of the Dn1-1 membrane fraction.

(A)

Fragments Observed Mr (Expt) Mr (Calc) Expect Peptide

1 706.8601 1411.7057 1411.7129 1.80 × 10−6 M.GEEAVVMEAPRPK.S
2 440.7008 879.3871 879.3909 0.0015 R.YPDLCGR.R
3 608.8365 1215.6585 1215.6645 9.20 × 10−7 R.MQLEVQILSR.E
4 375.7118 749.409 749.4323 0.0075 R.EITFLK.D
5 799.3979 1596.7812 1596.7896 1.20 × 10−6 K.DELHFLEGAQPVSR.S
6 1036.5248 1035.5175 1035.5237 2.10 × 10−5 K.EINEFVGTK.H
7 460.7616 919.5086 919.5127 0.0077 K.HDPLIPTK.R
8 905.3625 1808.7105 1808.721 7.50 × 10−7 K.LCICISCLCYCCK.C
9 904.4171 903.4098 903.416 0.0006 K.SLYSCFK.I
10 751.3766 750.3693 750.3734 0.00025 K.IPSCFK.S
11 856.6377 2566.8913 2566.909 66.70 × 10−8 K.SQCNCSSPNCCTCTLPSCSCK.G
12 710.2448 1418.4751 1418.4836 1.30 × 10−8 R.CADCFSCSCPR.C
13 581.7522 1161.4898 1161.4947 3.90 × 10−7 R.CSSCFNIFK.C
14 725.2517 1448.4889 1448.4975 7.00 × 10−7 K.CSCAGCCSSLCK.C
15 620.7291 1239.4437 1239.4505 1.10 × 10−5 R.NPCCLSGCLC

(B)

Fragments Observed Mr (expt) Mr (Calc) Expect Peptide

1 706.8604 1411.7063 1411.7129 0.000016 M.GEEAVVMEAPRPK.S
2 440.7009 879.3872 879.3909 0.002 R.YPDLCGR.R
3 608.8362 1215.6579 1215.6645 5.6 × 10−7 R.MQLEVQILSR.E
4 375.7219 749.4292 749.4323 0.0019 R.EITFLK.D
5 799.3994 1596.7842 1596.7896 0.000046 K.DELHFLEGAQPVSR.S
6 1036.5227 1035.5154 1035.5237 0.000024 K.EINEFVGTK.H
7 460.7607 919.5068 919.5127 0.018 K.HDPLIPTK.R
8 905.3626 1808.7107 1808.721 0.0000015 K.LCICISCLCYCCK.C

Eight microliters of each eluate in immunoprecipitates of WT and Dn1-1 (A and B) were used for LC-MS/MS.
Fragments of trypsin-digested Gγ4 candidates (p < 0.05) are shown. Fragment numbers correspond to Figure 4a.
Mr (expt) and Mr (calc) correspond to the theoretical molecular mass and molecular mass that was calculated from
the observed molecular mass, respectively. The scores by Mascot search were 859 (A) and 505 (B) for WT and
Dn1-1, respectively.

537



Int. J. Mol. Sci. 2018, 19, 3596

Figure 4. LC-MS/MS analysis of Gγ4 candidates from WT leaf sheath. (a) Fifteen peptides (p <
0.05) produced by trypsin-digested Gγ4 candidates in wild type (WT) and Dn1-1 are numbered and
underlined in the full-length Gγ4 amino acid sequence. These peptides are listed in Table 1 (A and B).
(b) MS/MS spectra of four fragments, which were obtained as immunoprecipitation product of Gγ4 in
WT (Figure 3a, lane 3). Fragment numbers correspond to Table 1 (A and B).
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2.6. Enrichment of Gγ4 and Gγ4ΔCys in the Plasma Membrane Fraction

As LC-MS/MS analysis showed that anti-Gγ4 domain antibody reacted with Gγ4 and Gγ4ΔCys,
the amount of Gγ4 and Gγ4ΔCys in the crude microsomal fraction was compared to that in the plasma
membrane fraction by western blot (Figure 5). This was in order to check whether Gγ4 and Gγ4ΔCys
are enriched in the plasma membrane. To confirm the purity of plasma membrane, the OsPIP1s
aquaporin was used as a plasma membrane marker. Gα and Gβ are the subunits of heterotrimeric G
protein complex in rice. OsPIP1s, Gα subunit, and Gβ subunit were enriched in the plasma membrane
fraction. Gγ4 (55 kDa in WT) and Gγ4ΔCys (27 kDa in Dn1-1) were also enriched in the plasma
membrane fraction. These results showed that Gγ4 (55 kDa in WT) and Gγ4ΔCys (27 kDa in Dn1-1)
were localized in the plasma membrane fraction. Non-specific bands (indicated by arrowheads)
detected by WB were not analyzed.

Figure 5. Gγ4 and Gγ4ΔCys in leaf sheath of wild type (WT) and Dn1-1 were enriched in the
plasma membrane fraction (PM). Ten micrograms of each crude microsome fraction (cMS) and plasma
membrane (PM) proteins from wild type (WT) and Dn1-1 were analyzed by western blot using
anti-OsPIP1s, anti-Gα, anti-Gβ, and anti-Gγ4 domain antibodies. OsPIP1s is an aquaporin and a
plasma membrane marker. OsPIP1s (25kDa), Gα (45kDa), Gβ (43kDa), Gγ4 (55kDa), and Gγ4ΔCys
(27kDa) are indicated by arrows. Non-specific bands are indicated by arrowheads.

2.7. Tissue-Specific Accumulation of Gγ4

To identify the tissues in which Gγ4 accumulates, the accumulation profile of Gγ4 was studied
using plasma membrane fractions of leaf of 1-week-old etiolated seedling, developing leaf sheath, and
flowers of WT by western blot. Gγ4 protein predominantly accumulated in the developing leaf sheath
(Figure 6).
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Figure 6. Tissue-specific accumulation of Gγ4 in wild type (WT). Ten micrograms of each plasma
membrane protein fraction of leaf, leaf sheath, and flower of WT was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and western blotting using anti-Gγ4 domain antibody.
Lane 1, leaf from etiolated seedling; lane 2, developing leaf sheath at 8th leaf stage; lane 3, 1–5 cm
flower. WB: western blot.

3. Discussion

Rice has three atypical γ-subunit genes (RGG3, RGG4, and RGG5) in the heterotrimeric G protein
complex, which are homologous to AGG3. Both RGG3 regulating seed length and RGG4 regulating
plant architecture including semi-dwarfness, panicle number and panicle erectness, respectively, are
important genes for breeding. In this study, we aimed to identify the native protein translated by
RGG4/DEP1/DN1/qPE9-1/OsGGC3. Identification of the native Gγ4 and truncated Gγ4 is important,
to understand the function of RGG4.

First, we detected the Gγ4 candidate from WT and truncated Gγ4 candidate Gγ4ΔCys from
Dn1-1 by WB using anti-Gγ4 domain antibodies (Figure 2). SDS-PAGE estimated the molecular
weights of Gγ4 and Gγ4ΔCys candidates as 55 and 27 kDa, respectively, which were higher than
the molecular mass calculated using cDNAs (45 and 19 kDa, respectively). These results indicated
that modifications, such as glycosylation, ubiquitination, phosphorylation, lipid modification, which
include palmitoylation etc., might have occurred after translation in Gγ4 and Gγ4ΔCys candidates.
As Gγ4 and Gγ4ΔCys were detected as broad bands by WB, some modification may have occurred.
Identification of the modifications will be the subject of future studies. When 10 μg of plasma
membrane protein from each of the WT and Dn1-1 developing leaf sheath were analyzed by western
blot, the chemiluminescent intensity of Gγ4ΔCys was more than 3-fold that of Gγ4 (Figure 2).
The reason that the amount of Gγ4 was less than that of Gγ4ΔCys may be that Gγ4 is degraded
by proteases. Another possibility is that Gγ4ΔCys accumulates in the plasma membrane with other
proteins, including Gβ.

To obtain concrete evidence of whether the Gγ4 and Gγ4ΔCys candidates detected by WB were
actually Gγ4 and Gγ4ΔCys proteins, IP products of Gγ4 and Gγ4ΔCys candidates were analyzed by
LC-MS/MS (Figures 3 and 4). Fifteen fragments displayed p < 0.05 using the Mascot search engine
were obtained from the two candidates. These results indicated that the Gγ4 and Gγ4ΔCys candidates
were indeed Gγ4 and Gγ4ΔCys, respectively.

Dn1-1 displays semi-dwarfness and increased spikelet number [21]. Thus, Gγ4 regulates plant
architecture. Gγ4 and Gγ4ΔCys accumulated in the plasma membrane fraction of developing leaf
sheath (Figure 5). The tissue in which Gγ4 and Gγ4ΔCys accumulated corresponded to the tissue that
exhibited semi-dwarfness in Dn1-1 (Figure 6). Although Dn1-1 exhibited slightly increased number of
spikelets [21], the amount of Gγ4 in flower of 1–5 cm in length was less than that in the developing
leaf sheath (Figure 6). In the RAP-database, an accumulation profile of Gγ4 mRNA by microarray
analysis was found. The relative amount of Gγ4 mRNA in the flower was similar to that in the leaf
sheath. The accumulation profile of Gγ4 protein seems to be slightly different from that of Gγ4 mRNA.
The accumulation of Gγ4 protein in flowers may be limited to some specific stage and/or organ, such
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as the inflorescent meristem, in which other proteins necessary for stable accumulation of Gγ4 protein
may be present.

Sun et al. studied the interaction between DEP1 (Gγ4 in this study) and Gβ using yeast two-hybrid
(Y2H) and bimolecular fluorescence complementation (BiFC) methods [59]. The G protein γ-like
domain (GGL) of DEP1 was necessary for binding to Gβ. It is considered that approximately 90–100
N-terminal amino acid residues comprise the canonical γ-domain and the subsequent 20 amino acid
residues comprise a transmembrane domain in DEP1. As the truncated proteins of dep1-1 [59] and
Dn1-1 in this study [21] comprised 196 and 170 amino acid residues, respectively, they can bind to
Gβ and anchor in the plasma membrane. Sun et al. also studied the subcellular localization of DEP1
and Gβ by BiFC. DEP1 interaction with Gβ on the plasma membrane was revealed. The truncated
protein of dep1-1 also interacted with Gβ on the plasma membrane. In this research, Gγ4 and Gγ4ΔCys
were enriched in rice plasma membrane, as was Gβ. Our results corroborate the findings of Sun et al.
As native Gγ4 and Gγ4ΔCys have canonical γ and transmembrane domains, these proteins may form
a dimer with Gβ and might anchor on the plasma membrane.

Sun et al. indicated that DEP1 is localized in the nucleus, in addition to the plasma membrane [59].
Taguchi-Shiobara et al. also demonstrated that DN1 (DEP1) is localized in the nucleus by analysis
of green fluorescence protein–Gγ4 fusion protein [21]. Although we detected faint broad bands in
the 2000× g precipitate, which may correspond to Gγ4, it was not clear whether these broad bands
were actually Gγ4 or not. If Gγ4 was localized in the nucleus, its amount was less than that in the
plasma membrane fraction. Although we purified our antibodies using affinity purification method,
our antibody recognized Gγ4 and other proteins in WB (Figures 2 and 5). Antibody production using
another part of Gγ4 may be necessary to prepare a high-specificity antibody.

Concerning G protein signaling, the unusual βγ dimer composed of GβGγ4ΔCys may be the
cause of the shortened plant height and increased spikelet number. In fact, the relative amount
of Gγ4ΔCys is much higher than that of Gγ4 in the developing leaf sheath. It will be interesting
to determine the function of the unusual βγ dimer (GβGγ4ΔCys) with reference to the G protein
signaling model [5,6].

Gβ subunits interact with Gγ subunits and subsequently the βγ dimer was formed in mammals and
yeast [1–4]. It has also been shown in plants that Gβ subunits interact with Gγ subunits, using pull down
assay [12,13], Y2H [13,18], the split-ubiquitin system [14], bimolecular fluorescence complementation
assay (BiFC) [57,59], etc. We confirmed that Gγ4 and Gγ4ΔCys interacted with Gβ using Y2H (data not
shown).

Cell number of stem in longitudinal axis is higher in NIL-dep1 [20]. Gγ4 also modulate cell
proliferation, similar to Gα [33], Gβ [34], and Gγ3 [35]. It will be important to research the mechanism
of cell proliferation which the G protein subunits regulate.

Candidates of both βγ1 and βγ2 dimers present two different fractions in gel filtration, with
the former evident as huge complexes containing both βγ1 and βγ2 dimers, and the latter being the
dissociated form of the huge complex as a sole βγ1 or βγ2 dimer, in the plasma membrane of etiolated
rice seedling [18]. Although this may have resulted from artificial dissociation during solubilization
and gel fractionation, this approach will be important for understanding the heterotrimeric G protein
complex. As we identified native Gγ4 and Gγ4ΔCys in this study, it will be possible to determine
whether Gγ4 is a component of the heterotrimeric G protein complex containing canonical Gα

and XLGs.
Kunihiro et al. showed that rice DEP1 (Gγ4) may function as a trap for cadmium ions on yeast

cells and Arabidopsis [60]. This study gives a new insight into enzymatic function of rice DEP1 (Gγ4).
The comparison of cadmium ions between wild type and Dn1-1 may be helpful for further study of G
protein signaling.
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4. Materials and Methods

4.1. Plant Materials

A rice cultivar (O. sativa L. cv. Nipponbare) and a heterotrimeric G protein γ4 mutant (Dn1-1) [21]
were used in this study. All rice plants were grown under 14-h light (50,000 lux and 28 ◦C) and 10-h
dark (25 ◦C) cycle or under natural field condition. Nipponbare is abbreviated as WT in the manuscript.

4.2. Sequencing and Confirmation of RGG4

Genomic DNA was isolated from whole plants of WT and Dn1-1 by an extraction method using
cetyltrimethylammonium bromide [61]. Using this DNA as the template, PCR was performed using
>20 sets of PCR primers to cover 4701 bases of RGG4 (Os09g0441900). The amplified DNA fragments
were sequenced directly using the same primers that were used for amplification.

4.3. RNA Isolation, Reverse Transcription, and cDNA Encoding of the Heterotrimeric G Protein γ4 Subunit

Total RNA from flower tissue was directly extracted using RNeasy Plant Mini Kits (Qiagen).
The first strand of cDNA was synthesized using Super Script First Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA, USA). Total RNA (0.5 μg) and oligo-dT were used as the template and
primer, respectively, for first strand cDNA synthesis. To isolate RGG4 cDNA, primers were designed
based on the database information (Os03g0407400): RGG4 forward: 5′ gtggttctgagttggccgtt 3′ and
RGG4 reverse: 5′ caaccaaaaaaggatctagatc 3′. The amplified PCR products were sub-cloned into pCR4
(Invitrogen) and sequenced with a THERMO sequence dye terminator cycle sequencing kit (Amersham
Biosciences, Little Chalfont, UK) using a model 377 DNA sequencer (Applied Biosystems, Foster City,
CA, USA).

4.4. Preparation of cMS and Plasma Membrane Fractions of Rice

cMSs fraction of WT were prepared from etiolated seedlings grown for 5 days at 28 ◦C, from
developing leaf sheaths at the 8th leaf stage, and from 1–5 cm flowers as described previously [18].
In Dn1-1, the cMS fraction from developing leaf sheaths at the 8th leaf stage was prepared. All procedures
for membrane preparation were performed at 4 ◦C. Tissue homogenate was centrifuged at 10,000× g for
10 min, and the resultant supernatant was centrifuged at 100,000× g for 1 h. The precipitate (100,000× g
precipitate) was designated the crude microsomal fraction (cMS). Plasma membrane fractions were
prepared from cMS using an aqueous two-polymer phase system [62].

4.5. SDS-PAGE

Electrophoresis was performed on 12.5% and 10%/20% gradient polyacrylamide gels containing
0.1% SDS as described previously [63].

4.6. Preparation of Trx-Gγ4 and GST-Gγ4 Domain Proteins

cDNA encoding 137 amino acid residues from the N-terminal of rice Gγ4 protein was amplified
by PCR using primers. The cDNA contained the Gγ4 domain and putative transmembrane region:
RGG4 domain forward: 5′ ccatggctcatatggatatcatgggggaggaggcggtggtg 3′ and RGG4 domain reverse:
5′ aagcttcccgggtcaactgcagtttggcttacagcatg 3′. Amplified cDNA was sub-cloned in pCR4 (Invitrogen)
and the fragment containing the Gγ4 domain was digested with EcoRV and HindIII. The fragment was
sub-cloned in pET32a containing thioredoxin (Trx) and histidine (His) tags (Novagen, Madison, WI,
USA). The resultant clone, Trx-Gγ4 domain vector, was transformed in T7 Express lysY/Iq Escherichia coli
(New England Biolabs, Ipswich, MA, USA). The recombinant protein was designated Trx-Gγ4 domain
protein. cDNA containing the Gγ4 domain was also sub-cloned in pET41 containing glutathione S
transferase (GST) and histidine (His) tags (Novagen). The resultant clone, GST-Gγ4 domain vector,
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was transformed in T7 Express lysY/Iq E. coli (New England Biolabs). The recombinant protein was
designated as GST-Gγ4 domain protein.

The overexpression of Trx-Gγ4 domain protein and GST-Gγ4 domain protein in T7 Express lysY/Iq

E. coli was carried out as previously described [63]. Induction was performed at 37 ◦C. Induction was
started by addition of isopropyl β-D-1-thiogalactopyranoside (final concentration, 1 mM). After 3 h,
E. coli was harvested at 10,000× g for 5 min at 4 ◦C and stored at −80 ◦C until required.

As the Trx-Gγ4 domain protein and GST-Gγ4 domain protein were inclusion bodies, both proteins
were solubilized in 6 M guanidine hydrochloride, 10 mM Tris HCl, pH 8.0. Solubilized proteins were
applied to Ni-NTA agarose (Qiagen, Hilden, Germany). Purification of both proteins was performed
according to the protocols recommended by the manufacturers.

The antibody was raised against Trx-Gγ4 domain protein in rabbits. Affinity purification of the
antibody was carried out using a polyvinylidene fluoride (PVDF) membrane (Millipore, Burlington,
MA, USA) immobilized with GST-Gγ4 domain protein.

4.7. Western Blotting (WB)

Proteins were separated by 12.5% or 10/20% gradient SDS-PAGE, and blotted on a PVDF membrane
(Millipore). Antibody against rice Gγ4 domain was affinity-purified in this study. Antibodies against
rice heterotrimeric G protein α- and β-subunits (anti-Gα and anti-Gβ antibodies, respectively) were used
as described previously [18]. Antibody against the aquaporin plasma membrane marker (anti-OsPIP1s)
was purchased from Operon Biotechnologies. The Chemi-Lumi One Markers Kit (Nacalai Tesque, Kyoto,
Japan) was used as the molecular weight marker for WB. Affinity-purified anti-Gγ4 domain antibody
was used at 5 μg IgG/mL for WB. Anti-Gα and anti-Gβ antibodies were used at 1 μg IgG/mL for WB.
Anti-OsPIP1s was diluted as described by the manufacture.

ECL™ peroxidase labeled anti-rabbit secondary antibody was purchased from GE Healthcare
(Little Chalfont, UK). ECL Immobilon Western Chemiluminescent HRP Substrate (Millipore) was
used for detection reagent for WB. The chemiluminecent signal was measured by Fusion SL (M&S
Instruments, Orpington, UK).

4.8. Immunoprecipitation (IP)

Fifty micrograms of affinity-purified anti-Gγ4 domain antibody was bound to 50 mg of Protein
A-bound magnetic beads (Millipore, Burlington, MA, USA). After washing twice with 1× PBS, anti-Gγ4
domain antibody and Protein A were cross-linked with dimethyl pimelimidate dihydrochloride
(DMP). The conditions followed for cross-linking were according to the protocols recommended by
the manufacturer. After quenching, the magnetic cross-linked beads with anti-Gγ4 domain antibody
were stored at 4 ◦C until use.

SDS (0.1 mL of a 10% solution) was added to 0.9 mL of the plasma membrane fraction (1 mg
protein/10 mg SDS/mL) and denatured for 5 min at 90 ◦C. After diluting the solubilized fraction with
10 mL of 1× Tris-buffered saline containing 1% Tween-20, magnetic beads cross-linked with 50 μg of
anti-Gγ4 domain antibody were added. After incubation for 2 h at 25 ◦C, the magnetic beads were
collected into a 1.5-mL tube and washed three times each with 0.5 mL of 1× TBS containing 0.1%
Tween-20 and 0.5 mL of 1× TBS. Proteins were eluted from the beads using 40 μL of dissociation buffer
(Bio-Rad) without the reducing agent. Eight microliters of each eluate was used for LC-MS/MS.

4.9. Protein Reduction, Alkylation, and Trypsin Digestion for LC-MS/MS Analysis

For LC-MS/MS analysis, 40 μg of leaf sheath plasma membrane proteins from WT and Dn1-1
were analyzed using 15% SDS-PAGE. Electrophoresis was stopped at a position where bromophenol
blue was 3 cm away from the stacking gel. The 3-cm long gel was excised in 10 pieces according to the
molecular weight marker, Precision Plus Protein™ Kaleidoscope™ (Bio-Rad Laboratories, Hercules,
CA, USA) without staining. These gel pieces were subjected to trypsin digestion. In some cases, gels
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were silver stained using Pierce Silver Stain for Mass Spectrometry (Thermo Fisher Scientific, Waltham,
MA, USA).

Gel pieces were resuspended in 50 mM NH4HCO3, reduced with 50 mM dithiothreitol for 30 min
at 56 ◦C, and alkylated with 50 mM iodoacetamide for 30 min at 37 ◦C in the dark. Alkylated proteins
in the gels were digested with 10 μg/mL trypsin solution (Promega, Madison, WI, USA) for 16 h at
37 ◦C. The resultant peptides were concentrated and suspended in 0.1% formic acid and analyzed by
LC-MS/MS.

4.10. Protein Identification Using Nano LC-MS/MS

The peptides were loaded onto the LC system (EASY-nLC 1000; Thermo Fisher Scientific) equipped
with a trap column (EASY-Column, C18-A1 5 μm, 100 μm ID × 20 mm; Thermo Fisher Scientific),
equilibrated with 0.1% formic acid, and eluted with a linear acetonitrile gradient (0–50%) in 0.1%
formic acid at a flow rate of 200 nL/min. The eluted peptides were loaded and separated on a column
(C18 capillary tip column, 75 μm ID × 120 mm; Nikkyo Technos, Tokyo, Japan) with a spray voltage of
1.5 kV. The peptide ions were detected using MS (LTQ Orbitrap Elite MS; Thermo Fisher Scientific)
in data-dependent acquisition mode with the installed Xcalibur software (version 2.2; Thermo Fisher
Scientific). Full-scan mass spectra were acquired in MS over 400–1500 m/z with a resolution of 60,000.
The 10 most intense precursor ions were selected for collision-induced fragmentation in the linear ion
trap at normalized collision energy of 35%. Dynamic exclusion was employed within 90 s to prevent
repetitive selection of peptides.

4.11. MS Data Analysis

Protein identification was performed using the Mascot search engine (version 2.5.1, Matrix
Science, London, UK) and the in-house database constructed using the amino acid sequences of rice
heterotrimeric G protein subunits. For both searches, carbamidomethylation of cysteine was set as
the fixed modification and oxidation of methionine was set as a variable modification. Trypsin was
specified as the proteolytic enzyme, and one missed cleavage was allowed. Peptide mass tolerance was
set at 10 ppm, fragment mass tolerance was set at 0.8 Da, and peptide charges were set at +2, +3, and
+4. An automatic decoy database search was performed as a part of the search. Mascot results were
filtered with the Percolator function to improve the accuracy and sensitivity of peptide identification.
The minimum requirement for identification of a protein was two matched peptides. Significant
changes in the abundance of proteins between samples were determined (p < 0.05).

4.12. Gene ID

The accession number of rice heterotrimeric G protein α, β, and γ4 subunit genes (RGA1, RGB1,
and RGG4, respectively) is Os05g0333200, Os03g0669200, and Os09g0441900, respectively.
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Abbreviations

agb1 Mutant of heterotrimeric G protein β subunit gene in Arabidopsis
agg1 Mutant of heterotrimeric G protein γ1 subunit gene in Arabidopsis
agg2 Mutant of heterotrimeric G protein γ2 subunit gene in Arabidopsis
agg3 Mutant of heterotrimeric G protein γ3 subunit gene in Arabidopsis
AGB1 Heterotrimeric G protein β subunit gene in Arabidopsis
AGG1 Heterotrimeric G protein γ1 subunit gene in Arabidopsis
AGG2 Heterotrimeric G protein γ2 subunit gene in Arabidopsis
AGG3 Heterotrimeric G protein γ3 subunit gene in Arabidopsis
d1 Mutant of heterotrimeric G protein α subunit gene in rice
DEP1 DENCE AND ERRECT PANICLES 1
DN1 DENCE PANICLE 1
gpa1 Mutant of heterotrimeric G protein α subunit gene in Arabidopsis
Gα Heterotrimeric G protein α subunit
Gβ Heterotrimeric G protein β subunit
Gγ Heterotrimeric G protein γ subunit
GPA1 Heterotrimeric G protein α subunit gene in Arabidopsis
GS3 GRAIN SIZE 3 gene
IP Immunoprecipitation
OsGGC1 A gene of heterotrimeric G protein γ subunit Type-C in rice, which corresponds to GS3/RGG3
OsGGC2 A gene of heterotrimeric G protein γ subunit Type-C in rice, which corresponds to RGG5

OsGGC3
A gene of heterotrimeric G protein γ subunit Type-C in rice, which corresponds to which
corresponds to DEP1/RGG4

PM Plasma membrane
qPE9-1 A quantitative trait locus regulating plant architecture including panicle erectness in rice
RGA1 Heterotrimeric G protein α subunit gene in rice
RGB1 Heterotrimeric G protein β subunit gene in rice
RGG1 Heterotrimeric G protein γ1 subunit gene in rice
RGG2 Heterotrimeric G protein γ2 subunit gene in rice
RGG3 Heterotrimeric G protein γ3 subunit gene in rice
RGG4 Heterotrimeric G protein γ4 subunit gene in rice
RGG5 Heterotrimeric G protein γ5 subunit gene in rice
WB Western blot
WT Wild-type
XLG A gene coding extra-large GTP-binding protein
XLG Extra-large GTP-binding protein
xlg Mutant of a gene coding extra-large GTP-binding protein
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Abstract: Heterotrimeric G proteins are important molecules for regulating plant architecture and
transmitting external signals to intracellular target proteins in higher plants and mammals. The rice
genome contains one canonical α subunit gene (RGA1), four extra-large GTP-binding protein genes
(XLGs), one canonical β subunit gene (RGB1), and five γ subunit genes (tentatively named RGG1,
RGG2, RGG3/GS3/Mi/OsGGC1, RGG4/DEP1/DN1/OsGGC3, and RGG5/OsGGC2). RGG1 encodes
the canonical γ subunit; RGG2 encodes the plant-specific type of γ subunit with additional amino
acid residues at the N-terminus; and the remaining three γ subunit genes encode the atypical γ
subunits with cysteine abundance at the C-terminus. We aimed to identify the RGG3/GS3/Mi/OsGGC1
gene product, Gγ3, in rice tissues using the anti-Gγ3 domain antibody. We also analyzed the
truncated protein, Gγ3ΔCys, in the RGG3/GS3/Mi/OsGGC1 mutant, Mi, using the anti-Gγ3 domain
antibody. Based on nano-liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis,
the immunoprecipitated Gγ3 candidates were confirmed to be Gγ3. Similar to α (Gα) and β subunits
(Gβ), Gγ3 was enriched in the plasma membrane fraction, and accumulated in the flower tissues.
As RGG3/GS3/Mi/OsGGC1 mutants show the characteristic phenotype in flowers and consequently
in seeds, the tissues that accumulated Gγ3 corresponded to the abnormal tissues observed in
RGG3/GS3/Mi/OsGGC1 mutants.

Keywords: GS3; γ subunit; heterotrimeric G protein; mass spectrometric analysis; RGG3; rice;
western blotting

1. Introduction

Heterotrimeric G proteins are well known to consist of three subunits, α, β, and γ, in mammals
and yeast [1–4]. Receptors regulating the heterotrimeric G proteins, such as G protein-coupled
receptors (GPCRs), interact with external signals and activate the heterotrimeric G proteins via
the intrinsic GDP/GTP exchange factor (GEF) of GPCRs. When GTP binds to the α subunit
(Gα-GTP), heterotrimeric G proteins dissociate into the α subunit (Gα-GTP) and βγ dimer. The α

subunit and βγ dimer can regulate respective effector molecules. Thus, heterotrimeric G proteins
are signal mediators from receptors to effector molecules. In higher plants, heterotrimeric G
proteins are important molecules for regulating plant architecture and transmitting external signals
to intracellular target proteins [5–7]. The biochemical characteristics of the plant heterotrimeric G
protein [5] and the signaling mechanism and effector molecules regulating the plant heterotrimeric
G protein [6] have been previously reviewed. The plant morphology of heterotrimeric G protein
mutants has also been previously summarized [7]. There are three extra-large GTP-binding protein
genes (AtXLG1~AtXLG3) [8,9], one canonical α subunit gene (GPA1) [10], one canonical β subunit
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gene (AGB1) [11], and three γ subunit genes (AGG1~AGG3) [12–14], in Arabidopsis; and four
extra-large GTP-binding protein genes (prediction by in silico) [15], one canonical α subunit gene
(RGA1) [16], one canonical β subunit gene (RGB1) [17], and five γ subunit genes, which we
tentatively named RGG1 [18], RGG2 [18], RGG3/GS3/Mi/OsGGC1 [19], RGG4/DEP1/DN1/OsGGC3 [20],
and RGG5/OsGGC2 [21], in this paper.

With regard to the γ subunit genes in Arabidopsis, there are AGG1 and AGG2 encoding the
canonical γ subunits, and AGG3 encoding the atypical γ subunit with cysteine abundance at the
C-terminus. In rice, RGG1 encodes the canonical γ subunit, RGG2 encodes the plant-specific type of γ
subunit, and the remaining three γ subunit genes, RGG3/GS3/Mi/OsGGC1, RGG4/DEP1/DN1/OsGGC3,
and RGG5/OsGGC2 encode the atypical γ subunits homologous to AGG3. RGG3 corresponds to GRAIN
SIZE 3 (GS3) [19] and RGG4 corresponds to DENSE AND ERECT PANICLES 1 (DEP1/DN1) [20].
The genome sequence of RGG5 was predicted by Botella [21]. The diversity and agronomical
importance of plant γ subunits have been previously reviewed [21,22].

Mutants of XLG1, XLG2, and XLG3 [23]; GPA1 [24]; AGB1 [25,26]; and AGG1, AGG2 [27],
and AGG3 [14] were isolated as heterotrimeric G protein mutants in Arabidopsis. Mutants of RGA1 [28,29],
GS3 [30], and DEP1 [20] were isolated as similar G protein mutants in rice. By morphological analysis
of gpa1 [24], agb1 [26], d1 [31], and RGB1 knock-down lines [32], it was shown that plant heterotrimeric
G proteins modulate cell proliferation.

It has been shown that plant heterotrimeric G proteins are associated with transduction in
response to multiple external signals, namely auxin [24,26], abscisic acid [33–37], gibberellin [38–41],
brassinosteroid [24,39,40], sugar [42,43], blue light [44,45], and ozone [46]. It was also shown that the
heterotrimeric G proteins of plants are concerned with defense signaling [47–50].

Based on the characteristics of heterotrimeric G proteins in higher plants, the α subunit is
suggested to be contained in a huge complex localized in the plasma membrane fraction of rice [18] and
Arabidopsis [51]. In rice, some βγ dimer candidates seem to be present in two different forms: one is a
component of a huge complex, and the other is a sole βγ dimer dissociated from a huge complex in the
plasma membrane of rice seedlings [18]. Using yeast two-hybrid screening, it was shown that 68 highly
interconnected proteins form the core G-protein interactome in Arabidopsis [52], in which the regulators
of G protein signaling protein (AtRGS1) [53], THYLAKOID FORMATION 1 (THF1) [43], cupin domain
protein (AtPrin1) [35] etc. in addition to α, β, γ1, γ2 subunits, were contained. The huge complexes
prepared solubilized plasma membrane fraction in rice [18] and Arabidopsis [51] may represent a part
of the G-protein interactome in Arabidopsis [52].

In mammals and yeast, β subunits interact with γ subunits to form the βγ dimer [1–4]. The βγ

dimer has not been purified from the tissues of higher plants so far, but many studies suggest its
presence based on the experiments, including an in vitro pull-down assay [12,13], yeast two-hybrid
(Y2H) assay [13], split-ubiquitin system [14], and fluorescence response energy transfer (FRET)
assay [51,54] in Arabidopsis. Moreover, in rice, the β subunit was shown to interact with the γ1
and γ2 subunits with a Y2H assay [18]. Recently, the interaction of rice β subunit with atypical γ
subunits and the localization of these subunits in the plasma membrane were demonstrated with a
bi-molecular fluorescence complementation (BiFC) assay [55,56]. These results indicated that both the
canonical and atypical γ subunits can interact with the β subunit, and that βγ dimers are localized in
the plasma membrane fraction, in Arabidopsis and rice.

GS3 is identified as a major QTL for grain weight and grain length, and as an important gene for
agriculture [19,30,56–58]. According to the identification of AGG3 in Arabidopsis, GS3 was classified as
the atypical γ subunit member, and tentatively named RGG3. In order to understand the mechanism
of seed formation in rice, studies on the GS3 protein are important.

To understand the function of RGG3 in the regulation of seed size, identifying the native Gγ3
protein is important. When the native Gγ3 protein is identified, biochemical analysis, namely
measuring the subunit stoichiometry and affinity to Gβ, canonical Gα, and XLGs, is possible. Although
we tried to identify the native Gγ3 protein using an anti-Gγ3 domain antibody, the antibody recognized
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multiple proteins. To identify the native Gγ3 protein, we use the RGG3 mutants MINUTE (Mi)
and GS3-3, which produce partially defective proteins, as references for subtraction to Taichung
65 (abbreviated as WT [wild-type] hereinafter). Here, we find a candidate of the native RGG3
protein, Gγ3. Finally, we confirmed that the candidate was the native Gγ3 protein using nano-liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis of the immunoprecipitation
products using an anti-Gγ3 domain antibody. Using this antibody, the subcellular localization and
tissue-specific accumulation of the native Gγ3 protein were studied.

2. Result

2.1. Morphology of Rice Heterotrimeric G Protein γ3 Gene (RGG3/GS3/Mi/OsGGC1) Mutants:

To confirm the functions of rice heterotrimeric G protein γ3 subunit in determining the plant
morphology, we prepared plants possessing GS3-3 [30] and Mi [58] mutation with Taichung 65 as
a background. The mutant, Mi was slightly dwarfed (Figure 1A) and set small seeds (Figure 1B),
compared to those of the WT. GS3-3 had a height similar to that of the WT (Figure 1A) and set large
seeds (Figure 1B). These results indicate that the mutations in Mi and GS3-3 clearly affected the
seed size.

Figure 1. Morphology of rice heterotrimeric G protein γ3 gene (RGG3/GS3/Mi/OsGGC1) mutants,
and genome and protein structure of RGG3/GS3/Mi/OsGGC1. (A) Gross morphology of the wild-type
(WT) (Taichung 65), Mi and GS3-3; Bar = 10 cm. (B) Seed morphologies of the plants in (A); Bar = 5 mm.
(C) Genome structure of RGG3/GS3/Mi/OsGGC1 and positions of mutations in RGG3/GS3/Mi/OsGGC1
mutants, Mi and GS3-3. The 13-base deletion (336–348th base in full-length cDNA) and one base
substitution (C165A in full-length cDNA) had occurred in Mi and GS3-3, respectively. In GS3-3,
a codon, TGC (cysteine) changed to TGA (stop codon). (D) Protein structure of the product of
RGG3/GS3/Mi/OsGGC1 in the WT (Gγ3), Mi (Gγ3ΔCys), and GS3-3 (Gγ3Δγ domain). The canonical γ
domain region is shown as γ domain (pink bar). The putative transmembrane domain is indicated
as TM (blue bar). The region with cysteine abundance is labeled as cysteine-rich region (green bar).
The newly produced amino acid sequence by the frame shift resulting from of 13-base deletion is
indicated with a yellow bar. An arrow under the WT Gγ3, which covers 120 amino acid residues from
N-terminal, is the region used for recombinant proteins, such as the thioredoxin (Trx)-tagged Gγ3
domain protein (Trx-Gγ3 domain protein), used as an antigen, and the glutathione S transferase
(GST)-tagged Gγ3 domain protein (GST-Gγ3 domain protein), used for affinity purification of
the antibody.
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2.2. Genomic Structure of RGG3 and Protein Structure of Gγ3

The genome sequence of RGG3 was found in RAP-DB (Os03g0407400). We reconfirmed the
genome sequence of RGG3. RGG3 consists of five exons (Figure 1C) and its translation product, Gγ3,
comprises 232 amino acid residues. In order to prepare recombinant proteins, cDNA for RGG3 was
isolated. The molecular weight of Gγ3 calculated from the cDNA, was 24249 Da. The Gγ3 consists
of the canonical γ domain (about 100 amino acid residues), a short region with hydrophobic amino
acid residues (tentatively named transmembrane region: TM), and a region with a large number of
cysteines (Cys-rich region) (Figure 1D).

The Mi mutation occurred as a result of the deletion of 13 bases in RGG3. The mutation site
corresponds to 336–348th positions in the full-length cDNA of RGG3, resulting in a frame-shift
(Figure 1C). We reconfirmed the mutation in Mi. In Mi, the mutated protein, tentatively named
Gγ3ΔCys, consists of 146 amino acid residues (Figure 1D). The cysteine-rich region is absent in
Gγ3ΔCys. The molecular weight of Gγ3ΔCys, calculated from cDNA, was 15,651 Da.

The GS3-3 mutation occurred as a result of one base substitution. The C at the 165th position in
the full-length cDNA of RGG3 was substituted by A (C165A), resulting in the generation of a stop
codon (Figure 1C). As the mutation in TCM3-467 was the same as that in GS3-3 [18], we renamed
TCM3-467 to GS3-3. The GS3-3 mutation generated a mutated protein with 55 amino acid residues,
tentatively named the Gγ3Δγ domain (Figure 1D). The Gγ3Δγ domain is an immature protein lacking
about half of the canonical γ domain. The molecular weight of the Gγ3Δγ domain, calculated from
cDNA, was 5653 Da. The chemiluminescent intensity of Gγ3ΔCys was more than 7-fold that of Gγ3,
when 10 μg of protein of the plasma membranes of the WT and Mi, respectively, was analyzed by
western blot.

2.3. Gγ3 Candidates Localized in the Plasma Membrane Fraction

Identification of native Gγ3 was carried out by Western blotting. As mutants have no native full
length Gγ3, these were used as references, in order to identify native Gγ3 in WT. The plasma membrane
fraction was chosen in this study as it was shown that Gα and Gβ accumulated in plasma membrane
fraction in rice. The plasma membrane fractions of WT, GS3-3, and Mi flowers were prepared using an
aqueous two-polymer phase system, and Gγ3 candidates were detected by Western blotting using
an anti-Gγ3 domain antibody. In the WT, a 32-kDa protein (Gγ3 candidate) was detected (Figure 2A,
lanes 2 and 4); this band was not observed in GS3-3 or Mi. The molecular weight of the Gγ3 candidate
is much higher than that of Gγ3 calculated from the cDNA of the WT (24 kDa). In GS3-3, the Gγ3Δγ

domain was not detected (Figure 2A, lane 3). In Mi, a 20-kDa protein (Gγ3ΔCys candidate) was
detected (Figure 2A, lane 5). The molecular weight of the Gγ3ΔCys candidate was much higher than
that of Gγ3ΔCys calculated from the cDNA (16 kDa). The molecular weights of Gγ3 and Gγ3ΔCys
candidates were measured using molecular weight markers (Figure 2B).

2.4. Immunoprecipitation of Gγ3 and Gγ3ΔCys Using an Anti-Gγ3 Domain Antibody

To concentrate Gγ3 and Gγ3ΔCys candidates, immunoprecipitation was carried out using
anti-Gγ3 domain antibody. First, 50 μg of the anti-Gγ3 domain antibody was added to 1 mg each of
solubilized plasma membrane protein of the WT (Figure 3A) and Mi (Figure 3B) flowers. Gγ3 and
Gγ3ΔCys candidates were collected with the antibody cross-linked Protein A bound beads. The 32 kDa
protein, a Gγ3 candidate in the WT (Figure 3A, lane 3) and 20-kDa protein, a Gγ3ΔCys candidate in
Mi (Figure 3B, lane 3), were immunoprecipitated.
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Figure 2. Immunological study of the Gγ3 candidates in the wild-type (WT), Minute (Mi), and GS3-3
flowers. (A) First, 10 μg of each protein of the plasma membrane fractions of the WT and GS3-3 and 5 μg
of the protein of the plasma membrane fractions of Mi were used for the Western blot analysis using an
anti-Gγ3 domain antibody. Molecular weight marker (lane 1). The Gγ3 candidate was detected as a
broad band with a molecular weight of approximately 32 kDa in the WT (lanes 2 and 4). No Gγ3 was
detected in GS3-3 (lane 3). The Gγ3ΔCys candidate was detected as a band with a molecular weight of
approximately 20 kDa in Mi (lane 5). (B) The molecular weights of Gγ3 and Gγ3ΔCys candidates were
estimated using a molecular weight marker as a standard.

Figure 3. Immunoprecipitation of Gγ3 and Gγ3ΔCys candidates. (A) Immunoprecipitation of the
Gγ3 candidate from solubilized plasma membrane proteins of the wild-type (WT) flower using an
anti-Gγ3 domain antibody. Molecular weight marker (lane 1); 10 μg of protein of the plasma membrane
fraction of the WT (lane 2); the immunoprecipitation product of solubilized plasma membrane proteins
and anti-Gγ3 domain antibody (lane 3); control experiment (buffer in place of the membrane protein;
lane 4). (B) Immunoprecipitation of the Gγ3ΔCys candidate from the solubilized plasma membrane
proteins of the Minute (Mi) flower using an anti-Gγ3 domain antibody. Molecular weight marker
(lane 1); 10 μg of protein of the plasma membrane fraction of Mi (lane 2); the immunoprecipitation
product of the solubilized plasma membrane proteins of Mi and the anti-Gγ3 domain antibody (lane 3);
control experiment (buffer in place of the membrane protein; lane 4).
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2.5. LC-MS/MS Analysis

To demonstrate that Gγ3 and Gγ3ΔCys candidates are actually Gγ3 and Gγ3ΔCys, and that
proteins with which the anti-Gγ3 domain antibody reacted, are actually Gγ3 and Gγ3ΔCys, LC-MS/MS
analysis was carried out. First, using LC-MS/MS, we checked for Gγ3 and Gγ3ΔCys candidates in
the eluate from the gel containing plasma membrane proteins following SDS-PAGE. When the signal
intensities of Gγ3 and Gγ3ΔCys candidates detected by LC-MS/MS were not enough, we analyzed
immunoprecipitation products, enriched with anti-Gγ3 domain antibody.

First, plasma membrane proteins from the WT and Mi were analyzed by LC-MS/MS. 40 μg
of each flower plasma membrane protein from WT and Mi was separated by SDS-PAGE and each
lane was separated into 10 pieces to increase the relative amount of target proteins, according to the
molecular weight marker. After these gel pieces were digested with trypsin, peptides were analyzed
by LC-MS/MS in triplicate. Typical examples are summarized in Table 1. Fragments were assigned to
the sequence of Gγ3, and their positions are indicated in Figure 4A.

In the analysis of the plasma membrane fraction of the WT, three Gγ3 fragments (fragments 1, 2,
and 3) (p < 0.05) were detected in a gel piece containing a 32 kDa protein (Table 1A). In the plasma
membrane fraction of Mi, three Gγ3 fragments (fragments 2, 3, and 4-1) (p < 0.05) were detected in a
gel piece containing a 20 kDa protein (Table 1B).

Table 1. LC-MS/MS analysis of Gγ3 fragments in in the plasma membrane of the wild-type (WT) and
Minute (Mi) flowers.

(A) Gγ3 fragments in the plasma membrane fraction of the WT flower

Fragments Observed Mr(expt) Mr(calc) Expected Peptide

1 379.2251 1134.6536 1134.6509 0.00078 R.LQLAVDALHR.E
2 714.7006 2141.08 2141.0753 0.00000034 R.EIGFLEGEINSIEGIHAASR.C
3 482.7414 963.4682 963.4662 0.007 R.EVDEFIGR.T

(B) Gγ3 fragments in the plasma membrane fraction of the Mi flower

Fragment Observed Mr(expt) Mr(calc) Expected Peptide

2 714.7014 2141.0824 2141.0753 0.0000024 R.EIGFLEGEINSIEGIHAASR.C
3 482.7408 963.4671 963.4662 0.0077 R.EVDEFIGR.T

4-1 667.8468 1333.6791 1333.6765 0.00015 R.TPDPFITISSEK.R

(C) Gγ3 fragments in the immunoprecipitation products using the plasma membrane fraction of WT flower

Fragments Observed Mr(expt) Mr(calc) Expected Peptide

1 568.3348 1134.6551 1134.6509 5.40 × 10−7 R.LQLAVDALHR.E
3 482.7417 963.4688 963.4662 0.00062 R.EVDEFIGR.T

4-2 497.6015 1489.7827 1489.7776 2.50 × 10−5 R.TPDPFITISSEKR.S

(D) Gγ3 fragments in the immunoprecipitation products using the plasma membrane fraction of Mi flower

Fragments Observed Mr(expt) Mr(calc) Expected Peptide

1 568.3354 1134.6562 1134.6509 8.90 × 10−7 R.LQLAVDALHR.E
2 714.7017 2141.0832 2141.0753 8.60 × 10−7 R.EIGFLEGEINSIEGIHAASR.C
3 482.7427 963.4709 963.4662 0.00072 R.EVDEFIGR.T

4-1 667.8485 1333.6825 1333.6765 7.70 × 10−6 R.TPDPFITISSEK.R

Forty micrograms of each protein of the plasma membrane fraction of the wild-type (WT) and Minute (Mi) (A,B)
and 5 μL of each eluate in the immunoprecipitation experiment of WT and Mi (C,D) were used for LC-MS/MS.
Fragments of the trypsin-digested Gγ3 candidates (p < 0.05) are shown. The fragment numbers correspond to
Figure 4A. Mr(expt) and Mr(calc) correspond to the theoretical molecular mass and the molecular mass that was
calculated from the observed molecular mass, respectively. The scores from the Mascot search were 91 (A), 90 (B),
164 (C), and 248 (D).
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Figure 4. LC-MS/MS analysis of Gγ3 candidates. (A) Four peptides (p < 0.05), which were produced
by trypsin-digested Gγ3 candidates in the wild-type (WT) and Mi, were numbered and underlined in
the full length Gγ3 amino acid sequence. These peptides are listed in Table 1. (B) MS/MS spectra of
the three fragments, which were obtained from the immunoprecipitation product of Gγ3 in the WT
(Figure 3A, lane 3). Fragment numbers correspond to Table 1C.

Immunoprecipitation products were separated by SDS-PAGE and analyzed by LC-MS/MS.
Immunoprecipitation products from the WT and Mi were not detected by silver staining (data not
shown). In the immunoprecipitation products of the WT (Figure 3A, lane 3), a gel piece containing
a 32 kDa protein was cut and digested with trypsin, and the resultant peptides were analyzed by
LC-MS/MS. As a result, three Gγ3 fragments (fragments 1, 3, and 4-2), represented as primary
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mass (p < 0.05), were obtained (Table 1C). Fragment 4-2 is an incomplete trypsin-digested fragment
containing an arginine residue (R) at its C-terminus, making it differ from fragment 4-1. In the
immunoprecipitation products of Mi, a gel piece containing a 20-kDa protein was cut and digested
by trypsin, and the resultant peptides were analyzed by LC-MS/MS. As a result, four fragments
(fragments 1, 2, 3, and 4-1) (p < 0.05) were obtained (Table 1D).

The MS/MS results of fragments 1, 3, and 4-2 are shown in Figure 4B. Based on these results,
we concluded that the 32 kDa and 20 kDa polypeptides were Gγ3 and Gγ3ΔCys, respectively. When the
immunoprecipitation product of the WT was analyzed by LC-MS/MS, five fragments, SPCRCR,
SCCCRR, RCCCGGVGVR, ACASCSCSPPCACCAPPCAGCSCR, and CCPPCL, which were positioned
at the C-terminal parts of Gγ3, were detected by the Mascot search, but their scores were very low
(Mascot score < 11). Therefore, these five fragments were excluded from Table 1 and Figure 4A.

When the NCBI protein database was used for the analysis of Gγ3 candidates, Gγ3 was annotated
using another name, BAH89202.1

2.6. Gγ3 and Gγ3ΔCys Were Enriched in the Plasma Membrane Fraction

To check whether Gγ3 and Gγ3ΔCys are enriched in the plasma membrane, the amount of Gγ3
and Gγ3ΔCys in the crude microsomal fraction was compared with that in the plasma membrane
fraction (Figure 5). Tissue-homogenate was centrifuged at 10,000× g for 10 min and the resulting
supernatant was centrifuged at 100,000× g for 1 h. The precipitate (100,000 g ppt) was named the
crude microsomal fraction (cMS). The plasma membrane fractions were prepared from cMS, using the
aqueous two-polymer phase system.

Figure 5. Gγ3 and Gγ3ΔCys were enriched in the plasma membrane fraction of the wild-type (WT) and
Minute (Mi) flowers. First 10 μg of both the crude microsomal fraction protein and plasma membrane
fraction protein from the WT and Mi were analyzed by western blot using anti-OsPIP1s, anti-Gα,
anti-Gβ, and anti-Gγ3 domain antibodies. OsPIP1s is an aquaporin, which is a plasma membrane
marker. OsPIP1s (25 kDa), Gα (45 kDa), Gβ (4 3kDa), Gγ3 (32 kDa), and Gγ3ΔCys (20 kDa) are
indicated by arrows. Non-specific bands are indicated by arrow heads.

OsPIP1s is an aquaporin, which is a plasma membrane marker. Gα and Gβ are the subunits of
the heterotrimeric G protein complex in rice. The OsPIP1s, Gα subunit, and Gβ subunit were enriched
in the plasma membrane fraction. Furthermore, Gγ3 (32 kDa in WT) and Gγ3ΔCys (20 kDa in Mi)
were also enriched in the plasma membrane fraction. These results showed that Gγ3 (32 kDa in WT)
and Gγ3ΔCys (20 kDa in Mi) were localized in the plasma membrane fraction.
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2.7. Tissue-Specific Accumulation of Gγ3

In order to know the tissues in which Gγ3 accumulates, the accumulation profile of Gγ3 was
studied using the plasma membrane fractions of one-week-old etiolated seedlings of WT, developing
leaf sheaths, and flowers. The results showed that the Gγ3 protein largely accumulated in the
developing flower (Figure 6).

Figure 6. Tissue-specific accumulation of Gγ3 in the wild-type (WT). Ten micrograms of each of the
plasma membrane fraction proteins of the leaf, leaf sheath, and flower in the WT was analyzed by
SDS-PAGE and Western blotting using an anti-Gγ3 domain antibody. Molecular weight marker (lane 1);
leaf from etiolated seedling (lane 2); developing leaf sheath at the eighth leaf stage (lane 3); 1–5 cm
flower (lane 4).

3. Discussion

In rice, there are three atypical γ subunit genes (RGG3, RGG4, and RGG5) that are homologous
to AGG3. The tentatively named RGG3 corresponds to GRAIN SIZE 3 (GS3), which is a gene that
regulates seed length [19,30,56–58] and RGG4 corresponds to DENSE AND ERECT PANICLE1 (DEP1),
which is a gene that regulates plant architecture including semi-dwarfness, panicle number and
panicle erectness [20,55]. RGG5 corresponds to GGC2 [21], which a gene that increases grain length in
combination or individually with DEP1 [56]. These genes are important for rice breeding. These have
been already cloned, but their native translation products have not yet been studied. In this study,
we focused on the native translation products of RGG3/GS3/Mi/OsGGC1.

First, we detected the Gγ3 candidate from the WT and the truncated Gγ3 candidate (Gγ3ΔCys)
from Mi by Western blotting using anti-Gγ3 domain antibodies (Figure 2A). In SDS-PAGE,
the molecular weights of the Gγ3 and Gγ3ΔCys candidates were estimated as 32 and 20 kDa,
respectively, which were larger than the molecular mass calculated using cDNAs, i.e., 24 and
16 kDa, respectively. These results indicate that modifications, such as glycosylation, ubiquitination,
phosphorylation, and lipid modification (palmitoylation etc.), may have occurred after translation in
the Gγ3 and Gγ3ΔCys candidates. The identification of the modification is a subject requiring further
study. In order to obtain concrete evidence on whether the Gγ3 and Gγ3ΔCys candidates detected
by western blotting were actually Gγ3 and Gγ3ΔCys proteins, the immunoprecipitation products
of the Gγ3 and Gγ3ΔCys candidates were analyzed by LC-MS/MS (Figures 3 and 4). As a result,
four fragments, with p < 0.05 by the Mascot search engine, were obtained from the Gγ3 and Gγ3ΔCys
candidates. These results indicated that the Gγ3 and Gγ3ΔCys candidates were actually Gγ3 and
Gγ3ΔCys, respectively.
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Mutants of RGG3, i.e., Mi [58] and GS3-3 [30], set small and large seeds, respectively (Figure 1B).
Thus, RGG3 regulates seed morphology. Gγ3 and Gγ3ΔCys were accumulated in the plasma membrane
fraction of the flower tissue (Figure 5). The tissue in which Gγ3 and Gγ3ΔCys were accumulated
corresponded to the tissue that showed the morphological abnormalities in Mi and GS3-3 (Figures 1
and 6). One of the deletion alleles of GS3 decreased the cell number in the lemma and palea and a
knock-down construct of GS3 utilizing RNAi increased the cell number [58]. Gγ3 also modulates cell
proliferation, similar to Gα [31] and Gβ [32]. The chemiluminescent intensity of Gγ3ΔCys was more
than 7-fold that of Gγ3 (Figure 2). The reason that the amount of Gγ3 was fewer than that of Gγ3ΔCys
may be that Gγ3 is degraded by proteases. Another possibility could be that Gγ3ΔCys may stably
accumulate in the plasma membrane with other proteins, including Gβ. Hence, further analysis of
native and truncated Gγ3s will be important to understanding seed size regulation.

Sun et al. reported that GS3-1 (corresponding to Gγ3) interacted with Gβ using a Y2H assay [56].
Using BiFC, they also revealed that GS3-1 and GS3-4, truncated Gγ3 proteins in GS3-4, interacted with
Gβ on the plasma membrane [56]. GS3-4 in GS3-4 [30,56] and Gγ3ΔCys in Mi [58] consisted of 149
and 146 amino acid residues, respectively. GS3-4 and Gγ3ΔCys have the canonical Gγ domain and a
putative transmembrane domain, but largely lack a cysteine-rich domain. In this study, native Gγ3 and
Gγ3ΔCys were enriched in the rice plasma membrane, similar to the Gβ subunit (Figure 5). We also
confirmed that Gγ3 and Gγ3ΔCys interacted with Gβ using a Y2H assay (data not shown). From these
results, it is suggested that Gγ3 and Gγ3ΔCys may form a dimer with Gβ on the plasma membrane.
As we identified Gγ3 and Gγ3ΔCys by immunological techniques and LC-MS/MS analysis in this
study, it will be possible to research whether the Gγ3 protein is a component of the heterotrimeric G
protein complex containing the canonical Gα and XLGs.

As the seeds of Mi [58] and GS3-4 [30,56] were shorter than those of the WT, Gγ3ΔCys is the
cause of shortened seeds. It will be important to clarify whether Gγ3ΔCys interacts with Gβ. If the βγ

dimer composed with Gγ3ΔCys is present in the plasma membrane, it will be interesting to research
the interaction between the unusual βγ dimer (GβGγ3ΔCys) and the canonical Gα or XLGs, on the
basis of the G protein signaling model [5,6]. As previously reported, some βγ dimers seem to be
present in two different fractions in gel filtration: one is a component of a huge complex, and the
other is a sole βγ dimer in the plasma membrane of etiolated rice seedlings [18]. Although this
may be the result of artificial dissociation during solubilization and gel fractionation, this approach
will be important for understanding the heterotrimeric G protein complex. Truncated Gγ3 in GS3-3,
namely the Gγ3Δγ domain, consisted of 55 amino acid residues, which is considered as a loss of
function of OSR (organ size regulation) [30]. In GS3-3, the Gγ3Δγ domain was not detected in the
plasma membrane (Figure 2A). The reason may be due to the lack of the trans-membrane domain
in the Gγ3Δγ domain or due to the lack of sites that anti-Gγ3 domain antibody recognizes in the
Gγ3Δγ domain. In addition, the Gγ3Δγ domain was not detected in the cytosolic fraction (data not
shown). However, it is not ruled out that there is no Gγ3Δγ domain in the cytosolic fraction, due to
the detection threshold in Western blot not being met. As seeds of GS3-3 were longer than those of
the WT, the lack of a βγ3 dimer may be the cause of enlarged seeds. Hence, as we detected Gγ3 and
Gγ3ΔCys proteins in this study, biochemical analysis of the heterotrimeric G protein complex in Mi
and GS3-3 will be accelerated. It is of interest to reveal the subunit stoichiometry of the canonical Gα,
XLGs, Gβ, and five Gγs, namely γ1, γ2, the Gγ3Δγ domain, γ4, and γ5, and the subsequent subunit
composition of the G protein complex in Mi, which sets small grains. It is also important to analyze
the subunit stoichiometry of the canonical Gα, XLGs, Gβ, and four Gγs, namely γ1, γ2, γ4, and γ5,
and the subsequent subunit composition of the G protein complex in GS3-3, which sets large grains.
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4. Materials and Methods

4.1. Plant Materials

A rice cultivar (Oryza sativa L. cv. Taichung 65) and two heterotrimeric G protein γ3 mutants
(GS3-3 and Mi) were used in this study. GS3-3 was obtained from the Taichung 65 mutant library,
mutagenized by N-methyl-N-nitrosourea treatment, and named TCM-3-467. The Mi mutation was
provided from the stocked mutant line, H343 (Oryza sativa L. cv. Akamuro background). H343 was
backcrossed four times with Taichung 65, and was used as a near-isogenic line of Mi in this study.
All rice plants were grown under a 14-h light (50,000 lux and 28 ◦C) and 10-h dark (25 ◦C) cycle,
or under natural field conditions.

4.2. Sequencing and Confirmation of RGG3

Genomic DNA was isolated from whole plants of WT, Mi, and GS3-3 using an extraction method
with cetyltrimethylammonium bromide (CTAB) [59]. Using this as a template, PCR was performed
using > 20 sets of PCR primers to cover 5609 bases of RGG3 (Os03g0407400). The amplified DNA
fragments were directly sequenced using the same primers that were used for amplification.

4.3. RNA Isolation, Reverse Transcription, and cDNA Encoding of the Heterotrimeric G Protein Gγ3 Subunit

Total RNA from the flower tissue was directly extracted using RNeasy Plant Mini kits (Qiagen,
Hilden, Germany). The first strand of cDNA was synthesized using Super Script First Strand Synthesis
System for RT-PCR (Invitrogen, Carlsbad, CA, USA). Total RNA (0.5 μg) and oligo-dT were used as
the template and primer, respectively, for the first strand cDNA synthesis.

In order to isolate RGG3 cDNA, the primers were designed based on the database information
(Os03g0407400):

RGG3 forward: 5’ atggcaatggcggcggcgcc 3’;
RGG3 reverse: 5’ caagcagggggggcagcaac 3’.

The amplified PCR products were sub-cloned into pCR4 (Invitrogen) and sequenced with a
Thermo BigDye Terminator Cycle Sequencing Kit (Amersham Biosciences, Little Chalfont, UK) using a
DNA sequencer (Model 377; Applied Biosystems, Foster City, CA, USA).

4.4. Preparation of the Microsomal and Plasma Membrane Fractions in Rice

Crude microsomal fractions were prepared from 2–5 cm flowers of the WT, Mi, and GS3-3,
as described previously [18], and plasma membrane fractions were purified from the crude microsomal
fraction using an aqueous two-polymer phase system [60]. From the etiolated seedlings, which were
grown for 5 d at 28 ◦C, and developing leaf sheaths at the eighth leaf stage, crude microsomal fractions
and plasma membrane fractions were prepared, respectively.

4.5. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Electrophoresis was carried out on 12.5% and 10/20% gradient polyacrylamide gels containing
0.1% SDS, as described previously [61].

For LC-MS/MS analysis, 40 μg of flower plasma membrane proteins from both the WT and Mi
were analyzed using 15% SDS-PAGE. Electrophoresis was stopped at a position where the Bromophenol
Blue was 3 cm away from the stacking gel. The 3-cm long gel was divided into 10 pieces according to the
molecular weight marker (Precision Plus ProteinTM KaleidoscopeTM; Bio-Rad Laboratories), without
staining. These gel pieces were used for trypsin digestion. In some cases, gels were silver-stained
using Pierce Silver Stain for Mass Spectrometry (Thermo Scientific).
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4.6. Preparation of Trx-Gγ3 and GST-Gγ3 Domain Proteins

cDNA encoding 120 amino acid residues from the N-terminal of the rice Gγ3 protein was amplified
by PCR using primers. The cDNA contains the Gγ3 domain and the putative transmembrane region:

RGG3 domain forward: 5’ccttggctcatatggatatcatggcaatggcggcggcgccccggcccaag3’;
RGG3 domain reverse: 5’aagcttcccgggtcaggaggaggatgagcagccgccggcggcgctgctg3’.

Amplified cDNA was sub-cloned in pET32a containing thioredoxin (Trx) and histidine (His) tags
(Novagen). The resultant clone, the Trx-Gγ3 domain vector, was transformed in T7 Express lysY/Iq

E. coli (New England Biolabs), and the recombinant protein was synthesized and designated as the
Trx-Gγ3 domain protein. The cDNA covering the Gγ3 domain was also sub-cloned in pET41 containing
glutathione S-transferase (GST) and His tags (Novagen). The resultant clone, the GST-Gγ3 domain
vector, was transformed in T7 Express lysY/Iq E. coli (New England Biolabs), and the recombinant
protein was synthesized and designated as the GST-Gγ3 domain protein.

The overexpression of the Trx-Gγ3 domain protein and GST-Gγ3 domain protein in T7 Express
lysY/Iq E. coli was carried out as described elsewhere [61]. Inductions were performed at 37 ◦C.
Induction was initiated by the addition of IPTG (final IPTG concentration, 1 mM). After 3 h, E. coli was
harvested after centrifugation at 10,000 × g for 5 min at 4 ◦C, and stocked at −80 ◦C before use.

As the Trx-Gγ3 domain protein and GST-Gγ3 domain protein were included in the body,
both proteins were solubilized in 6 M guanidine hydrochloride, 10 mM Tris HCl, pH 8.0. Solubilized
proteins were applied to Ni-NTA agarose (Qiagen, Hilden, Germany). The purification of both proteins
was performed according to the protocols recommended by the manufacturers.

The antibody was raised against the Trx-Gγ3 domain protein in rabbits. Affinity purification of
the antibody was performed using a polyvinylidene fluoride (PVDF) filter (Millipore, Burlington, MA,
USA), immobilized with the GST-Gγ3 domain protein.

4.7. Western Blot Analysis (WB)

Proteins were separated by 12.5% or 10/20% gradient SDS-PAGE, and blotted onto a PVDF
membrane (Millipore). The antibody against the rice Gγ3 domain was affinity-purified in this
study. Antibodies against the rice heterotrimeric G protein α and β subunits, namely the anti-Gα

and anti-Gβ antibodies, were used as described previously [18]. The antibody against aquaporin
(a plasma membrane marker), namely, anti-OsPIP1s, was purchased from Operon Biotechnologies.
The Chemi-Lumi One Markers Kit (Nacalai Tesque, Kyoto, Japan) was used as a molecular weight
marker for western blotting.

ECLTM peroxidase labelled anti-rabbit antibody was purchased as second antibody from
GE Healthcare, Little Chalfont, UK. ECL ImmobilonTM Western Chemiluminescent HRP
Substrate (Millipore, Burlington, MA, USA) was used as the western blotting detection reagent.
The chemiluminescent signal was measured using a Fusion SL (MS instruments).

4.8. Immunoprecipitation

First, 50 μg of affinity-purified anti-Gγ3 domain antibody was bound to 50 mg of Protein A bound
magnetic beads (Millipore, Burlington, MA, USA). After washing them thrice with 1× PBS, the anti-Gγ3
domain antibody and Protein A were cross-linked with dimethyl pimelimidate dihydrochloride
(DMP). The conditions followed for cross-linking were according to the protocols recommended by the
manufacturers. After quenching the magnetic cross-linked beads with the anti-Gγ3 domain antibody,
they were stored at 4 ◦C until use.

Next, 0.1 mL of 10% SDS was added to 0.9 mL of plasma membrane fraction (1 mg protein/10 mg
SDS/mL) and denatured for 5 min at 90 ◦C. After diluting the solubilized fraction with 10 mL of 1×
TBS containing 1% Tween 20, the magnetic beads cross-linked with 50 μg of the anti-Gγ3 domain
antibody were added. After incubation for 2 h at 25 ◦C, the magnetic beads were collected into a
1.5 mL tube and washed thrice each with 0.5 mL of 1× TBS containing 0.1% Tween 20 and 0.5 mL of

560



Int. J. Mol. Sci. 2018, 19, 3591

1× TBS. Proteins were eluted using 40 μL of dissociation buffer (Bio-rad) without a reducing agent,
from the beads. In total, 5 μL of each eluate was used for LC-MS/MS.

4.9. Protein Reduction, Alkylation, and Trypsin Digestion for LC-MS/MS Analysis

Gel pieces were resuspended in 50 mM NH4HCO3, reduced with 50 mM dithiothreitol for 30 min
at 56 ◦C, and alkylated with 50 mM iodoacetamide for 30 min at 37 ◦C in the dark. Alkylated proteins
in the gels were digested with 10 μg/mL of trypsin solution (Promega, Madison, WI, USA) for 16 h at
37 ◦C. The resultant peptides were concentrated and suspended in 0.1% formic acid and analyzed by
LC-MS/MS.

4.10. Protein Identification Using Nano-LC-MS/MS

The peptides were loaded onto the LC system (EASY-nLC 1000; Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a trap column (EASY-Column, C18-A1 5 μm, 100 μm ID × 20 mm; Thermo
Fisher Scientific), equilibrated with 0.1% formic acid, and eluted with a linear acetonitrile gradient
(0–50%) in 0.1% formic acid at a flow rate of 200 nL/min. The eluted peptides were loaded and
separated on the column (C18 capillary tip column, 75 μm ID × 120 mm; Nikkyo Technos, Tokyo,
Japan) with a spray voltage of 1.5 kV. The peptide ions were detected using MS (LTQ Orbitrap
Elite MS; Thermo Fisher Scientific) in the data-dependent acquisition mode with Xcalibur software
(version 2.2; Thermo Fisher Scientific). Full-scan mass spectra were acquired in MS over 400–1500 m/z
with a resolution of 60,000. The 10 most intense precursor ions were selected for collision-induced
fragmentation in the linear ion trap, at a normalized collision energy of 35%. Dynamic exclusion was
employed within 90 s to prevent the repetitive selection of peptides.

4.11. MS Data Analysis

Protein identification was performed using the Mascot search engine (version 2.5.1, Matrix
Science, London, UK) and the in-house database, which constructed the amino acid sequences of rice
heterotrimeric G protein subunits. For both the searches, the carbamidomethylation of cysteine was set
as a fixed modification, and oxidation of methionine was set as a variable modification. Trypsin was
specified as the proteolytic enzyme and one missed cleavage was allowed. The peptide mass tolerance
was set at 10 ppm, fragment mass tolerance was set at 0.8 Da, and peptide charges were set at +2, +3,
and +4. An automatic decoy database search was performed as part of the search. Mascot results were
filtered with the Percolator function to improve the accuracy and sensitivity of peptide identification.
The minimum requirement for the identification of a protein was two matched peptides. Significant
changes in the abundance of proteins between samples were determined (p < 0.05).

4.12. Gene ID

The accession numbers of the rice heterotrimeric G proteins α, β, and γ3 subunit genes (RGA1,
RGB1, and RGG3, respectively) are Os05g0333200, Os03g0669200, and Os03g0407400, respectively.
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Abbreviations

agb1 mutant of heterotrimeric G protein β subunit gene in Arabidopsis
AGB1 heterotrimeric G protein β subunit gene in Arabidopsis
AGG1 heterotrimeric G protein γ1 subunit gene in Arabidopsis
AGG2 heterotrimeric G protein γ2 subunit gene in Arabidopsis
AGG3 heterotrimeric G protein γ3 subunit gene in Arabidopsis
cMS crude microsomal fraction
d1 mutant of heterotrimeric G protein α subunit gene in rice
DEP1 DENCE AND ERECT PANICLES 1 gene
DN1 DENCE PANICLE 1 gene
gpa1 mutant of heterotrimeric G protein α subunit gene in Arabidopsis
GPA1 heterotrimeric G protein α subunit gene in Arabidopsis
GS3 GRAIN SIZE 3 gene
Mi MINUTE, a mutant of GS3/RGG3
OsGGC1 a gene of heterotrimeric G protein γ subunit Type-C in rice, which corresponds to GS3/RGG3
OsGGC2 a gene of heterotrimeric G protein γ subunit Type-C in rice, which corresponds to RGG5

OsGGC3
a gene of heterotrimeric G protein γ subunit Type-C in rice, which corresponds to which
corresponds to DEP1/RGG4

PM plasma membrane
RGA1 heterotrimeric G protein α subunit gene in rice
RGB1 heterotrimeric G protein β subunit gene in rice
RGG1 heterotrimeric G protein γ1 subunit gene in rice
RGG2 heterotrimeric G protein γ2 subunit gene in rice
RGG3 heterotrimeric G protein γ3 subunit gene in rice
RGG4 heterotrimeric G protein γ4 subunit gene in rice
RGG5 heterotrimeric G protein γ5 subunit gene in rice
WB western blot
WT wild-type
XLG extra-large GTP-binding protein
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Abstract: Field co-infection of multiple viruses results in considerable losses in the yield and quality of
storage roots in sweet potato. However, little is known about the molecular mechanisms underlying
developmental disorders of sweet potato subjected to co-infection by multiple viruses. Here, a
comparative transcriptomic analysis was performed to reveal the transcriptional alterations in sweet
potato plants infected (VCSP) and non-infected (VFSP) by Sweet potato mild mottle virus (SPFMV),
Sweet potato virus Y (SPV2) and Sweet potato virus G (SPVG). A total of 1580 and 12,566 differentially
expressed genes (DEGs) were identified in leaves and storage roots of VFSP and VCSP plants,
respectively. In leaves, 707 upregulated and 773 downregulated genes were identified, whereas
5653 upregulated and 6913 downregulated genes were identified in storage roots. Gene Ontology
(GO) classification and pathway enrichment analysis showed that the expression of genes involved
in chloroplast and photosynthesis and brassinosteroid (BR) biosynthesis in leaves and the vitamin
biosynthetic process in storage roots was inhibited by co-infection of three viruses: SPFMV, SPV2,
and SPVG. This was likely closely related to better photosynthesis and higher contents of Vitamin
C (Vc) in storage roots of VFSP than that of VCSP. While some genes involved in ribosome and
secondary metabolite-related pathways in leaves and alanine, aspartate, and glutamate metabolism
in storage roots displayed higher expression in VCSP than in VFSP. Quantitative real-time PCR
analysis demonstrated that the expression patterns of 26 DEGs, including 16 upregulated genes
and 10 downregulated genes were consistent with the RNA-seq data from VFSP and VCSP. Taken
together, this study integrates the results of morphology, physiology, and comparative transcriptome
analyses in leaves and storage roots of VCSP and VFSP to reveal transcriptional alterations in growth-
and development-related genes, providing new insight into the molecular mechanisms underlying
developmental disorders of sweet potato subjected to co-infection by multiple viruses.

Keywords: sweet potato plants infected by SPFMV; SPV2 and SPVG; sweet potato plants non-infected
by SPFMV; SPV2 and SPVG; co-infection; transcriptome profiling; gene ontology; pathway analysis
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1. Introduction

Sweet potato (Ipomoea batatas. Lam), in the family Convolvulaceae, is a light-loving and short-day
crop. The main producing areas of sweet potato in the world are located at 40 degrees north latitude.
Asia has the largest area of cultivated sweet potato, followed by Africa, and North America is the third
largest. China is the largest sweet potato-producing country in the world, with a total planting area of
over 3 million hectares and an annual output of 0.72 billion tons [1]. After being infected by viruses,
sweet potato gradually shows degeneration phenomena such as declines in yield and quality and
loses its desirable characteristics. According to a survey in certain areas in China, including Shandong,
Anhui, Beijing, Jiangsu, and other provinces, the yield loss of sweet potato caused by virus diseases can
exceed 50%, resulting in an economic loss of approximately five hundred million dollars [2]. Therefore,
the adverse effect of virus diseases on sweet potato production is of increasing concern.

Because sweet potato is mainly planted by cuttings, many viruses can spread through insects and
sap, and the co-infection rate is high. For example, Sweet potato feather mottle virus (SPFMV), Sweet
potato virus G and Sweet potato virus C belonging to Potato virus Y showed co-infection in the field [3].
The sweet potato virus disease (SPVD) caused by the synergistic infection of Sweet potato chlorosis dwarf
virus (SPCDV) and SPFMV is a destructive disease of sweet potato [4,5], which can cause losses of
70%–100% [6]. Effects on yields caused by SPFMV or Sweet potato chlorotic stunt virus (SPCSV) alone
were minor, but co-infection by two or more viruses caused 50% losses in yield [7]. In Uganda, mixed
infections of four viruses, including Sweet potato chlorotic spot virus (SPCFV), SPCSV, SPFMV, and Sweet
potato mottle mosaic virus (SPMMV), were found in wild species and cultivated sweet potato [8]. Jiang et
al. [9] detected five viruses in 24 samples from Shandong Province, including 23 co-infection samples
that were classified into 11 categories of infection. Based on the observation that the tip of the sweet
potato stem often has little or no virus, virus-free sweet potato can be obtained via tissue culture
technology, which can effectively restore the desirable characteristics of the varieties, improve the yield
and quality of the storage roots, and prolong the shelf life of the varieties [10]. Virus-free meristems
were grown into plants, which were kept under insect-proof conditions and away from other sweet
potato material for distribution to farmers after another cycle of reproduction [7].

The physiological and biochemical mechanisms underlying the improved yield and quality of
virus-free sweet potato storage roots, including increased net photosynthetic rate and chlorophyll
content, higher activities of antioxidant enzymes (superoxide dismutase (SOD), peroxidase (POD), and
catalase (CAT)) and reduced lipid peroxidation levels, have widely been reported [11–13]. However,
the molecular mechanisms underlying the immune response of plants to the virus mainly involve
vsiRNA. There are mainly two mechanisms of vsiRNA immunity to virus. vsiRNAs can be recruited by
Argonaut (AGO )proteins and directly degrade virus RNA through post-transcriptional gene silencing
(PTGS) [14]. vsiRNAs can also bind to AGO proteins and act on virus DNA and silence virus genes by
enhancing the methylation of DNA [15,16].

Transcriptomics is a powerful tool for discovering differentially expressed genes and has been
widely applied in many crop species [17]. Recently, transcriptome sequencing analysis has been
performed in purple sweet potato [18] and a sweet potato progenitor [19]. However, little is known
about differential alterations in transcriptome profiles between sweet potato plants infected (VCSP)
and non-infected (VFSP). Here, a comparative transcriptomic analysis was performed to reveal the
significantly upregulated and downregulated genes. Gene Ontology (GO) classification of the proteins
encoded by these genes was used to analyze their cellular locations, molecular functions, and biological
processes. A pathway analysis was performed to reveal the biological pathways involving these genes.
This study may provide new insight into the transcriptional alterations in VFSP and VCSP.
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2. Results

2.1. Phenotypes and Growth Indexes of VCSP and VFSP

To identify phenotypes of VCSP and VFSP, we first performed the detection of viruses in their
leaves and storage roots using Q-PCR. The results showed that three viruses, including SPFMV, SPV2,
and SPVG, were found in VCSP leaves and storage roots but not in VFSP leaves and storage roots
(Figure 1C). VCSP leaves exhibited a small chlorotic and mosaic phenotype, whereas VFSP leaves
displayed a normal green phenotype (Figure 1A). Interestingly, fluorescence imaging analysis showed
that VFSP leaves exhibited strong blue fluorescence, whereas VCSP leaves displayed inhomogeneous
fluorescence with photobleaching (Figure 1B). The values of leaf length (LL), leaf width (LW), and
Fv/Fm, in VFSP leaves were significantly higher than those in VCSP leaves (Figure 1D,F). Similarly,
the contents of total chlorophyll, chlorophyll a, and chlorophyll b were significantly higher in VFSP
than in VCSP (Figure 1E). In addition, the yield and contents of Vc and beta-carotene of storage roots
in VFSP were significantly higher than those in VCSP (Figure 2B–D), whereas the content of starch in
storage roots was lower in VFSP than in VCSP (Figure 2A).

 
Figure 1. Phenotypes and growth indexes of sweet potato plants infected (VCSP) and non-infected
(VFSP) leaves. (A) Phenotypes of VCSP and VFSP leaves. (B) Fluorescence images of VCSP and VFSP
leaves. (C) Three virus genes were not detected in leaf and tuber of sweet potato. (D) Length and
width of VCSP and VFSP leaves. (E) Content of chlorophyll a, b, and total chlorophyll. (F) Fv/Fm of
VCSP and VFSP leaves. Three independent experimental replicates were analyzed for each treatment,
and data are indicated as the mean ± SE (n = 3). Independent t-test was performed to check difference
between VFSP and VCSP (** p < 0.01; * p < 0.05).
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Figure 2. Comparison of yield and quality of VCSP and VFSP storage roots. (A) Content of starch. (B)
Content of beta-carotene. (C) Content of vitamin C. (D) Yield of plot. Three independent experimental
replicates were analyzed for each treatment, and data are indicated as the mean ± SE (n = 3).
Independent t-test was performed to check difference between VFSP and VCSP (** p < 0.01; * p < 0.05).

2.2. Gene Expression Profiles of Leaves and Storage Roots in VCSP and VFSP

To understand the molecular mechanisms underlying developmental disorders of sweet potato
subjected to co-infection by multiple viruses, comparative transcriptomic analysis was performed
to discover differentially expressed genes in leaves and storage roots of VFSP and VCSP. As shown
in Figure 3, a total of 1580 and 12,566 DEGs were identified in leaves and storage roots, respectively.
Interestingly, in both leaves and storage roots, the number of downregulated genes was higher than
that of upregulated genes. In leaves, 707 upregulated and 773 downregulated genes were identified,
whereas 5653 upregulated and 6913 downregulated genes were identified in storage roots.

Figure 3. Gene expression profile of leaves and storage roots in VCSP and VFSP.

2.3. GO Classification of Differential Expression Genes

To find out the correlation between phenotypic differences and gene expression, we then
performed a GO classification of 707 and 5653 upregulated genes in leaves and storage roots,
respectively. The results showed that the proteins encoded by these genes in leaves were
significantly assigned to 52 cellular components (Table S1). Of these, the top five cellular
components were photosystem (GO:0009521), photosystem I (GO:0009522), chloroplast thylakoid
(GO:0009534), thylakoid (GO:0009579), and plastid thylakoid (GO:0031976) (Figure 4A), which was
closely associated with chloroplast. Subsequently, proteins encoded by the upregulated genes
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were classified into 39 functional categories (Table S1). The top five categories were chlorophyll
binding (GO:0016168), tetrapyrrole binding (GO:0046906), carbon-oxygen lyase activity acting on
polysaccharides (GO:0016837), pectate lyase activity (GO:0030570), and catalytic activity (GO:0003824)
(Figure 4A). Finally, these categories were considered to be mainly involved in 92 biological processes
(Table S1). Of these processes, the top five were photosynthesis (GO:0015979), protein–chromophore
linkage (GO:0018298), carbohydrate biosynthetic process (GO:0016051), single-organism carbohydrate
metabolic process (GO:0044723), and polysaccharide biosynthetic process (GO:0000271) (Figure 4A).
These processes were closely related to photosynthesis, which was consistent with the result of
phenotypic differences in leaf color, chlorophyll content, and fluorescence characteristics between
VFSP and VCSP.

Similarly, we performed a GO classification of 5653 upregulated genes in storage roots and
discovered that the proteins encoded by these genes were significantly assigned to three cellular
components (Table S2), including anchored component of membrane (GO:0031225), nucleolus
(GO:0005730), and endoplasmic reticulum lumen (GO:0005788) (Figure 4B). Next, proteins encoded
by the upregulated genes were classified into 12 functional categories (Table S2), Of these, the top
five functional categories were four iron, four sulfur cluster binding (GO:0051539), oxidoreductase
activity acting on other nitrogenous compounds as donors (GO:0016661), iron–sulfur cluster binding
(GO:0051536), metal cluster binding (GO:0051540) and xyloglucan:xyloglucosyl transferase activity
(GO:0016762) (Figure 4B). Finally, these proteins were assigned to be involved in 56 biological processes
(Table S2). Of them, the top three biological processes were sulfur compound metabolic process
(GO:0006790), sulfur compound biosynthetic process (GO:0044272), and organonitrogen compound
biosynthetic process (GO:1901566) (Figure 4B). Interestingly, there were three genes assigned to be
involved in vitamin biosynthetic process, which might be responsible for that VFSP had higher content
of vitamin C than VCSP.

A 
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Figure 4. Gene Ontology (GO) classification of differentially expressed genes (DEGs) identified. GO
classification of differentially up-regulated genes of VFSP/VCSP (A) leaves and (B) storage roots. GO
classification of differentially down-regulated genes of VFSP/VCSP (C) leaves and (D) storage roots.

We also carried out a GO classification of 773 and 6913 downregulated genes in leaves and storage
roots, respectively. The results indicated that the proteins encoded by these genes in leaves were
significantly assigned to 27 cellular components (Table S3). Of these components, the top five were
ribosome (GO:0005840), intracellular ribonucleoprotein complex (GO:0030529), ribonucleoprotein
complex (GO:1990904), mitochondrial part (GO:0044429), and mitochondrial envelope (GO:0005740)
(Figure 4C). Next, proteins encoded by the downregulated genes were classified into 25 functional
categories (Table S3). Of these categories, the top five were chitin binding (GO:0008061), chitinase
activity (GO:0004568), threonine-type endopeptidase activity (GO:0004298), threonine-type peptidase
activity (GO:0070003), and ammonia-lyase activity (GO:0016841) (Figure 4C). Finally, they were
assigned to be involved in 155 biological processes (Table S3). Of these processes, the top five were
regulation of RNA metabolic process (GO:0051252), regulation of transcription, DNA-templated
(GO:0006355), regulation of nucleic acid-templated transcription (GO:1903506), regulation of RNA
biosynthetic process (GO:2001141) and transcription (Figure 5). Similarly, proteins encoded by these
genes in storage roots were significantly assigned to one cell component, extracellular region (GO:
0005576) (Figure 4D). Secondly, proteins encoded by the down-regulated genes were classified into 23
functional categories (Table S4). Of these categories, the top five were hydrolase activity, hydrolyzing
O-glycosyl compounds (GO:0004553), aldo-keto reductase (NADP) activity (GO:0004033), hydrolase
activity, acting on glycosyl bonds (GO:0016798), glutamate-ammonia ligase activity (GO:0004356)
and ammonia ligase activity (GO:0016211) (Figure 4D). At last, they were assigned to be involved in
39 biological processes (Table S4). Of these processes, the top five were polysaccharide catabolic process
(GO:0000272), pectin catabolic process (GO:0045490), macromolecule catabolic process (GO:0009057),
nitrogen fixation (GO:0009399), and beta-glucan catabolic process (GO:0051275) (Figure 4D).
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Figure 5. Validation of differentially expressed candidate genes. A,B: qRT-PCR analysis of ten
upregulated genes (A) and four downregulated genes (B) in VFSP and VCSP leaves. C,D: qRT-PCR
analysis of six upregulated genes (C) and six downregulated genes (D) in VFSP and VCSP storage roots.
Three independent experimental replicates were analyzed for each sample, and data are indicated as
the mean ± SD (n = 3). Independent t-test was performed to check difference between VFSP and VCSP
(p < 0.05 or p < 0.01). All differentially expressed genes displayed significant differences between VFSP
and VCSP at 0.05 confidence level.

2.4. Pathway Analysis of Differentially Expressed Genes

To determine the involvement of these differentially expressed genes in leaves and storage roots,
we performed a pathway analysis to identify the potential target genes. The upregulated genes in
leaves were identified to be involved in 10 distinct metabolic pathways. Of them, the top five were
photosynthesis—antenna proteins (ko00196), photosynthesis (ko00195), porphyrin and chlorophyll
metabolism (ko00860), carbon fixation in photosynthetic organisms (ko00710), and nitrogen metabolism
(ko00910) (Figure 6A, Table S5). Similarly, the upregulated genes in storage roots were identified to
be involved in 19 distinct metabolic pathways. Of them, the top five were linoleic acid metabolism
(ko00591), thiamine metabolism (ko00730), monobactam biosynthesis (ko00261), selenocompound
metabolism (ko00450), and sulfur metabolism (ko00920) (Figure 6B, Table S6).
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Figure 6. Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway enrichment analysis of DEGs
identified. KEGG Pathway enrichment analysis based on the differentially up-regulated genes between
VFSP and VCSP (A) leaves and (B) storage roots. KEGG Pathway enrichment analysis based on the
differentially down-regulated genes between VFSP and VCSP (C) leaves and (D) storage roots.

The downregulated genes in leaves were identified to be involved in 15 distinct metabolic
pathways. Of them, the top five pathways were ribosome (ko03010), flavonoid biosynthesis (ko00941),
phenylalanine metabolism (ko00360), stilbenoid, diarylheptanoid and gingerol biosynthesis (ko00945),
and biosynthesis of amino acids (ko01230) (Figure 6C, Table S7). Similarly, the downregulated genes in
storage roots were identified to be involved in 19 distinct metabolic pathways. The top five pathways
were alanine, aspartate and glutamate metabolism (ko00250); monoterpenoid biosynthesis (ko00902);
galactose metabolism (ko00052); GABAergic synapse (ko04727); and two-component system (ko02020)
(Figure 6D, Table S8).
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2.5. Validation of differentially expressed candidate genes

To validate the Illumina sequencing data and the expression patterns of the DEGs revealed
by RNA-Seq, qRT-PCR was performed to examine the expression patterns of 26 DEGs, including
16 upregulated genes and 10 downregulated genes (Figure 4). qRT-PCR results showed that 10 genes
in leaves and 6 genes in storage roots involved in photosynthesis in VFSP showed higher abundance
than those in VCSP: antenna proteins, photosynthesis, porphyrin and chlorophyll metabolism,
carbon fixation in photosynthetic organisms, steroid biosynthesis, linoleic acid metabolism, thiamine
metabolism and monobactam biosynthesis, including (Figure 5A,C). Furthermore, 4 genes in leaves
and 6 genes in storage roots in VFSP showed lower abundance than those in VCSP, including genes
involved in the ribosome, flavonoid biosynthesis, alanine, aspartate and glutamate metabolism,
monoterpenoid biosynthesis and galactose metabolism (Figure 5B,D), which was consistent with the
RNA-seq data from VFSP and VCSP.

3. Discussion

Field co-infection of multiple viruses in sweet potato is a common phenomenon worldwide,
which has resulted in the great losses of the yield and quality of storage roots in sweet potato [6–8].
Here, VCSP leaves and storage roots was examined through Q-PCR analysis with primers of five
viruses including SPFMW, SPV2, SPVG, SPCSV and SPVC. Most of VCSP plants were co-infected by
three viruses including SPFMW, SPV2 and SPVG, and the other two viruses were not found in all
virus-checked VCSP plants, whereas no virus was detected in virus-checked VFSP plants. In VCSP
plants, the typical phenotypes with small chlorotic and mosaic leaves were observed and the yield and
quality of storage roots were dramatically reduced. As we expected, photosynthetic characteristics
including the chlorophyll content and maximal photochemical efficiency (Fv/Fm) of leaves in VCSP
were significantly lower than that in VFSP, indicating that the photosystem of VCSP leaves was
obviously impaired by the virus infection, leading to reduced photosynthesis and yield in VCSP. To
explain the differences between VCSP and VFSP at the molecular level, comparative transcriptome
analysis was performed. Interestingly, the number of upregulated genes in storage roots was much
higher than that in leaves. We speculate that storage roots may be in an important stage of reserve
substance synthesis, while these viruses may also play a role in reduced the expression of a large
number of related genes to reserve substance synthesis in VCSP just at this time. This is partially
confirmed by the results of subsequent GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis. GO classification and KEGG pathway analysis showed that the majority of proteins encoded
by upregulated genes in VFSP leaves were localized in chloroplast and its structural components,
including photosystem I, photosystem II, thylakoid and stroma, and involved in multiple biological
processes associated with photosynthesis and porphyrin and chlorophyll metabolism. Obviously,
expression of these chloroplast and photosynthesis genes is initially inhibited by co-infection with three
viruses. In addition, we also found that genes involved in carbon fixation and nitrogen metabolism in
VFSP plants were shown commonly upregulated expression pattern. It has been reported that carbon
(C) and N metabolism are tightly coordinated in the fundamental processes that permit plant growth,
for example photosynthesis and N uptake [20–23]. Therefore, we believe that expression of some
genes involved in photosynthesis, carbon fixation, and nitrogen metabolism is negatively regulated by
co-infection with three viruses, resulting in decreased growth and development of VCSP plants.

Similarly, certain upregulated genes involved in water-soluble vitamin metabolic process,
particularly the water-soluble vitamin biosynthetic process in storage roots in VFSP, were found.
Indeed, storage roots in VFSP showed a higher content of Vc than those in VCSP. Therefore, we
speculate that an enhanced water-soluble vitamin biosynthetic process may be responsible for the
higher accumulated contents of Vc in storage roots of VFSP. Conversely, co-infection of multiple viruses
reduced the expression of genes involved in water-soluble vitamin biosynthetic process, which may
be responsible for the higher accumulated contents of Vc in storage roots of VCSP. In addition, we
found that there were two genes involved in other vitamin synthetic processes including thiamine
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biosynthetic process and thiamine-containing compound biosynthetic process. Therefore, we speculate
that these viruses not only reduce Vc synthesis, but also may adversely affect the synthesis of other
vitamins in VCSP storage roots.

We found that 10 upregulated genes in VFSP leaves were involved in steroid biosynthesis. Of these,
five genes, including CAS1 (K01853), SMO1 (K14423), HYD1 (K01824), SMO2 (K14424), and STE1
(K00227), are involved in brassinosteroid (BR) biosynthesis. In storage roots, there is one gene involved
in brassinosteroid (BR) biosynthesis. BRs play an essential role in diverse developmental programs,
including cell expansion, vascular differentiation, etiolation, and reproductive development [24].
It has been demonstrated that BRs can induce resistance of tobacco, and rice to bacterial, fungal,
and viral pathogens [25,26]. Recent evidence showed that Cucumber mosaic virus (CMV) resistance
was positively regulated by BR levels, and BR signaling was required for this BR-induced CMV
tolerance [27]. Furthermore, BR treatment alleviated photosystem damage, improved antioxidant
enzyme activity and induced defense-associated gene expression under CMV stress in Arabidopsis [27].
Interestingly, although the combination of MeJA and BL treatment resulted in a significant reduction in
Rice black-streaked dwarf virus (RBSDV) infection compared with a single BL treatment, MeJA application
efficiently suppressed the expression of BR pathway genes, and this inhibition depended on the JA
coreceptor OsCOI1, indicating that JA-mediated defense can suppress the BR-mediated susceptibility
to RBSDV infection [26]. We speculate that BR biosynthesis in leaves of sweet potato may be adversely
affected by co-infection with these viruses. In other words, BR biosynthesis may negatively be regulated
by co-infection with these viruses, resulting in reduced growth and development of VCSP plants.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Seedlings of sweet potato plants infected (VCSP) and non-infected (VFSP) with SPFMV, SPV2,
and SPVG from the variety ‘Zheshu 6025′ were supplied by Hangzhou Academy of Agricultural
Sciences (Hangzhou, Zhejiang Province, China). Two hundred of candidate VFSP seedlings were
obtained through virus elimination by tissue culture of growth points of VCSP seedlings. Forty-eight
non-infected seedlings were obtained through Q-PCR analysis of candidate VFSP seedlings with
primers of five viruses including SPFMW, SPV2, SPVG, SPCSV and SPVC. Most of VCSP seedlings
were co-infected with three viruses including SPFMW, SPV2 and SPVG, while these viruses were
not found in all VCSP seedlings. Seedlings of VCSP and VFSP were planted in different pots in the
same shed in mid-March. Before collection, each plant was detected by Q-PCR to ensure the sample
consistency. Sweet potato storage roots were harvested at 150 d. The FW of VCSP and VFSP storage
roots in three plots was calculated. The yield of each plot was calculated.

4.2. Measurement of Leaf Length (LL) and Width (LW)

The lengths and widths of 10 leaves from four replicates of VCSP and VFSP plants were measured.
The standard errors (SE) of mean LL or LW were calculated.

4.3. Determination of Chlorophyll Contents

The contents of chlorophyll a and chlorophyll b were directly measured from the crude chlorophyll
extracts of sweet potato leaves. A total of 0.2 g leaf tissues was homogenized in ethanol at 4 ◦C as
described by Porra et al. [28]. The homogenates were centrifuged, and their fluorescence at 662,
645 and 470 nm was measured with an ultraviolet visible optical spectrometer UV2550 (manufactured
by SHIMADZU Corporation, Kyoto, Japan).

4.4. Assay of Maximal Photochemical Efficiency (Fv/Fm)

Chlorophyll fluorescence was determined with a chlorophyll fluorescence imaging system
(IMAGING PAM; Heinz Walz, Effeltrich, Germany). To measure the maximal quantum efficiency
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of PSII (Fv/Fm), sweet potato leaves were dark-adapted for 30 min. The measured light intensity
for normal light and saturating light was 1 and 10, respectively. Fv/Fm was also measured with an
FMS-2 pulse amplitude fluorimeter (Hansatech Instruments Ltd., Kings Lynn, Norfolk, UK). Minimal
fluorescence (Fo) was measured under a weak pulse of modulating light over a 0.8-s period, and
maximal fluorescence (Fm) was obtained after a saturating pulse of 0.7 s at 8000 μmol m −2 s −1.

4.5. Assay of Starch Content

Two to 5 g of the finely ground sample was weighed and filtered through 40 mesh or finer into in
a funnel with slow filter paper. The fat in the sample was washed five times with 50 mL of petroleum
ether, after which the petroleum ether was discarded. The residue was washed many times with
150 mL of ethanol (85% to volume ratio) to remove soluble sugars. The ethanol solution was drained,
the residue in the funnel was rinsed with 100 mL of water, and the solution was transferred to a
250 mL cone bottle. Thirty milliliters of hydrochloric acid (1 + 1) was added, and a condensing tube
was connected, after which the solution was held for 2 h in a boiling water bath. After the reflux
was finished, the solution was immediately cooled. When the hydrolysate of the sample was cooled,
2 drops of methyl red indicator were added. First, sodium hydroxide solution (400 g/L) turned yellow
and then hydrochloric acid (1 + 1) was added to the sample. The hydrolysate turned red. Then, 20 mL
of lead acetate solution (200 g/L) was added and the solution was shaken well for 10 min. Twenty
milliliters of sodium sulfate solution (100 g/L) was added to remove excessive lead. The solution
and residue were shaken and added to a 500 mL volumetric flask, and the conical flask was washed
with water. The solution was incorporated into the volumetric flask and diluted with water to scale.
Twenty milliliters of the filtrate was retained for determination. A total of 5 mL of alkaline tartaric acid
copper solution and 5 mL of alkaline tartaric acid copper solution were collected and placed in 150 mL
cone bottles. Ten milliliters of water and two beads of glass beads were added, and 9 mL of a glucose
standard solution from the burette was added. The control was heated to boiling and kept boiling for
2 min. The glucose was added continuously at a rate of one drop every two seconds until the blue
solution faded. The total volume of the glucose standard solution was recorded, and three replicates
were performed at the same time, and the average value was taken. The copper solution of each 10 mL
(A and B 5 mL) of alkaline tartaric acid was equivalent to the mass of m1 (mg) of glucose.

4.6. HPLC Analysis of Vitamin C

Sweet potato storage roots (10–20 g) were homogenized with the same extraction solution (20 g/L
HPO3) for 30 min. Mixture supernatants were then recovered by filtration and constituted the raw
extracts. After the reduction of raw extracts, vitamin C was quantified by HPLC (Waters system)
using an isocratic gradient equipped with a reversed-phase C 18 column (Waters, Spherisorb ODS 2)
(5 μm packing) (250 × 4.6 mm id). Ascorbic acid was eluted under the following conditions: injected
volume 20 μL; oven temperature 20 ◦C; mobile phase, A: 6.8 g/L KH2PO4 + 0.91 g/L HTAB (hexadecyl
trimethyl ammonium bromide); B: 100% MeOH; solvent mixture: A/B (98/2) (v/v). The flow rate
was 0.7 mL min−1, and the total elution time was 10 min. Detection was performed with an III-1311
Milton Roy fluorimeter (Ivyland, PA, USA) with a wavelength of 245 nm. Quantification was carried
out by external calibration with ascorbic acid. The calibration curve was set from 0.5 to 50 μg/mL
ascorbic acid.

4.7. Assay of Total Beta-Carotene

Sweet potato storage roots (1–5 g) were homogenized with 75 mL of the extraction solution
(13.3 g/L ascorbic acid and ethanol), and the mixture was shaken at 60 ◦C for 30 min. Mixture
supernatants were then recovered by filtration and constituted the raw extracts. After the saponification
and extraction of raw extracts, beta-carotene was quantified by HPLC (Waters system) using an
isocratic gradient equipped with a reversed-phase C30 column (Waters, Spherisorb ODS 2) (5 μm
packing) (150 × 4.6 mm id). Beta-carotene was eluted under the following conditions: injected volume
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20 μL; oven temperature 30 ◦C; mobile phase, A: MeOH, ACN, H2O (73.5/24.5/2, v/v/v); B: 100%
MTBE (methyl tertbutyl ether). The flow rate was 1.0 mL·min−1, and the total elution time was
10 min. Detection was performed with an III-1311 Milton Roy fluorimeter (Ivyland, PA, USA) with a
wavelength of 450 nm. Quantification was carried out by external calibration with beta-carotene. The
calibration curve was set from 0.5 to 10 μg/mL beta-carotene.

4.8. RNA Sequencing and Data Analysis

Sweet potato leaves and storage roots from ten plants were pooled as an independent experimental
replicate. Three independent experimental replicates were used for transcriptomic analysis. Total
leaf RNA was isolated from sweet potato leaves and storage roots using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer′s protocols, dissolved in RNase-free water and then
used to construct the transcriptome sequence library using the NEBNext Ultra RNA Library Prep Kits
for Illumina (NEB, Ipswich, MA, USA) following the manufacturer′s instructions. Index codes were
added to attribute sequences to each sample. Finally, 125 bp paired-end reads were generated using
Illumina HiSeq 2500 (Novogene, Beijing, China). Clean reads were obtained by removing the reads
containing adapter or poly-N and the low-quality reads from raw data. The reads were aligned to the
genome using the TopHat (2.0.9) software. To measure gene expression level, the total number of reads
per kilobase per million reads (RPKM) of each gene was calculated based on the length of this gene
and the counts of reads mapped to this gene. RPKM values were calculated based on all the uniquely
mapped reads. The genes with RPKM ranging from 0 to 3 were considered at a low expression
level, the genes with RPKM ranging from 3 to 15 at a medium expression level, and the genes with
RPKM above 15 at a high expression level. Differential expression analysis was conducted using the
DESeq R package (1.10.1). The resulting p values were adjusted using Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with an adjusted p value <0.05 identified by
DESeq were assigned as differentially expressed. GO annotation was performed using the Blast2GO
software (GO association was performed by a BLASTX against the NCBI NR database). GO enrichment
analysis of differentially expressed genes was then performed with the BiNGO plugin for Cytoscape.
Over-presented GO terms were identified using a hypergeometric test with the significance threshold
of 0.05 after the Benjamini and Hochberg FDR correction. KEGG enrichment analysis of differentially
expressed genes was performed using the KOBAS (2.0) [29] software.

4.9. Verification of RNA-Seq Data by Quantitative Real-Time PCR (qRT-PCR)

To test the reliability of RNA-seq data (Table S7), a set of the top ten upregulated genes in three
replicates was selected for qRT-PCR. Specific primers were designed with the Primer Express software
(Applied Biosystems, Foster City, CA, USA) and synthesized by Sangon (Shanghai, China). cDNA
was synthesized from 1 μg of total RNA using the PrimeScript RT reagent Kit (Takara, Dalian, China).
Real-time RT-PCR was performed on the ABI 7500 Real-Time PCR System (Applied Biosystems) using
the 2× SYBR green PCR master mix (Applied Biosystems). HongSu ARF (Genbank No. JX177359.1)
was used as an internal standard. Three independent experimental replicates were analyzed for each
sample, and data are indicated as the mean ± SE (n = 3). Twenty-nine pairs of primers were designed
for specific transcript amplification of 3 virus genes and 26 differentially expressed genes (Table S8).

4.10. Statistical Analysis

Three independent experimental replicates were analyzed for each treatment, and data are
indicated as the mean ± SE (n = 3). Analyses of variance (ANOVA) were conducted by Duncan’s
multiple range test. Before analysis of variance, percentages were transformed according to
y = arcsin[sqr(x/100)]. All data were analyzed according to a factorial model and replicates as
random effects. Means were compared among treatments by LSD (least significant difference) at
0.05 confidence level.
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5. Conclusions

This study integrates the results of morphology, physiology, and comparative transcriptome analysis
of the leaves and storage roots of VCSP and VFSP to address the differences in their underlying molecular
mechanisms. Co-infection with three viruses, including SPFMV, SPV2, and SPVG, significantly reduces
the expression of many genes involved in photosynthesis and photosynthesis-related pathways in
VCSP, which adversely affects the development and growth of sweet potato through these pathways,
resulting in a decrease in the yield and quality of storage roots in VCSP. Therefore, our findings provide
new insight into transcriptional alterations in certain genes involved in photosynthesis, porphyrin,
and chlorophyll metabolism, vitamin biosynthetic processes, BR biosynthesis, carbon fixation, and
nitrogen metabolism in VCSP and VFSP, which helps to reveal the underlying molecular mechanism of
developmental disorders of sweet potato subjected to co-infection by multiple viruses.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/5/1012/
s1. 1. Overall GO classification of differentially up-regulated genes of VFSP/VCSP leaves. 2. Overall GO
classification of differentially up-regulated genes of VFSP/VCSP storage roots. 3. Overall GO classification
of differentially down-regulated genes of VFSP/VCSP leaves. 4. Overall GO classification of differentially
down-regulated genes of VCSP and VFSP storage roots. 5. KEGG Pathway enrichment analysis based on the
differentially up-regulated genes between VFSP and VCSP leaves. 6. KEGG Pathway enrichment analysis based
on the differentially up-regulated genes between of VFSP and VCSP storage roots. 7. KEGG Pathway enrichment
analysis based on the differentially down-regulated genes between VCSP and VFSP leaves. 8. KEGG Pathway
enrichment analysis based on the differentially down-regulated genes between VCSP and VFSP storage roots. 9.
RNA-seq dataset of leaves and storage roots of VFSP and VCSP. 10. Twenty-six pairs of primers were designed for
gene-specific transcript amplification.
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Abbreviations

AGO argonaut
BL brassinolide
BRs brassinosteroids
CAT catalase
CKs cytokinins
DEGs differentially expressed genes
GO Gene Ontology
JA jasmonic acid
KEGG Kyoto Encyclopedia of Genes and Genomes
POD peroxidase
RBSDV rice black-streaked dwarf virus
RPKM reads per kilobase per million reads
qRT-PCR quantitative real-time PCR
SPCDV Sweet potato chlorosis dwarf virus
SPCFV Sweet potato chlorotic fleck virus
SPCSV Sweet potato chlorotic stunt virus
SPFMV Sweet potato feathery mottle virus
SPMMV Sweet potato mild mottle virus
SPV2 Sweet potato virus Y
SPVD Sweet potato virus disease
SPVG Sweet potato virus G
SOD superoxide dismutase
TMV Tobacco mosaic virus
VCSP sweet potato plants infected with SPFMV, SPV2, and SPVG
VFSP sweet potato plants non-infected with SPFMV, SPV2, and SPVG
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