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Preface

This special issue on "Plant Proteomics" aims to highlight the diverse applications of 
proteomics in understanding plant molecular responses to various biotic and abiotic challenges. 
Recent advancement in mass spectrometry, complemented with the availability of more complete 
genome-sequence data and modern bioinformatics, has made proteomics a fast, sensitive and 
reliable technique to identify and characterize novel proteins and to follow temporal changes in 
protein relative abundances under adverse environmental conditions. This issue includes 4 
reviews and 8 original articles primarily on environmental proteomics studies.

The first review article (Hossain and Komatsu) is concerned with the world’s most widely 
grown seed legume, soybean, an important global source of vegetable oil and protein. This
review highlights major contributions in the field of soybean biology to comprehend the complex 
mechanism of flood and drought stress acclimation. Furthermore, strengths and weaknesses of 
different protein extraction protocols, challenges and future prospects of soybean proteome study 
are discussed in detail for deeper understanding of the underlying mechanism of water stress 
acclimation.

Alves et al. present an overview of protein-protein interaction patterns of major transcription 
factors to elucidate the regulatory networks that modulate plant defense response against 
pathogen attack. The review by Fu and Yang summarizes recent advances in proteomics of 
pollen-pistil interaction to provide a comprehensive insight on the regulation of self-
incompatible and compatible pollination. Albenne et al. present a comprehensive analysis of 
available cell wall proteome data. 

Moreover, concerns about the present methodological limitations on the coverage of full cell 
wall proteome during purification have been raised. Meisrimler et al. describe the changes in the 
soluble class III peroxidases in maize subjected to waterlogging stress and their possible role in 
plant adaptation to water stress. Haque et al. present the quantitative proteomics of transgenic 
wheat expressing TaBWPR-1.2 genes in response to waterlogging. Okekeogbu et al. demonstrate
the modulation of seed radicle proteome in aluminum treated tomato plants using iTRAQ
method. Article 4 presents proteomic analysis of canker-rot fungus infected Japanese birch 
plantlets to unravel the mechanisms of SAR establishment and resistance signaling pathways.

Suzuki et al. describe the proteomic profiling of susceptible sugar beet infected with the beet 
necrotic yellow vein virus with the aim to understand the compatible virus-host plant 
interactions.  Webb et al. present a deep and extensive research work on enhanced synthesis of 
defense proteins and leghemoglobin in Meloydogine incognita challenged cowpea roots. Yu wt 
al. provide an overview of gametophytic factors mediated pollen-pistil interactions in maize. 
Lassowskat et al. demonstrate a simple but powerful method of phosphoprotein enrichment,
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namely prefractionation-assisted phosphoprotein enrichment that might open a new avenue for 
plant phosphorylation-based signaling research. 

We believe that this special issue on "Plant Proteomics" reflects the current perspective and 
state-of-the-art of environmental proteomics, which would not only enrich us in understanding 
the plants response to environmental stressors but would further help us to move a step ahead in 
designing stress-tolerant crops. The articles in this issue will be of general interest to proteomics 
researchers, plant biologists, and environmental scientists. We would like to thank all authors for 
their high quality contributions and numerous peer reviewers for their critical evaluation and
valuable suggestions. Finally, we herewith render our heartiest thanks to the Editor-in-Chief 
Professor Jacek R. Wisniewski for giving us the opportunity to serve Proteomes as Guest Editors
and Editorial Office, a special mention goes to Ms. Annie Zhao for keeping us updated about the 
manuscript submission and review process, which helped us in bringing the surmount task to 
success.

Setsuko Komatsu
National Institute of Crop Science, 

Kannondai 2-1-18, Tsukuba 305-8518, Japan
E-mail: skomatsu@affrc.go.jp

Zahed Hossain
Department of Botany, West Bengal State University, 

Kolkata-126, West Bengal, India
E-mail: zahed_kly@yahoo.com

Guest Editors







 

 

 

Reviews 
 





3 
 

Potentiality of Soybean Proteomics in Untying the Mechanism of 
Flood and Drought Stress Tolerance 

Zahed Hossain and Setsuko Komatsu 

Abstract: Dissecting molecular pathways at protein level is essential for comprehensive understanding 
of plant stress response mechanism. Like other legume crops, soybean, the world’s most widely grown 
seed legume and an inexpensive source of protein and vegetable oil, is also extremely sensitive to abiotic 
stressors including flood and drought. Irrespective of the kind and severity of the water stress, soybean 
exhibits a tight control over the carbon metabolism to meet the cells required energy demand for 
alleviating stress effects. The present review summarizes the major proteomic findings related to 
changes in soybean proteomes in response to flood and drought stresses to get a clear insight into the 
complex mechanisms of stress tolerance. Furthermore, advantages and disadvantages of different 
protein extraction protocols and challenges and future prospects of soybean proteome study are 
discussed in detail to comprehend the underlying mechanism of water stress acclimation. 

Reprinted from Proteomes. Cite as: Hossain, Z.; Komatsu, S. Potentiality of Soybean Proteomics in 
Untying the Mechanism of Flood and Drought Stress Tolerance. Proteomes 2014, 2, 107ï127. 

1. Introduction 

Plants, being sessile organisms, are prone to various environmental stresses. Flooding and drought 
are the two different forms of water stress that constitute major limiting factors for plant growth, 
development and quality crop production. Soybean, the world’s most widely grown seed legume, 
provides an inexpensive source of protein and vegetable oil for human consumption. This important 
legume crop is adapted to be grown in a wide range of climatic conditions; nevertheless, at seedling 
stage its growth is significantly affected by several abiotic stressors, including flooding [1–11] and 
drought [12,13].  

Dissecting stress tolerance mechanism at molecular level has always been a priority in any  
crop development program. Stress-induced changes in gene expression modulate metabolic  
processes through alteration of cellular protein abundance and function. Therefore, understanding  
how the function of proteins changes under stressed conditions is crucial for clarifying 
the molecular mechanisms underlying stress tolerance and crop injury. Identification and  
understanding the biological function of any novel gene conferring such tolerance is a more  
ambitious goal than merely determining its sequence. Due to lack of correlation between  
mRNAs’ expression levels and the abundance of their corresponding proteins, proteomic  
techniques provide one of the best options for the functional analysis of translated regions of  
the genome. Furthermore, several proteins undergo post-translational modifications such as removal of 
signal peptides, phosphorylation and glycosylation, that are extremely important for protein function. 
Hence, a proteomics approach, complemented with genome-sequence data and modern  
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bioinformatics, offers a powerful tool to identify and characterize novel proteins and to follow temporal 
changes in protein relative abundances under adverse environmental conditions.  

Conventional gel-based proteomic approaches, and gel free-mass spectrometry (MS)-based methods 
involving label-based and label-free protein quantification have been extensively used for characterization 
of stress-responsive proteins in soybean [5,6,9–11,14–17]. The present review provides an overview of 
the major findings related to changes in soybean proteomes in response to flooding and drought stresses 
to get a clear insight into the complex mechanisms involved in plants stress response. Furthermore, 
strengths and weaknesses of different proteomic methodologies of extracting complete proteome and 
challenges and future prospects of soybean proteome study are discussed in detail to comprehend the 
underlying mechanism of water stress tolerance. 

2. Protein Extraction 

The choice of method for protein extraction largely depends on the type of plant organelle and organs, 
and/or the nature of desired proteins to be extracted (Table 1). Presence of various interfering substances, 
such as phenolic compounds, proteolytic and oxidative enzymes, terpenes, organic acids, and carbohydrates 
create complications during the process of protein extraction, resulting in inferior results such as 
proteolytic breakdown, streaking, smearing and charge heterogeneity [18]. Elimination of these 
disturbing compounds during protein extraction is thus necessary to get the optimum result. 

Soybean seeds contain a large amount of secondary metabolites like kaempferol and quercetin which 
not only hampers high-quality protein extraction, but also impedes protein spot separation in high 
resolution two-dimensional polyacrylamide gel electrophoresis (2-DE) gels, resulting in a significant 
reduction in the number of distinctly resolved protein spots [24,25]. Furthermore, presence of abundant 
storage proteins such as -conglycinin and glycinin often hinders the isolation and characterization of 
less abundant seed proteins. Sample fractionation technique has proved to be an efficient strategy for 
successful removal of such highly abundant storage proteins. With the simple addition of 10 mM calcium 
chloride to the salt soluble soybean seed protein extract in low ionic strength buffer, the , ', and  
subunits of -conglycinin and the acidic and basic subunits of glycinin were found to be reduced 
significantly from the total protein extract [26]. For extracting soybean seed proteins both at mature [27] 
and seed filling stages [28], phenol based protein extraction method was reported to be more effective. 
As compared to the trichloroacetic acid (TCA)/acetone or Tris-HCl buffer, protein extracted in buffer 
comprises of 50% phenol, 0.45 M sucrose, 5 mM EDTA, 0.2% 2-mercaptoethanol, 50 mM Tris–HCl 
(pH 8.8) produced a large number of reproducible protein spots. Natarajan et al. [29] also compared four 
different protein extraction/solubilization methods-urea, thiourea/urea, phenol, and a modified 
TCA/acetone to determine their effectiveness in separating soybean seed proteins by 2-DE. The 
thiourea/urea and TCA methods were found to be more suitable in resolving less abundant and high 
molecular weight proteins. In addition, these two methods exhibited higher protein resolution and spot 
intensity as compared to the rest of the methods. Recently, Barbosa et al. [30] successfully analysed 
mature seed proteome by extracting proteins in 50 mM Tris-HCl (pH 8.8), 1.5 mM KCl, 10 mM 
dithiothreitol (DTT), 1.0 mM phenylmethylsulfonyl fluoride (PMSF), and 0.1% SDS followed by 
precipitation in 0.1 M ammonium acetate in methanol.  
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To compare soybean leaf and flower proteomes at different developmental stages, Ahsan and 
Komatsu [31] evaluated three different protein extraction protocols-TCA precipitation [32], phenol 
extraction method [33] with modifications and direct tissue homogenizing in suitable protein 
solubilization buffers. To optimize protein pellet solubilization buffer, A-buffer containing 8 M urea, 
2% Nonidet P-40, 2% ampholine (pH 3.5–10), 5% 2-mercaptoethanol, and 5% polyvinylpyrrolidone 
(PVP)-40; B-buffer [32] containing 7 M urea, 0.2 M thiourea, 0.2 mM tributylphosphine (TBP), 0.4% 
CHAPS, 5% PVP-40, and 2% ampholine (pH 3–10); and C-buffer containing 8.5 M urea, 2.5 M thiourea, 
5% CHAPS, 1% DTT, 1% Triton X-100, and 0.5% ampholines (pH 3–10 and 5–8) were tested.  
A combination of the phenol-based method with C-solubilization buffer generated high quality proteome 
maps in terms of well-separated resolved spots, spot intensity, and the number of proteins in the 2-DE 
gels with no horizontal streaking and high background noise levels.  

For root proteomic analysis, TCA/acetone precipitation is the most widely used protein extraction 
method. Root proteins extracted in 10% TCA and 0.07% 2-mercaptoethanol in acetone followed by 
subsequent solubilization in the lysis buffer containing 8 M urea, 2 M thiourea, 5% CHAPS, and 2 mM 
TBP results in a high quality gel with a good number of resolved protein spots [16,34]. Addition of DTT 
and PVP in the soybean protein extraction buffer was found to be effective in enhancing the number of 
resolved spots in gels [35,36]. Ahsan and Komatsu [31] reported that treatment of root with Mg/Nonidet 
P-40 buffer followed by extraction with alkaline phenol and methanol/ammonium acetate  
produced high-quality proteome maps consisting of numerous well-separated spots with high intensity, 
on 2-DE gels. 

On the whole, instead of having physicochemical limitations of each and every protocol, the 
TCA/acetone precipitation and phenol-based protocols are the most reliable and efficient protein 
extraction methods for various soybean organs to obtain high quality gels [37,38] (Table 1). 

3. Changes in Soybean Proteome in Response to Flooding 

Soil oxygen deprivation, the most inevitable consequence of flooding, forces submerged plants to 
shift from aerobic to anaerobic respiration [39,40]. This metabolic swing helps plants to regenerate 
NAD+ through ethanol fermentation by selectively synthesizing flooding-inducible proteins involved in 
sucrose breakdown, glycolysis, and fermentation [41]. The suppressed energy metabolisms accelerate 
energy depletion resulting in growth retardation, and render flooded plants vulnerable to other biotic and 
abiotic stresses. 

Different physiological and molecular aspects of plant response toward flooding stress are well 
documented. In this section, contribution of proteomic studies to flooding stress mediated modulation 
of protein networks have been summarized for better understanding of flood sensing and tolerance 
mechanism both at organ and whole plant level (Figure 1).  

Organ-specific proteome response of soybean seedlings under flooding stress has been well  
analyzed [1,2,5–10,16,42] (Table 1). Root represents the first organ of a plant in sensing waterlogged 
condition. Thus, root has always been a target of proteomic investigation to elucidate the plants’ flood 
response mechanism. Root proteome study of submerged young soybean seedlings revealed that 
glycolysis related proteins including UDP-glucose pyrophosphorylase and fructose-bisphosphate 
aldolase, disease/defense-related proteins such as ROS (reactive oxygen species) scavengers, 
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chaperones, hemoglobin, and/or acid phosphatase were mostly affected [16,20,42]. A separate study by 
Alam et al. [19] has shown higher expression of glycolysis and fermentation pathways related proteins 
in roots of three-week-old seedlings. Analysis of enzyme activities and carbohydrate contents in  
flooded seedlings further confirmed that glucose degradation and sucrose accumulation accelerated 
during flooding due to activation of glycolysis and decrease of sucrose degrading enzymes [16].  
In addition, the methylglyoxal pathway, the detoxification route linked to glycolysis, was found to be 
increased under flooding. 

Flood-specific accumulation of alcohol dehydrogenase (ADH2) in roots of soybean indicates 
activation of alcohol fermentation pathway to cope with the hypoxic condition [6]. A recent proteomic 
study on flooding-tolerant mutant line showing better root growth under flooded condition revealed 
higher abundances of fermentation-related proteins including different types of ADHs and pyruvate 
decarboxylase isozymes on exposure to submergence [1]. Additionally, no changes in the cell wall 
loosening-related proteins were observed under flooding stress, thereby preserving the viability of the 
root tip and permitting rapid growth at post-stress period.  

Within the root system, the tip portion of the primary roots plays an essential role in seedling 
establishment. Flooding induced cell death in the root tip region and a subsequent suppression in root 
elongation have been reported in flooded soybean seedlings [17]. Predominant proteins involved in stress 
response, glycolysis, redox homeostasis, and protein processing found to be located in differentiated root 
zones including root apex with different abundances [36]. Gel free MS based quantitative proteomics 
and phosphoproteomics approaches have been well exploited to enumerate the altered protein relative 
abundance profiles of soybean root tips under flooding stress [17]. Classification of differentially 
accumulated proteins revealed that majority of the proteins involved in glycolysis, fermentation, cell 
wall metabolism and nucleotide metabolism were increased; while, the relative abundance of most of 
the proteins involved in amino acid metabolism and cell organization were decreased. In addition, few 
proteins including sucrose-binding protein, phosphatidylinositol-4-phosphate 5-kinases, actins, and 
alpha-tubulins, were found to be accumulated specifically in the root tip region. Accumulation of 
sucrose-binding proteins in flooded soybean root tips suggests an enhanced sucrose accumulation. This 
observation is in agreement with the finding, reported previously in soybean roots and hypocotyls [16]. 
Furthermore, Yanagawa and Komatsu [43] reported that flooding, and not the hypoxic condition,  
was responsible for the root tip degradation resulting from ubiquitin/proteasome-mediated proteolysis, 
as these injuries were independent of the oxygen concentration. It is believed that the Ub/ 
proteasome-mediated proteolysis of enzymes involved in glycolysis and fermentation pathways  
may be negatively controlled under the hypoxic condition caused by flooding [3]. Previous gel and  
gel-free MS based proteomic study by Nanjo et al. [16] has also revealed differential regulation of  
20S proteasome subunits in flooded soybean. Altered expression of each 20S proteasome subunit in 
response to flooding stress may thus affect the amount as well as the activity of the 26S proteasome, 
thereby altering flooding tolerance.  
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Figure 1. Water stress mediated changes in metabolic pathways. Blue and red arrows 
indicate changes in protein abundance (upward arrows indicate increase and downward 
arrows indicate decrease) in response to flooding and drought, respectively.  

 

Abbreviations: ADH; alcohol dehydrogenase; AH, aconitate hydratase; ALD, aldolase; APX, ascorbate 
peroxidase; DHAR, dehydroascorbate reductase; ENO, enolase; FR, fumarase; GAPDH, glyceraldehyde  
3-phosphate dehydrogenase; G6PI, Glucose-6-phosphate isomerase; GPx, glutathione peroxidase; GR, 
glutathione reductase; Hsp, heat shock proteins; IDH, isocitrate dehydrogenase; MD, malate dehydrogenase; 
PD, pyruvate dehydrogenase; PDC, pyruvate decarboxylase; PFK, Phosphofructokinase; PGK, 
phosphoglycerate kinase; PGM, phosphoglycerate mutase; PHGDH, 3-Phosphoglycerate dehydrogenase; 
PHP, 3-phosphohydroxypyruvate; PK, pyruvate kinase; PR, pathogenesis-related; POD, peroxidase;  
Prx, Peroxidoxin; ROS, reactive oxygen species; SAMS, S-adenosylmethionine synthetase; SAM,  
S-adenosylmethionine; SD, succinate dehydrogenase; TPI, triose-phosphate isomerase; Trx, thioredoxin. 
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Among the differentially expressed ROS scavenger proteins, cytosolic ascorbic peroxidase (cAPX) 
and superoxide dismutase (SOD) were found to be decreased in response to flooding. Proteomic 
screening of six different soybean cultivars revealed a significant decrease in cAPX 2 proteins on 
exposure to flooding [44]. Abundance of cAPX 2 transcripts was also found to be decreased significantly 
after flooding, as did the APX activity. Results suggest that cytosolic APX 2 plays a key role in  
flood-induced stress response of young soybean seedlings. 

The post-stress recovery period is equally critical phase for the ultimate survival of a stressed plant. 
Salavati et al. [34] examined the proteome change under post-flooding recovery stage in soybean roots. 
Clustering analysis based on the expression profiles of the differentially abundant protein spots revealed 
that flooding resulted in a decrease of ion transport-related proteins and an increase of proteins involved 
in cytoskeletal reorganization, cell expansion, and programmed cell death. The observed changes in 
protein relative abundance suggest that the regulation of root growth through cell wall modification and 
the synthesis of S-adenosylmethionine-related metabolites may be involved in post-flooding recovery 
processes in soybean seedlings.  

Flood-induced reduction in plant biomass is directly related to stomatal limitations on net 
photosynthesis that result in reduced carbon assimilation [45]. Restriction in photosynthetic activity is 
also influenced by changes in the photosynthetic components, such as ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) and other photosynthesis-related proteins [46]. Leaf proteome 
analysis of soybean seedlings revealed that most of decreased proteins were involved in energy 
production and primary/secondary metabolism [47]. This observation is in agreement with the results of 
a recent gel-based organ-specific proteomic study by Khatoon et al. [9]. As compared to the roots and 
hypocotyls, more metabolism, energy and disease/defense related proteins were found to be decreased 
in leaves. The reduced levels of isoflavone reductase and other disease/defense-related proteins (SOD, 
CAT) in the roots and leaves of flooded seedlings compared to non-stressed seedlings indicate that the 
defense response is highly suppressed in soybean seedlings under flooding stress. Furthermore,  
a decreased relative abundance of chlorophyll a-b binding proteins were recorded. Overall, reduced 
photosynthetic activity along with low expression of ROS scavenging proteins lead to suppression of 
seedling growth under flooding. 

As compared to whole organ proteome study, an in-depth investigation of subcellular organelles 
proteomes generates much detailed information about the intrinsic mechanism of stress response as it 
correlates the possible relationship between the protein abundance and plant stress tolerance. The 
intracellular organelles and compartments and their interactions during the stressed condition represent 
the primary defense response. Among the organelles, mitochondria have been a target for subcellular 
proteomic study, as most of the abiotic stresses primarily impair mitochondrial electron transport chain 
resulting in excess ROS generation. Proteomic technique coupled with metabolomics has been 
successfully used to study the flooding stress effects on mitochondrial function of flooded soybeans [5]. 
Flooding stress caused a considerable impairment of the electron transport chain in the roots and 
hypocotyls of soybean seedlings. Abundance of inner membrane carrier proteins and proteins related to 
complexes III, IV, and V of the electron transport chain were found to be decreased, while proteins and 
metabolites related to TCA and -amino butyrate (GABA) shunt were increased under flooding stress 
resulting in high NADH production. In addition, succinate-semialdehyde dehydrogenase and GABA 
were significantly increased by flooding stress, as was 2-oxoglutarate dehydrogenase, suggesting that 
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the GABA shunt is involved in a replenishment of intermediates needed for energy production that have 
been depleted by flooding stress.  

Plant cell wall plays an essential role in stress sensing and signal transduction between the apoplast 
and symplast. Investigation on the function of the cell wall of flooded soybean seedlings revealed 
decrease in lipoxygenases, germin-like protein precursors, stem glycoprotein precursors and Cu–Zn 
SOD [7]. Proteome analysis suggested that flooding caused suppression of lignifications in roots through 
a decrease of ROS scavenging enzymes and jasmonate biosynthesis. Similarly, alterations in the plasma 
membrane proteins of soybean exposed to flooding stress were analyzed using gel-based and gel-free 
proteomics techniques [21]. Plasma membrane acts as a primary interface between the cellular cytoplasm 
and the extracellular environment and thus plays a vital role in cell communication. Among the stress 
induced novel proteins, SOD was found to be remarkably increased, suggesting that the antioxidative 
system may play a crucial role in protecting cells from oxidative damage following exposure to flooding 
stress. In addition, flood induced an enhanced accumulation of heat shock cognate 70 kDa protein which 
might protect proteins from denaturation and degradation during flooding stress. 

In a recent gel-free proteomic study by Komatsu et al. [2], exogenous application of phytohormone 
abscisic acid (ABA) at early seedling stage has been found to be effective in enhancing flood tolerance 
in soybean. The abundance of 34 nuclear proteins such as histone deacetylase and U2 small nuclear 
ribonucleoprotein increased by ABA supplementation under flooding; while, 35 nuclear proteins such 
as importin alpha, chromatin remodeling factor, zinc finger protein, transducin, and cell division 5 protein 
were decreased. In addition, mRNA expression levels of cell division cycle 5 protein, C2H2 zinc  
finger protein SERRATE, CCCH type zinc finger family protein, and transducin were found to be  
down-regulated under the ABA treatment. Authors suggested that ABA might be involved in the 
enhancement of flooding tolerance through the control of energy conservation via glycolytic system and 
the regulation by zinc finger proteins, cell division cycle 5 protein and transducin. Similar nuclear 
proteomic analysis by Oh et al. [48] reported acceleration of protein poly-ADP-ribosylation and 
suppression of RNA metabolism in root tips of young soybean seedlings under flooding stress.  
A separate proteomic study on endoplasmic reticulum (ER)-enriched fraction of flooded soybean root 
tips revealed decreased abundances of proteins involved in stress, hormone metabolism, cell wall and 
DNA repairing [4]. Additionally, expression of luminal-binding protein 5 was specifically induced under 
flood stress, while arabinogalactan protein 2 and methyltransferase PMT2 were found to be  
down-regulated. Overall, results indicate that flooding predominantly affects protein synthesis and 
glycosylation in the ER of soybean root tips.  

Taken together, these results suggest that the tight metabolic regulation over the energy consumption 
and quick activation of plant defense system are essential to conquer the flooding stress. 

4. Drought Induced Modulation of Soybean Proteome Composition 

Drought constitutes another form of water stress that results from scarcity of water around the root 
zone. Like other legumes, soybean is also sensitive to drought condition. Decline in photosynthetic 
carbon gain as a result of stomatal closure or due to a decrease in RuBisCO activity is one of the major 
reasons behind the loss of crop productivity during drought phase [49]. The activity of the photosynthetic 
electron transport chain is finely tuned to the availability of CO2, and photosystem II activities often 
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decline in parallel under drought conditions [50]. In soybean, photosynthesis decreases by about 70% 
during severe water stress, although the respiration rate is not that much affected [51]. Drought tolerance 
has always been considered as one of the top priorities for soybean improvement [52]. The genetic 
complexity of drought tolerance, the lack of efficient selection technique, environmental variability, and 
the strong interactions between genotype and water availability are some of the key limiting factors for 
designing drought tolerant soybean cultivars [13]. 

Different aspects of plant response toward dehydration stress have been well documented. However, 
information on drought sensing and tolerance mechanism at the proteome level is very limited. In this 
section, published proteomic works on dehydration stress mediated changes in soybean proteomes are 
summarized for better understanding of the drought stress responsive mechanism (Figure 1). The 
functional categorization revealed that most of the drought-responsive proteins were chiefly involved in 
redox regulation, oxidative stress response, signal transduction, protein folding, secondary metabolism, 
and photosynthesis.  

Root is found to be the most drought-responsive organ showing maximum changes in protein 
abundance in response to stress. Polyethylene glycol (PEG), a high molecular weight osmotic substance, 
is frequently used to simulate drought stress in soybean lowering the water potential in a similar way to 
soil drying [22,23]. Changes in relative abundance of metabolism-related proteins were shown to be 
increased in leaves of both PEG-treated and drought-stressed seedlings, while proteins related to energy 
production- and protein synthesis were decreased [12]. In a separate study, abundance of proteins 
associated with a wide variety of cellular functions, including carbohydrate and nitrogen metabolism, 
cell wall modification, signal transduction, cell defense and programmed cell death were found to be 
highly affected in soybean roots subjected to severe but recoverable drought stress at seedling stage [13].  

Toorchi et al. [23] studied the PEG-induced osmotic stress related proteins in soybean roots using a 
2-DE gel based proteomic approach. Osmotic stress is just a simulation of drought condition, where high 
concentration of osmolyte e.g. PEG stimulates the roots to look for unexplored water. This results in 
continuing root growth and a delay in root lignification. Protein identification revealed a decrease in 
caffeoyl-CoA 3-O-methyltransferase, Hsp-70, S-adenosylmethionine synthetase with high abundance of 
disease/defense associated proteins [23]. In plant cell wall, lignin is the major structural component of 
secondary thickening that imparts mechanical strength to stems and roots, and hydrophobicity to  
water-conducting vascular elements. Caffeoyl-CoA-O-methyltransferase is involved in the lignification 
process and its decreased abundance in soybean roots under osmotic stress thus might result in the 
reduction of lignin content as an adaptive response to osmotic stress. In separate proteomic investigation, 
comparative analysis of plasma membrane proteins of two-day-old soybeans under PEG-mediated 
osmotic stress revealed an increase in transporter proteins, indicating a high rate of ion efflux by the 
plasma membrane bound H+-ATPase [22]. 

In addition, calnexin protein was found to be highly increased under stress. Nevertheless, decreased 
expression of calnexin was reported in 14-day-old soybean roots under 10% PEG treatment [53]. 
Calnexin is an ER-localized molecular chaperone protein, involved in folding and quality control of 
proteins. This protein interacts with many nascent membrane and soluble proteins of the secretory 
pathway and participates in the folding and quality control of newly synthesized glycoproteins [54]. 
Authors suggested that calnexin interacts with a 70 kDa heat shock cognate protein and probably 
functions as a molecular chaperone under PEG-induced osmotic stress. 
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Overall, drought or PEG-mediated osmotic stress at seedling stage affects a wide range of cellular 
functions, including carbohydrate and nitrogen metabolism, cell wall modification, signal transduction, 
cell defense and programmed cell death in soybean. Proteomic findings of drought stressed soybean 
indicate that proteins associated with osmotic adjustment, defense signaling and programmed cell death 
play key roles in drought adaptation. 

5. Novel Methodological Approaches to Study Plant Proteomes  

The ultimate success of any proteomic approach depends upon various factors including isolation of 
full component of proteins, separation, visualization and their accurate identification. In spite of recent 
advancement, more emphasis needs to be given on the protein extraction protocols, in particular for very 
low and high abundance proteins. In soybean root, identification of low abundance of signaling proteins, 
transcription factors and their protein complexes is often a challenge for 2-DE based proteomic techniques. 
Nanjo et al. [17] adapted a gel free analysis of complete root-tip proteome, in which protein samples 
were reduced and alkylated in a denaturing solution followed by trypsin digestion. Trypsin-digested 
samples were then injected on nanoLC coupled to MS/MS. This method allows detection of MS peaks 
with up to 5000 times differences in abundance. In order to determine the composition of plant protein 
complexes, Smaczniak et al. [55] used another, rather more sensitive fluorophore-tagged protein 
immunoprecipitation and label-free MS-based quantification techniques to facilitate identification of 
low abundance signaling and regulatory protein complexes from native plant tissues. Furthermore, an 
advanced technique like laser-capture micro-dissection [56] for tissue proteomics could be used further 
for accurate identification of tissue- and cell-specific proteins involved in plant response to abiotic 
stresses. Gil-Quintana et al. [57] reported proteomic analysis of root nodules of drought stressed soybean 
using shotgun proteomics technique. In order to have complete proteome of root nodules, including all 
low abundance proteins, protein digests were analysed via shotgun nano-LC-ultra using a monolithic 
reversed-phase column directly coupled to an Orbitrap XL mass spectrometer [58]. 

Similarly, in leaf, presence of extremely abundant photosynthetic CO2 fixation enzyme RuBisCO not 
only limits the dynamic resolution and yield of low abundance proteins of interest but also masks other 
proteins or affects the electrophoretic migration of neighboring protein species [59]. Different fractionation 
techniques based upon different physiological or biochemical principles have been proposed to deplete 
or reduce a substantial portion of RuBisCO from total leaf protein extract [60,61]. Ahsan et al. [62] used 
a PEG-fractionation method to eliminate RuBisCO during protein extraction from tomato leaves. In this 
method, proteins were first extracted using Mg/Nonidet P-40 buffer consisting of 0.5 M Tris-HCl, 2% 
Nonidet P-40, 20 mM MgCl2, 2% 2-mercaptoethanol, 1 mM PMSF, and 1% PVP, and were then 
fractionated with 15% PEG. Furthermore, anti-RuBisCO LSU antibody affinity column with protein  
A-Sepharose as a resin has been successfully used for effective elimination of RuBisCO [63]. In 
comparison of these complex and lengthy methods, Krishnan and Natarajan [64] developed a fast and 
simple fractionation technique using 10 mM Ca2+ and 10 mM phytate to precipitate 85% of the RuBisCO 
from soybean leaf soluble protein extract. Recently, Khan et al. [65] also reported a modified protein 
extraction method for effective removal of RuBisCO. In this method, leaves were homogenized in buffer 
mixture containing 50% extraction buffer (100 mM Tris-HCl (pH 8.0), 100 mM EDTA, 50 mM borax, 
50 mM vitamin C, 1% PVP-40, 1% triton X-100, 2% 2-mercaptoethanol and 30% sucrose) and 50% 
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solubilization buffer (8.5 M urea, 2.5 M thiourea, 5% CHAPS, 1% DTT), 1% triton X-100 and 0.5% 
ampholin (pH 3–10 and 5–8)) followed by incubation on ice for 1 h and precipitation by adding 20% 
TCA. The 2-DE pattern revealed displaced RuBisCO LSU to a new position with low molecular weight 
and pI value.  

As compared to whole organ, in-depth sub-cellular organelle proteome study generates much detailed 
information on the intrinsic mechanism of plants’ abiotic stress responses. One of the most challenging 
aspects of subcellular proteomics is the proper isolation of the concerned organelle from the total tissue 
extract. The conventional methods of subcellular fractionation typically involve differential and  
density-gradient centrifugation, using a series of centrifugation steps to separate different populations of 
cellular compartments or organelles from cell homogenates based on their mass and/or density. 
Nevertheless, the resolving power of differential centrifugation is comparatively poor and may result in 
fractions containing different organelles having similar sedimentation velocities [66]. In contrast, 
density-gradient centrifugation has been extensively used in organellar proteomics studies. This method 
separates organelles based on continuous or discontinuous gradients using various media, such as 
sucrose, Ficoll, Percoll, Nycodenz and Metrizamide of different osmolarities, viscosities or densities.  

Free-flow electrophoresis (FFE) is another alternative strategy for fractionation of organelles based 
on their net global isoelectric charges or electrophoretic mobilities. Immunoaffinity purification is a 
more advanced technique to isolate organelles with specificity and in adequate yields [67]. Both affinity 
purification and immunoprecipitation methods are based on principle of binding immobilized ligands 
(such as antibodies) with that of targets (organelle of interest). Fluorescent-assisted organelle sorting 
(FAOS) is the most emerging sophisticated organelle isolation technique that works on the principle of 
flow cytometry. This organelle specific marker protein based approach has been found to be effective in 
mitochondria [68] and vesicles [69] sorting for proteomic analysis. Similarly, subtractive proteomics 
approach is capable of precise assigning and identifying proteins to their specific subcellular locations. 
This method effectively eliminates target organelles contamination from co-purifying organelles.  
It compares and subtracts the identified protein constituents of the contaminated fraction containing the 
organelle of interest against that of a crude preparation [70]. 

Protein phosphorylation is the best-studied posttranslational modification that plays a pivotal  
role in signal transduction cascade. Identification of kinases, their substrates, and the specific site of 
phosphorylation is thus a key to molecular understanding of stress signaling. The MS-based 
phosphoproteomic technology has become an invaluable tool for the identification of phosphoproteins 
and mapping of phosphorylation sites. Nevertheless, identification of in vivo phosphorylation sites of 
individual proteins of interest, necessity for their functional characterization is a big challenge for any 
phosphoproteomic study. Phosphorylated proteins represent only a small fraction of the whole proteome, 
thus demanding an effective enrichment method prior to quantification and identification [71]. 
Immobilized metal affinity chromatography (IMAC) and immunoprecipitation using antibodies against 
phosphorylated amino acids are the two well known pre- fractionation techniques largely employed 
before MS analysis. Much progress has been made in quantitative and dynamic analysis of mapped 
phosphorylation sites in recent time. This method comprised of the isolation of phosphopeptides by 
IMAC followed by MS/MS or MS(n) analysis has enabled detection of hundreds of in vivo 
phosphorylation sites [72]. Phosphopeptides have been successfully isolated from complex mixtures 
with strong cationic exchange (SCX) chromatography [73] or strong anionic exchange (SAX) 
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chromatography followed by IMAC [74]. Phosphoproteomics analysis of the Arabidopsis plasma 
membrane led to the identification and characterization of more than 300 phosphorylation sites [75].  
The majority of phosphorylation sites of the membrane transporters have been found to be conserved 
among putative orthologs and to a lesser extent among some members of the same protein family.  
On the other hand, affinity purification of phosphoproteins with phospho-specific antibodies such as  
anti-phosphoserine/threonine prior to MS has limited applications in plants. Recent development in the 
specific labelling techniques greatly helps in the quantification of phosphorylation profiles and their 
stress-induced changes with the passage of treatment time. The iTRAQ and SILAC labelling have been 
found to be most successful in combination with IMAC and MS [72]. These techniques label peptides 
at the final stage before MS in vitro or label proteins during cell growth in vivo, respectively, and enable 
the measurement of changes of individual phosphorylation sites during a time-course stress experiment. 
Hsu et al. [76] compared both label-free LC-MS and stable isotope labelling LC-MS methods for 
quantitative analysis of phosphorylation sites in membrane fractions of salt stressed Arabidopsis. The 
functional phosphoproteomic analysis led to a successful identification of novel salt stress-responsive 
protein phosphorylation sites from membrane isolates of salt-stressed plants by membrane shaving 
followed by Zirconium ion-charged magnetic beads, and tandem MS analyses.  

Moreover, introduction of Pro-Q Diamond dye based fluorescence-linked assay has opened new 
avenues in a large-scale quantitative analysis of phosphoproteins. Pro-Q Diamond has been successfully 
used to specifically label and detect phosphoserine-, phosphothreonine-, and phosphotyrosine-containing 
proteins directly in SDS-polyacrylamide gels and 2-DE gels. Nanjo et al. [17] successfully exploited 
Pro-Q Diamond phosphoprotein dye technology in determining flooding induced changes in 
phosphorylation status of proteins involved in energy generation, protein synthesis and cell structure 
maintenance in root tips of soybean seedlings.  

Compared to phosphoproteomics, plant redox proteomics study of oxidatively modified proteins is 
more challenging, due to technical limitations such as maintaining the in vivo redox states of proteins 
and the lability of certain PTMs during sample preparation and mass spectrometric analysis [77]. To 
balance redox metabolism, cells possess a redox signaling network that can sense environmentally 
induced redox imbalances and initiates compensatory responses either to readjust redox homeostasis or 
to repair oxidative damage [78]. Within plant cell, chloroplasts, mitochondria and peroxisomes are the 
primary sites of ROS/ RNS (reactive nitrogen species) generation and the NADPH oxidase located at 
the plasmalemma, and the cell wall/apoplast peroxidases, amine oxidases, and oxalate oxidases are 
important components of the ROS-generating system. The highly dynamic and robust ROS gene network 
that encodes both ROS-producing and ROS-scavenging proteins plays an essential role in monitoring 
and controlling cellular ROS levels in addition to ROS mediated signalling [79]. Oxidative or nitrosative 
stress leads to redox modifications of proteins, and may be reversible such as oxidation of cysteines to 
disulphides or sulphenic acids or irreversible modifications, e.g., carbonylation, oxidation of cysteines 
to sulphonic acids, oxidation of tryptophan [80].  

Among the available high-throughput techniques, redox proteomics has been found to be the  
best-suited approach for identifying and quantifying redox-based changes within the plant proteome 
under oxidative stress conditions. A typical redox proteome labeling method uses either direct labelling of 
free reduced thiols or blocking labeling of disulfides/reversibly oxidized thiol groups with an alkylating 
agent such as N-ethylmaleimide (NEM) to block free cysteines, followed by DTT mediated reduction to 
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reduce oxidized cysteines to Cys-SH and a subsequent labelling with fluorescent dye such as  
5-iodoacetamidofluorescein (IAF) or monobromobimane (mBBr) [79]. Proteins are then separated by  
2-DE and identified by LC-MS/MS technique. One advantage of using a dye like mBBr or IAF is a 
direct visualization of separated redox active proteins on the UV transilluminator. Moreover, shotgun 
proteomics approach has been exploited for identification of thiol-containing proteins selected as  
sub-proteomes trapped on activated thiol sepharose (ATS) beads [81]. Gel-free method exploiting 
derivatization of carbonylated proteins with 2,4-dinitrophenylhydrazine (DNPH) followed by tryptic 
digestion and enrichment by reversed phase chromatography coupled with MS/MS (RPC-MS/MS) or 
ion exchange and reversed phase chromatography coupled with MS/MS (IEC/RPC-MS/MS) has been 
successfully used for identification of carbonylated proteins and their oxidation sites [82].  

Another major challenge for quantitative soybean proteomics is separation and identification of 
protein isoforms/species. During the course of evolution, soybean genome has undergone two rounds of 
whole genome duplication and many tandem duplication events [83]. Due to higher gene duplication 
and recombination process, so many protein isoforms exist in soybean as compared to rice and 
Arabidopsis. The 2-DE based proteomic techniques have a wide application in identifying these 
isoforms. Protein species occupy different positions on the 2-DE gel matrix based on their individual 
isoelectric point (pI) and relative molecular weight (MW), but share the same identification. Over the 
gel-based proteomic approach, bottom-up LC-MS/MS technique offers more advantages in identifying 
protein species. This method comprises of unambiguous identification of a single protein species relies 
on the identification of at least one peptide sequence that is uniquely found in that protein species [84]. 
Proper selection of the database would further facilitate the identification of such protein species  
with accuracy. 

6. Conclusions 

Instead of several limitations and challenges, soybean proteomics has proved itself as a valuable tool 
for identifying stress responsive target proteins with a clear picture of translational and post translational 
modification. More research works at the proteome level need to be undertaken for better understanding 
the minute changes in a cell’s protein signature to cope with the flooding and drought stress. Comparative 
organelle proteomes studies would be a great contribution towards understanding the cross-talk between 
stress signaling pathways. The convergence of diverse MS techniques coupled with bioinformatics 
technology with improved sample preparation and fractionation strategies is further needed to get a more 
precise and comprehensive picture of plant stress response mechanisms.  
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Abstract: Responses to biotic stress in plants lead to dramatic reprogramming of gene expression, 
favoring stress responses at the expense of normal cellular functions. Transcription factors are master 
regulators of gene expression at the transcriptional level, and controlling the activity of these factors 
alters the transcriptome of the plant, leading to metabolic and phenotypic changes in response to stress. 
The functional analysis of interactions between transcription factors and other proteins is very important 
for elucidating the role of these transcriptional regulators in different signaling cascades. In this review, 
we present an overview of protein-protein interactions for the six major families of transcription factors 
involved in plant defense: basic leucine zipper containing domain proteins (bZIP), amino-acid sequence 
WRKYGQK (WRKY), myelocytomatosis related proteins (MYC), myeloblastosis related proteins 
(MYB), APETALA2/ ETHYLENE-RESPONSIVE ELEMENT BINDING FACTORS (AP2/EREBP) 
and no apical meristem (NAM), Arabidopsis transcription activation factor (ATAF), and cup-shaped 
cotyledon (CUC) (NAC). We describe the interaction partners of these transcription factors as molecular 
responses during pathogen attack and the key components of signal transduction pathways that take 
place during plant defense responses. These interactions determine the activation or repression of 
response pathways and are crucial to understanding the regulatory networks that modulate plant  
defense responses. 

Reprinted from Proteomes. Cite as: Alves, M.S.; Dadalto, S.P.; Gonçalves, A.B.; de Souza, G.B.;  
Barros, V.A.; Fietto, L.G. Transcription Factor Functional Protein-Protein Interactions in Plant Defense 
Responses. Proteomes 2014, 2, 85ï106. 

1. Introduction  

The growth and development of plants are constantly affected by various environmental stresses, and 
among the most important biotic stresses are those caused by viruses, bacteria, fungi and nematodes [1]. 
Plants withstand pathogenic attacks by activating a large variety of defense mechanisms, including the 
hypersensitive response (HR), the induction of genes that encode pathogen-related proteins (PR), the 
production of antimicrobial compounds called phytoalexins, the generation of reactive oxygen species 
(ROS), and enhancement of the cell wall [1]. The response mechanisms of these complexes are finely 
regulated by a large number of genes that encode regulatory proteins. A typical example of a regulatory 
protein is a transcription factor [2]. Transcription factors are primordial proteins that respond to stress, 
altering the expression of a cascade of defense genes [2]. Many of these transcription factors are  
co-induced in response to different stressors suggesting the existence of complex interaction [2]. 

Transcription factors are defined as transcriptional regulators that function by binding to specific  
cis-regulatory elements present in the promoters of target genes [3]. Transcriptional regulation plays a 
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central role in the control of gene expression in plants, with approximately 2,000 genes predicted to be 
transcription factors in Arabidopsis thaliana [4]. 

In plants, the main families of transcription factors responsible for the regulation of genes responsive 
to pathogens are categorized into the following families: a family of proteins that contain either one or 
two 60-amino-acid regions that contain the amino-acid sequence WRKYGQK (WRKY); APETALA2/ 
ETHYLENE-RESPONSIVE ELEMENT BINDING FACTORS family (AP2/ERF); basic leucine 
zipper containing domain proteins (bZIP); myelocytomatosis related proteins (MYC); myeloblastosis 
related proteins (MYB) and, more recently, the no apical meristem (NAM), Arabidopsis transcription 
activation factor (ATAF), and cup-shaped cotyledon (CUC), or also termed NAC family [1,5]. Each 
transcription factor family has a specific binding domain such as bZIP, zinc finger, or helix turn helix. 
These domains bind to DNA cis-elements associated with the response to a specific environmental  
stress set, and the differences between these domains are key features that distinguish one family from 
another [1,5].  

Modulating the function of transcription factors through interactions with regulatory proteins is a 
crucial process in the activation or repression of signal transduction pathways [1,5]. Processes such as 
effector-triggered immunity (ETI), which results in a rapid process of programmed cell death known as 
the hypersensitive response (HR), and pathogen-associated molecular pattern (PAMP)-triggered 
immunity (PTI), which results in the prevention of infection by the pathogen, are finely regulated by the 
interactions between different proteins with transcription factors [6–8]. Several proteins have been 
reported to modulate the function of various plant transcription factors, such as the NON-EXPRESSER 
OF PATHOGEN-RELATED (PR) GENES (NPR1) protein, which binds to the TGACGTCA  
cis-element-binding protein (TGA) factor of the basic leucine zipper domain (bZIP) family during the 
activation of salicylic acid (SA) signaling [6–8], and the MITOGEN-ACTIVATED PROTEIN  
(MAP) kinases, which also have a proven role in regulating WRKY family trans-acting factors [9].  
In this paper, we discuss the current understanding of the interactions between transcription factors and 
several regulatory proteins that modulate the activities of these trans-acting factors by various 
mechanisms, such as inactivation, subcellular localization, degradation and post-translational 
modification, and the manner in which these interactions affect signal transduction pathways in plant 
defenses against environmental challenges. 

2. bZIP Family 

The family of transcription factors containing the bZIP domain is one of the largest families of 
transcriptional factors in eukaryotes. In plants, these factors regulate genes in response to abiotic stress, 
seed maturation, floral development and defense against pathogens [10]. Jakoby and collaborators 
classified bZIP proteins from Arabidopsis (AtbZIPs) into 10 distinct groups: A, B, C, D, E, F, G, H, I 
and S. 

In the literature, specific interactions of bZIP proteins with other proteins that regulate the bZIP 
protein’s activity, subcellular localization and function during defense processes against pathogens have 
been reported [10,11]. Acting as key regulators of signaling mediated by SA, the TGA proteins, members 
of Group D of the Arabidopsis bZIP proteins, comprise a class of bZIP proteins that are linked with 
responses to biotic stress [10]. A major development in the study of the functional interactions of TGA 
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members during pathogen responses has been the discovery of interactions with members of the ankyrin 
repeat protein family, specifically NON-EXPRESSER OF PATHOGEN-RELATED (PR) GENES 
(NPR1), which are key components in the defense signaling pathway mediated by SA [6–8]. Under 
normal conditions, most NPR1 is retained in the cytoplasm as an oligomer via intermolecular disulfide 
bonds (Figure 1) [6,12]. Under pathogen attack, SA is synthesized and induces changes in the cellular 
redox state [6–8,12], promoting the monomerization of NPR1 through the activity of the 
THIOREDOXINS H3 and H5 (TRX-H3/H5). In SA-induced cells, monomeric NPR1 translocates into 
the nucleus via the nuclear pore complex (NPC) [6–8,12], and the NPR1 monomers interact with 
members of the TGA family (bZIP) and bind to SA-responsive gene promoters (Figure 1). During this 
process, NPR1 is phosphorylated and then ubiquitinated by an E3 ubiquitin ligase that has a high affinity 
for phosphorylated NPR1, thus targeting NPR1 for degradation by the proteasome complex. This process 
starts in the nucleus and ends in the cytosol (Figure 1) [6–8,12]. NPR3 and NPR4, protein homologs of 
NPR1, act as receptors of SA in this process, binding to this molecule with different affinities. NPR3 
and NPR4 serve as Cullin 3, E3 ubiquitin ligase adapters, that mediate the ubiquitination (Ub) and 
degradation of NPR1 and are regulated by SA (Figure 1) [6–8,12]. The Arabidopsis double mutants, 
npr3 npr4, accumulate high levels of NPR1 and are insensitive to the induction of systemic acquired 
resistance [6]. 

Studies have also demonstrated that 17 CC-type glutaredoxins interact with TGA2 [13]. It has been 
proposed that this interaction between CC-type glutaredoxins and TGA proteins plays a role not only in 
defense against pathogens but also in processes involved in plant development [13]. WRKY proteins 
also interact with TGA proteins [14]. In tobacco, the NtWRKY12 protein interacts in vitro and in vivo 
with TGA proteins [14]. 

In addition to the TGA proteins, it has been demonstrated that AtbZIP10 interacts with LESIONS 
SIMULATING DISEASE RESISTANCE 1 (LSD1), a protein with a zinc finger domain, in vivo  
(Figure 1) [15,16]. LSD1 is a negative regulator of cell death and protects plant cells from oxidative 
stress [16]. The interaction between LSD1 and AtbZIP10 occurs in the cytoplasm, resulting in the partial 
retention of AtbZIP10 (Figure 1) [16]. AtbZIP10 positively regulates basal defense responses and cell 
death induced by reactive oxygen species (ROS), and these activities are antagonized by LSD1 [16]. 
Studies have also shown that a protein related to NPR1, an ANKYRIN-REPEAT PROTEIN (ANK1), 
interacts with a bZIP protein known as BZI1 (Figure 1) [17]. BZI1 has a DNA-binding domain and a D1 
domain that is apparently essential for auxin signaling and defense against pathogens [17]. The 
molecular characterization of ANK1 has demonstrated that this protein is unable to bind to DNA and 
modulate gene transcription [17]. ANK1 is preferentially localized in the cytosol, and its transcription is 
negatively regulated under pathogen attack [17]. These features have led to the conclusion that ANK1 
is involved in the modulation of auxin signaling and defense against pathogens in a manner dependent 
on its interaction with members of the bZIP family, such as BZI1 [17]. 
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Figure 1. Two distinct mechanisms of basic leucine zipper containing domain proteins 
(bZIP) protein actions during plant defense responses. (A) The attack of a biotrophic 
pathogen triggers a signaling pathway mediated by salicylic acid resulting in the dissociation 
of the non-expresser of pathogen-related (PR) (NPR1) protein, which translocates to the 
nucleus and activates the expression of SA-responsive genes by interaction with the 
TGACGTCA cis-element-binding protein (TGA) bZIP trans-acting factors. The NPR1 
protein is ubiquitinated and targeted for degradation by the 26S proteasome complex;  
(B) Recognition of elicitors after pathogen attack promotes the dissociation of the BZI1/ANK1 
and AtbZIP10/LSD1 complexes, favoring the positive transcriptional regulation of 
hypersensitive response (HR)- and basal defense-related genes.  

 

3. AP2/ERF Family 

APETALA2/ETHYLENE-RESPONSIVE ELEMENT BINDING FACTORS (AP2/ERF)  
proteins belong to a family of plant transcription factors that exhibit the AP2/ERF domain necessary for 
specific binding to DNA and that can be subdivided into four subfamilies defined by Sakuma et al. [18]: 
AP2, DEHYDRATION-RESPONSIVE ELEMENT-BINDING (DREB), ERF and RELATED TO 
ABI3/VPI (RAV). The subfamily AP2 contains two AP2 domains, AP2/ERF, separated by a linker 
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containing 25 amino acids. While members of the subfamily RAV have, in addition to the AP2/ERF 
domain, another DNA-binding domain known as B3, members of the subfamilies DREB and ERF 
contain only one AP2/ERF domain. 

AP2/ERF transcription factors and other factors frequently act synergistically, increasing the 
expression of genes related to plant defense, as reported by Singh and Buttner [19]. The AtEBP protein 
(Arabidopsis ethylene binding protein), during activation of the defense pathway mediated by ethylene, 
recognizes the cis-element GCC-box and interacts with a bZIP family protein, OCTOPINE SYNTHASE 
(ocs) ELEMENTS BINDING FACTOR (OBF), that is able to recognize the G-box (CACGTG)  
(Figure 2). This interaction increases the expression of PR genes that contain both cis-elements. Similarly, 
in tobacco, the protein TOBACCO STRESS-INDUCED 1 (Tsi1) recruits the zinc-finger-containing 
Tsi1-INTERACTING PROTEIN1 (TSIP), an interaction demonstrated by two-hybrid assays, Western 
blotting and co-immunoprecipitation. This interaction results in increased tolerance to Pseudomonas 
tabaci, a hemibiotrophic plant pathogen, and transcription of the genes PATHOGENESIS RELATED 
PROTEIN 4 (PR4), SYSTEMIC ACQUIRED RESISTANCE PROTEIN 8.2 (SAR8.2) and LIPID 
TRANSFER PROTEIN (LTP), which are stress-related [19].  

Other interactions can result in the phosphorylation of AP2/ERF proteins. When the ethylene 
signaling pathway is induced, phosphorylation can occur via MAPK kinases, such as the pair 
OsEREBP1/BWMK1 in rice [20] and TaERF1/TaMAPK1 in wheat [21], or by Ser/Thr kinases, such as 
the Pseudomonas tomato resistance-interacting4 (Pti4) and Pseudomonas tomato resistance (Pto) kinase 
of tomato [22]. In tobacco, the transcription factor octadecanoid-responsive-Catharanthus-APETALA2-
domain protein (ORC1) can be phosphorylated by MAP kinases or other kinases [23]. In all the examples 
mentioned, phosphorylation results in increased activity of the transcription factor ORC1. Another 
example of an interaction that regulates the activity of AP2/ERFs is that of EREBP2 with the protein 
NITRILASE-LIKE PROTEIN (NLP), proposed by Xu et al. [24], where NLP proteins associate with 
EREBP proteins and retain these factors in the cytoplasm. Contact with elicitors result in a dissociation 
process, and the factor EREBP is translocated into the nucleus where it promotes the expression of PR 
genes (Figure 2C) [24].  
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Figure 2. Types of interactions among APETALA2/ETHYLENE-RESPONSIVE 
ELEMENT BINDING FACTORS (AP2/ERF) factors and other proteins in response to 
biotic stress. (A) Association with other transcription factors: the protein AtEBP binds to 
OCTOPINE SYNTHASE (ocs) ELEMENTS BINDING FACTOR (OBF) protein, which is 
a bZIP protein, resulting in increased transcription of PR genes; (B) Phosphorylation: the 
AP2/ERF factor octadecanoid-responsive-Catharanthus-APETALA2-domain protein (ORC1) 
is phosphorylated by kinase JAM1 and promotes expression of genes related to nicotine 
synthesis; (C) Dissociation: after ethylene induction or pathogen infection, the protein 
EREBP dissociates from NLP protein. This dissociation results in the translocation of 
EREBP to the nucleus and leads to expression of PR genes.  

 

4. MYB Family 

During a pathogenic infection, the expression of myeloblastosis related (MYB) family of transcription 
factors is diverse and present in all eukaryotes. This family has a variable number of MYB domains, 
which influence the capacity to bind to DNA [25]. The N-terminal region of the protein contains the 
DNA-binding domain and is highly conserved. The C-terminal region may contain a domain necessary 
for activation or transcriptional repression. Based on this structure, these proteins are divided into four 
classes: 1R, R2R3, 3R and 4R [26], and the R2R3-MYB class is divided into 22 subgroups [27]. 

The proteins of the R2R3-MYB class are plant-specific and are involved in the following processes: 
primary and secondary metabolism, cell destination and identity, development and responses to abiotic 
and biotic stress [26]. Previous studies have verified that Arabidopsis AtMYB30 over-expression 
accelerates and intensifies the hypersensitivity response (HR) after attack from avirulent strains of 
Pseudomonas syringae, suggesting that it acts as a positive regulator of cell death in response to the 
attack of pathogenic bacteria [27]. MYB30 targets very long chain fatty acid biosynthesis genes 
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(VLCFA) during pathogen infection (Figure 3). VLCFAs and their derivatives are likely involved in the 
establishment or control of HR [28]. To control the concentration of MYB30, the enzyme ubiquitin 
ligase E3 MYB30-INTERACTING E3 LIGASE1 (MIEL1) interacts specifically with MYB30 in the 
plant cell nucleus (Figure 3). MIEL1 ubiquitinates MYB30, targeting it for degradation in the 26S 
proteasome. The Arabidopsis mutant miel1 presents increased HR and resistance to avirulent bacteria. 
The expression of MIEL1 is inhibited during infiltration of avirulent P. syringae, enabling the 
accumulation of the MYB30 required to promote HR and, consequently, restricting the propagation of 
the bacteria to other regions of the tissue [29]. 

Figure 3. Repression mechanisms of myeloblastosis related proteins (MYB)30 function 
during pathogen attack. XopDXcv interacts with MYB30 in plant cell nucleus, retaining 
MYB30 in nuclear bodies and preventing the transcription of the very long chain fatty acid 
biosynthesis genes (VLCFA) genes. Ubiquitin ligase E3 MYB30-INTERACTING E3 
LIGASE1 (E3 MIEL1) interacts with MYB30 in the nucleus and promotes its ubiquitination 
and consequent degradation by the 26S proteasome complex (UPS26). AtsPLA  binds with 
MYB30 and they translocate from the cytoplasmic vesicles into the nucleus, but the 
interaction of AtsPLA  with target DNA is prevented.  
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In one known mechanism of suppression of plant defense responses, XopDXcv, one of the Type III 
effectors of Xanthomonas campestris pv. vesicatoria specifically interacts with the HLH domain of 
MYB30 and promotes its localization to nuclear bodies (Figure 3). The localization of MYB30 into the 
nuclear bodies prevents the activation of genes related to synthesis of VLCFA, preventing the 
appropriate activation of plant defense pathways [30]. The reprogramming of the host’s transcription by 
XopD represents a virulence strategy that allows for the establishment of infections by the Xanthomonas 
species [30].  

In plants, the PHOSPHOLIPASE A2S (AtsPLA ) is related to growth, development, stress responses 
and defense signaling. AtsPLA  is a negative regulator of HR and defense responses in Arabidopsis and 
is mediated specifically by AtMYB30 localized in cytoplasmic vesicles, preventing the transcription of 
genes normally mediated by AtMYB30 (Figure 3) [31].  

BOTRYTIS SUSCEPTIBLE 1 (BOS1), a transcription factor of the R2R3MYB subgroup termed 
AtMYB108/BOS1, is necessary for responses to biotic and abiotic stresses in Arabidopsis. Mutants 
present a higher susceptibility to necrotic lesions and also have less tolerance to water deficits, salinity 
and oxidative stress when compared with wild type [32]. BOS physically interacts with BOTRYTIS 
SUSCEPTIBLE1 INTERACTOR (BOI) in plant cell nuclei through the central preserved domain 
dominated WRD, a region that is important in forming the coiled-coil structure that is often important 
for protein-protein interactions [32] (Figure 4). BOI is a one RING E3 ligase able to ubiquitinate the 
protein R2R3MYB in vitro, and possibly in vivo, leading to subsequent degradation by the proteasome. 
Plants with BOI silenced by RNAi are much more susceptible to Botrytis cinerea and less tolerant to 
salinity [33], similar to observations made of the bos1 mutant [32]. Curiously, RNAi-BOI plants 
expressing 35S:BOS1-GUS are more resistant to fungi than wild-type plants, suggesting that BOS1 is a 
direct target of BOI. Expression of BOI is induced by SA and 1-aminocyclopropane-1-carboxylic acid 
(ACC), which is a precursor compound of the ethylene biosynthesis pathway, but is inhibited by methyl 
jasmonate (MeJA) and gibberellins (GAs), presenting evidence for the complex regulation that is 
responsible for maintaining a normal level of BOI in wild plants. However, the occurrence of  
B. cinerea infections is known to be increased by the accumulation of SA, ET, MeJA and abscisic acid 
in wild plants [33]. 

5. MYC Family 

The myelocytomatosis related family (MYC) represents a subfamily of transcription factors that 
contain a basic-Helix-Loop-Helix (bHLH) domain, is present in all eukaryotes, and is characterized by 
having a basic DNA-binding region in the N-terminal region and, in the C-terminal region, hydrophobic 
residues that form two alpha helices separated by a loop, which determine the protein’s dimerization 
capacity. The bHLH domain is characteristic of a large family of bHLH transcription factors to which 
MYC belongs [34]. 
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Figure 4. The transcription factor, BOTRYTIS SUSCEPTIBLE (BOS), interacts with E3 
BOTRYTIS SUSCEPTIBLE1 INTERACTOR (BOI) in the plant cell nucleus. E3 BOI 
promotes BOS ubiquitination and the consequent degradation by the 26S proteasome 
complex, restricting the biotic and abiotic stress responses mediated by BOS. 

 

MYC transcription factors are key transcriptional regulators in the expression of jasmonate  
(JA)-responsive genes, positively regulating wound resistance genes and acting as negative regulators 
during the expression of pathogen defense genes [1,35]. Under pathogen attack and herbivory, plants 
produce JA conjugated with isoleucine (JA-Ileu, a JA bioactive form), which is recognized and bound 
by its receptor CORONATINE INSENSITIVE-1 (COI1). The COI1 protein is an F-box protein that 
associates with the cullin, SKP1 and RBX1 proteins, together forming the SCFCOI1 complex. The presence 
of JA-Ileu and its surrounding sequence allows the protein to bind to COI1, leading to a switch in the 
jasmonate-zinc-finger protein expression in inflorescence meristem. The JASMONATE-ZIM-DOMAIN 
(JAZ) proteins and their binding partners lead to JAZ unbinding from MYC. JAZ interacts, by means of 
its Jas domain, with the SCFCOI1 complex. JAZ is then ubiquitinated by the complex and sequentially 
degraded by the 26S proteasome [35–40]. Thus, in the presence of JA-Ileu, JAZ quickly undergoes 
proteolysis, promoting the release and activation of MYC. MYC activation also results in the expression 
of other transcription factors, such as MYBs and WRKYs, which are important in stress defense [40]. 
In addition, MYC activates the transcription of the JAZ protein, leading to a basal level restoration  
of JA [37]. 

JAZ proteins are composed of a family of 12 proteins that contain a centrally located ZIM domain on 
the C-terminal side of the JASMONATE-ASSOCIATED (Jas) domain and in the N-terminal region. 
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JAZ proteins act as suppressors of the JA response, and the majority of JAZ proteins (such as JAZ3 and 
JAZ10.1), in the absence of JA-Ileu, have the ability to interact with MYC and negatively regulate its 
activity (Figure 5) [36].  

Figure 5. Regulation of jasmonate-responsive gene expression by MYC2 and JAZ proteins. 
In absence of JA-Ileu, JAZ protein interacts through its N-terminal domain with MYC2, 
causing the transcription factor to remain inactive. When the JA-Ileu level increases, JA-Ileu 
binds to Jas domain of JAZ protein and promotes interaction of JAZ protein with COI1 
leading to the formation of the SCFCOI1 complex. The SCFCOI1 complex causes ubiquitination 
of JAZ protein in its Jas domain and the protein is degraded by the 26S proteasome complex. 
MYC2 is released and promotes transcription of target genes. 

 

JAZ proteins interact with MYC2 through their N-terminal portion, and when the Jas domain is 
truncated, the JAZ protein is not degraded, remaining irreversibly bound to MYC2 and acting as a 
dominant-negative repressor. This effect indicates that JAZ proteins do not require a Jas domain to 
interact with MYC2 and that repression occurs through an interaction of the JAZ N-terminal domain 
with MYC2 (Figure 5) [37]. This interaction and regulation model of MYC is not applicable to all JAZ 
proteins because the interaction of the JAZ3 protein with MYC2 has been described as occurring via a 
different mechanism. A Jas domain deletion in JAZ3 renders this protein unable to interact with MYC2, 
and it has been demonstrated that the Jas domain itself is sufficient for the interaction of JAZ3 with 
MYC2 [38]. Thus, it is proposed that JAZ3 interacts by binding as a dimer through the Jas domain to 
MYC2, suppressing its action (Figure 5). An interesting observation is that MYC2 is irreversibly 
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inactivated by the truncated protein that is derived from a deletion in the C-terminal region of JAZ3.  
It has been proposed that this interaction occurs through heterodimerization with another JAZ  
protein through its N-terminal domain, which, in turn, binds irreversibly to MYC2, thus acting as a 
dominant-negative repressor [37]. 

In Arabidopsis, MYC2 is able to interact with all 12 of the JAZ proteins, whereas MYC3 demonstrates 
a strong interaction with only eight of these proteins (JAZ1, JAZ2, JAZ5, JAZ6, JAZ8, JAZ9, JAZ10 
and JAZ11) [39] and MYC4 interacts with only JAZ1, JAZ3 and JAZ9 [1]. All of the mechanisms of 
interaction are similar to that described for MYC2 [1,39]. 

6. WRKY Family 

The defining feature of the WRKY transcription factors is their DNA-binding domain, a highly 
conserved region of 60 amino acids. In this region, there is a nearly invariable sequence, WRKYGQK, 
and the N-terminal portion of the protein is followed by a zinc finger motif, Cx4-HxC 5Cx22-23HxH or 
Cx7Cx23 [41]. 

WRKY factors are divided into three groups based on the number of WRKY domains in the protein 
and the structure of their zinc fingers [42]. Group II genes have been subdivided into IIa, IIb, IIc, IId and 
lIe on the basis of their amino acid sequence. Another division uses phylogenetic data and suggests that 
the WRKY family in higher plants should be divided into groups I, IIa + IIb, IIc, IId + IIe, and  
III [43,44]. WRKY transcription factors generally bind to a conserved sequence of DNA known as the 
W-box, (T) (T) TGAC (C/T) [42]. 

WRKY proteins are implicated in various molecular events in plants, such as seed development, 
senescence, dormancy and germination, and abiotic and biotic stresses among others [41]. A large 
number of members of the WRKY family are related to pathogen infection and thus are important factors 
for plant immunity. Some WRKY protein partners have already been identified, and the interactions 
between WRKY and its binding partners may play roles in signaling, transcription, chromatin 
remodeling, and other cellular processes [45]. 

The AtWRKY33 protein in Arabidopsis plays an important role during infection by necrotrophic 
pathogens and is a part of the group I WRKY family [46]. AtWRKY33 interacts with the proteins 
SIGMA FACTOR-INTERACTING PROTEIN 1 and 2 (SIB1 and SIB2) (Figure 6) [47]. The SIB1 and 
SIB2 proteins are classified as VQ proteins because they have the conserved FXXXVQXLTG or VQ 
motif [48–50]. The proteins AtWRKY33, SIB1 and SIB2 are induced by the necrotrophic fungus 
Botrytis cinerea, which is also coordinately regulated during infection with this pathogen. Through the 
BiFC assay, we determined that the interaction between SIB1 and SIB2 occured in the nucleus of the 
plant cell (Figure 6). Tests with deletion mutants sib1 and sib2 showed a decrease in plant resistance to 
B. cinerea, whereas in plants, over-expressing the mutant protein SIB1 led to increased resistance to the 
fungus. These experiments indicate a positive role for these two proteins as AtWRKY33 activators but 
that they are not essential in defense-mediated AtWRKY33 in plants [47].  
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Figure 6. Overview of AtWRKY33 interactions during biotic stress responses. During an 
attack by a necrotrophic pathogen, AtWRKY33 interacts with the proteins SIGMA 
FACTOR-INTERACTING PROTEIN 1 (SIB1) and SIGMA FACTOR-INTERACTING 
PROTEIN 2 (SIB2) in the nucleus. These interaction leads to transcription of genes 
responsive to the pathogen, causing an increased resistance in the plant (in this case against 
B. cinerea, a necrotrophic fungus). In a second interaction, AtWRKY33 can be phosphorylated 
by two MITOGEN-ACTIVATED PROTEIN (MAP) kinases, MITOGEN-ACTIVATED 
PROTEIN KINASE 3 (MPK3) and MPK6. This interaction leads to an increase in the 
transcription of related genes of camalexin biosynthesis, which is an important pathway 
utilized by the plant defense against pathogens. Another interaction leads to increased 
transcription of camalexin related genes. After induction by Pseudomonas syringae or 
flagellin, the protein MPK4 is activated and phosphorylates its substrate, the MAP KINASE 
SUBSTRATE1 (MSK1) protein. Phosphorylation of MSK1 releases AtWRKY33 of protein 
complex allowing the protein to exert its role as a transcriptional activator of plant defense 
genes. Finally, during attack of fungus B. cinerea, AtWRKY33 interacts with ATG18a in 
the nucleus. ATG18a is an important protein of the autophagy pathway in Arabidopsis, and 
its interaction with AtWRKY33 along with the activation of the autophagy pathway is 
important for signaling the response of plant defense against necrotrophic pathogens. 
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Other interaction partners have been described for the AtWRKY33 protein, including one MAPK 
(MITOGEN-ACTIVATED PROTEIN KINASE) or MPK4 and its substrate, a VQ protein called MAP 
KINASE SUBSTRATE1 (MSK1) (Figure 6). In addition to AtWRKY33, the AtWRKY25 protein is 
also capable of interacting with MPK4 and MSK1 [48,50]. It has been proposed that interactions with 
AtWRKY25 in the absence of the pathogen are in the form of a nuclear-localized complex between 
MPK4, MKS1 and AtWRKY33. After induction by either Pseudomonas syringae or flagellin  
(a protein found in bacterial flagella), the MPK4 protein is activated and phosphorylates its substrate, 
MSK1. MSK1 phosphorylation releases the AtWRKY33 complex, allowing AtWRKY33 to bind to the 
promoter region of some genes, including the phytoalexin deficient3 (PAD3) promoter, which encodes 
an enzyme that participates in the synthesis of the antimicrobial compound camalexin, a type of 
phytoalexin that plays an important role in plant defense (Figure 6) [50]. 

In addition to MPK4, the AtWRKY33 protein can also interact with MPK3 and MPK6 (Figure 6) [51]. 
In Arabidopsis, the MPK3/MPK6 activation cascade results in the increased expression of genes related 
to camalexin biosynthesis and MPK6 and also increases the expression of AtWRKY33. In atwrky33 
mutant plants, functions, such as the expression of genes involved in the production of camalexin 
through the MPK3/MPK6 cascade and the actual induction of camalexin, are compromised [51]. 
AtWRKY33 is phosphorylated by MPK3/MPK6 both in vivo and in vitro, and mutations at the 
phosphorylation target sites of MPK3/MPK6 in the gene AtWRKY33 are unable to complement the 
deficiency in the production of camalexin in the loss-of-function mutant atwrky33. Possibly by the 
phosphorylation of MPK3/MPK6, AtWRKY33 leads to the increased expression of AtWRKY33, 
triggering a positive feedback mechanism that triggers the plant's response to pathogens, including the 
production of camalexin [51]. 

In tobacco, the protein NtWRKY1 (representative of the Group I WRKY family) binds to one MAPK 
known as salicylic acid-induced protein kinase (SIKP) [52]. SIKP is activated after infection with 
Tobacco mosaic virus (TMV) [53] and is also related to HR cell death after induction by an elicitor [54]. 
SIPK phosphorylates WRKY1, resulting in an increase in the binding activity of this transcription factor 
to its target DNA sequence, the W–box, which also exists in the tobacco chitinase gene CHN50. In 
assays for the co-expression of SIPK and WRKY1 in Nicotiana benthamiana, cell death by HR is faster 
compared with plants expressing only SIPK1, suggesting the involvement of WRKY1 in the induction 
of cell death derived from the HR, which could be a component of the pathway located downstream of 
SIPK [52]. In N. benthamiana, a WRKY that is also a representative of the group I WRKY family, 
NtWRKY8, is also phosphorylated by SIPK and other MAPKs, specifically the WOUND-INDUCED 
PROTEIN KINASE (WIPK) and NTF4 (a tobacco mitogen-activated protein kinase related to plant 
defense response). WRKY8 contains seven potential MAPK phosphorylation sites, five of which are 
concentrated in the N-terminal region. The N-terminal region of WRKY8 is characterized by having 
groups of proline-directed serine residues (SP clusters), which serve as phosphorylation sites for MAPKs 
in vitro and in vivo. WRKY8 also contains a D domain adjacent to the N-terminus of the SP cluster, 
which is essential for the effective phosphorylation of WRKY8 in plants. NtWRKY8 phosphorylation 
increases its binding to W-box sites and also its ability for transactivation. The silencing of WRKY8 
decreases the expression of genes related to defense and increases the plant’s susceptibility to pathogens 
such as Phytophthora infestans and Colletotrichum orbiculare, demonstrating the importance of this 
protein in plant defense [55]. 
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WRKY proteins can also interact with proteins involved in autophagy [56,57]. In the nucleus, 
WRKY33 interacts with ATG18a, an important protein in the autophagy pathway in Arabidopsis. The 
fungus, B. cinerea induces autophagic gene expression and the formation of autophagosomes. In plants 
with wrky33 loss-of-function, ATG18a induction and the formation of autophagosomes are compromised. 
Mutants defective for autophagy demonstrate a higher susceptibility to B. cinerea and the necrotrophic 
fungus Alternaria brassicicola. The interaction between ATG18a and WRKY33, and consequently with 
the autophagy pathway, is important for signaling the plant defense response against necrotrophic 
pathogens [58]. 

It has been reported that interactions between two or more WRKY proteins are induced by pathogens. 
The Arabidopsis proteins WRKY18, WRKY40 and WRKY60 can form homo- and heterocomplexes; 
however, the binding activities of these transcription factors vary with the protein region of the complex. 
Experiments with single loss-of-function mutants for each WRKY protein have demonstrated little 
change in the phenotype of these mutants for infection by P. syringae or B. cinerea compared to wild 
type. Currently, it is known that the double mutants, wrky18 wrky40 and wrky18 wrky60, and the triple 
mutant, wrky18 wrky40 wrky60, are more resistant to P. syringae and more susceptible to B. cinerea 
compared to the WT [59]. atwrky18 atwrky40 mutant plants are highly resistant to the fungus 
Golovinomyces orontii, and WRKY18 and 40 have been shown to act as negative regulators in defense 
against this fungus [60]. 

The protein CALMODULIN (CaM) is a modulator of Ca2+ signaling in eukaryotic cells [61]. 
Calmodulin interacts with several proteins, including WRKYs. Through a screen using an Arabidopsis 
library as bait to CaM, the protein AtWRKY17 was identified as an interaction partner of CaM. 
AtWRKY17 belongs to Group IId of the WRKY family, and its region that binds to CaM is a conserved 
structural motif (C-motif) that is also found in other representatives of this group [62]. Representatives 
of the WRKY family Group IId are induced by pathogen infection and also by salicylic acid [63]. The 
binding site where AtWRKY17 interacts with CaM is commonly found in proteins that are known to 
interact with CaM [62]. Ten other Group IId WRKY proteins also bind to CaM, and all of their binding 
domains are similar to the C-motif present in AtWRKY17. Thus, this WRKY/CaM interaction is likely 
common to all representatives of this group. More studies are needed to establish the role of members 
of the Group IId family of WRKY transcription factors in signaling mediated by CaM/Ca2+ [62].  

Transcription factors that belong to the WRKY family may also interact with chromatin remodeling 
proteins, such as histone deacetylases, which catalyze the removal of acetyl groups on histones.  
This interaction causes the DNA to become more inaccessible, thereby repressing expression of a gene 
that is present in this region [64]. Arabidopsis AtWRKY38 and AtWRKY62 are part of Group III  
of the WRKY family. AtWRKY38 and AtWRKY62 appear to have partially redundant functions as 
negative regulators of basal plant resistance to P. syringae and the PR1 gene expression induced by the 
pathogen [65]. Yeast two-hybrid experiments have identified that HISTONE DEACETYLASE 19 
(HDA19) interacts with AtWRKY38 and AtWRKY62, and BiFC assays and co-immunoprecipitations 
have demonstrated that the interaction occurs in the nucleus and is highly specific. HDA19 expression 
is also induced by P. syringae. HDA19 over-expression in plants results in repression of the transcription 
activation activities of AtWRKY38 and AtWRKY62 [65]. 
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7. NAC Family 

In addition to the most studied families of transcription factors involved in defense signaling 
pathways in plants, such as WRKY and MYB AP2/ERF, factors from other families also participate in 
modulating responses to biotic stresses. One example is the family of transcription factors containing 
the NAC domain [66]. The NAC superfamily can be divided into at least seven subfamilies and the 
functions of NAC genes are defined by their subfamily [66]. 

Recent studies have shown that proteins produced by pathogens interfere with the function of NAC 
transcription factors. An example is the effector LxLR (Pi03192) produced by Phytophthora infestans, 
which interacts with two transcription factors belonging to the NAC family, termed NAC TARGETED 
BY PHYTOPHTHORA 1 and 2 (NTP1 and NTP2). This interaction occurs in the endoplasmic reticulum 
and prevents NTP1 localization to the nucleus (Figure 7) [67]. This virus-induced gene silencing (VIGS) 
of genes encoding these two NAC factors results in increased susceptibility to infection by P. infestans, 
suggesting that these transcription factors play an important role in plant defense [67]. Viral proteins 
also interact with transcription factors belonging to the NAC family. A NAC protein, designated  
TCV-INTERACTING PROTEIN (TIP), from Arabidopsis interacts specifically with the capsid protein 
(CP) of turnip crinkle virus (TCV) (Figure 7) [68]. TIP functions through transcriptional activation to 
promote a basal level of resistance in the plant [68]. The viral CP, produced in infected cells, functions 
as a virulence factor by binding to TIP to reduce basal resistance and to promote rapid systemic infection 
(Figure 7). Resistant plants expressing a HYPERSENSITIVE RESPONSE PROTEIN (termed HRT) 
may guard the TIP protein by detecting a change in TIP caused by the TIP–CP interaction, which will 
result in a stronger, HR-mediated resistance response [68]. Similarly, an interaction between the helicase 
domain of TMV 126-/183-kDa replicase protein(s) and the Arabidopsis NAC domain transcription factor 
ATAF2 was identified [69]. In this interaction, TMV suppresses the basal defense pathways during the 
compatible virus-host interaction with ATAF2 (Figure 7) [68]. This hypothesis is supported by the 
reduced ability of SA to transcriptionally activate defense-related genes within tissues systemically 
infected by TMV [69]. 

NAC proteins interact with protein suppressors of plant defense. In non-induced conditions (without 
pathogen attack), the protein SUPPRESSOR OF NONEXPRESSOR OF PR GENES INDUCIBLE 1 
(SNI1), binds to CBNAC, a calmodulin-regulated NAC transcriptional repressor in Arabidopsis [70]. 
CBNAC binds to the E0-1-1 element of PR1 promoter and SNI1 enhances the DNA-binding activity of 
CBNAC, consequently enhancing repression of the PR1 gene by SNI1 [70]. In the presence of inducer 
(during pathogen attack), PR1 gene expression is induced by the translocation of a large amount of active 
NPR1 to the nucleus and its interaction with TGA transcription factors. The SNI1/CBNAC protein 
complex can be disassembled by NPR1, calmodulin or other unknown mechanisms [70]. 
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Figure 7. Repression mechanisms of NAC transcription factors mediated by proteins of 
pathogens. The effector LxLR (Pi03192) of Phytophthora infestans interacts with two 
transcription factors from the no apical meristem (NAM), Arabidopsis transcription 
activation factor (ATAF), and cup-shaped cotyledon (CUC) (NAC) family (NAC 
TARGETED BY PHYTOPHTHORA 1 and 2 (NTP1 and NTP2)) in the endoplasmic 
reticulum, thus preventing the localization of these factors to the nucleus. The viral capsid 
protein from the turnip crinkle virus (TCV) virus binds to TCV-INTERACTING PROTEIN 
(TIP) factor, repressing the expression of defense genes, favoring systemic infection by plant 
viruses. The helicase domain of the Tobacco mosaic virus (TMV) virus replicase interacts 
with Arabidopsis transcription activation factor 2 (ATAF2)-suppressing plant defenses. 

 

8. Conclusions 

The evolution of the plant immune response has resulted in a highly effective defense system that is 
able to resist potential attacks by several types of pathogens. Within this complex defense system are 
regulatory proteins, such as transcription factors. Over the past few years, a substantial number of 
proteins that interact with transcription factors involved in plant defenses against pathogens have been 
identified. In this review, we describe some of the key protein-protein interactions involved in regulating 
the function of transcription factors important in the defense against biotic stress in plants, such as 
members of the bZIP families, AP2/ERF, MYB, MYC, WRKY and, more recently, the NAC family. 
The presence of diversified modular domains involved in direct interactions with different proteins 
present in transcription factors indicate the diversity of possible interactions, modulating the function of 
these factors in the process of plant defense.  
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Various processes of plant defense against pathogen attack are known today, each having a multitude 
of refined regulatory mechanisms. In this context, examples of interactions are presented, and these 
interactions can act by modulating the functions of important transcription factors, either by activation 
or repression of signaling pathways of defense against pathogens from protein-protein interactions 
(Figures 1 to 6). A broader view of the amazing diversity of the regulatory mechanisms shown during 
the plant defense reveals the functional redundancy of several transcription factors-interaction partners, 
such as ANK1 and LSD1 proteins (Figure 1), both genetically unrelated, that interact with transcription 
factors from the bZIP family, preventing the translocation of these factors to the nucleus. On the other 
hand, a diverse molecular mode of repression for plant defense pathways is produced by pathogens such 
as fungi, oomycetes, bacteria and viruses, which suppress the plant response to biotic stress (Figures 3 
and 7). We also discuss the key role of the UPS26 system in protein turnover during regulation of the 
activity of transcription factors in different molecular pathways of plant defense, including the modulation 
of the concentration of these factors in different subcellular compartments (Figures 1, 3, 4 and 5).  

A major question left unanswered about networking of interactions is if those interactions are 
conserved across plant species, or if they evolved to fine-tune particular responses to specific plant 
pathogens. The study of Pseudomonas syringae (Pst) DC3000 pathogenesis has not only provided 
several conceptual advances in understanding how a bacterial pathogen employs Type III effectors to 
suppress plant immune responses and promote disease susceptibility but has also facilitated the 
discovery of the immune function of stomata and key components of JA signaling in plants [12,27]. The 
concepts derived from the study of Pst DC3000 provided understanding of pathogenesis mechanisms of 
other plant pathogens [12]. Similar virulence mechanisms and infection strategies are generally shared 
in viruses, bacteria, fungi and oomycetes, for example, despite differences in biochemistry, physiology 
and genetics [12] (Figure 7). In the coming years, it is expected that interacting proteins will be identified 
by traditional procedures, such as by yeast two-hybrid assays, and by more recently developed methods, 
such as high density protein microarrays. A particularly important effort will be the integration of 
knowledge of these complex protein-protein interactions and protein-DNA interactions in the context of 
the transcription of target genes important for the development of a thorough understanding of the 
regulatory network of responses to stress caused by pathogens. These studies may lead to a better 
understanding, not only of the interactions that regulate these transcription factors but also of the 
important biological processes that these factors modulate. 
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Proteomics Advances in the Understanding of  
Pollen–Pistil Interactions 

Ziyang Fu and Pingfang Yang 

Abstract: The first key point to the successful pollination and fertilization in plants is the pollen-pistil 
interaction, referring to the cellular and molecular levels, which mainly involve the haploid pollen and 
the diploid pistil. The process is defined as “siphonogamy”, which starts from the capture of pollen by 
the epidermis of stigma and ends up with the fusion of sperm with egg. So far, the studies of the  
pollen-pistil interaction have been explicated around the self-compatibility and self-incompatibility (SI) 
process in different species from the molecular genetics and biochemistry to cellular and signal levels, 
especially the mechanism of SI system. Among them, numerous proteomics studies based on the 
advanced technologies from gel-system to gel-free system were conducted, focusing on the interaction, 
in order to uncover the mechanism of the process. The current review mainly focuses on the recent 
developments in proteomics of pollen-pistil interaction from two aspects: self-incompatible and 
compatible pollination. It might provide a comprehensive insight on the proteins that were involved in 
the regulation of pollen-pistil interaction. 

Reprinted from Proteomes. Cite as: Fu, Z.; Yang, P. Proteomics Advances in the Understanding of 
Pollen–Pistil Interactions. Proteomes 2014, 2, 468ï484. 

1. Introduction 

Deep in the evolutionary history, the plant kingdom goes through trends from low to high, simple to 
complex, aquatic to terrestrial. Corresponding to the life cycles, it can be of three-types of propagation: 
vegetative propagation, asexual reproduction, and sexual reproduction. The sexual reproduction is 
independent of water during fertilization. The transporting of the sperm to the egg is via the pollen tube. 
Angiosperms are the largest and the most diverse groups in the plant kingdom. They are placed on top 
of the evolution table, showing alternation of generation in their life cycle. Their sporophyte produce 
spores meiotically in their asexual reproduction [1]. Angiosperms sexual reproduction occurs when the 
female and male gametes fuse during the process of fertilization to produce viable offspring. The 
formation of a viable zygote in angiosperms is dependent on successful pollination and fertilization, 
which begins with pollen grain landing on the stigma of the pistil. The first key point of this complex 
process of fertilization is the pollen-pistil interaction, referring to a cellular and molecular interaction 
where the haploid pollen and the diploid pistil fuse. The specific steps of the interaction are as follows: 
before the substantive contact, the immobile pollen is transferred by external environmental forces, such 
as wind or insects. Upon pollen grain landing on the surface of stigma, the recognition starts at molecular 
and cellular levels. The “compatible” pollen germinates if the surrounding conditions are suitable. Then, 
the pollen tube grows and extends through the style into the ovule; the sperm cells are discharged by 
female gametes. The series of process is also defined as “siphonogamy” [2]. It has significant role in 
reproductive biology of flowering plants. This kind of interaction is vital in sexual reproduction in order 
to obtain genetic diversity in a population. In addition, the interaction between the pollen and pistil is 
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regarded as a series of stages while studying the molecular mechanisms underlying cell recognition, cell 
germination and cell-to-cell communication. Scrutinizing the mechanisms of interaction during 
fertilization will be beneficial to crop breeding and reproduction. So far, the studies of the pollen-pistil 
interaction have been explicated around the self-compatibility and self-incompatibility process in 
different species from the molecular genetics and biochemistry to cellular and signal level, especially 
the generation mechanism of SI system [3–5]. 

Thanks to the completed genome sequences of some model plants, such as Arabidopsis, the genus is 
Populus and rice, and the field has been expanded into genomics and proteomics [6]. Among them, 
proteomics, as the study of how proteins work, interact, diversify and specialize on a global scale, has 
been widely applied in analyzing the biological processes drawing support from the rapid development 
of mass spectrometry (MS). By these new and powerful proteomic techniques, the interaction between 
pollen and pistil can be improved and studied with new insight [7]. Looking back into the history of its 
development, the techniques in proteomic research can be divided into two categories: gel-based 
strategy, developed from 2-D gel electrophoresis (2-DE) and isoelectric focusing PAGT (IEF-PAGE) to 
differential in-gel electrophoresis (DIGE), and gel-free system based on the liquid chromatography-mass 
spectrometry (LC-MS), which analyzes proteins on a large-scale [8,9]. Among them, the differential  
in-gel electrophoresis (DIGE) uses different fluorescent dyes on the 2D-GE to enhance the accuracy of 
quantifying the expression level of different proteins. Additionally, LC-MS/MS-based quantitative 
methods can be improved with the different labeling strategies, such as isobaric tag for relative and 
absolute quantitation (iTRAQ) [10]. Recently, a new technique label-free quantification has been 
improved, and it is termed “label-free LC MS/MS” [11]. 

This review focuses on the advance of proteomics studies in the interaction between pollen and pistil 
to reveal the complex biological process from a pivotal gene or enzyme to an integral pathway of 
regulatory or signal transduction.  

2. Proteomic Analysis of Pollen-Pistil Interaction with Successful Fertilization 

2.1. Proteome Dynamics in Pollen at Different Points from Development to Germination 

Before cell-to-cell interaction, pollen has to undergo a complex and necessary development to  
form a suited grain with high quality. Anther with four locules is the progenitor cells to release 
microspores, which is generated from microsporocyte via two continuous meiotic divisions [12]. The 
microspores released in the locule undergo cytoplasmic reorganization mediated by the cytoskeleton, 
and it also termed as polarizability. Subsequently, the polarized cell forms a male germ unit not only  
with two sperm cells that fuse with egg cell and central cell, respectively, but also with a vegetative 
nucleus via two mitotic divisions. The pollen with the three cells is called mature pollen, which can 
interact with gynoecia and be selected into the style for tube growth to access the embryo sac for double 
fertilization [13,14]. Mature pollen germinates fast after pollination from quiescent to active state, and 
the vegetative cell grows a pollen tube transporting the sperm cells into the embryo sac to complete the 
double fertilization process.  

According to previous study on the pollen transcriptome in the model species Arabidopsis,  
992 pollen-expressed mRNAs were identified by comparing with that of the sporophyte. Among them, 
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nearly 40% were detected specifically in mature pollen, encoding proteins involved in carbohydrate 
metabolism and cytoskeleton dynamics, which would be a key to ensure the quality of pollen through 
regulatory and functional specialization [15]. Furthermore, one-third of the genes constitutively 
expressed in the vegetative tissues were not expressed in pollen. These results revealed that the 
transcriptome of gamete showed more simplicity and higher proportion of selectively expressed genes 
than sporophytic tissues [16]. Soon afterwards, a proteome map for mature pollen of Arabidopsis thaliana 
was drawn using 2-DE followed by ESI-MS/MS to expound the biochemistry of pollen [17]. Among  
the 135 identified proteins, there were almost 20% involved in metabolism, 17% in energy generation, 
or 12% in cell structure, which is similar to the study at transcriptional level. Moreover, seven proteins 
whose RNAs were not shown in the transcriptome have functions in metabolism, energy generation or 
cell structure. To resolve the omission of short and low abundant proteins, a new generic deterministic 
peptide classification scheme was set up to identify the proteins with minimized error rate on the 
Arabidopsis pollen [18]. In addition to the large scale on the pollen grains, the analysis on the pollen 
coat at gene level and protein levels had been taken [19]. There were 322 special proteins in  
mature pollen of rice using MS technologies, which had been classified into at least 14 functional 
categories [20]. Among them, 38 unique proteins were beta-1,4-xylanase and beta-glucanase in pollen 
coats, which were major proteins in the pollen coat of maize [21]. The released proteins from the pollen 
might contribute to the germination and growth of the grains and pollen tube.  

In a way, the revelation of the gene level cannot directly link to the discipline of the protein level and 
activity. The proteomics work on developmental pollen used two-dimensional gel to find disparate points 
and then identified them by MALDI-TOF MS based on the sequence dates. For example, in  
Oryza sativa, the comparative proteins of the different stages of pollen (pollen mother cell, tetrad, early 
young microspore, middle young microspore, early binucleate, late binucleate, heading stage) were taken 
into analysis by similar proteomics technologies. The 33 unique proteins with the same changing trend 
participated in sugar metabolism, cell elongation and expansion, which were essential to the pollen 
germination [22]. Analogously, rice mature (MPG) and germinated (GPG) pollen grains were selected 
artificially and then flowed to 2D-gels to obtain protein spots. Comparing proteins of the two different 
growth stages, 186 proteins from almost 2300 proteins were differentially expressed. These proteins are 
involved in regulatory and metabolic processes, such as the dynamics of protein and cytoskeleton [23]. 
Comparing the protein expression of the germinating pollen (GP) and the mature pollen (MP) of canola 
(Brassica napus) via DIGE associated to MALDI-TOF/TOF, the up-regulated proteins play roles in 
carbohydrate, nucleotide and protein metabolism, signal transduction and stress responses. On the 
contrary, some catalases and LEA proteins were showed to be down-regulated. These showed that the 
proteins associated in macromolecules’ metabolism and enzymes involved in the signal pathways were 
essential to the pollen germination [24]. The differentially expressed proteins in pollen tubes compared 
to the un-germinated pollens could demonstrate the special physiological processes that occur during the 
development of the pollen tubes [25]. Recently, a proteomics analysis was also conducted in pollen 
(before-pollinated and/or pollinated) and pollen tube of the Picea meyer [26], Triticosecale wittmack [27] 
and Lilium davidii [28]. These researches are better conducted in two aspects: pollen collection, 
including the condition of pollen grains germination in vitro, the nutrition and temperature for plants 
growth, pollen review by light microscopy, and the identification and quantification of proteomics, 
covering the ITRAQ labeling method and MALDI analysis by TOF/TOF instrument. The proteomics 
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for male gametophyte contribute a new slight on examining the molecular mechanism and lay a great 
foundation for the study of fertilization.  

2.2. Protein Analysis on Pistils by Comparative Proteomics 

Pistil, another participant, is composed of stigma, style, and ovary [29]. The apical stigma is in the 
position of capturing and ingesting pollen grains. The style can be regarded as a subtle bridge linking the 
stigma and the ovary, where the transmitting tissue plays role accompanying the extension of the pollen 
tube. The basal ovary is an organ containing the ovules, which gestate the embryo sac to grow the  
eggs [30,31]. As the name suggests, pollination depends on transferring male gametophyte (pollen grain) 
from the anther to the sigma of pistil. That is the space where interaction occurs. Judging by whether or 
not there is secretion on the surface, the stigmas can be classified into two broad categories, wet and dry. 
Comparing the two biochemical reactions based on the different structure, up to date, pollen capture by 
the wet stigmatic secretion is nonspecific while the recognition process shows a degree of species 
specificity in the dry-type stigma. Besides, pollen hydration within the secretion is passive and 
unregulated. On the contrary, it is a regulated process in dry stigma [2]. 

Crucifer is the typical family with dry stigma, which is selected as model plants for study of  
pollen-pistil interaction. Through comparing the whole-genome transcriptional profiles of stigmas and 
ovaries isolated separately from wild-type Arabidopsis and transgenic plants, in which cells of the stigma 
epidermis and transmitting tract were ablated by expression of a cellular toxin on the microarray 
platform, 115 and 34 genes were identified from 23,000 genes on the array to be expressed specifically 
in the stigma epidermis and transmitting tract. The proteins encoded by these genes were functional 
classified in signal transduction pathway, regulating the components of the extracellular matrix during 
pollination. Among them, S-locus receptor kinase (SRK), M-locus protein kinase (MLPK) and arm 
repeat containing (ARC1) play roles in self-incompatibility [32]. 

The affymetrix ATH1 whole genome array were used in comparing the different gene levels in  
un-pollinated pistils and un-fertilized ovules of Arabidopsis thaliana, as well as the pollinated pistils in 
special timing points that represented the most significant development from pollination to fertilization. 
The result showed 1373 genes were differentially expressed during pollen–pistil interaction, whose 
function were explained and projected to the extent necessary for successful fertilization [33]. The 
temporal and spatial gene expression profile of in vivo pollen-pistil interaction provided a detailed 
evidence of changing in gene expression pattern, further supporting the molecular mechanisms operating 
during pollination.  

Recent researches on proteomic analysis of the pistil in crucifer were mainly taken in SI response to 
find the candidate proteins. This implies that the mechanism of compatible interaction between pollen 
and pistil is not still directly addressed, especially the proteome in pistil. After searching—a comparative 
proteomic analysis of pistil before and after pollination in Soybean cooperated with the proteome 
database [34] and transcriptomics analyses [35]—a strict self-pollination plant was found. According to 
the MALDI-TOF-MS results based on the 2D-gel, 58 differently expressed proteins were identified,  
of which there were 22 up-regulated proteins and 36 down-regulated proteins after pollination.  
After functional classification, the largest group was metabolism-related proteins. Among them, the 
sucrose-phosphate synthase (U18) was increased in expression, while some isoforms of glutamine 
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synthetase were decreased. These indicated that the primary metabolisms were enhanced to facilitate the 
pollination and the following pollen tube growth [36]. This study enhances our understanding of the 
level of proteins expression, as well as the participated biological processes.  

The representative plants with the wet stigma are mainly Solanaceae, Rosaceae and Liliaceae [2]. The 
stigmatic secretion (SE) on the surface of the stigma plays an important role in ingesting the compatible 
pollen grains. Except the lipid and carbohydrate, SE also contains a wide range of proteins with profound 
functions, such as the sigma-specific protein 1 (STIG1), regulating the timing of the accumulation of SE 
in tobacco and petunia [37]. The first analysis of SE proteins on a large-scale level was taken in the 
Lilium longiflorum and Olea europaea by SDS-PAGE coordinated with the LC-MS/MS. However, given 
the un-completely genome annotation of the two plants, a database search algorithm (Mascot) was 
employed and identified 51 proteins in Lily and 57 in olive, of which only 13 were present in both SEs. 
In-depth analysis of these proteins showed that more than half of the proteins contain a signal peptide, 
and it was predicted that the SE might participate in at least 80 different biological processes and  
97 molecular functions, of which included the carbohydrate metabolism, cell signaling and response to 
the biotic and abiotic stresses. During pollination, the catabolic enzymes disintegrate large 
polysaccharides and lipids into smaller units to regulate pollen tube growth by selective degradation of 
cell-wall polysaccharides. Two Stigma/stylar cysteine-rich adhesion (SCA) isoforms, a chemotropic 
protein and a fasciclin-like domain (FAS) protein were identified in the lily SE with the role of pollen 
tube adhesion [38]. By proteomics, a comprehensive map of proteins can be built to discover their 
biological function within pollination. 

When the male and female gametes are prepared for the next journey, the recognition and interaction 
will induce the tube growth via compatible signal and chemical gradients. The extension keeps until the 
tube enters into the embryo sac, where the molecules and receptors of tube response with the guidance 
from the female gametophyte [39]. Comparing to angiosperm, the pollination droplet is a unique and 
conservative pollination mechanism in gymnosperm. Proteomics analysis and identification taken on the 
mechanism revealed the proteins participating in the drop were related to the pathogen defense and 
pollen development [40]. Although there have not been a complete network for the interaction between 
the tube and pistil, some key regulators and receptors have been identified by multidisciplinary 
approaches including biochemistry, molecular genetics and functional genomics. On the contrary,  
in Arabidopsis, the female gametophytic guidance is divided into two stages: the funicular guidance, 
implying that the tubes extend from the septum to the funiculus, and the micropylar guidance, implying 
that the tube navigates from the funiculus to the female gametophyte through the micropyle [41]. For 
example, MYB98, as a transcription factor, expresses in the synergid cell as micropyle guidance [42,43]. 
AtLURE1 peptides belong to the defensin-like (DEFL) peptides, expressed in synergid cells and secreted 
toward the funicular surface to guide the tube growth as especially guidance [44]. Looking back on how 
the receptors on the pollen tube interact with the female guidance, the ion gradient regulated by the 
transmembrane proteins and channels are critical for the tube growth, such as the cyclic nucleotide-gated 
channel 18 (CNGC18), working as a channel to regulate the Ca2+ concentration, and a GABA 
transaminase, which is coded by the pollen pistil 2 (POP2) and has the function to increase content of 
GABA in the style and ovary [39,45]. Besides, lost in pollen tube guidance 1 (LIP1) and 2 (LIP2) were 
verified as a receptor complex to respond to AtLURE1 [46]. Especially, the mitogen-activated protein 
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kinase 3 (MPK3) and the mitogen-activated protein kinase 6 (MPK6) were verified with the function of 
guiding the direction to the right towards the mutational plants of mpk3 and mpk4 [47]. 

Although much research had been conducted on several model species around compatible and even 
incompatible pollination and fertilization, there was a common theory among the types of molecular 
regulation on the pollen-pistil interaction [48]. Researchers suggested the absence was as a result of rapid 
evolution and change of proteins regulating sexual reproductive process [49]. For instance, arabinogalactan 
proteins (AGPs), a family of hydroxyproline-rich glycoproteins (HRGPs), showed an increased expression 
during pollination in the olive pistil (Olea europaea L.) compared to the non-pollinated pistil, while the 
expression of AGPs decreased after pollination. AGPs were localized predominantly in the cell wall of 
secretory cell of the stigma, as well as in the transmitting tissue of the pistil during the pollination period 
by means of immunofluorescence localization. These results proved that proteins play roles of 
supporting pollen performance and tube growth during the pollination stage in olive, which corresponds 
to the conclusion that AGPs had roles in vegetative, reproductive, and cellular growth and development, 
previously [50,51]. 

3. Proteomic Analysis of Pollen-Pistil Interaction in SI Response 

If one plant is hermaphrodite, both stamen and pistil from the same flower, it has more chance to 
self-fertilize. Self-fertilization means that the offspring is obtained within a short time and is identical 
genetically to the parent plant, which is in favor of maintaining stability with low genetic diversity. 
However, the genetic stability makes it difficult to adapt to the variable environments so that species can 
achieve optimized continuation. Therefore, it naturally led to the generation of cross-fertilization and 
evolution of various mechanisms for preventing self-fertilization [52]. To enhance diversity and obtain 
more chances to survive in such a changeable and complex world, the evolution of several morphologic 
and genetic barriers of self-fertilization has occurred in the life history of plants. For instance, 
dichogamy, namely the condition of anthers and pistils maturing at different times, can prevent  
self-fertilization. Except physical and suited isolation, discrimination between genetically related (self) 
and unrelated (non-self) pollen grains that then inhibit the related grains is one major genetic mode. That 
is self-incompatibility (SI), the failure of fertilization between the pollen and pistil from the same flower 
to produce zygote and endosperm [31]. To date, more than half of species in angiosperms have  
self-sterility and SI.  

Dissecting the mechanism of the barrier system contributes to understand the series of events for 
pollen-pistil interaction. In genetics, SI is controlled by a single S (Sterility) locus with high polymorphism, 
which encodes proteins in pistil and pollen, respectively, as the basis of recognition and reaction during 
reproduction. There are two principal genetic forms of SI, gametophytic (GSI) and sporophytic (SSI), 
which are distinguished by the decider for the phenotype of S-locus in pollen [53]. The representative 
family for SSI is Brassicaceae, while Solanaceae and Papaceraceae are model plants for GSI. The 
mechanisms of the two categories are diverged with different controlled genes within a special signal 
pathway and regulatory network [54]. 
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3.1. Proteomic Analysis of the Gametophytic Self-Incompatibility Response 

In GSI, the S phenotype of the pollen is determined by its own haploid genome and the mechanism 
of GSI is mainly related to the inhibition of the growth of pollen tube. In addition there are two 
mechanisms of the GSI incompatibility system, where Solanaceae, Rosaceae and Plantaginaceae depend 
on the S-RNase-based rejection system and diversely Papaveraceae undergoes the S-glycoprotein 
mediated Ca2+ signaling system [55]. The female determinant of SI in Papaveraceae is PrsS 
(P. rhoeas style S) secreted by the stigma. When SI is trigged with the self-pollen, programmed cell 
death and pollen inhibition begin with increased concentration of Ca2+ [56,57]. Here, the review focuses 
on the S-RNase-based self-incompatibility.  

The S-RNase-based rejection system is mediated through an interaction between S-locus ribonuclease 
(S-RNase, female determinant) and pollen tube-borne F-box proteins, S-locus F-box (SLF)/ 
S-haplotype-specific F-box (SFB) (SLF/SFB male determinant) [58] (Figure 1). 

The first S-specific proteins were found in Nicotiana alata in the stigma and style by isoelectric 
focusing [59]. Then, researchers confirmed that the S-specific proteins from different S-haplotypes in 
Nicotiana alata were ribonucleases with the RNase activity of inhibition of pollen tube growth in SI 
response [60].The similar approaches, including 2-D GE, were used in other Solanaceae and Rosaceae 
family to isolate and analysis of the style S-glycoprotein, such as Petunia hybrida [61,62] and Japanese 
pear [63,64]. The S-specific proteins were renamed S-RNases. The special and basic glycoproteins 
secreted into the extracellular matrix of the stigma, transmitting tract, and the inner epidermis of the 
ovary after pollination, which are cytotoxin contributing to RNA degradation during the extension of the 
pollen tube ending in the rejection of “self” pollen. The sequence analysis shows S-RNase has five 
conserved regions, C1 to C5, and two specially hyper-variable regions, HVa and HVb, which all 
contribute to the S-specific recognition [5]. However, there are not enough evidences to prove which 
domain determines the recognition. 

To understand the mechanism of GSI, the male determinant related to S-RNase should be fully 
unfolded. The S-determinant should fulfill three rules as follows: (i) linkage to S-RNase gene;  
(ii) variable sequences comparing different S-haplotypes; (iii) expression in pollen, specifically. Based 
on the above characteristics, the male S-specific genes were surfaced. In Antirrhinum, AhSLF-S2 was 
identified as a novel F-box gene closely involved in the interaction of SI, which is polymorphic and 
expressed in tapetum, microspores and pollen grains, specifically. The protein encoded by AhSLF-S2 had 
a conserved F-box domain [65]. Similarly, SLF was shown to be the pollen S-determinant in  
Petunia inflate and Prunus mume [66,67]. Further studies predicted that Pi SLF was one component of 
an E3 ligase complex, cooperating with PI CUL1-G and SBP1, to mediate ubiquitination of non-self  
S-RNases, which may be degraded by the 26s proteasome [68]. The structure of SLF also confirmed the 
result with an ubiquitin-binding domain (UBD) in C-terminal region [69]. The transgenic functional 
assay was used to examine the interaction between the S2-SLF of P. inflate and non-self S-RNase, which 
proved that S2-SLF interacted with S7-RNase and S13-RNase but not with S5-RNase and S11-RNase. 
Through microRNA expression assays, it was also confirmed that there was more than one type of SLF 
protein to recognize all non-self S-RNase, of which each type of SLF would interact with a subset of 
non-self S-RNase [70]. 
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Figure 1. A simplified diagram of the S-RNase-based self-incompatible system. There was 
more than one type of S-locus F-box complex (SLF) to recognize all non-self S-Rnase. If 
the “self” S-RNases were compartmentalized in the vacuole for the degradation of HT-B, a 
protein indispensable to the release of S-RNase, the type of S-RNase may be cytotoxin 
contributing to RNA degradation during the extension of the pollen tube ending in the 
rejection of “self” pollen. On the contrary, the “non-self” S-RNase may be ubiquitinated thus 
degraded through the proteasomal pathway by the SLF complex.  

 

In addition to inhibition and rejection, there is a theory of “compartmentalization”, whereby S-RNaseis 
compartmentalized in the vacuole for the degradation of HT-B, a protein indispensable to the release of 
S-RNase, and eventually promotes the compatible pollination [71]. Except the S-specific determinants, 
there are some modifier factors during GSI. The SBP1 and SCF-like E3 pitching in pollen could form a 
complex with SLF to allow the degradation or ubiquitination of non-self S-RNase, while the 120 kD a 
glycoprotein, the pistil extension-like protein III (PELPIII) and the transmitting tract-specific glycoprotein 
(TTS) are the S-RNase binding proteins in the pistil [52]. eEF1A, the instigator of the actin binding 
activity, could bind to S-RNase during SI in Solanum chacoense [72]. The exhaustive network of S-specific 
pollen rejection based on the S-RNases has been demonstrated in the reviews of McClure [71,73]. 

Actin-7, actin-8 and fructose bisphosphate aldolase-like protein were found only in self-pollinated 
pistil in apricots when compared with the across-pollinated by 2D-GE along with MS/MS analysis [74]. 
In apricots, the comparison between SC and SI cultivars at protein level showed there were 15 different 
proteins in two kinds of pistils, of which nine proteins were detected only in the SI pistils, including  
actin-7, a putative serine/threonine kinase and an S-RNase [75]. A protein expression profile in different 
stages of styles in “Hyuganatsu” (Citrus) was generated by 2D gel electrophoresis and MALDI-TOF/MS. 
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The three stages were distinguished by location of the tube in the style after self-pollination: the tube 
was at the top of the styles in 1 and 3 days before anthesis (DBA) while it had reached the bottom of the 
styles in five DBA. There were 138 different protein spots among the three stages, in which 17  
up-regulated and 26 down-regulated proteins were identified. As the plants were self-incompatible, the 
nine up-regulated proteins based on the pattern of 1 DBA > 3 DBA > 5 DBA may contribute to the 
transmission from SC to SI, which were related to SI response. Via Blast P analysis, there were nine 
proteins involved in tubulin alpha-4 chain, including probable rhamnose biosynthetic enzyme 1,  
2,3-bisphosphoglycerate-independent phosphoglycerate mutase 1, fructokinase-2, allene oxide synthase, 
chloroplastic, luminal-bingding protein, photosystem 1 assembly protein. The first eight all participated 
in different biological processes while the last PG may be related to the SI reaction. The comparative 
studies in proteomics may be helpful in isolating the key proteins related to SI and eventually in 
explaining the reproduction process [76]. These studies uncover the special proteins in SC and/or SI 
process by proteomic approaches, which may also expand our insights on the possible pathways related 
to the interactions during both compatible and incompatible pollination.  

3.2. Proteomic Analysis of the Sporophytic Self-Incompatibility Response 

Sporophytic self-incompatibility (SSI) is triggered by the interaction between a polymorphic stigma 
receptor and its pollen ligand, if the expressed genotypes of S allele are alike. The restriction ends in the 
failure of the development of the pollen tube.  

In Brassicaceae, the genetic factors encoded by S-locus are S-locus receptor kinase (SRK), which is 
a transmembrane Ser/Thr receptor kinase on the epidermis of the stigma papilla cells and functions as 
the female S-determinant, and S-locus protein 11 (SP11, or S-locus cysteine-rich protein, SCR). Its 
expression level in pollen is as high as that in the male determinant. The interaction of SRKn–SCRn 
results in the compatibility or incompatibility based on the polymorphism of the two proteins [77]. Even 
if the intracellular signal pathway is still not acquainted entirely, a model of ubiquitin-proteasomal 
degradation based on the interaction between armadillo-repeat-containing 1 (ARC1) and EXO70A1, a 
substrate of ARC1, has been demonstrated (Figure 2) [78,79]. The degradation of these proteins may 
lead to the generation of SI, in other words, the predicted proteins represent various compatibility factors 
required for pollen germination and growth [80]. Around the SI pathway, the positive regulator M locus 
protein kinase (MLPK), which can recognize and phosphorylate ARC1, and the negative regulators 
THL1 and THL2, which belong to the thioredoxin-h family, were all discovered participating in the 
incompatibility response in Brassicaceae [81,82].  
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Figure 2. Amode of sporophytic self-incompatibility signaling pathway regulated by the 
ARCI. When the cognate S-locus cysteine-rich protein (SCR) binds to the extracellular 
domain of SRK, its intracellular domain is activated and relieves inhibition from THL 
proteins. A phosphorylation cascades transfer from the MLPK to ARC1. The phosphorylated 
ARC1 E3 ubiquitin ligase, supported by the E1 and E2 ligase, may activate the ubiquitination 
and degradation of EXO70A1. The ARC1-mediated degradation of EXO70A1 leads to the 
inhibition secretion of “compatible” factors to reject the “self” pollens. 

 

Based on the above, an accurate view of alternation in abundance of proteins within SI is a way to 
understand pollination and fertilization, comparing the similar but direct studies on pollen and/or pistil. 
The change of proteins can either be up-regulated or down-regulated. The purpose of this research was 
to obtain the comparative protein profile of SI reproductive tissues, and the differentially expressed 
proteins were predicted by functional classification, which may provide the mechanism of SI system. To 
explore this point, a changeable protein list on SI response was acquired by 2D-DIGE and mass 
spectrometry. Nineteen decreased proteins were identified and predicted to be involved in various 
pathways including biosynthetic pathways, signaling transduction pathway and cytoskeletal organization. 
Based on GO annotation, the 19 protein candidates were classified into six groups: metabolism  
(SLR glycoprotein, RUBISCO and so on), trafficking (annexin), development (actin), translation (GTP 
and several putative chloroplast translation), chaperone (protein disulphide isomerase), and structural 
(alpha 2–4 tubulin). Analyzing the various functions of these proteins can help to understand their 
mechanisms for down-regulation, consistent with the SI response. Compatibility between pharmacology 
and cell biological techniques—including using mutant lines and depolymerization of alpha 2–4 tubulin 
and microtubule (MT) in the stigmatic papilla contribution to the process of compatible pollen 
acceptance, which is likely mediated by EXO70A1—has been shown. Combing the down-regulated 
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tubulin in SI, it indicates that the alteration of MT dynamics cannot affect the SI response [83].  
Similar selection of candidate proteins involved in the SI system were reported in non-heading Chinese 
cabbage, of which traces of pistils were found at 0 h and 2 h after pollination in SI and SC lines.  
Among 22 potential proteins, the UDP-sugar pyrophosphorylase (USPase) and DNADP-dependent 
glyceraldehyde-3-phosphate dehydrogenase, two proteins classified in the energy metabolism, were 
down-regulated at 2 h after incompatible pollination, which showed the existence of sucrose degradation 
and ATP supply during the SI response. Similar analysis in the up-regulated methionine synthase 
(METS), involving the protein methylation, implied that DNA methyltransferases might have a role in 
SI response, which is related to post-translational modification in SI [84]. Contrary to incompatible 
pollen germination, the dynamics of proteins’ file established in Brassica napus showed that the 
enzymes involved in glycolysis, TCA cycle and electron transport chain were up-regulated in 
germinating pollen compared to the mature pollen, such as glyceraldehydes-3-phosphate dehydrogenase, 
malate dehydrogenase and cytochrome b5 reductases [24]. This indicated that the circulation of energy 
materials was necessary during normal pollination, while the down-regulated proteins in SI may provide 
opportunity to reject and suppress the “self” pollen.  

4. Conclusions and Perspectives 

Proteomics studies on self-compatible and self-incompatible responses have immensely contributed 
to our understanding of the interaction between pollens and pistils. The analysis of the SI system, a 
phenomenon exhibiting in numerous plant species, gives a new insight in uncovering the mechanisms. 
The protein and mRNA level can be explained in the transcriptional and translational levels. The two 
fields are mutually reinforcing. The transcriptional program obtained by a comparison between  
0–30 min stigmas of Brassica napus following the SI and compatible pollinations were used to uncover 
the genes participating in the compatible and incompatible responses via microarrays. One of the results 
showed that the absence of un-regulated genes in SI response was consistent with the down-regulated 
proteins following SI. This study’s results are consistent with the findings of previous study [85]. 
However, 33% of genes experienced different variation trends in mRNA levels compared with the 
protein levels in the pistils of non-heading Chinese cabbage [84]. The difference between the two levels 
may result from post-transcriptional regulation or post-translational modification [83]. Post-translational 
modifications include glycosylation, phosphorylation and ubiquitination [7]. So far, these modifications 
were identified in the reproductive process, involving the protein interactions, signaling transductions, 
protein degradations, and so on. For example, the SRK would be auto-phosphorylated for the homoplastic 
SCR from the pollen in Brassica. The phosphorylation cascades pass on to MLPK to transmit 
incompatible signals, which can activate ARC1, holding the E3 ligase, and leading to the ubiquitination 
and degradation of protein substrates [79,82]. In addition to the post-translational modification, the 
interaction partners and the sub-cellular localization also make sure that the transcript levels cannot 
reveal the dynamic protein properties. So, to remedy the imperfection of transcriptomics, the dynamics 
of proteins involved in the pollen and/or pistil (pre-pollination and after-pollination) should be tested at 
multiple time-points based on the development of MS technologies, which can be used by virtue of the 
peptide sequencing and isotope labeling methods to play a great role in obtaining the dynamic profile 
during the interaction between pollens and pistils.  
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However, the coverage of proteins during the SI and SC processes is limited for different reasons, 
such as the protein expressions in space-time effect and the low-abundance of proteins. To overcome 
these limitations, multiple, more sensitive technologies should be developed. Therein, multi-dimensional 
protein identification technology (Mud PIT) can help to capture the proteins at multiple time-points [6]. 
Besides, the proteomics screen the candidates especially, which requires verifying their special functions 
in the pollen-pistil interaction via various molecular and genetic methods. Given the difficulties in the 
collection of reproductive tissues, the multidisciplinary fields and approaches within transcriptomics, 
proteomics and metabolomics should be combined to reveal the global network involved in the process 
of pollination.  
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Plant Cell Wall Proteins: A Large Body of Data, but What 
about Runaways? 

Cécile Albenne, Hervé Canut, Laurent Hoffmann and Elisabeth Jamet 

Abstract: Plant cell wall proteomics has been a very dynamic field of research for about fifteen years. 
A full range of strategies has been proposed to increase the number of identified proteins and to 
characterize their post-translational modifications. The protocols are still improving to enlarge the 
coverage of cell wall proteomes. Comparisons between these proteomes have been done based on 
various working strategies or different physiological stages. In this review, two points are highlighted. 
The first point is related to data analysis with an overview of the cell wall proteomes already described. 
A large body of data is now available with the description of cell wall proteomes of seventeen plant 
species. CWP contents exhibit particularities in relation to the major differences in cell wall composition 
and structure between these plants and between plant organs. The second point is related to methodology 
and concerns the present limitations of the coverage of cell wall proteomes. Because of the variety of 
cell wall structures and of the diversity of protein/polysaccharide and protein/protein interactions in cell 
walls, some CWPs can be missing either because they are washed out during the purification of cell 
walls or because they are covalently linked to cell wall components. 

Reprinted from Proteomes. Cite as: Albenne, C.; Canut, H.; Hoffmann, L.; Jamet, E. Plant Cell Wall 
Proteins: A Large Body of Data, but What about Runaways? Proteomes 2014, 2, 224ï242. 

1. Introduction  

Plant cell wall proteomics is a tricky field of research, since proteins are not only minor components 
of plant cell walls, but are also trapped in complex networks of polysaccharides with which they can 
interact. Plant cell walls are mainly composed of cellulose microfibrils wrapped in and connected with 
hemicelluloses and inserted into a complex pectin gel [1]. At the end of growth, secondary walls are 
formed [2]. Such walls are more rigid and may contain lignin. The structure and composition of cell 
walls are constantly modified to allow plant growth and development, and to contribute to the adaptation 
of plants to their changing environment [3–5]. All these processes involve de novo assembly and/or 
remodeling of wall components as well as signaling processes [6].  

Cell wall proteins (CWPs) are the “blue collar workers,” modifying cell wall components and 
customizing them to confer appropriate properties to cell walls [6]. They also contribute to signaling by 
interacting with plasma membrane receptors or by releasing signal molecules such as peptides or 
oligosaccharides [7–9]. Thus, a large variety of proteins are present in cell walls [10]. They have different 
physico-chemical properties, they may interact with other cell wall components and their relative 
abundance is variable. Proteomics strategies should allow the full inventory of proteins in a tissue, an 
organ or an organelle at a given stage of development or in response to an external stimulus. However, 
in the case of cell walls, these strategies are particularly difficult to establish [11]. The three main 
drawbacks are: (i) cell walls constitute open compartments, (ii) proteins are trapped in a complex 
polysaccharide matrix with which they interact and (iii) most CWPs are modified at the post-translational 



64 
 

 

level. Two types of flowcharts have been designed and used: non-destructive or non-disruptive ones 
elute proteins outside the cells without disrupting plasma membranes; destructive or disruptive ones start 
with the purification of cell walls followed by the elution of proteins with various solutions. Each of 
them has advantages and drawbacks which have been previously reviewed [10,12]. The combination of 
these strategies has led to the identification of hundreds of proteins in various plants and in different 
organs. Arabidopsis thaliana has been the most studied plant with 500 CWPs identified at present, 
representing about one fourth of the expected CWPs. In Oryza sativa and Brachypodium distachyon, the 
second and third most studied plants, 314 and 270 CWPs have been identified so far respectively.  

Comparisons between different cell wall proteomes have been done using two criteria. In a few cases, 
different strategies have been used to analyze the same organs. For example, Populus deltoides CWPs 
have been identified either after separation by 1D-electrophoresis followed by LC-MS/MS analysis or 
after direct analysis by LC-MS/MS [13]. Two partly overlapping sets of proteins have been identified 
showing that different technologies are required to enlarge the coverage of cell wall proteomes. In other 
cases, organs at different stages of development or different organs have been analyzed using the same 
strategies. Cell wall proteomes of A. thaliana etiolated hypocotyls have been analyzed 5 or 11 days after 
germination [14]. In the same way, cell wall proteomes have been studied in growing and mature leaf 
and stems of B. distachyon [15], and in apical and basal stems of Medicago sativa [16]. Such experiments 
have allowed the identification of candidate proteins possibly involved in cell wall extension or in  
cell wall strengthening at the end of growth. Finally, a quantitative approach has allowed the 
identification of the A. thaliana GLIP1 GDSL lipase as a contributor to plant defense against  
A. brassicicola infection [17]. 

Despite the accumulation of data, well-known CWPs are still under-represented in cell wall 
proteomes, like structural proteins forming covalent networks, i.e., Proline-Rich Proteins (PRPs) and 
extensins (EXTs), or highly glycosylated proteins, like ArabinoGalactan Proteins (AGPs). In addition, 
the analysis of the content of the buffers used during the washings steps of cell walls during their 
purification has shown that some proteins are lost at that step. In this review, we focus on two points:  
(i) an overview of the existing cell wall proteomics data highlighting differences between monocots and 
dicots in relation to differences in cell wall composition and structure or between cell wall proteomes of 
different organs and (ii) the limitations to the full coverage of cell wall proteomes. 

2. A Large Body of Data 

With 53 papers reporting plant cell wall proteomes, much data has been accumulated during the last 
15 years (Table 1). Seventeen plant species have been the subject of investigations among which  
13 dicots and 4 monocots. As previously reviewed, different plant organs, mainly roots, hypocotyls, 
stems, leaves, ovules and fruits, as well as suspension cultures and seedlings grown in liquid medium 
have been studied using different strategies [10,18]. Xylem sap proteomes have been considered in this 
analysis because they contain many secreted proteins which could originate from root stele cells or from 
dying xylem cells [19]. Altogether, 2170 CWPs encoded by distinct genes have been identified. 
Classifications into functional classes have been proposed to get overviews of cell wall proteomes [10,20].  
It is noteworthy that the same classes have been found in all proteomes: proteins acting on 
polysaccharides (PAC, e.g., glycoside hydrolases, carbohydrate esterases and lyases, expansins),  
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oxido-reductases (OR, e.g., peroxidases, multicopper oxidases, blue copper binding proteins and 
multicopper oxidases), proteases (P, e.g., Asp proteases, Cys proteases, Ser proteases, Ser 
carboxypeptidases), proteins having interacting domains (ID) with polysaccharides (e.g., lectins) or 
proteins (e.g., enzyme inhibitors, leucine-rich repeats proteins), proteins possibly involved in lipid 
metabolism (LM, e.g., lipases GDSL, lipid transfer proteins), proteins possibly involved in signaling (S, 
e.g., arabinogalactan proteins), structural proteins (SP, e.g., leucine-rich repeat extensins, glycine-rich 
proteins) and proteins of yet unknown function (UF). Proteins with predicted function which are not 
falling into these categories have been grouped into the miscellaneous class (M, e.g., purple acid 
phosphatases, phosphate-inducible (phi) proteins, germin and germin-like proteins).  

Table 1. Plant cell wall proteomics (CWPs) studies. 

Plant species Type of proteome Number of 
identified CWPs a References 

Dicots  
Arabidopsis thaliana cell wall

N-glycoproteome 
913
200 
495 

[14,17,21–36]
[37,38] 

Brassica napus/oleracea xylem sap 
N-glycoproteome 

147
92 

162 

[19,39]
[19] 

Cicer arietinum cell wall nd [40–42]
Glycine max cell wall nd [43] 

Gossypium hirsutum N-glycoproteome 116 [44] 
Helianthus annuus cell wall nd [45] 

Linum usitatissimum cell wall 106 [46] 
Medicago sativa cell wall 199, nd [16,47]

Nicotiana benthamiana cell wall nd [48] 
Nicotiana tabacum cell wall nd [34,49–51]

Populus deltoides  cell wall 144 [13] 
P. trichocarpa x 

P. deltoides (hybrid poplar) 
xylem sap 33

142 
[52] 

Solanum lycopersicum cell wall
N-glycoproteome 

nd, 60
104 
161 

[34,53]
[20] 

Solanum tuberosum cell wall nd, 136 [54,55]
Monocots  

Brachypodium distachyon cell wall 689
314 

[15] 

Oryza sativa cell wall 381
270 

[56–60]

Saccharum officinarum cell wall 69 [61] 
Zea mays cell wall,

xylem sap
nd
nd

[62,63]
[64] 

a All these proteomes are in the WallProtDB database (See Supplementary Material). Only proteins having a 
predicted signal peptide are considered (see Supplementary Material). The number of identified proteins is only 
mentioned when the identification has been done using homologous sequences. Otherwise, nd means that this 
number could not be calculated. Numbers in black correspond to the total number of proteins identified whereas 
numbers in bold blue correspond to numbers of different proteins identified in each species.  
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To date, the overall distribution of CWPs into these functional classes is similar between dicot  
and monocot cell wall proteomes with three major classes (Figure 1a,b): PAC (around 26%),  
oxido-reductases (around 17%), and proteases (around 13%). These average proteomes contain data 
(i) originating from different kinds of plant organs or from cell suspension cultures, (ii) obtained using 
various methods of extraction and (iii) identified using different mass spectrometry techniques [10]. 
They give an overview of the types of proteins which can be identified using the variety of available 
strategies. Although xylem sap proteomes contain CWPs [19,52], their distribution into functional 
classes is very different from that of CWPs extracted from plant organs (Figure 1c), with a higher 
proportion of PAC, oxido-reductases and proteases.  

Figure 1. Distribution of CWPs into functional classes. All the proteins have been annotated 
according to the presence of functional domains (see Supplementary Material), thus 
providing homogeneous annotations. (a) Pool of dicot proteomes; (b) Pool of monocot 
proteomes; (c) Pool of xylem sap proteomes. 

 

Interestingly, differences can be highlighted when comparisons of cell wall proteomes obtained in 
similar conditions are done between different tissues or organs of the same plant (Table 2). The 
comparison of the cell wall proteomes of Solanum lycopersicum fruit pericarp [20] and cuticle [53] 
shows striking changes in the relative importance of PAC (32.4% vs. 10.0%), oxido-reductases (9.3% 
vs. 16.7%), proteases (24.1% vs. 6.7%), proteins related to lipid metabolism (7.4% vs. 15%), proteins 
having interacting domains (7.4% vs. 26.7%) and miscellaneous proteins (7.4% vs. 20.0%) (Figure 2a,b). 
It is not surprising that the proportion of PAC is lower in the cuticle proteome than in the pericarp cell 
wall proteome and that the proportion of proteins related to lipid metabolism is higher. Indeed, the 
biogenesis of the cuticle composed of waxes and cutin occurs at the plant surface [53]. In the same way, 
major differences are found between cell wall proteomes of mature leaves and basal internodes  
of Brachypodium distachyon [15]: 26.5% vs. 19.4% PAC and 15.1% vs. 21.2% oxido-reductases  
(Figure 2c,d). Although both organs are mature, basal internodes are more lignified than mature  
leaves and the presence of more oxido-reductases and less PAC is probably required for lignin  
monomer polymerization. 
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Table 2. Information about the cell wall or xylem sap proteomes used for overall comparisons. 

 Stems Leaves Fruit  
pericarp

Fruit 
cuticle

Xylem 
sap Protocols Ref.

Dicots        
B. 
napus/oleracea 

    x xylem sap [19]

L. usitatissimum x     - cell wall preparation 
- extraction of proteins from 
cell walls with CaCl2, LiCl 

[46]

M. sativa x     - cell wall preparation 
- extraction of proteins from 
cell walls with EGTA, LiCl 

[16]

P. deltoides     x xylem sap [13]
S. lycopersicum    x  chloroform extraction [53]
S. lycopersicum   x   N-glycoproteome (total 

protein extraction followed by 
ConA affinity 
chromatography 

[20]

S. tuberosum  x    - cell wall preparation 
- extraction of proteins from 
cell walls with CaCl2 

[55]

Monocots        
B. distachyon x x    - cell wall preparation 

- extraction of proteins from 
cell walls with CaCl2, LiCl 

[15]

Figure 2. Comparisons of cell wall proteomes of different plant tissues or organs. (a)  
L. esculentum fruit pericarp; (b) L. esculentum fruit cuticle; (c) B. distachyon mature leaves; 
(d) B. distachyon basal internodes. All the proteins have been annotated according to the 
presence of functional domains (see Supplementary Material). 
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Comparisons of cell wall proteomes between similar organs of monocots and dicots show differences 
related to the composition of their cell walls [1]. For example, cell wall proteomes of leaves of  
B. distachyon [15] and Solanum tuberosum [55] show differences in the relative proportions of PAC 
(25.6% vs. 33.6%), oxido-reductases (15.5% vs. 9.9%), proteins related to lipid metabolism (7.7% vs. 
5.3%) and proteins having interacting domains (4.8% vs. 9.2%) (Figure 3a,b). In both cases, proteins 
have been extracted from purified cell walls using salt solutions. Such differences have been  
discussed [15]. It was suggested that the presence of aromatic compounds in monocot primary cell walls 
could explain the higher proportion of oxido-reductases. The higher proportion of proteins related to 
lipid metabolism has been related to the presence of a cuticle on both sides of monocot leaves. Finally, 
only a few enzyme inhibitors have been identified in the B. distachyon leaf proteome as well as no lectin. 
A similar comparison between cell wall proteomes of stems such as those of B. distachyon [15],  
Linum usitatissimum [46] and Medicago sativa [16] does not show striking differences between 
monocots and dicots probably because both contain lignified secondary walls. 

Figure 3. Comparisons of cell wall proteomes of mature leaves between a monocot and a 
dicot. (a) B. distachyon; (b) S. tuberosum. All the proteins have been annotated according to 
the presence of functional domains (see Supplementary Material). 

 

All these comparisons are qualitative ones based on presence/absence of proteins in cell wall 
proteomes. Inside each functional class, the comparison of protein families can be refined to look for 
candidate proteins possibly involved in cell wall remodeling in specific organs, during particular stages 
of development, or in response to changes in environmental conditions. Such results are discussed in 
detail in experimental papers (see Table 1). Quantitative data are still scarce and the limitations of the 
available protocols to completely extract CWPs from cell walls do not allow getting fully reliable 
information as for transcriptomes. However, transcriptomic data do not provide any information about 
post-transcriptional levels of gene regulation, and both types of data are complementary [65].  

3. The Limitations for Full Coverage of Cell Wall Proteomes  

Although well-documented, plant cell wall proteomes are probably missing proteins lost during the 
purification of cell walls and important protein families such as structural proteins are still lacking. These 
limitations will be examined in the following paragraphs [30].  
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3.1. Loss of Proteins during the Purification of Cell Walls  

It is difficult to obtain a high coverage of the complete set of proteins present in cell walls because of 
the lack of surrounding membrane which can result in the loss of CWPs during the isolation  
procedure [66]. CWPs can have little or no interactions with cell wall components and thus move freely 
in the extracellular space. Non-destructive techniques such as vacuum infiltration [25], or recovery of 
liquid culture media from cell suspension cultures or seedlings [23,27] were developed to overcome this 
obstacle. Large sets of “labile CWPs” have been identified. Most of them have acidic pI ranging from 2 
to 6 while CWPs are mainly basic proteins [67]. 

Two recent studies using destructive methods to isolate cell walls of flax stems or potato leaves have 
considered the loss of proteins during the cell wall purification steps [46,55]. Starting with ground plant 
material, the isolation procedures retained a differential centrifugation approach to separate cell wall and 
cytoplasmic fractions [55]. Several washing steps were performed to exclude cytoplasmic and membrane 
proteins [46]. Figure 4 shows the number of CWPs identified in the different fractions, i.e., wash vs. cell 
wall fractions (flax stem) and cytoplasmic vs. cell wall fractions (potato leaves). Surprisingly, about 15% 
of the CWPs identified in these studies were only present in the wash or in the cytoplasmic fractions. 
These CWPs did not show any distinctive features, e.g., their pIs are in the basic range in contrast to the 
“labile CWPs” identified with non-destructive methods and no particular protein family could be  
found [67]. The isolation procedures used to purify cell walls led to a significant loss of CWPs. The 
wash and cytoplasmic fractions could also be considered in cell wall proteomic studies. However, in 
flax, while 958 proteins have been identified in the wash fraction, only 42 are predicted to be secreted 
(about 4%). The main drawback is the identification of a large number of intracellular proteins whereas 
CWPs are in the minority.  

Figure 4. Diagrams indicating the number of identified flax or potato cell wall proteins in 
different fractions. (a) Wash and cell wall fractions from flax stem (data from [46]);  
(b) Cytoplasmic and cell wall fractions from potato leaves (data from [55]). The sub-cellular 
localization of proteins has been predicted as described in Supplementary Material. Only 
proteins having a predicted signal peptide and no known intracellular retention signal are 
considered as CWPs.  
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3.2. Extraction of Proteins by Salt Solutions 

Most plant cell wall proteomic studies use salts to release CWPs from cell walls using  
non-destructive strategies or to extract proteins from purified cell walls [10]. Different types of salt 
solutions have been used, but CaCl2 solutions appeared to be among of the most efficient ones [25].  
In the case of destructive methods, there are doubts with regard to the release of bona fide CWPs since 
the intracellular content is released at the time of tissue grinding. Actually, two kinds of proteins are 
identified, those having predicted signal peptides which are considered as CWPs in this review, and 
those having no signal peptide. This point has been discussed in previous reviews [10,68].  

To illustrate the efficiency of CWP extraction from purified call walls using salt solutions, we have 
examined the cell wall localization of a protein identified in numerous cell wall proteomic studies, 
namely At5g11420. This is one of the so-called DUF642 (Domain of Unknown function) proteins which 
all have a predicted signal peptide [69]. In addition, since the observation of fluorescent chimeric 
proteins by confocal microscopy offers the opportunity to explore the effect of exogenous treatments on 
the protein localization dynamic at the cellular scale, we show the release of At5g11420 after a salt 
solution treatment.  

The plant cell wall is an acidic compartment and the sub-cellular localization of protein of interest 
labeled with a fluorescent protein (FP) is challenging in a low pH environment. The spectral properties 
of Green FP (GFP) are influenced by pH, and the fluorescence of GFP variants (e.g., monomeric 
Enhanced GFP, mEGFP and Yellow FP, YFP) decreases at a pH below 6. In this study, we have chosen 
the tagRFP as a fluorescent reporter taking advantage of its low pKa (3.1) [70].  

The N. benthamiana leaf epidermal cells, transiently expressing the p35S::At5g11420::tagRFP 
construct, produced a red fluorescent signal at the cell periphery (Figure 5c). In non-plasmolyzed and 
glycerol-plasmolyzed cells, the At5g11420::tagRFP protein co-localized with the calcofluor labelling, a 
specific cell wall marker (data not shown, Figure 5b,e). Under plasmolysis condition with glycerol, the 
plasma membrane labeled by the pm::YFP marker was progressively loosened from the cell wall, while 
the At5g11420::tagRFP fluorescence was maintained into the cell wall (Figure 5d,f). These data indicate 
that At5g11420 is specifically targeted to the cell wall. 

When plasmolysis was induced by CaCl2, the detachment of the plasma membrane from the cell wall 
was accompanied by a new At5g11420::tagRFP labelling pattern (Figure 5h). After a few minutes of 
incubation, the At5g11420::tagRFP fluorescence diffused from the cell wall into the apoplastic 
compartment delimited by the plasma membrane (Figure 5k). This experiment illustrates how proteins 
can be released from cell walls using salt solutions. It should be noted that they can be released together 
with other cell wall components like pectins. 

The efficiency of CWP extraction by salt solutions depends on the type of interactions between CWPs 
and cell wall components. This is also the reason why different extraction methods have been used in 
cell wall proteomic studies. Alternatively, glycoproteins have been captured by lectin affinity 
chromatography, starting from total extracts of proteins [20,37,44]. This strategy has proved to be very 
efficient since CWPs are synthesized in the secretory pathway. However, care should be taken to 
distinguish glycoproteins which are resident in the secretory pathway from those which are targeted to 
the extracellular space.  
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Figure 5. The At5g11420 protein is localized in the cell wall (see Supplementary Material 
for methods). (a–f): N. benthamiana leaf epidermal cells plasmolyzed by incubation with 
glycerol. Cell wall localization of the At5g11420::tagRFP protein; (g–k): N. benthamiana 
leaf epidermal cells plasmolyzed by incubation with CaCl2. Under CaCl2 treatment the 
At5g11420::tagRFP protein partially relocalizes to the apoplasm; (a, g) Bright field; (b) 
Calcofluor labelling of the cell wall; (c, h) RFP labelling; At5g11420::tagRFP was used to 
observe At5g11420 protein localization. (d, i) YFP labelling; aquaporin::YFP allows plasma 
membrane visualization; (j) Chloroplast labeling; (e) Merge of (b) and (c); (f, k) Merge of 
(c) and (d) and (h) and (i), respectively. (l) Merge of (i) and (j).  

 
cw, cell wall; pm, plasma membrane; apo, apoplasm. Bars = 20 m. 
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3.3. Difficulties to Extract Structural Proteins  

As mentioned above, cell wall proteomic studies mentioned in this review rely on protein extraction 
methods using salt extractions. However, these strategies were shown to be inefficient to solubilize 
covalently-linked proteins, like structural proteins. To date, only a few PRPs, Leucine-Rich repeat 
Extensin (LRXs), Glycine-Rich Proteins (GRPs) or Thr/Hyp-rich GlycoProteins (THRGPs) have been 
identified (Table 3). Structural proteins are thus under-represented in cell wall proteomes, i.e., 3 PRPs 
and no EXT out of the 18 and 32 respectively predicted in A. thaliana [71]. Main features concerning 
these families are reported below to pinpoint the bottlenecks preventing their extraction. 

Table 3. Structural proteins identified in cell wall proteomes. 

Protein family Plant References 
PRP (At5g09530; At5g14920, AtGASA14) A. thaliana [14] 
AGP/PRP (At1g28290, AtAGP31) A. thaliana [14,30] 
LRX (At1g62440, AtLRX2; At4g13340; 
At3g24480; AtLRX3, AtLRX4; At4g18670, 
AtLRX5) 

A. thaliana [14,22,38] 

GRP (At2g05580) A. thaliana [14] 
LRX (Os01g0594300, Os05g0180300, 
Os06g0704500, Os02g0138000 O. sativa [56] 

GRP (Os07g0688700, Os07g0440100) O. sativa [57] 
THRGP (Os03g0676300, Os04g0418800) O. sativa [56,57] 
AGP/PRP (Lus10015434) L. usitatissimum [46] 
LRX (Medtr8g103700.1, Medtr6g086120.1) M. sativa [16] 
LRX (Solyc11g005150.1) L. esculentum [20] 

EXTs belong to the superfamily of hydroxyproline-rich glycoproteins (HRGPs) and are involved in 
cell wall assembly, cell shape and growth [72–74]. They have been widely studied since the sixties and 
constitute one of the best known CWP family [75]: (i) they are basic proteins, (ii) they contain repetitive 
sequence with contiguous Hyp O-glycosylated with short arabino-oligosaccharides, (iii) they adopt a 
polyproline II helical structure, (iv) they can be crossed-linked through isodityrosine or di-isodityrosine 
links [76] and (v) they interact with pectins. The molecular bases of their insolubilization have been 
highlighted recently. It was shown by atomic force microscopy (AFM) analysis that the purified  
A. thaliana AtEXT3 self-assemble to form dendritic structures, consistent with cross-linking by 
peroxidases observed in vitro [77]. Similar network structures were observed by AFM for a maize 
THRGP, but peroxidases were not involved in their cross-linking [78]. AFM observations corroborate 
previously reported electronic microscopy data showing intramolecular and short intermolecular  
cross-links [79]. It was proposed that self-assembled extensins form positively charged scaffolds in the 
cell plate, able to react with negatively charged pectins through ionic interactions. Besides, covalent 
cross-links between extensins and pectins were also suggested [80,81].  

EXT-like chimeras and hybrid-EXTs also exist in cell walls [72,73]. They are assumed to be 
insolubilized in muro but the presence of other protein domains may modify their behavior. For instance, 
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the A. thaliana LRX1 is insolubilized in the cell wall, but this does not involve Tyr cross-links [82]. 
However, Tyr residues are required for LRX1 function in root hair formation [82].  

PRPs are highly basic, mostly lowly glycosylated proteins, and they display specific repetitive  
motifs [83,84]. PRPs are probably covalently cross-linked in the cell wall, but direct evidence is still 
lacking [85–87].  

GRPs are characterized by a high content in glycine residues (up to 70%) [88,89]. Several studies 
using immunocytochemistry have shown that they are associated with the protoxylem, suggesting a 
function in a repair system during the stretching phase [88]. It is assumed that the repetitive nature of 
the glycine-rich domains leads to the formation of -pleated sheet structures allowing hydrophobic 
interactions. Interestingly, in vitro cross-linking experiments carried out in presence of peroxidase 
suggested the formation of networks only in Tyr-containing GRPs [90]. However, further experimental 
data should be obtained to characterize with more details intra- and inter-molecular networks involving 
GRPs in muro. 

Finally, some AGPs were shown to bind covalently to the cell wall. They constitute a category of 
HRGPs O-hyperglycosylated by arabinogalactans at non-contiguous Hyp, playing essential roles in a 
wide range of plant growth and development processes [91]. AGPs have been assumed to form 
complexes with pectins and xylans [91]. The first experimental evidence for covalent attachment 
between an A. thaliana AGP and hemicellulosic and pectic polysaccharides, forming a complex called 
Arabinoxylan Pectin Arabinogalactan Protein1 (APAP1), has been recently reported [92]. Interestingly, 
the apap1 mutant showed an increased extractability of pectin and xylan, supporting the structural role 
proposed for APAP1 [92]. This result indicates that some AGPs may serve as cross-linker in cell walls, 
corroborating previous reports where AGPs were described as pectic plasticizers [93,94].  

Alternative extraction strategies using SDS buffer to extract structural proteins have been tried but 
they were inefficient [30]. The question of the extraction of covalently bound CWPs thus remains 
unanswered and further research is necessary to improve their identification by proteomics. 

4. Concluding Remarks 

The knowledge of plant cell wall proteomes has been greatly enlarged through the numerous studies 
performed during the last fifteen years. Thanks to various complementary strategies, it is possible to get 
an overview of proteins present in the cell walls of numerous plant organs and in cell suspension cultures. 
However, the full coverage of plant cell wall proteomes remains challenging since some proteins are lost 
during the purification of cell walls and cross-linked proteins are not extracted. Global approaches 
avoiding cell wall purification such as direct capture of glycoproteins on lectin affinity columns did not 
allow to significantly enlarge cell wall proteomes [20,37,44]. It can be anticipated that a better coverage 
of cell wall proteomes will require strategies adapted to protein families of interest as for AGPs which 
have been specifically targeted by the Yariv reagent [35].  

A major drawback for the use of cell wall proteomic data is the heterogeneity of protein functional 
annotation which limits relevant interpretation of data and comparisons between proteomes [95].  
In this regard, WallProtDB is a useful tool since all the proteins are annotated in the same way.  
At present, it is probable that the identified proteins are the most abundant and the most accessible within 
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the intricate extracellular polysaccharide networks. Besides, reliable quantitative information is now 
required to better describe CWP profiles and correlate them to plant physiological state. 
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Alterations in Soluble Class III Peroxidases of Maize Shoots by 
Flooding Stress 

Claudia-Nicole Meisrimler, Friedrich Buck and Sabine Lüthje 

Abstract: Due to changing climate, flooding (waterlogged soils and submergence) becomes a major 
problem in agriculture and crop production. In the present study, the effect of waterlogging was 
investigated on peroxidases of maize (Zea mays L.) leaves. The plants showed typical adaptations to 
flooding stress, i.e., alterations in chlorophyll a/b ratios and increased basal shoot diameter. Seven 
peroxidase bands could be detected by first dimension modified SDS-PAGE and 10 bands by first 
dimension high resolution Clear Native Electrophoresis that altered in dependence on plant development 
and time of waterlogging. Native isoelectric focusing revealed three acidic to neutral and four alkaline 
guaiacol peroxidases that could be further separated by high resolution Clear Native Electrophorese in 
the second dimension. One neutral peroxidase (pI 7.0) appeared to be down-regulated within four hours 
after flooding, whereas alkaline peroxidases (pI 9.2, 8.0 and 7.8) were up-regulated after 28 or 52 h. 
Second dimensions revealed molecular masses of 133 kDa and 85 kDa for peroxidases at pI 8.0 and 7.8, 
respectively. Size exclusion chromatography revealed native molecular masses of 30–58 kDa for 
peroxidases identified as class III peroxidases and ascorbate peroxidases by mass spectrometry. Possible 
functions of these peroxidases in flooding stress will be discussed. 

Reprinted from Proteomes. Cite as: Meisrimler, C.-N.; Buck, F.; Lüthje, S. Alterations in Soluble Class 
III Peroxidases of Maize Shoots by Flooding Stress. Proteomes 2014, 2, 303ï322. 

1. Introduction 

Weather records documented a steady and significant increase in flooding events over the past six 
decades [1]. As a consequence, crop fields are more often overflooded by extreme water levels of 
rivers and heavy rain falls. Survival of plants under those conditions depends on physiological, 
morphological and metabolic adaptations [2].  

Depending upon the moisture or water level on the field, flood, submergence or soil saturation,  
can be distinguished for waterlogging. Two types of flooding are generally discriminated in the field: 
(1) waterlogging, in which root and some portion of the shoot are under water or the soil appears water 
saturated without free-standing water; and (2) complete submergence, where the whole plant is under 
water [3]. 

Waterlogged soils provoke iron toxicity and low oxygen levels in roots. Oxygen levels are characterized 
by two terms: (1) Hypoxia, reduction of oxygen below optimal levels and (2) anoxia, the complete lack 
of oxygen, which occurs in soils that are exposed to long-term flooding and complete submerging [4]. 

Waterlogging resistant plants like maize (Zea mays L.) adapt to waterlogged conditions by developing 
aerenchyma in roots for ventilation and some wetland plant species form an apoplastic barrier at the 
outer cell layers of roots to reduce radial oxygen loss [5]. The apoplastic barrier composition is not well 
understood, but one potential component is suberin, which accumulates at the hypodermal/exodermal cell  
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layers of the roots under waterlogged soil conditions. However, variation between plant species makes 
evaluation of the significance of suberin in prevention of radial oxygen loss rather difficult. 

Depending on flooding conditions—short-term (<two weeks) or long-term submergence—plants 
evolved two different strategies [6]. Plants temporally flooded like maize or tufted hairgrass 
(Deschampsia cespitosa L.) show low oxygen quiescence or avoidance syndrome, whereas species like 
deep water rice (Oryza sativa L.) showed low oxygen escape syndrome [7–9]. One of the key players in 
rice and wetland species grown under submerged conditions is ethylene, which induces (i) aerenchyma 
in the root cortex by programmed cell death; (ii) adventitious root growth and (iii) elongation of 
internode by regulation of gibberellic acid biosynthesis and sensitivity [3]. These adaptations provide 
leaf contact with the atmosphere under submerged conditions and enhanced gas diffusion. The molecular 
mechanisms induced by flooding have been intensively investigated in deep water rice and SNORKEL 
genes that encode transcription factors of the AP2/ethylene response factor (ERF) family subgroup VII 
have been discovered [7]. In contrast to the low oxygen escape syndrome, plant species confronted with 
short-term flooding stress (partial or complete submergence) maintained steady energy conservation 
without shoot elongation [8]. It is known that another member of the AP2/ERF family mediates the 
quiescence syndrome (SUB1A) [10]. 

Aside, nutrient uptake and photosynthesis are affected by flooding in general and changes in chlorophyll 
a/b ratios in the foliage were observed in both cases [11–13]. Furthermore, the role of reactive oxygen 
species (ROS) has been discussed recently for both stresses [5,14]. Low photon utilisation of flooded 
plants could result in the production of ROS like superoxide anion radicals, singlet oxygen, hydrogen 
peroxides and hydroxyl radicals [15]. These ROS are very reactive and provoke damage to lipid 
membranes and proteins. To manage the level of ROS plants have antioxidants (e.g., ascorbate, glutathione 
and tocopherols) and ROS scavenging enzymes like superoxide dismutase or peroxidases [16]. 
Peroxidase activity is used as a general stress marker. Class III peroxidases (secretory pathway) are 
antioxidative systems involved in several physiological functions including plant development, cell wall 
related processes and oxidative stress [17–20]. Due to their reactive cycles, heme-containing peroxidases 
are involved in both production and detoxification of ROS and are affected under several stress 
conditions [19–21]. Cytosolic ascorbate peroxidase of soybean (Glycine max L.), a flooding sensitive 
plant species, decreased under submerged conditions [22,23]. In contrast to this observation, peroxidase 
activity increased in flooding tolerant clover and an additional isoperoxidase was induced [24]. Although 
total peroxidase activity of plant extracts is a stress marker, results are not clear, because of the high 
amount of isoenzymes that may be differentially regulated [25]. To distinguish between several 
isoenzymes and to identify peroxidases involved in a specific stress response, proteomic approaches are 
state of the art [25,26]. Additionally, advantages of proteomic approaches in studying flooding have 
been summarised [27]. Protocols for separation of class III peroxidases by native and in-native  
2D-PAGE and detection by peroxidase specific in-gel stains have been published by our team [26,28]. 

Besides rice, grasses like barley (Hordeum vulgare L.), wheat (Triticum aestivum L.) and maize 
belong to the flooding tolerant plants. Although maize is one of the most important crop plants in 
agriculture and biochemical studies indicate its flooding tolerance [27], proteomic approaches have not 
been presented for leaves of waterlogged maize. In the present study, profiles of soluble proteins were 
analyzed from leaves of control and waterlogged maize plants that showed typical stress symptoms. 
Alterations in profiles of class III peroxidases were investigated by modified SDS-PAGE and native 
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isoelectric focusing (IEF) combined with guaiacol staining. IEF-gels were transferred to second 
dimension modified SDS-PAGE or high resolution Clear Native Electrophoresis (hrCNE) for further 
separation of isoperoxidases. Possible functions of identified peroxidases in flooding stress will be 
further discussed in the results and discussion section. 

2. Experimental  

2.1. Plant Material  

Maize plants (Zea mays L. cv. Gelber Badischer Landmais, Saatenunion, Hannover, Germany) were 
grown in the green house (28 °C at day; 16–18 °C at night; 1000 mol/m2·s ± 50 mol/m2·s) for  
28 days on potting soil. At day 29, plants were flooded continuously. Flooding conditions were done 
without additional oxygen supply. Oxygen concentration, pH and water temperature were checked 
constantly. Water temperature was steadily 20 °C ± 0.5 °C and pH was 5.6 for all three time points. The 
water level was held at 15 cm above the soil surface. The control plants were kept in soil without flooding 
and were continuously watered indirectly from the bottom and once per day from the top. Water content 
was held between 20% and 30%. All leaves of the shoot were harvested from control and flooded plants 
4 h, 28 h and 52 h after induction of flooding. Samples were taken always at the same time point of the 
day and for each condition four pools containing five biological replicates were collected. Shoot length 
was determined for each time point using the same 20 plants. 

Statistics and diagrams were calculated using OriginPro 8.5.1.G (Additive GmbH, Friedrichsdorf, 
Germany). For all measurements, standard deviation was calculated and student’s t-test was used to 
determine the significance of changes (control versus stressed sample). 

2.2. Determination of Chlorophyll Concentrations  

Leaves were grinded with liquid nitrogen before chlorophyll was extracted using a 90% acetone 
solution. After extraction for 30 min in the dark, extract was filtered and volume was made up to 50 mL. 
Chlorophyll a and chlorophyll b concentrations were determined spectrophotometrically, using the 
absorption maximum at 663 nm for chlorophyll a and the maximum at 646 nm for chlorophyll b [29]. 
Based on the absorption, chlorophyll concentration per g fresh weight was calculated for control and 
stressed plants. 

2.3. Protein Extraction  

Soluble proteins of shoots were separated from the microsomal proteins by differential centrifugation 
as described elsewhere [30]. Soluble proteins were concentrated and desalted using spin columns 
(Millipore, MWC 10,000, Schwalbach, Germany) and protein amounts were quantified as described by 
Bradford [31] using bovine serum albumin as standard. Samples were stored at 76 °C until further use. 

2.4. Size Exclusion Chromatography  

Proteins were separated by size exclusion using an HPLC-System (ÄKTA, Amersham Pharmacia 
Biotech, Freiburg, Germany) with a 2-mL loop. All steps were performed at 4 °C. Samples were 
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concentrated (Centricon YM-10 concentrators; Millipore, Bedford, MA, USA). Concentrated fractions 
(40–60 L) or calibration proteins (thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), 
aldolase (158 kDa), bovine serum albumin (68 kDa), horseradish peroxidase (44 kDa), and ribonuclease 
A (13.7 kDa), Amersham Pharmacia Biotech) were applied on a Superdex 200 column (HR 10/30, GE 
Healthcare) equilibrated with four column volumes of phosphate buffer (50 mM Na3PO4 (pH 7.0),  
150 mM NaCl, 1 mM CHAPS, 1 mM EDTA and 1 mM ascorbate). Proteins were eluted by 1.5 column 
volumes of buffer. The flow rate was 0.5 mL min 1. The fraction size was 0.5 mL. Peroxidase containing 
fractions were identified by a microassay in 96 well plates. The assay contained 20 L protein fraction, 
180 L 50 mM Na-acetate buffer, pH 5.5, 25 L guaiacol (826 mM) and H2O2 (8.8 mM) each. Estimates 
of the molecular masses of peroxidases were calculated using a semi-logarithmic plot of the molecular 
mass values for the calibration proteins against the elution volumes. For each sample, three biological 
replicates have been separated. 

2.5. Gel Electrophoresis  

One dimensional modified SDS-PAGE (12% acrylamide, no reducing agents, no heating  
of the samples), native IEF-PAGE and hrCNE were used for separation of soluble proteins. 
Electrophoresis of modified SDS-PAGE was done at 200 V and 4 °C. First dimensions IEF was 
accomplished in a mini gel cell (Biorad, Munich, Germany). Gels (0.075 × 7 × 8 cm) contained 4 M 
urea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 2% carrier ampholytes 
pH 3–10 (Serva, Heidelberg, Germany) and 5% acrylamide. Electrophoresis was carried out for 120 min 
at 100 V, 90 min at 250 V and 30 min at 350 V at 4 °C with 10 mM phosphoric acid and 20 mM NaOH 
as respectively anode and cathode buffer [28]. Isoelectric points were calculated in comparison with the 
pH of gel segments derived from control lanes. IEF-PAGE in the first dimension was followed by 
activity in-gel staining or by the second dimension modified SDS-PAGE and hrCNE). First dimension 
hrCNE was casted as continues gradient gel (6%–15% acrylamide concentration), electrophoresis was 
conducted for 45 min at 100 V, followed by 500 V and restriction to 10 mA per gel until the ponceau S 
reached the bottom of the gel. Gel lanes of the first dimension were equilibrated in loading buffer for 
modified SDS-PAGE (125 mM Tris-HCl, 0.2% (w/v) SDS, 20% (w/v) glycerol, and 0.004% (w/v) 
bromo-phenol, pH 6.8) or hrCNE (75 mM imidazole, 1.5 M 6-aminohexanoic acid (ACA), 0.03%  
Na-deoxycholate and 0.004% ponceau S pH 7.0) for 20 min at room temperature and applied to the 
second dimension modified SDS-PAGE or hrCNE [21,23]. Second dimension modified SDS-PAGE and 
hrCNE were performed similar to the first dimension described above. Gels were stained directly with 
guaiacol/H2O2 after the electrophoresis was finished. After 5 min of activity staining, gels were scanned 
as TIF-file for documentation (400 DPI, Perfection V700 Photo, EPSON GmbH, Meerbusch, Germany). 
Prestained marker (Fermentas, St. Leon-Rot, Germany) was used as a standard for all SDS-PAGEs. Gels 
used for guaiacol staining were generally loaded with 40 g soluble proteins, except for proteins loaded 
on first dimension hrCNE (25 g) used for the calculation of native molecular mass of peroxidases. 
Fractions, resulting from the separation by SEC, tested positive for guaiacol activity in the micro assay 
were also analysed by one dimensional PAGE. For each active fraction, 25 L were mixed with the 
PAGE corresponding sample buffer and loaded on the gel. 
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2.6. Peroxidase Detection  

In-gel peroxidase staining was accomplished with guaiacol/H2O2 (1:1) in 50 mM Na-acetate buffer 
pH 5.0, containing 10 mM CaCl2 [28]. 

2.7. Protein Digestion  

The gel bands were cut out, the proteins reduced with DTT (10 mM, 56 °C, 30 min.), the cysteine 
residues modified with iodoacetamide (55 mM, ambient temperature, 20 min. in the dark) and the protein 
in-gel digested with trypsin (conditions: 5 ng trypsin/ L (sequencing grade modified trypsin, Promega, 
Madison, WI, USA) in 50 mM NH4HCO3, 37 °C, 16 h). 

After digestion, the gel pieces were repeatedly extracted (50% acetonitrile/5% formic acid) and the 
combined extracts dried down in a vacuum concentrator.  

2.8. Mass Spectrometry  

For QTOF, Premier tandem MS analysis peptide extracts were dried down in a vacuum concentrator 
and resuspended in 20 mL 0.1% formic acid. The samples were centrifuged at maximal speed in an 
Eppendorf centrifuge and 2–4 L of the digest used for an LC-MS run. LC-MS runs were done on a 
QTOF Premier tandem mass spectrometer (Waters-Micromass, Eschborn, Germany) equipped with an 
Aquity UPLC (Waters, Germany). Samples were applied onto a trapping column (Waters nanoAquity 
UPLC column, C18, 180 m × 20 mm), washed for 10 min with 5% acetonitrile, 0.1% formic acid  
(5 L/min) and then eluted onto the separation column (Waters nanoAquity UPLC column, C18, 1.7 m 
BEH130, 75 m × 200 mm, 200 nL/min) with a gradient (A, 0.1% formic acid; B, 0.1% formic acid in 
acetonitrile, 5%–50% B in either 60 or 120 min). The spray was done from a silica emitter with a 10 m 
tip (PicoTip FS360-20-10, New Objective) at a capillary voltage of 1.5 kV. For data acquisition the 
MSEtechnique was applied: alternating scans (0.95 s, 0.05 s interscan delay) with low (4 eV) and high 
(ramp from 20–35 eV) collision energy was recorded [32,33]. The data were evaluated with the software 
package Protein Lynx Global Server version 2.3 (Waters) searching the Uniprot database (Jan 2014 
update) and the Peroxibase. At intervals of 10 s, a lockspray spectrum (1 pmol/ L [Glu1] Fibrinopeptide 
B (Sigma)) was recorded. Using lockspray correction a mass accuracy of <7 ppm was achieved in the 
MS mode. 

3. Results and Discussion 

Additional information on the results can be found in the Supplemental data. The change of specific 
physiological parameters, morphological and anatomical changes have been shown to be typical for 
flooding stress. Chlorophyll a/b ratio and changes in the morphology were used to prove that plants 
showed typical changes in these parameters. These parameters can be often seen in context with the level 
of ROS, like superoxide anion radical, singlet oxygen, hydrogen peroxide and hydroxyl radical, which 
are highly reactive. They can provoke damage to various molecules, therefore they are tightly managed 
to protect cells against oxidative stress. It is known that peroxidases are part of this ROS scavenging 
mechanism; therefore, it is important to understand their regulations under flooding stress. Additionally, 
they play a role in cell wall loosening and reorganisation, such as needed for the formation of aerenchyma. 
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Peroxidases were studied on two levels: (1) The abundance was studied by modified SDS-PAGE and 
(2) changes in activity were studied by native PAGE. Both methods were combined with guaiacol 
peroxidase specific in-gel staining and identification was done by LC-MS. 

3.1. Physiological Parameters 

After flooding, the plants oxygen concentrations in the water were measured continuously because, 
as with waterlogging stress in nature, no adjustments were done to change oxygen concentration in one 
direction or another. After four hours of waterlogging, oxygen concentration was 84%, after 28 h it 
decreased to 22% and on the last measurement point, after 52 h, it was down to 2%. Typical symptoms 
of flooding stress were found for maize after three days of waterlogging. The roots of flooded plants 
tended to become negatively gravitropic (Figure 1A). Shoot length was compared for control and flooded 
plants at four, 28 and 52 h. The ratio of the average shoot growth (4 h: 1.0, 28 h: 1.0 and 52 h: 1.1) of 
control versus submerged plants did not change significantly (Figure 1B), but showed already a tendency of 
a decreased growth of the stressed plants. Furthermore, after 52 h of flooding stress, the shoot stem 
diameter was increased about 24% within stressed plants in comparison to the control plants  
(Figure 1C,D). Additional to these parameters, chlorophyll a and chlorophyll b content was determined 
by spectrophotometric measurements (Figure 1E). At the first day of flooding stress, the chlorophyll b 
concentration decreased about 17.2% after four hours, if compared to chlorophyll a. At the second day, 
chlorophyll b content was decreased about 24.3% compared to chlorophyll a. At the third day, chlorophyll b 
content was lowered about 17.8% in comparison to the chlorophyll a content. 

Maize plants showed typical phenotypes after three days of waterlogging (Figure 1). Growth of  
the shoots was compared for control and flooded plants for 4, 28 and 52 h (three days of flooding). The 
ratio of the average shoot growth of stressed and control plants did not change significantly. Shoot 
growth was only slightly decreased for water logged plants after 52 h (Figure 1B). These observations 
confirm published data for water logged maize [27]. Reduced elongation growth is based on the negative 
effect of flooding on photosynthesis and is in accordance with the low oxygen quiescence syndrome of 
maize [9,10,27]. 

The decrease of chlorophyll a/b ratio (Figure 2) was shown to be a typical reaction to flooding stress 
in the past [6,27]. The decrease of the chlorophyll a/b ratio seems to be a good marker as its change 
appears shortly after the plant is exposed to flooding stress, but validations are usually needed, because 
of variation in reaction to flooding stress in different species. Also, the thickening of the shoot stem 
diameter after a few days of flooding is in accordance with published data for maize [27]. The thickening 
of the basal shoot was shown to be based on the aerenchyma formation in the root cortex, which is the 
most studied morphological response to flooding stress [27,34]. Aerenchyma provides a continuous 
system of interconnected aerial spaces with a lower resistance for oxygen transport. Aerenchyma 
formation allows root growth and soil exploration under anaerobic conditions by oxygen transport from 
aerial shoots to submerged roots [27,34]. 
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Figure 1. Morphological adaption of maize to submergence. (a) Phenotype of control plants 
and plants stressed by submergence at the end of the growing period; (b) Shoot length was 
measured for control and stressed plants over the three days of flooding; (c) Shoot basis of 
control and submerged plants; (d) Comparison of basal shoots of control and stressed 
samples at the end of the experiment; (e) Chlorophyll a/b ratio. All measurements were done 
for n  20 biological replicates. Except for (e) measurements were done for  
n  5 biological replicates. Control, light grey, flooded plants, dark grey. Significant changes 
were marked with an asterisk. 

 

In the past, it was shown that continuous flooding over time causes a decrease in photosynthetic 
capacity of mesophyll cells and finally to an overall reduction of photosynthetic activity [27]. The lower 
photosynthetic activity is based on the lower chlorophyll content, reduced activity of carboxylation 
enzymes and oxidative damage of photosystem II by ROS. Low photon utilisation of flooded plants 
results mostly in ROS production [35]. The level of ROS, like superoxide anion radical, singlet oxygen, 
hydrogen peroxide and hydroxyl radical, which are highly reactive and provoke damage to various 
molecules, is tightly managed to protect the cells against oxidative stress. Plants contain antioxidants 
like ascorbate, glutathione and membrane embedded quinones (e.g., tocopherols and ubiquinone) and 
enzymes with ability to scavenge ROS and regenerate the antioxidants [28,30]. Peroxidases are part of 
this ROS scavenging mechanism, but they also play a role in cell wall loosening and reorganisation, 
such as needed for the formation of aerenchyma. 
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3.2. Differential Regulation of Soluble Peroxidases—1D and 2D PAGE Analysis 

Peroxidases play roles in the ROS scavenging mechanism and in cell wall loosening and 
reorganisation. Data at hand showed alterations of peroxidase profiles, increases in abundance of specific 
peroxidases and increase or decrease of guaiacol peroxidase activities under waterlogging conditions. 
These observations were in accordance to published data [36,37]. 

Molecular mass of peroxidases and over all profiles were observed for control and stressed plants for 
all three time points. Four guaiacol peroxidase bands were detected in all samples after separation by 
modified SDS-PAGE (Figure 2A; band A, B, D, E). The peroxidase profiles were different for the 
observed time points (Figure 2A). From the relative stress to control (s/c) ratios, relative abundance 
change was calculated for the bands of the modified SDS-PAGE (Figure 2B). The strongest regulated 
band of peroxidase abundance was band B, with 133 kDa (Figure 2B). This band was significantly 
decreased after four hours of waterlogging, whereas it was increased after 28 and 52 h of waterlogging. 
Furthermore, peroxidase profile of four hours waterlogging exhibited a decreased band C, independent 
of the flooding stress. Overall, bands A–D were significantly decreased in number after four hours of 
waterlogging (Figure 2B). After 28 h of waterlogging, stress intensity of bands B–D were significantly 
increased. At 52 h of waterlogging, only band B was significantly changed. Band E was not significantly 
changed at any of the observed time points. The overall amount of peroxidase activity per time point, 
calculated from all bands per lane from all technical/biological replicates, result in the following order: 
stress day 2  stress day 3  control 3  control 2  control 1  stress day 1. 

Each lane of modified SDS-PAGE was cut into four pieces, digested and used for identification of 
proteins by LC-MS (Supplemental Table S1), but peroxidases were not identified. Possible explanations 
for the lag of peroxidase identifications are the relatively high sensitivity of the guaiacol staining in 
comparison to standard staining, e.g., CCB, overlay of high abundant proteins with the same molecular 
mass and inefficient tryptic digestion based on the nature of the non-reducing SDS-PAGE. 

Similar to the modified SDS-PAGE, peroxidase bands of the first dimension native IEF-PAGE were 
used to obtain isoelectric points (pI) and corresponding peroxidase profiles (Figure 2C; Table 1). Overall 
peroxidase profiles were comparable to the profiles of the modified SDS-PAGE (Figure 2B). Samples 
of the first time point showed a different peroxidase profile from the samples of the two following time 
points, independent of the sample treatment. Semi-quantitative analysis of the activity bands was 
performed for the native IEF-PAGE, as described for modified SDS-PAGE (Figure 2C). Significant 
changes in activity were observed after four hours of waterlogging at pI 9.6 (PrxF1) and 7.0, which were 
both decreased in the stressed sample. At 28 h of waterlogging, only the band with the pI of 8.0 (PrxF2) 
was significantly changed, if the ration of stress to control was compared. The band with the pI of 9.2 
was only significantly changed at 52 h after induction of waterlogging. The band with the pI of 7.8 
(PrxF3) was similar to the band with pI 9.2 significantly increased after 52 h in the waterlogged sample, 
if compared to the control (Figure 2D). 
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Figure 2. First dimension gel electrophoresis and guaiacol/H2O2 staining (a) Guaiacol/H2O2 
staining after separation by modified SDS-PAGE. The pre-stained marker is shown on the 
left, indicated with M at the top of the gel. Significantly detected guaiacol bands were 
amounted with the letters of A–E, referring to their mass; (b) Relative activity of the 
significantly detected bands A–E in the modified SDS-PAGE (n  3). The corresponding 
bands are indicated on the x-axis. Dark grey, s1/c1, light grey, s2/c2, middle grey, s3/c3 (s, 
stress, c, control, 1–3, day after stress induction); (c) Guaiacol/H2O2 staining after separation 
by native isoelectric focusing polyacrylamide gel electrophoresis (IEF-PAGE). The picture 
was inverted to enhance the visibility. Next to the pI, peroxidase identifiers are indicated on 
the left hand; (d) Relative activity of the significantly detected bands with the pI of  
9.6–5.9 in the native IEF (n  3). The corresponding bands are indicated on the x-axis. Dark 
grey, s1/c1, light grey, s2/c2, middle grey, s3/c3 (s, stress, c, control, 1, 4 h, 2, 28 h, 3, 52 h). 
For the gels, the type of sample was indicated at the top with control or stress. At the bottom 
of the gel, the day after stress induction was specified. Significant changes between control 
and the associated stressed sample were marked with an asterisk (student’s t-test).  
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Table 1. Summary of peroxidase properties separated by one-dimensional gel-electrophoresis. 

pIex 
Native IEF 

kDa 
Modified SDS-PAGE 1D 

kDa 
hrCNE 

9.6 ± 0.3 183 ± 7 637 ± 7 

9.2 ± 0.4 133 ± 5 330 ± 7 

8.0 ± 0.2 68 ± 1 431 ± 8 

7.8 ± 0.2 55 ± 1 219 ± 8 

7.0 ± 0.1 47 ± 2 200 ± 9 

6.1 ± 0.1   162 ± 8 

 

 136 ± 0.6 

 125 ± 2 

 117 ± 1.7 

 32 ± 1.7 

Aside the specific regulations by flooding, peroxidases with acidic pIs showed a regulation 
independent of flooding on day two (Figure 2). It is possible that these peroxidases are differentially 
regulated depending on the developmental stage of the shoot [14]. Plants were grown in the glass house; 
therefore, changes in light conditions are also an option for this change, but daily measurements showed 
light intensity was comparable at all three time points (~1000 mol/m2 s).  

In contrast to modified SDS-PAGE that allows estimation of peroxidase abundance, native PAGE 
allows estimation of peroxidase activities by quantification of the intensity of the guaiacol peroxidase 
bands [21]. As shown in Figure 2, nearly all isoenzymes increased by waterlogged conditions from time 
point one to three, showing an overall induction of soluble peroxidases. This was observed for both 
methods, modified SDS-PAGE and native IEF-PAGE, suggesting a relation between peroxidase 
abundance and activity. Abundance and activity are not related for all proteins, especially if proteins are 
activated by post-translational modifications [38]. 

First dimension hrCNE was used to calculate the native molecular mass of guaiacol peroxidases 
(Table 1). Based on the resolution and the high activity of the peroxidases (saturation of the bands), 
hrCNE could not be used for quantitation. Two different amounts of total protein (25 g and 40 g) 
were loaded to the gels to ensure the detection of both strong and faint bands (strong activity can cover 
light activity). Finally, 10 bands, ranging from 32–637 kDa, were detected (Table 1). 

Aside the band at 637 kDa, bands of 133 kDa and higher were detected in the modified SDS-PAGE. 
In both cases, molecular mass detected is fairly high for peroxidases, indicating an association with a 
protein complex [39–41]. This protein band may also present peroxidase aggregates or polymers. These 
results were confirmed by two dimensional gels, namely native IEF/modified SDS-PAGE and native 
IEF/hrCNE (Figure 3, Table 2). In the native IEF/modified SDS-PAGE combination, two peroxidases 
with pI 8.0 (PrxF2)/133 kDa and pI 7.8 (PrxF3)/85 kDa were detected, suggesting from their masses to 
be a dimer and trimer, as the identified peroxidase have an theoretical molecular mass of 27–38 kDa 
(Table 3). The same spots were detectable in the hrCNE with a native mass of 200 kDa. 
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Table 2. Summary of peroxidase properties separated by two-dimensional gel-electrophoresis. 

Spot Name 
pIex 

Native IEF 
kDa 

Modified SDS-PAGE 
kDa 

hrCNE 
H 9.8 ± 0.2 n.d. 637 ± 10 
J 9.2 ± 0.1 n.d. 637 ± 6 
K 8.8 ± 0.2 n.d. 637 ± 5 
L 9.6 ± 0.2 n.d. 440 ± 5 
M 9.6 ± 0.2 n.d. 330 ± 8 
N 9.2 ± 0.1 n.d. 370 ± 7 
O 8.0 ± 0.3 n.d. 370 ± 7 
P 7.8 ± 0.3 n.d. 330 ± 8 

F SDS PAGE/Q hrCNE 8.0 ± 0.3 133 ± 8 200 ± 4 
G SDS PAGE/R hrCNE 7.8 ± 0.3 85 ± 4 200 ± 6 

S 6.1 ± 0.1 n.d. 139 ± 5 
T 5.9 ± 0.2 n.d. 115 ± 2 

Figure 3. Second dimension gel electrophoresis for samples exposed to three days of 
waterlogged soil. (a) Guaiacol staining of the second dimension modified SDS-PAGE after 
separation by IEF-PAGE in the first dimension. The pI of the guaiacol detected spots in the 
first dimension was indicated at the top of the gel; (b) CCB staining of the gel shown in (c); 
(c) Guaiacol staining of the second dimension hrCNE after separation by IEF-PAGE in the 
first dimension. The pI of the guaiacol detected spots in the first dimension is indicated at 
the top of the gel.  

 

Peroxidase profiles in the second dimension hrCNE varied for the different samples and confirmed 
the results of the first dimension native IEF-PAGE. The smallest amount of peroxidase spots was 
detectable in the samples after 4 h independent of the stress, whereas the highest amount of spots was 
detected after 52 h (Supplemental Figure S2). The spot with the pI at pH 8.0/7.8 (PrxF2/F3) and at pI 
9.2 were clearly separated in the second dimension into two spots (pI 9.2, J, N; pI 8.0, O, Q; pI 7.8, P,R) 
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with different native molecular masses (Figure 3C, Table 2). Spots in the second dimension were  
only used to get a better view on the isoenzymes with similar pI that could not be separated by native 
IEF-PAGE. Based on gel to gel variation, these gels were not used for quantitation, and identification 
by MS was not successful. 

3.3. Sensitivity of Soluble Shoot Peroxidases against SDS 

Second dimensions after native IEF-PAGE was separated by modified SDS-PAGE and hrCNE. 
Modified SDS-PAGE resulted in only two spots with a molecular mass of 133 kDa and 85 kDa and  
a pI of pH 8.0/7.8 (PrxF2/F3) remained active. To be sure that the protein transfer from the first to the 
second dimension was performed correctly, gels were stained with colloidal Coomassie Blue (CCB, 
Figure 3B). CCB staining proved a good transfer of proteins to the second dimension. In order to increase 
the potential to detect further active peroxidase spots, hrCNE was used as an alternative method for the 
second dimension. Using hrCNE as second dimension, it was possible to detect 12 peroxidase spots by 
guaiacol/H2O2 staining. 

The two spots, 133 kDa and 85 kDa (PrxF2/F3), were the only detectable spots in the second 
dimension modified SDS-PAGE, showing that they were more stable than the other peroxidases. Spots 
with a comparable size were also detected in the electrophoretic analysis after separation by SEC, 
whereas others were not detectable anymore, also showing that these peroxidase multimers or complexes 
showed greater stability than others. Why these two peroxidase spots are more stable than others has to 
be further investigated. The identified ZmPrx66 in the band PrxF2 was earlier detected in root plasma 
membranes samples separated by modified SDS-PAGE [42]. However, most peroxidases investigated 
in the present study appeared to be sensitive against SDS. At least guaiacol staining did not work 
properly in second dimension modified SDS-PAGE, possibly due to loss of the heme group; even in the 
first dimension SDS showed no negative effect on the detection. An explanation for the greater 
sensitivity to SDS in the second dimension could be actually based on the fact that it was used as a 
second dimension and the stabilising factor was separated from the peroxidases in the first dimension, 
resulting in increased sensitivity. 

In the past, modified SDS-PAGE was regularly used to study root membrane peroxidase abundance 
in the second dimension; these enzymes appeared to be more stable compared to the soluble isoperoxidases 
of the present study [15,20,21,23]. Henceforth, this case could be evidence for the lower stability of 
soluble peroxidase monomers in the shoot of maize. In any case, this result will need further investigation. 

3.4. SEC and Identification of Peroxidases by LC-MS 

To confirm the results from the gel electrophoresis, samples were separated by SEC. Peroxidase 
elution from the column was followed by guaiacol/H2O2 micro assay. Analysis of the different samples 
and biological replicates showed molecular mass from 40–287 kDa with significant variation between 
the separations. Furthermore, different peroxidase could not be clearly separated (Supplemental  
Figures S4 and S5). Additionally, active fractions were separated by one dimensional modified  
SDS-PAGE, native IEF and hrCNE and peroxidases detected by guaiacol/H2O2 in gel staining 
(Supplemental Figure S5, Table S2). Observed profiles showed strong similarities independent of the 
separated sample (control, stress). Molecular mass calculated for the detected bands confirmed bands 
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from one dimensional electrophoresis separation without SEC (Table 2). Aside that, molecular mass 
calculated from the fraction number of the SEC varied strongly from the detected bands in the gels. 
Finally, only bands with a molecular mass above 120 kDa were detected after gel electrophoresis of SEC 
fractions, independent of the electrophoresis method. Native IEF separation was not possible for most 
of the samples based on a disturbed electric flow. If separation was possible, activity was detected at  
pI 6.1, 7.8, 8.0 and 9.6, which confirmed the primary results mentioned above. All spots detected in the 
native IEF were identified, after tryptic digestion, by MS as peroxidases. Experimental and theoretical 
properties of the identified peroxidases were summarized in Table 3, while the complete MS data set for 
identification of the peroxidases can be found in the Supplemental (Supplemental Table S3). The  
pre-separation of SEC overlaying proteins with similar pI, but different molecular mass, meant they were 
excluded from the separation of native IEF without diminishing the concentration of the protein. 
Therefore, the chance of identifying a specific protein, e.g., peroxidase, was much higher than in a first 
dimension modified SDS-PAGE. 

In most activity spots, multiple peroxidases were identified (Table 3). With the experimental pI of the 
identified peroxidases (PrxF1-F4), they can be assigned to the bands found in the native IEF without 
pre-separation by SEC. Besides class III peroxidases, also ascorbate peroxidases (APx, class I 
peroxidases) were identified (ZmAPx01 and 02). These peroxidases play a major role under oxidative 
stress and have been shown to be regulated under stress conditions [35,43]. Even APx was identified in 
the bands PrxF2 and PrxF3; usually they cannot use guaiacol as substrate. In soybean, flooding stress 
regulated APx [22,23]. We suggest that the APxs identified do not contribute to the detected activity, 
which would be in accordance with earlier results. Additionally, a plasma membrane associated 
peroxidase (ZmPrx66) was identified in the analysed soluble fraction, which might be due to (i) a 
contamination or (ii) the proteins disband under specific conditions from the plasma membrane. If the 
second point is the case, it will have major influence on the understanding of the stress–peroxidase 
relation. Aside ZmPrx66, APx1 and APx2, eight more peroxidases were identified in the spots Prx F1 
to Prx F4. ZmPrx06 (also named peroxidase J), ZmPrx118, ZmPrx97, ZmPrx124, ZmPrx125, ZmPrx07, 
ZmPrx38, ZmPrx106 were identified in the maize genome but further information on these soluble 
peroxidases are not known [44–46]. Based on KEGG (Kyoto Encyclopedia of Genes and Genomes) 
calculations related pathways for ZmPrx118 are the phenylpropanoid [47] and the lignin biosynthesis [48], 
as well as the phenylalanine metabolism [49]. ZmPrx07 was identified by the NCBI blast as ZmPrx66 
precursor and showed 99% similarity to ZmPrx66, making it highly reasonable that the identified 
peroxidase in the spot Prx F2 is the plasma membrane associated ZmPrx66. ZmPrx42 identified in the 
band Prx F2 was predicted before as pmPOX3-1 [42]. In both cases, the functions discussed were 
removal of H2O2, oxidation of toxic reductants, biosynthesis and degradation of lignin, suberisation, 
auxin catabolism, response to environmental stresses such as wounding, pathogen attack and oxidative 
stress. These functions might be dependent on each isoenzyme/isoform in each plant tissue. Three of the 
identified peroxidases have been shown to be induced by biotic or abiotic stress factors (Table 3). 
According to the PeroxiBase, ZmPrx97, identified in band PrxF1 with the pI of 9.6, and ZmPrx66, 
ZmPrx42, identified in the band PrxF2 with the pI of 8.0, are induced by drought and salt stress. Our 
former data showed alterations of ZmPrx66 abundance at washed plasma membranes by elicitors, 
salicylic acid and H2O2 [25]. 
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Class III peroxidases may build a complex functional network of different isoenzymes that appears 
tightly regulated under stress conditions. Depending on a stressor and plant stress responses, distinct 
isoperoxidases seem to be up-regulated and/or down-regulated. This was shown for maize under 
submerged conditions (Figures 2 and 3), by different signalling compounds and by oxidative stress [25]. 
The observed soluble peroxidases have not been able to be assigned to a specific localisation in the cell 
up to now. Therefore, separation of the peroxidase function in the protective cycle or in the flooding 
induced leaf growth has to be further investigated. Increased lipid peroxidation and guaiacol peroxidase 
and APX activity have been demonstrated for maize by flooding in young maize seedlings, but resulting 
peroxidases were not identified [50]. Thus, ROS scavenging may be one of the major functions of 
guaiacol peroxidases induced under waterlogging conditions. Peroxidases may also be involved in the 
process of adaptation. Aerenchyma formation is correlated to programmed cell death (i.e., ROS 
production) and cell wall stiffening. In cell wall fractions of pea (Pisum sativum L.) roots, alkaline 
isoperoxidases of ionically bound fraction appeared to be involved in elongation growth, whereas 
covalently bound peroxidases with acidic pI were suggested to be involved in cell wall related functions [51]. 
Furthermore, extracellular isoperoxidases have been demonstrated to be involved in ROS  
production [41,52]. ROS production has been demonstrated during root hair formation [53]. Thus, 
functions in formation of adventive roots may also be possible. Localisation and biochemical properties 
of flood-induced isoperoxidases will need further studies to clarify their physiological functions  
in maize. 

4. Conclusions 

In the present study, the effect of waterlogging on maize peroxidase profiles has been investigated. 
Isoperoxidases were altered in protein abundance, and increased guaiacol peroxidase abundance and 
activity was detected by proteomic approaches. The combination of native IEF-PAGE and hrCNE 
appears to be a powerful set-up to investigate protein adaptations under stress conditions. Second 
dimension modified SDS-PAGE appears problematic for most soluble guaiacol peroxidases, except  
for PrxF2 which was identified as ZmPrx66 amongst others, probably because of instability (e.g., lost 
heme groups). In the past, second dimension modified SDS-PAGE was regularly used for analysis  
of membrane-bound peroxidases. These peroxidases appeared to be stable under these circumstances. A 
recent study of our group suggests a high number of membrane bound heme-peroxidases [19] that may 
participate in the complex network of class III peroxidases. Thus, investigation of membrane-bound 
isoperoxidases will be needed to fully understand the regulatory network of peroxidases involved in 
abiotic and biotic stresses and other cellular mechanisms. 
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Quantitative Proteomics of the Root of Transgenic Wheat 
Expressing TaBWPR-1.2 Genes in Response to Waterlogging 

Emdadul Haque, Fumitaka Abe, Masahiko Mori, Yohei Nanjo, Setsuko Komatsu,  
Atsushi Oyanagi and Kentaro Kawaguchi 

Abstract: Once candidate genes are available, the application of genetic transformation plays a  
major part to study their function in plants for adaptation to respective environmental stresses,  
including waterlogging (WL). The introduction of stress-inducible genes into wheat remains difficult 
because of low transformation and plant regeneration efficiencies and expression variability and 
instability. Earlier, we found two cDNAs encoding WL stress-responsive wheat pathogenesis-related 
proteins 1.2 (TaBWPR-1.2), TaBWPR-1.2#2 and TaBWPR-1.2#13. Using microprojectile bombardment, 
both cDNAs were introduced into “Bobwhite”. Despite low transformation efficiency, four independent 
T2 homozygous lines for each gene were isolated, where transgenes were ubiquitously and variously 
expressed. The highest transgene expression was obtained in Ubi:TaBWPR-1.2#2 L#11a and 
Ubi:TaBWPR-1.2#13 L#4a. Using quantitative proteomics, the root proteins of L#11a were analyzed to 
explore possible physiological pathways regulated by TaBWPR-1.2 under normal and waterlogged 
conditions. In L#11a, the abundance of proteasome subunit alpha type-3 decreased under normal 
conditions, whereas that of ferredoxin precursor and elongation factor-2 increased under waterlogged 
conditions in comparison with normal plants. Proteomic results suggest that L#11a is one of the engineered 
wheat plants where TaBWPR-1.2#2 is most probably involved in proteolysis, protein synthesis and 
alteration in the energy pathway in root tissues via the above proteins in order to gain metabolic 
adjustment to WL. 

Reprinted from Proteomes. Cite as: Haque, E.; Abe, F.; Mori, M.; Nanjo, Y.; Komatsu, S.; Oyanagi, A.; 
Kawaguchi, K. Quantitative Proteomics of the Root of Transgenic Wheat Expressing TaBWPR-1.2 
Genes in Response to Waterlogging. Proteomes 2014, 2, 485ï500. 

1. Introduction 

In the last two decades, genetic transformation has become a powerful tool to transfer new genes into 
crop plants. This approach offers an attractive alternative to conventional breeding, because specific 
traits can be transferred into selected genotypes without adverse effects on desirable genetic backgrounds. 
Wheat (Triticum aestivum L.) is one of the most important crops that feeds the growing world population. 
Its production is predicted to decline (along with that of other cereals) due to adverse environments. 
Among cereals, wheat was the last to be genetically modified, because of inherent difficulties associated 
with gene delivery into regenerable explants and recovery of transformants; wheat, particularly hexaploid, 
has a larger genome than other cereals [1–3]. Transgenic wheat lines producing some proteins involved 
in development have been obtained [2–5], and corresponding genes, proteins or metabolites have been 
analyzed; yet, this approach is still a challenge for stress-inducible genes [6–8]. 

Transcription of stress-inducible genes depends on the strength and duration of stimuli. These genes 
can be divided into early and late responsive [9]. To the best of our knowledge, no well-characterized 
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wheat-derived promoters for constitutive, tissue-specific or stress-inducible expression are available.  
In wheat, the maize ubiquitin promoter and intron (Ubi) [10] and the rice actin promoter with the  
5' intron (Act1) [11] appear to result in the highest and most stable constitutive expression. Position 
effects, the developmental stage [12] and, rarely, stress [13] may affect Ubi activity in transgenic wheat 
lines. Recently, promising stress-inducible promoters, such as Arabidopsis rd29A [8], maize Rab17 [6] 
and barley HvDhn4s [7], have been used to study the effect of drought, but these promoters may be  
not efficient in heterologous systems. To circumvent these problems, some wheat genes, particularly 
stress-inducible ones, have been overexpressed in other plants [14,15]. 

Proteomic techniques in conjunction with mass spectrometry (MS), including gel-based and gel-free 
proteomics, enable comparative quantitative protein profiling. Because of the disadvantages of gel-based 
proteomics (labor intensiveness, low sensitivity and reproducibility and the inability to characterize 
complete proteomes), gel-free proteomics has become a valuable tool for functional analyses of particular 
biological processes or responses to the environment [5,16,17]. 

Plants’ ability to tolerate water stresses, such as drought and waterlogging (WL), is crucial for 
agricultural production worldwide. Stress environments trigger a wide variety of plant responses through 
sensing, signaling and adaption. Soil WL has been a serious environmental stress that imposes on plant 
growth and productivity [18]. To design molecular mechanism for WL tolerance, elucidation of cellular 
systems involved in responses and adaptations have been required to efficiently discover key genes to 
be applied to engineer its tolerance. For this purpose, here, we focus on response and tolerance systems 
against WL in wheat plants.  

The hexaploid wheat genome contains 23 pathogenesis-related (PR) protein-1-like genes, designated 
as TaPR-1.1 to 20 [19]. Among them, the deduced TaPR-1.20 protein sequence was highly identical to 
that encoded by the TaPR-1.2 gene [20]. TaPR-1.2 (TaPR-1.20) is not a marker for systemic acquired 
resistance [19], but a stress (aluminum, humidity)-responsive gene [19,21]. Although little is known 
about PR-1.2 gene expression and protein production in root in response to environmental stresses, relevant 
information has been obtained for other PR families. For example, PR-10 proteins in rice and maize were 
found to respond to drought and cold, respectively [22–24]. In a previous study on morphological 
adaptation to WL in the seminal roots of hexaploid spring wheat “Bobwhite SH 98 26” [25], we found 
that levels of a TaPR-1.2 significantly increased during lysigenous aerenchyma formation [26]. We 
thought that there was a relationship between TaPR-1.2 and WL response and/or aerenchyma tissue 
formation in wheat seminal roots. Very recently, we identified two TaPR-1.2 cDNAs, TaBWPR-1.2#2 
(AB711115) and TaBWPR-1.2#13 (AB711116), from the seminal root of Bobwhite as WL-responsive 
at the RNA and protein levels [27]. These clones differ by the presence or absence of two amino acids 
(FA) at positions 164–165 and one amino acid, lysine (“K”; i.e., a positive charge), at the C-terminal end. 
However, the functional differences between these two TaBWPR-1.2 clones in wheat were unknown. 
Moreover, wheat plants transformed with WL stress-responsive gene(s) are not yet available. 

In the present work, we used the biolistic approach to transform wheat cultivar “Bobwhite SH 98 26” 
and produced homozygous transgenic lines overexpressing TaBWPR-1.2#2 or TaBWPR-1.2#13 under 
the control of the Ubi promoter. To explore the physiological pathway of TaBWPR-1.2, we compared 
protein abundance in control and transgenic wheat seminal roots under control and WL conditions by 
gel-free proteomics. This work may be useful for those who attempt to produce transgenic wheat plants 
and for those interested in the role of PR-1.2 proteins in wheat. 
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2. Experimental Section 

2.1. Construct Preparation 

The original TaBWPR-1.2#2 and TaBWPR-1.2#13 cDNAs were cloned into the pCRII-TOPO vector 
(Invitrogen, Carlsbad, CA, USA) and were described previously [27]. The coding regions were then 
amplified with a primer set containing the BamHI sites, and the fragments were inserted into the BamHI 
site of the plasmid, pAHC17 [28]. The two constructs were designated as pUbi:TaBWPR-1.2#2 and 
pUbi:TaBWPR-1.2#13. 

2.2. Plant Material Preparation for Transformation 

Spring wheat (Triticum aestivum L. cv. Bobwhite 98 26) [29] was used in all experiments. Seeds were 
sown (four seeds per 18-cm pot) in a 2:1 mixture of Sakata Soil Mix (Sakata Seed Corp., Yokohama, 
Japan) and Kureha fertilized granulated soil (Kureha Corp., Tokyo, Japan). Plants were grown in a 
greenhouse at 17 °C (day)/10 °C (night) with an 8-h photoperiod for 12 weeks and then transferred into a  
controlled-environment chamber at 20/13 °C with a 16-h photoperiod (750 mol·m 2·s) and 55%–65% 
relative humidity. Tillers were harvested 13–15 days after anthesis by cutting below the third node of the 
tiller with three leaves retained and kept at 5 °C without water supply for 5–7 days. 

2.3. Isolation of Scutellar Tissues from Immature Embryos 

Immature caryopses were collected from the spikelets 10–12 days after anthesis, rinsed with 70% 
ethanol, surface-sterilized in sodium hypochlorite solution (0.5% v/v available chlorine) containing 
0.1% v/v Tween 20 for 15 min and then rinsed three times with sterile distilled water. Immature embryos 
were isolated aseptically under a dissecting microscope, and the entire axis of the embryos was removed 
by a fine blade. Isolated scutellar tissues were cultured, scutellum side up, on callus induction medium 
containing 0.2 M mannitol (CI-0.2Man) at 25 °C in the dark for 3–4 h before bombardment. 

2.4. Biolistic Transformation 

Scutellar tissues were bombarded with each plasmid. Plasmid DNA was prepared using a Qiagen 
Maxi Kit (Qiagen, Hilden, Germany). The plasmid pUba [30], carrying the bar gene that confers resistance 
to the herbicide, phosphinothricin, was co-bombarded with each plasmid, pUbi:TaBWPR-1.2#2 or 
pUbi:TaBWPR-1.2#13, in a 1:1.5 molar ratio. Plasmid DNA (total 5 g) was precipitated onto gold 
particles (2 mg; 1.0 m in diameter) in the presence of 1 M CaCl2 and 16 mM spermidine, and then, the 
DNA-gold particles were washed twice with ethanol and resuspended in 100 L of ethanol. For each 
bombardment, 5 L of the DNA-gold suspension was used (100 g particles per shot). Particles were 
bombarded with a PDS 1000/He particle delivery system (Bio-Rad, Hercules, CA, USA). The target 
tissues were placed 5.5 cm from the stopping screen at a helium pressure of 6.2 MPa. 
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2.5. Tissue Culture and Selection of Transgenic Plants 

The composition of tissue culture media is listed in Supplementary Table 1. At 2 days after bombardment, 
scutellar tissues (16 per 90-mm plate) were cultured on callus maintenance medium containing 3 mg·L 1 
phosphinothricin (CM-3P) for 3 weeks. The explants were transferred to shoot growth medium 
containing 1 mg·L 1 phosphinothricin (SG-1P) (8 calluses per plate) under illumination for 3 weeks for 
shoot regeneration and then to root growth medium containing 3 mg·L 1 phosphinothricin (RG-3P) for 
a further 3 weeks for root regeneration. Plants resistant to phosphinothricin were transferred to soil. 

2.6. PCR Analysis of Transgenic Plants 

DNA-PCR and reverse-transcription PCR (RT-PCR) were used to screen transgenic plants.  
Genomic DNA was isolated from leaf tips as described by [31]. Total RNA was isolated from leaf  
tips as described by [27]. The forward primer for DNA-PCR was designed within the Ubi promoter  
(5'-ttagccctgccttcatacgc-3'). That for RT-PCR was designed between Ubi, and the sequence was  
identical in TaBWPR-1.2#2 and TaBWPR-1.2#13 region (5'-actctagaggatccccatgg-3'). The reverse  
primers for DNA-PCR and RT-PCR corresponded to the unique sequences of TaBWPR-1.2#2  
(5'-ttgttgtcccatgccacgg-3') and TaBWPR-1.2#13 (5'-ctgttgtcccacgtcacag-3'). 

2.7. Analysis of Gene Expression in Different Organs by RT-PCR 

Seeds germinated on wet filter paper in a glass Petri dish for 4 days were raised in either big  
glass Petri dishes (height 6 cm × diameter 9 cm; As One Stock, Tokyo, Japan) for another 4 days,  
then the leaf, the root base (1 cm), the middle part of the root (3–5 cm) and the root tip (1 cm) were collected; 
or 30 cm-long well-drained pots [25] in the phytotron chamber; the whole leaf and root were collected 
15 days later, and spikes were collected 90 days later (before anthesis). Total RNA was extracted from 
wheat organs as described previously [27]. One-step PCR was performed with the PrimeScript RT 
reagent kit (Takara, Kyoto, Japan) in a 10- L reaction volume (200 ng of total RNA). One-step RT-PCR 
was performed using a PCR System (Takara) under conditions of 50 °C for 30 m followed by 33 cycles 
of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s with gene-specific primers as above. 

2.8. Gene Expression Analysis by qRT-PCR in Homozygous Transformants under WL 

Homozygous transformants and their null-segregants were grown in pots in a phytotron chamber  
for 7 days, followed by 5 days of WL [26]. Whole-root samples were prepared from normal and 
waterlogged 12-day-old plants and stored at 80 °C. qRT-PCR was performed according to [32],  
as slightly modified by [27]. The primer design and amplification efficiency are also described in detail 
in these two publications [27,32]. To detect the transgenes, we used the gene-specific primers described 
above. To detect endogenous genes, we used the primers 5'-cttgacgccgaagcctagta-3' (forward) and  
5'-gccggaatgtgtgcttattt-3' (reverse) for TaBWPR-1.2#2 and 5'-cgcactggtcatagtcatgg-3' (forward) and  
5'-ctgttgtcccacgtcacag-3' (reverse) for TaBWPR-1.2#13. An actin gene was used as an internal control. 
All RT- and qRT-PCR experiments were performed in biological triplicates and technical triplicates. 
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2.9. Protein Extraction and Immunoblot Analysis with Rice Anti-PR-1 Antibody 

Homozygous lines and control (12-day-old plants) were subjected to 5-day WL, and whole roots  
were collected as samples. Samples were ground in SDS sample buffer consisting of 60 mM Tris-HCl 
(pH 6.8), 2% SDS, 10% glycerol and 5% 2-mercaptoethanol. After centrifugation, supernatant was 
separated on a 12% SDS polyacrylamide electrophoresis gel. Immunoblot analysis was performed 
according to [27] with an anti-rice PR-1 antibody [33]. 

2.10. Preparation of Proteins for Mass Spectrometry (MS) 

Protein concentration in the extracts was estimated by a Pierce 660 nm Protein Assay Kit with the 
Ionic Detergent Compatibility Reagent (Thermo Fisher Scientific, Waltham, MA, USA). Detergent was 
removed from the extracted proteins (100 g) by chloroform-methanol extraction as follows. Samples 
(adjusted to 100 L) were mixed consecutively with methanol (400 L), chloroform (100 L) and water 
(300 L) and centrifuged at 20,000× g for 5 min for phase separation. The upper (aqueous) phase was 
discarded, and methanol (300 L) was added to the organic phase. The samples were centrifuged again 
at 20,000× g for 5 min; the supernatants were discarded and the pellets dried. Proteins were reduced with 
50 mM dithiothreitol for 1 h at 56 °C, alkylated with 50 mM iodoacetamide for 1 h at 37 °C in the dark 
and digested with trypsin and lysyl endopeptidase at a 1:100 enzyme/protein ratio for 16 h at 37 °C.  
The resulting peptides were acidified with formic acid to pH < 3, desalted with a C18-pipette tip and 
analyzed by MS. 

2.11. Data Acquisition by Nano-Liquid Chromatography (LC) MS/MS 

Peptides were analyzed on a nanospray LTQ XL Orbitrap mass spectrometer (Thermo Fisher Scientific) 
operated in data-dependent acquisition mode with Xcalibur software (version 2.0.7, Thermo Fisher 
Scientific). Using an Ultimate 3000 nanoLC system (Dionex, Germering, Gemany), peptides in 0.1% 
formic acid were loaded onto a C18 PepMap trap column (300 m ID × 5 mm, Dionex), eluted and 
separated on a C18 Tip column (75 m ID × 120 mm nano-HPLC capillary column NTTC-360/75-3; 
Nikkyo Technos, Tokyo, Japan) in a linear acetonitrile gradient (8%–30% in 120 min) in 0.1% formic 
acid at a flow rate of 200 nL/min. A spray voltage of 1.5 kV was used. Full-scan mass spectra were acquired 
over a mass range of 400–1500 m/z with a resolution of 30,000. The lock mass function was used to obtain 
high mass accuracy. 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 used within 90 s to 
prevent repetitive selection of the same peptides. 

2.12. Protein Identification 

Proteins were identified by the Mascot search engine (version 2.3.0.2, Matrix Science, London, U.K.) 
through Mascot Daemon client software (version 2.3.2, Matrix Science) using a customized  
T. aestivum database containing 21,690 protein sequences. The protein sequences were obtained from 
the Triticeae Full-Length CDS database (6146 sequences) [34], NCBI database (10,690 sequences) [35] 
and UniProt database (4854 sequences) [36]. The parameters used in Mascot searches were as follows: 
cysteine carbamidomethylation was set as a fixed modification, and methionine oxidation was set as a 
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variable modification. Trypsin was specified as the proteolytic enzyme, and one missed cleavage was 
allowed. Peptide mass tolerance was set at 5 ppm. Fragment mass tolerance was set at 0.5 Da, and peptide 
charge was set at +2, +3 or +4. An automatic decoy database search was performed as part of the search. 
Mascot results were filtered with Mascot Percolator to improve the accuracy and sensitivity of peptide 
identification. False discovery rates for peptide identification were <1.0% in all searches. The Mascot 
results were exported in XML format for SIEVE (version 2.0, Thermo Fisher Scientific) analysis. 

2.13. Analysis of Differential Protein Abundance Using Acquired MS Data 

Analysis of protein abundance was performed by using the label-free quantification package, SIEVE 
(Thermo Fisher Scientific), to compare the relative abundance of peptides and proteins in the control 
and experimental groups, as previously described by [37]. It is important to note that we performed this 
study in a phytotron chamber where the stress level is mild (low light intensity and low temperature 
compared to a greenhouse). Therefore, the thresholds for fold changes in protein quantities in transgenic 
vs. non-transgenic samples were set at >1.4 or <0.6 with a significant difference (p < 0.05).  

3. Results 

3.1. Regeneration and Establishment of Homozygous Lines 

Shoots regenerated six weeks after bombardment are shown in Figure 1A, and roots regenerated nine 
weeks after bombardment are shown in Figure 1B. Fewer plantlets were regenerated after bombardment 
with Ubi:TaBWPR-1.2#2 than with Ubi:TaBWPR-1.2#13 [38]. Plantlets were adapted to a room 
environment for seven days by removing paraffin with surgical tape and then transplanted into soil. 
Transgenic plants were established in soil in a plastic pocket tray after 30 days (Figure 1C, left) and 
subsequently transferred to plastic pots (Figure 1C, right) after 45 days of acclimatization. 

Figure 1. Regeneration of transgenic Bobwhite SH 98 26 after biolistic transformation  
of immature embryos with Ubi:TaBWPR-1.2#13 (as a representative of both transgenes). 
(A) Shoot differentiation from calluses; (B) rooting of differentiated shoots; (C) transgenic 
wheat at 30 days (left) and 45 days (right). 

 

Transgenic callus-derived plants (Figure 1A) were considered as T0 plants. The presence of 
transgenes was confirmed by DNA-PCR and RT-PCR analysis (Supplementary Figure 1, upper panels). 
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T1 seeds were obtained from all T0 plants expressing the genes of interest. Sixteen seeds of each T1 plant 
were sown and segregation of transgenes in the leaf tip was confirmed by DNA-PCR and RT-PCR 
analysis (Supplementary Figure 1, lower panels). Nine out of twenty plants for Ubi:TaBWPR-1.2#13 
and seven out of 12 for Ubi:TaBWPR-1.2#13 showed a Mendelian 3:1 ratio of transgene-positiveness. 
For each independent T1 plant, seven randomly selected transgene-positive plants and one  
transgene-negative plant were propagated to obtain T2 seeds and null-segregants. T2 seeds of all spikes 
from each individual positive T1 plant were bulked and further propagated to check homozygosity. Four 
independent, homozygous T2 lines were obtained for each, Ubi:TaBWPR-1.2#2 (4, 11a, 11b', 13a) and 
Ubi:TaBWPR-1.2#13 (2, 4a, 4b', 5b'). 

3.2. mRNA and Protein Levels in Ubi:TaBWPR-1.2 Transformants 

To examine protein production in Ubi:TaBWPR-1.2#2 and Ubi:TaBWPR-1.2#13 transformants, we 
used immunoblotting of total protein from whole seminal roots of plants grown for five days under 
normal or waterlogged conditions. Ubi:TaBWPR-1.2#2 transformants showed a slight, but not significant, 
increase in protein levels under normal conditions, but a significant increase under waterlogged conditions 
(Figure 2A). The increase in line L#11a was the largest among all lines. In Ubi:TaBWPR-1.2#13 
transformants, the protein level increased (but not significantly) under normal and waterlogged 
conditions; the increase was somewhat higher in L#4a than in other lines (Figure 2A). 

Figure 2. The levels of TaBWPR-1.2 proteins in the roots of homozygous transformants under 
control conditions and five days of waterlogging (WL). Immunoblotting was performed with 
anti-rice PR-1 antibody. (A) Four transgenic TaBWPR-1.2#2 lines; (B) four transgenic 
TaBWPR-1.2#13 lines. E, endogenous proteins; T, transgene proteins. The data are the means 
of three independent biological samples; error bars represent ±SEM. ns, not significant;  
* p < 0.05; ** p < 0.01 by a two-sample t-test.  
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We compared the RNA levels of transgenes in the Ubi:TaBWPR-1.2#2 (line L#11a) and 
Ubi:TaBWPR-1.2#13 (line L#4a) transformants with the levels of corresponding endogenous RNA in the 
same samples by qRT-PCR. In L#11a, the level of the transgenic RNA was increased dramatically under 
both conditions, although the increase was less pronounced under waterlogged conditions (Figure 3B). 
The level of the endogenous RNA in this line was also increased and responded similarly to WL  
(Figure 3C). In L#4a, the level of the transgenic RNA was also dramatically increased, but the increase 
was higher under waterlogged than under normal conditions (Figure 3C). The level of the endogenous 
RNA was slightly elevated in L#4a under both conditions (Figure 3C). As shown in Figure 3A, when 
compared with Bobwhite SH 98 26, L#11a and L#4a transgenic lines showed only slightly longer roots 
under WL. L#11a and its null-segregant 4N were selected for proteome analysis. 

Figure 3. Expression of TaBWPR-1.2 transgenes and respective endogenous genes in wheat 
roots under control conditions and after five days of waterlogging. (A) Phenotypes of control 
(Bobwhite SH 98 26) and the best transgenic lines (L#11a for Ubi:TaBWPR-1.2#2; L#4a for 
TaBWPR-1.2#13), showing no differences, except slightly longer roots under WL when 
compared to Bobwhite SH 98 26. Ubi:TaBWPR-1.2#2 L#11a (B) and TaBWPR-1.2#13 L#4a 
(C) were compared with the respective negative lines (N). Transcript levels were normalized 
to an actin gene as an internal control. The relative mRNA levels of the E and T from negative 
plants were set to one. E, relative RNA levels of endogenous  genes; T, relative RNA levels of 
transgenes. WL, waterlogged conditions. Data for endogenous and transgenes of transgenic 
seedlings are presented as solid black and hatched columns, respectively, whereas those for 
the negative controls are presented as white columns. The data are the means of three 
independent biological samples; error bars represent ±SEM. ** Significant differences  
(p < 0.01) by a two-sample t-test.  
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3.3. Changes in Protein Levels in Seminal Roots of TaBWPR-1.2#2-Overexpressor Transgenic Plants 

To gain insights into the physiological role of TaBWPR-1.2s in wheat root, we analyzed the total soluble 
proteome using gel-free proteomics technique in whole seminal roots of L#11a from TaBWPR-1.2#2 and 
its null-segregant 4N grown under normal and waterlogged conditions. Under normal conditions, we 
detected two upregulated proteins (PR-1.17 and -1.14) and three downregulated proteins (PR, PR10 and 
unknown/proteasome subunit alpha type-3) (Table 1). When compared under waterlogged condition, we 
found four upregulated proteins (PR-1.6, ferredoxin precursor, elongation factor-2 (EF-2) and one 
unknown peptide (contig 2626) and one downregulated protein (PR) (Table 1). The upregulation of some 
PRs reconfirms that the TaBWPR-1.2#2 transgene is at least translated into protein in L#11a. However, 
there are some other pathogenesis-related candidate proteins found to be up- and down-regulated in 
response to TaBWPR-1.2#2 transgenic plants under both normal as well as waterlogged conditions. 
Results showed that there is a characteristic reverse tendency among the PR-1 gene family. Silencing of 
tobacco PR-1a leads to silencing of other PR-1 genes, but under certain treatments, some PR-1 genes 
were upregulated in PR-1a-silenced tobacco plants [39]. There are 23 TaPR-1 genes [19], and the 
expression of one of them may affect the expression of other TaPR-1 genes. The functions of these new 
members of TaBWPR-1 proteins that are up- and down-regulated in L#11a are still unknown.  
In this study, a discussion was done on the possible application of the above four differentially expressed 
partner proteins of TaBWPR-1.2#2 in root physiology in response to soil WL. 

Table 1. Changes in protein abundance in the seminal roots of the wheat transgenic line 
overexpressing TaBWPR-1.2#2. 

 Protein Name Accession No. a Organism MP b Ratio c SD d

 Normal conditions (11a/4N) 
1 Pathogenesis-related protein 1_17 F8S6U7  T. aestivum 4 3.0 0.45
2 Pathogenesis-related protein 1_14 F8S6U4  T. aestivum 2 1.6 0.5 
3 Pathogenesis-related protein  H2KXF7  T. aestivum 4 0.44 0.02
4 Pathogenesis-related protein 10  B5B3P8  T. aestivum 4 0.46 0.08

5 
Unknown Proteasome subunit 
alpha type-3 

AK332255 * T. aestivum
5 0.58 0.05

ACN10361 * Salmo salar
 WL conditions (11a/4N) 

1 Pathogenesis-related protein 1_6 F8S6T6 T. aestivum 2 2.0 0.6 
2 Ferredoxin precursor Q8S3J5 T. aestivum 2 2.0 1.2 
3 Elongation factor-2 Q9M7S5 T. aestivum 2 1.9 1.1 
4 Unknown (contig 2626) AK331943 * T. aestivum 2 1.4 0.1 
5 Pathogenesis-related protein H2KXF7 T. aestivum 4 0.6 0.09
Protein hits were validated if identified with p < 0.05. a Accession numbers are from specific wheat databases 
(see main text) and from the NCBI database. * cDNA clones. b MP, the number of query-matched peptides 
(cutoff value: <3). c The ratio was calculated by dividing the protein level in transgenic wheat to that in  
wild-type wheat. d SD, standard deviation (n = 3). 
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4. Discussion 

We produced homozygous transgenic Ubi:TaBWPR-1.2 wheat and examined the RNA and proteins 
of seminal roots responsive to transgenes overexpression under normal and WL conditions. To the best 
of our knowledge, this is the first report of successful wheat transformation with TaBWPR-1.2 constructs. 
Our transgenic TaBWPR-1.2#2 line stably produced the RNA and protein of interest. 

In comparison with the reported efficiency of biolistic transformation of wheat (1%) [40], the 
transformation efficiency in our study was low (approximately 0.2% for Ubi:TaBWPR-1.2#2 and 0.4% 
for Ubi:TaBWPR-1.2#13), and it took us approximately two years to produce four homozygous lines for 
each transgene. The difference between the two transgenes might be due to the specific effects of these 
genes. We analyzed the expression of transgenes in various organs of four homozygous lines and one 
null-segregant from Ubi:TaBWPR-1.2#13 in the absence of stress. The Ubi:TaBWPR-1.2#13 transgene 
was ubiquitously expressed in germinating embryo and in all tested organs of 8- and 15-day-old seedlings 
(Supplementary Figure 2). We detected variations in both RNA expression (Figures 2 and 3) and protein 
abundance (Supplementary Figure 2) among these lines. Studies in Drosophila melanogaster [41], 
Saccharomyces cerevisiae [42] and wheat [4] showed that the positions of the introduced genes on 
chromosomes may influence their expression. Thus, different insertion positions of the transgenes in the 
genome may have resulted in variations in their RNA expression. Under waterlogged conditions, the 
level of TaBWPR-1.2#2 mRNA decreased (Figure 3B), whereas that of TaBWPR-1.2#13 mRNA 
increased (Figure 3C). These differences in the stress response of transgene expression may also be 
caused by the insertion positions of the transgenes. 

Line L#11a had the highest RNA expression and consistently produced the protein of interest under 
waterlogged conditions (Figure 3, Supplementary Figure 2). Although the effect of protein degradation 
and the difference in the detection of TaBWPR-1.2#2 and TaBWPR-1.2#13 by the extraction method 
and antibody used in this study cannot be excluded, we believe that TaBWPR-1.2 mRNAs, particularly 
TaBWPR-1.2#13 mRNA, are highly unstable. TaBWPR-1.2 mRNAs reached its maximum at Day 1 after 
the onset of WL and then started to decline, which comes close to the baseline after Day 10 [26]. To bypass 
the adverse effects of constitutive overexpression, the early stress-responsive nature of TaBWPR-1.2 
genes requires suitable stress-inducible or root-specific promoters [6,18] and, thereby, sufficient activation 
for adequate translation in transgenic plants. The development of a WL-inducible promoter is urgently 
needed and is currently under way in our laboratory. Taking into account the difficulties in wheat 
transformation, L#11a and probably L#4a are good candidate lines with which to study the role of 
TaBWPR-1.2 proteins in wheat seminal roots.  

The level of PSMA3 was lower in line L#11a than in control plants under normal conditions, but not 
under WL. Proteasome-mediated proteolysis plays a key role in plant responses to several environmental 
stresses [43]. In soybean roots, accumulation of proteasome and COP9 signalosome proteins increases 
in response to flooding stress and returns close to baseline upon de-submergence [44]. Thus, it is suggested 
that PSMA3 in non-transgenic wheat increases upon WL. Based on the present result and previous 
information, the decreased amount of PSMA3 caused by TaBWPR-1.2#2 overproduction in L#11a may 
return close to baseline levels through the increase of its endogenous level upon WL, because transgene 
expression under normal and waterlogged conditions is the same as that of the Ubi promoter. This may 
be why PSMA3 is downregulated under normal conditions, but not under waterlogged conditions. 
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Furthermore, Haque et al. [26] reported that the proteasome subunits did not increase in waterlogged 
wheat roots; the reason for the apparent discrepancy is that we previously used a more stringent threshold 
of two-fold differences in protein abundance. Although the mechanism of the PSMA3 decrease in L#11a 
is unclear and the decrease is moderate, it is indicated that it should be taken into account. It will be 
interesting to test whether TaBWPR-1.2#2 inhibits PSMA3 synthesis. 

Ferredoxin (Fd) was increased in line L#11a under waterlogged conditions, but not under control 
conditions. Ferredoxins are iron-sulfur proteins that transfer electrons in a wide variety of metabolic 
reactions. In higher plants, distinct Fd isoforms are detected in photosynthetic and non-photosynthetic 
organs [45,46]. In non-photosynthetic root plastids, Fd-dependent enzymes need Fd reduced with 
NADPH (Fd:NADP+); one such enzyme is Fd:NADP+ oxidoreductase (FNR) [46,47]. Onda et al. [46] 
demonstrated that the interaction between root FNR and Fds was stronger than between leaf FNRs and 
Fds, which is crucial for efficient electron allocation and flux from NADH to Fd in the NADH-FNR-Fd 
cascade. Here, Fd increased in L#11a only under waterlogged conditions. It could be that a certain 
amount of PR-1.2 is needed to interact with Fd, which was not sufficient by overloaded TaBWPR-1.2#2 
protein under control conditions, but together with elevated endogenous protein, the total TaBWPR-1.2#2 
was sufficient under waterlogged conditions. We also found that Fd increases only under WL vs. control 
conditions in L#11, but is absent in the wild-type under WL vs. control conditions [38], suggesting that Fd 
is undetectable in the wild-type and responds only upon TaBWPR-1.2#2 expression. It is suggested that 
TaBWPR-1.2#2 may play an important role in a higher rate of electron flux in metabolic reactions 
mediated by Fd in wheat roots under the limited energy conditions caused by WL. 

EF-2 is an essential protein catalyzing ribosomal translocation during protein synthesis [48], and EF 
accumulates in soybean under flooding stress [49]. Because protein synthesis needs to continue in plant 
roots under WL conditions [26], the increase in EF-2 in L#11a may regulate the synthesis of some proteins 
in wheat seminal roots. However, no EF-2 increase was found in either transgenic or non-transgenic plants 
compared between WL and control conditions (Supplementary Tables 2 and 3), suggesting that further 
studies are required to reconfirm that EF-2 is a responding protein to TaBWPR-1.2#2. Another potential 
responsive protein of TaBWPR-1.2#2 is encoded by contig 2626. Like Fd, this protein was present only 
in transgenic, but not in non-transgenic plants. Further studies are needed to elucidate the role of 
TaBWPR-1.2#2 in wheat roots, which involves the protein encoded by contig 2626. This study was 
performed in a phytotron chamber under mild WL stress conditions; hence the identification of more 
TaBWPR-1.2-responsive proteins can be expected under much more severe stress conditions, such as 
waterlogged conditions in a greenhouse [26]. These results suggest that TaBWPR-1.2#2 appears to be 
an inhibitor of the proteasome under normal conditions and an inducer of Fd and EF-2 under WL, and 
TaBWPR-1.2#2 might be a potential candidate root protein that mitigates the effects of WL.  

5. Conclusions 

We developed transgenic wheat lines overexpressing two TaBWPR-1.2 genes and obtained some 
evidence regarding the physiological pathways possibly affected by TaBWPR-1.2#2 in wheat roots 
under WL. Further studies are needed to develop transgenic wheat lines expressing TaBWPR-1.2 genes 
under the control of root-specific or WL-inducible promoters to examine the phenotypic responses under 
more natural waterlogged conditions. 
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Effect of Aluminum Treatment on Proteomes of Radicles of 
Seeds Derived from Al-Treated Tomato Plants 

Ikenna Okekeogbu, Zhujia Ye, Sasikiran Reddy Sangireddy, Hui Li, Sarabjit Bhatti,  
Dafeng Hui, Suping Zhou, Kevin J. Howe, Tara Fish, Yong Yang and Theodore W. Thannhauser 

Abstract: Aluminum (Al) toxicity is a major constraint to plant growth and crop yield in acid soils. 
Tomato cultivars are especially susceptible to excessive Al3+ accumulated in the root zone. In this study, 
tomato plants were grown in a hydroponic culture system supplemented with 50 M AlK(SO4)2. Seeds 
harvested from Al-treated plants contained a significantly higher Al content than those grown in the 
control hydroponic solution. In this study, these Al-enriched tomato seeds (harvested from Al-treated 
tomato plants) were germinated in 50 M AlK(SO4)2 solution in a homopiperazine-1,4-bis(2-ethanesulfonic 
acid) buffer (pH 4.0), and the control solution which contained the buffer only. Proteomes of radicles 
were analyzed quantitatively by mass spectrometry employing isobaric tags for relative and absolute 
quantitation (iTRAQ®). The proteins identified were assigned to molecular functional groups and 
cellular metabolic pathways using MapMan. Among the proteins whose abundance levels changed 
significantly were: a number of transcription factors; proteins regulating gene silencing and programmed 
cell death; proteins in primary and secondary signaling pathways, including phytohormone signaling 
and proteins for enhancing tolerance to abiotic and biotic stress. Among the metabolic pathways, 
enzymes in glycolysis and fermentation and sucrolytic pathways were repressed. Secondary metabolic 
pathways including the mevalonate pathway and lignin biosynthesis were induced. Biological reactions 
in mitochondria seem to be induced due to an increase in the abundance level of mitochondrial ribosomes 
and enzymes in the TCA cycle, electron transport chains and ATP synthesis. 

Reprinted from Proteomes. Cite as: Okekeogbu, I.; Ye, Z.; Sangireddy, S.R.; Li, H.; Bhatti, S.; Hui, D.; 
Zhou, S.; Howe, K.J.; Fish, T.; Yang, Y.; Thannhauser, T.W. Effect of Aluminum Treatment on 
Proteomes of Radicles of Seeds Derived from Al-Treated Tomato Plants. Proteomes 2014, 2, 169ï190. 

1. Introduction 

Aluminum is not an essential mineral to plants; Al ions (Al3+), when at an excessive level, are very 
toxic to seed germination in both tolerant and susceptible plants [1,2]. Of all the Al-induced phytotoxic 
symptoms, disruption of cell division and growth within the root apex has the most significant impact 
on plant growth and yield [3,4]. Thus, many studies are focused on the physiological and molecular 
activities in the root tip zone related to reducing Al3+ phytotoxicity. Tolerance to Al is achieved by 
avoidance mechanisms (e.g., through secretion of organic acids to bind Al3+ near the vicinity of root 
tips) [5–7], and internal resistance, by remodeling cellular processes [8,9] and through apoplastic and 
symplastic detoxification of internalized Al [10,11].  

Seed germination is the process by which an embryo transitions into a complete plant. It begins as 
the root (radicle) becomes the first embryonic organ to emerge from the seed coat; this is followed by 
elongation of the hypocotyl and ends in expansion of the cotyledon (s) [12–14]. Radicle emergence 
involves both cell division and cell enlargement. Radicle growth (mainly involving cell enlargement) is 
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sensitive to metal toxicity [15]. A study using Arabidopsis thaliana shows that de novo protein  
synthesis from the pool of stored mRNA is essential for the completion of radicle protrusion;  
however, the process can proceed even in the absence of transcription (de novo mRNA synthesis) [16]. 
Pre-incubation of wheat (Triticum aestivum) seedlings with low doses of Al increased tolerance to 
subsequent exposure to lethal concentrations. The study also concluded that synthesis of proteins is 
essential for acquiring tolerance to Al because addition of the protein translation inhibitor, 
cycloheximide, completely abolished the induced tolerance to Al toxicity [17]. Therefore, proteome 
changes in the primary root can directly affect the development of tolerance and may represent the key to 
understanding the molecular mechanism involved.  

Tomato (Solanum lycopersicum) is among the few species that produce very acidic fruits (pH < 3.0 
in ripened tomato fruit), thereby providing an environment capable of shifting the equilibrium from the 
benign Al2+ form to the highly toxic Al3+. In this study, tomato plants were grown in a hydroponic system 
supplemented with Al during the reproductive stages (from flowering until fruit ripening). Tomato seeds 
produced by these plants were considered to be Al-enriched as they contained a higher Al content than 
those harvested from plants growing in a solution without added Al. Subsequently, the Al-enriched seeds 
were germinated in an Al solution, and a proteomics analysis of their radicles was performed to identify 
proteome changes in response to the Al treatment as a means to identify candidate proteins that could 
play a key role in acquiring Al tolerance.  

2. Experimental  

Tomato (S. lycopersicum cv. Micro-Tom) plants were grown in a hydroponic culture system. As soon 
as plants started to set fruits (pea-sized fruits were seen on the first fruit cluster), AlK(SO4)2 was added 
up to a final concentration of 7.2 M of Al3+ activity [or 50 M AlK(SO4)2]. The pH of the solution was 
tested daily using pH strips (Fisher Scientific) and the solution was refreshed weekly or when the pH 
increased to 5.0. Tomato fruits were harvested periodically when the color turned red. To collect tomato 
seeds, fruits were wrapped in paper towels to squeeze out all the tomato juice. After removal of the 
gelatinous sack tissues, seeds were soaked in 50% bleach for 5 min followed by three rinses in autoclaved 
water. Seeds were stored at 4 °C until analysis. These field experiments were performed for two seasons. 
Mineral analysis of seed tissues (embryo and seed coat separately) found that the Al content of  
embryo was 10–15 mg per kg dry weight (DW) for seeds derived from Al-treated plants, and it was  
6–8 mg per kg DW for those harvested from plants growing in the same hydroponic system but without 
adding AlK(SO4)2. In this experiment, it was noticed that control samples including roots, leaves and 
seeds also contained Al although the content level was much lower than the treated samples. Consistently 
in the two-season experiments, the Al-treated embryos contained a significantly (p < 0.01 using t-test) 
lower amount of boron (B) and iron (Fe) [18].  

A seed germination assay was conducted to test the effect of Al treatment on improving Al tolerance 
of the next-generation offspring. Seeds (Al-enriched) that were harvested from Al-treated plants were 
germinated on wet filter paper soaked in a 50 mM homopiperazine-1,4-bis(2-ethanesulfonic acid) 
(Homopipes) buffer containing 50 M AlK(SO4)2 (pH 4.5–5.0) in the Al-treated group, as opposed to 
the buffer only in the control treatment. The germination was carried out at 25 ± 2 °C. The lengths of 
radicles were measured on the third day of germination. There was no significant difference in terms of 
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radicle length between Al-treated (5 ± 1 mm) and untreated groups (4 ± 1 mm). These results indicate 
that radicle elongation growth was not affected by the presence of Al in the solution for these seeds.  

For preparation of this study, seeds were germinated under the same conditions, with three biological 
replicates for treated and control experiments. Each biological replicate consisted of 100 seeds with  
10 seeds wrapped in one filter paper sandwich. Radicles protruding from seed coat were dissected using 
a sharp blade on the third day after germination. Tissues were frozen in liquid nitrogen and ground into 
a fine powder immediately after harvest.  

2.1. Protein Extraction and Isobaric Tags for Relative and Absolute Quantification Labeling  

For protein extraction, tissue powder was washed sequentially in 10% TCA/acetone, 80% 
methanol/0.1 M ammonium acetate, and 80% acetone with centrifugation to pellet the powder after each 
wash. The protein was then extracted in a phenol (pH 8.0) and dense SDS buffer [30% sucrose, 2% SDS, 
0.1 M Tris-HCl, pH 8.0, 5% beta-mercaptoethanol (v/w)]. After incubation at 4 °C for 2 h, the mixture 
was centrifuged at 16,000 g at 4 °C for 20 min. Protein in the upper phenol phase was precipitated in  
0.1 M ammonium acetate in methanol after incubation overnight at 20 °C. Protein pellets were washed 
in methanol and acetone and were then dissolved in a buffer of 500 mM triethylammonium bicarbonate 
(TEAB) and 2 M urea, and 0.1% SDS and a proteinase inhibitor cocktail for plant tissue (100 × dilution 
in the extraction buffer) (Sigma, St. Louis, MO, USA). Protein concentration was determined using a 
Bradford assay kit (Bio-Rad, Hercules, CA, USA).  

One hundred g of protein from each sample was digested with trypsin and then labeled as previously 
described [19] following the instructions accompanying the 8-plex iTRAQ® labeling kit (AB SCIEX, 
Framingham, MA, USA). The treated samples were labeled with tags 113, 114 and 115 and the control 
samples with 116, 117 and 118 were combined. Unbound tags and SDS were removed through cation 
exchange cartridge (AB SCIEX), and salts were removed using reverse-phase solid-phase extraction 
procedure involving 1-cm3, 50-mg cartridges following the manufacturer’s instructions (Sep-Pak C18; 
Waters, Milford, MA, USA). Peptides were eluted in 500 L 50% (v/v) acetonitrile with 0.1% TFA and 
dried under vacuum.  

These peptide samples were subjected to a first dimension of high pH Ultra Performance Liquid 
Chromatography (UPLC) separation using an Acquity UPLC System (Waters) coupled with a robotic 
fraction collector (Probot; Dionex, Sunnyvale, CA, USA) [19]. One hundred micrograms of the 
multiplexed sample was injected and fractionated into 48 fractions in a 96-well plate. The 48 fractions 
were concatenated to yield 16 samples pools by pooling every 16th sample. These were dried at reduced 
pressure using a CentiVac Concentrator (LabConco, Kansas City, MO, USA). For the low pH 2nd 
dimension, low pH reverse-phase (RP) chromatography was employed. Dried samples were 
reconstituted with 15 L of 2% acetonitrile with 0.5% formic acid. Nano-LC separations of tryptic 
peptides were performed as described previously [20,21]. The eluent from the analytical column was 
delivered to the LTQ-Orbitrap Elite (Thermo-Fisher Scientific,Waltham, MA, USA) via a “Plug and 
Play” nano ion source (CorSolutions LLC, Ithaca, NY, USA). The mass spectrometer was externally 
calibrated across the m/z range from 375–1,800 with Ultramark 1621 for the FT mass analyzer, and 
individual runs were internally calibrated with the background polysiloxane ion at m/z 445.1200025  
as a lock mass.  
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The Orbitrap Elite was operated in the positive ion mode with nanosource voltage set at 1.7 kV and 
source temperature at 250 °C. A parallel DDA mode was used to obtain one MS survey scan with the 
FT mass analyzer, followed by isolation and fragmentation of the 15–20 most abundant, multiply-charged 
precursor ions with a threshold ion count higher than 50,000 in both the LTQ mass analyzer and the high 
energy collisionally induced dissociation (HCD)-based FT mass analyzer at a resolution of 15,000 
(fwhm m/z 400). MS survey scans were acquired with resolution set at 60,000 across the survey scan 
range (m/z 375–1800). Dynamic exclusion was utilized with repeat count set to 1 with a 40 s repeat 
duration; exclusion list size was set to 500, 20–30 s exclusion duration, and low and high exclusion mass 
widths set to 1.5. Fragmentation parameters were set with isolation width at 1.5 m/z, normalized collision 
energy at 37%, activation Q at 0.25. Activation time for HCD analysis was 0.1 min. All data were 
acquired using XCalibur 2.1 (Thermo-Fisher Scientific). 

2.2. Data Processing, Database Searching and iTRAQ Quantitation 

Proteome Discoverer v 1.4 was used to convert raw spectral data files for each iTRAQ experiment 
into a merged peak list (mgf format) containing all 2nd dimension fractions for each tomato experiment 
for subsequent database searching. Mascot Daemon v. 2.3.2 was used to query .mgf files against an 
iTAG 2.3 tomato protein database [22]. Trypsin was selected as the enzyme with 1 missed cleavage 
allowed. Methylthiolation of cysteine, oxidation of methionine, and deamidation of asparagine and 
glutamine were set as variable modifications. Peptide charge was set to 2+, 3+, and 4+. Precursor tolerance 
was set to 10 ppm, while fragment tolerance was set to 100 mmu. The instrument selected was  
ESI-FTICR. The iTRAQ quantitation method utilized a weighted protein ratio type, featured outlier 
removal, and required a minimum of 2 peptides for protein quantitation. Summed normalization was 
used. For the iTRAQ 8-plex labeling, N-terminal and lysine modification with iTRAQ were set as fixed 
modifications, and tyrosine labeling was set as a variable modification. Upon completion of searching, 
each report was opened and results were exported after setting the ion score filter to 0.1, thereby 
exporting only results with an expectation value below 0.1, specifying unique peptides only. Only the 
highest scoring matches to a particular peptide sequence, listed under the highest scoring protein 
containing that match, were considered.  

2.3. Protein Quantification, Statistics, and Protein Functional Analysis  

For a protein to be included in the quantitative analysis, it was required that at least two unique 
peptides (with the normalized intensity levels raw intensity >20) were identified in all the six biological 
samples (three biological replicates each in Al-treated and control groups). The normalized peak 
intensities of reporter ions of constituent peptides were log2 transformed. Then, log2 fold values from all 
constituent peptides were subjected to t-test (general linear model procedure) followed by false 
discovery rate (FDR) corrections to test the statistical significance of the difference in normalized 
abundance of each protein between Al-treated and control sample groups [19]. The log2 transformed 
abundance ratios were then fit to a normal distribution. Two standard deviations (at a 95% confidence 
level) of the log2 fold (from treated to untreated control) in protein abundance were used as the cutoff 
threshold for significantly changed proteins. Statistical analyses were performed using SAS (version 9.3; 
SAS Institute, Cary, NC, USA). 
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MapMan [23] was used to associate the identified tomato proteins with cellular process and metabolic 
pathways using iTAG 2.3 tomato protein database downloaded from the MapMan website. The putative 
functions of the identified proteins were also discussed based on relevant information from literature and 
database searches on tomatoes and other plant species. 

3. Results and Discussion 

In this study, 3,160 proteins, meeting the quantification analysis criteria of two or more peptides, 
were identified in all six biological samples. The spectral intensity of each peptide was transformed into 
log (base 2) values, and principal component analysis (PCA) (Figure 1) separated the treated and control 
triplicate groups, which indicates that there is a systematic difference in protein composition between 
the two groups. The low percentage in component 2 compared to component 1 (2.7% vs. 94.87%) 
indicates that differences among proteins (or peptides of the same protein) are much greater which is 
understandable as the proteome is comprised of proteins of different abundance (high versus low content 
levels). Data of log2 fold change of proteins from treated to untreated groups fit into a near normal 
distribution (Figure 2). After t-test and FDA corrections, 139 proteins were found to be significantly 
changed from untreated to treated root samples (p  0.05) and the fold change passed the threshold of a 
two standard deviation (>±0.82). Fifty-two proteins were repressed and 87 proteins were induced, and 
Al-induced changes in protein abundance were given as the ratio between treated and non-treated control 
groups which is the antilogarithm of log2 (fold) (Appendix Table A1).  

Figure 1. Principal component distribution (PCA) of proteomes from Al-treated tomato 
radicle. (Tryptic peptides from six biological samples were labeled with iTRAQ tags (treated 
samples with tags 113, 114 and 115 and the control samples with 116, 117 and 118). The 
intensity of reporter ions of peptides from mass spectrometry analysis was  
log-transformed (base, 2). Protein samples were clustered based on the distribution of log2 
fold change values of all peptides in the six tagged samples. Three control biological 
replicates: C1, C2, C3; three treated biological replicates: T1, T2, T3). 
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Figure 2. The normal distribution fit of the log2 fold values of proteins from Al-treated 
tomato radicles. (Tomato seeds were germinated in 50 mM Homopipes (pH 4.5) buffer 
supplemented with 50 M AlK(SO4)2 and the control solution contained the buffer only. 
Tryptic peptides were labeled with iTRAQ tags (treated samples with tags 113, 114 and 115 
and the control samples with 116, 117 and 118) followed by analysis using mass 
spectrometry. The reporter ion intensity of all the tags was log-transformed and the log2 fold 
changes of protein from Al-treated and untreated tomato samples were plotted against a 
theoretical normal distribution in SAS program. The purple-colored is the theoretical curve 
and the blue-colored is the data fit curve).  

 

3.1. Al Treatment-Induced Proteome Changes and the Associated Cellular and Molecular Functions 

Using MapMan, tomato root proteins were clustered into 20 cellular functional pathways (Figure 3). In 
each of the functional groups, there were proteins repressed, induced and unchanged (the intensity of the 
color change corresponded to the log2 fold change of respective proteins from treated to untreated 
groups). The majority of the 20 functional pathways contained significantly changed proteins. These 
results are in agreement with previous findings that many genes (and gene products) located in multiple 
genome regions and participating in various cellular activities could be involved in the modulation of 
plant responses to Al stress [24–27].  

For those significantly changed proteins, additional manual searches of literature and other plant 
databases were performed to identify their putative roles in Al and secondary cellular stress. These 
proteins were divided into eight groups by combining MapMan classification (based on known protein 
functions) and putative functions derived from other sources.  
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Figure 3. Cell function overview of proteins from radicles of Al-treated tomato seeds. (The 
graphic was generated using the Cell-Function Overview and Slyc-iTAG2.3 as the reference 
database in MapMan. The intensity of the color change corresponds to the scale created 
based on log2 fold of protein from Al-treated to untreated groups.) 

 

3.1.1. Mobilization of Seed Storage Proteins in Al-Treated Tomato Radicles 

Mature seeds contain many species of hydrophilic proteins, such as dehydrins, globulins, and late 
embryogenesis abundant proteins (LEA). During seed germination, these seed proteins play a key role 
in maintaining intracellular water balance by controlling water uptake, and they are also recycled to 
provide a nitrogen source for the germinating embryo. In this study, Al-treated radicles were found to 
contain a lower level of hydrophilic proteins, such as globulin, vicilin, LEA, seed biotin-containing 
protein SBP65, dehydrin, and small hydrophilic plant seed protein. These results suggest that the  
Al treatment induced more active catabolism of hydrophilic proteins or inhibited transport of those 
proteins from cotyledons to the growing radicles. Both processes can result in a low hydrophilic protein 
content in the Al-treated radicles.  

In addition, two seed oil body-associated proteins, caleosin and oleosin, were also repressed in  
Al-treated radicles. These lipid body-binding proteins play a key role in the degradation of storage lipid 
during seed germination [28,29]. A decrease in oleosin content can lead to coalescence of lipid bodies 
which is harmful to cells, or it may make the radicle more susceptible to dehydration as these proteins 
also affect tissue tolerance to desiccation [30]. In summary, changes in proteins of this group will make 
tomato more sensitive to dehydration stress, which can happen under excessive salt and drought stresses. 
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This could be one of the major molecular mechanisms by which Al toxicity can exacerbate the impact 
of other environmental stress factors during seed germination.  

3.1.2. Proteins Involved in Cell Organization, Cell Division and Cell Cycle  

In the Al-treated radicles, proteins affecting cell division cycle (protease ftsH homolog) and cell 
skeleton structure (actin and tubulin) were repressed. On the other hand, proteins in programmed cell 
death (PCD) or related processes were induced. These are the RPM1 interacting proteins which are 
essential for hypertensive cell death in reaction to pathogens [31] and the vesicle-associated membrane 
family protein which has a critical role in regulating execution of PCD by affecting the rate of membrane 
recycling, especially under oxidative stress [32].  

3.1.3. Proteins Involved in Regulation of Transcription  

Expression of genetic materials provides the basis for all physiological traits. One of the first critical 
steps is the regeneration of mature mRNA (gene transcripts). In tomato radicles, a number of 
transcription factors were affected by Al treatment. Several C2H2 zinc finger family proteins were 
induced, but CCHC zinc finger, CCCH-type zinc finger and ZF-HD class zinc finger-homeodomain 
proteins were repressed. Additional induced proteins are Myb transcription factor, BolA-like protein and 
bZIP transcription factor. DNA silencing and mRNA decay are both important mechanisms in regulating 
gene expression, especially under stress conditions. Proteins in these categories were induced in the  
Al-treated tomato radicles, and include DNA (cytosine-5-)-methyltransferase 3, U6 RNA-associated  
Sm-like proteins and LSm6. Two proteins in the nonsense-mediated mRNA decay (NMD) pathway were 
also identified; they are eukaryotic translation initiation factor SUI1, and eukaryotic translation initiation 
factor 4 gamma-MIF4-like. Activation of these mechanisms can help plant cells to rid themselves of aberrant 
proteins and transcripts, and ensure a “healthy mRNA pool” in the Al-treated tissues.  

3.1.4. Proteins Affecting Protein Synthesis and Post-Translational Modification 

Plants have three separate sets of genomes in chloroplasts, mitochondria, and cell nucleus. While 
nuclear genes are translated in the cytoplasm, the mitochondria and chloroplasts each contain its own 
translation machinery within the respective organelles [33,34]. Changes in ribosomal proteins suggest 
that protein translation in plastids and mitochondria may be more active as ribosomal proteins annotated 
to those organelles were induced, which include 30S ribosomal protein S7, ribosomal protein L24 and 
L27 for chloroplasts, and mitochondrial ribosomal protein L37 and L15 and peptidyl-tRNA hydrolase 
ICT1. In mitochondria, all the proteins in the electron transport chain and ATP synthase are synthesized 
by mitochondrial ribosomes [35]. The Al-induced ribosomal protein expression could have some effect 
on mitochondrial functions (which will be discussed later).  

Cytoplasmic ribosomes which are responsible for the translation of nuclear-genome encoded  
genes revealed more complex changes. Some proteins were induced including ribosomal protein S21e 
and L32e, whereas others were repressed including ribosomal protein S26e, L15e and L19/L19e. 
Differential relative abundances of these ribosomal proteins were also found in tomatoes under other 
abiotic stresses [19,36].  
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A large number of proteins undergo post-translational modification to generate biologically active 
forms and/or to be targeted into correct subcellular organelles. One major post-translation modification 
is protein phosphorylation which is catalyzed by kinase and the dephosphorylation catalyzed by 
phosphatase. In the Al-treated tomato radicles, a serine/threonine kinase protein was induced, whereas 
serine/threonine-specific protein phosphatase was repressed. Protein serine/threonine phosphatases are 
implicated in the regulation of apoptotic pathways [37,38]. A study on wheat showed that the active 
function of protein kinase seems to be essential in alleviating Al-induced root inhibition as protein 
phosphorylation was found to be involved in the Al-responsive malate efflux in root tip [39]. Therefore, 
changes in this pair of enzymes may have some effect on different aspects of cellular processes under 
Al stress.  

3.1.5. Proteins Involved in Protein Degradation and Modification  

The ubiquitin-proteasomal degradation pathway is essential for many cellular processes, including 
the cell cycle, the regulation of gene expression, and responses to oxidative stress. The proteasome 
complex consists of ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin 
ligases (E3). Among the three subunits, E3 controls the specificity of protein degradation. While no 
significant changes were found in E1, E2, or E3 in the Al-treated tomato radicles, the COP9 signalosome 
(CSN) subunit 6 was induced. CSN is the protein regulating the function of ubiquitin E3; it is rapidly 
emerging as a key player in the DNA-damage response, cell-cycle control and gene expression, and plant 
response to environmental stimuli and stresses [40–42]. This is the first time that this protein has been 
found to be regulated by Al stress. 

3.1.6. Proteins Involved in Hormone Metabolism and Signaling  

In the Al-treated radicles, proteins involved in the biosynthesis of three hormones and their  
signaling pathways were induced. This includes ethylene (1-aminocyclopropane-1-carboxylate oxidase 
and multiprotein bridging factor 1) and abscisic acid (ABA) signaling pathway (ABA/WDS-induced 
protein). The jasmonate pathway enzymes were repressed, which include lipoxygenase and allene  
oxide synthase. Proteins for the biosynthesis of gibberellin were repressed (gibberellin 3 beta-hydroxylase 
2–3 and gibberellin 2-oxidase 2), but several gibberellin-regulated proteins were repressed or induced 
(0.59–2.06-fold).  

In general, ABA-related genes are more highly expressed when germination is inhibited and the 
hormone (ABA) inhibits radicle emergence [43,44]. In contrast, GA-related genes are activated during 
seed germination [43]. In this study, tomato seeds germinated at the same rate under Al-treated and  
non-treated conditions, therefore, there was no correlation between this physiological process and 
changes in these ABA- and GA-related proteins. These results indicate that a more complex hormone 
signaling and interaction mechanism is involved in radicle growth during tomato seed germination. 

3.1.7. Proteins in Signal Transduction  

In the Al-treated tomato radicles, mitogen-activated protein kinase (MAPK), a key enzyme in MAPK 
signaling pathway, was strongly induced. This enzyme plays a key role to communicate an external 
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signal from a receptor on the surface of the cell to the DNA in the nucleus of the cell [45]. Earlier  
studies using cell suspension cultures of coffee (Coffea arabica) found that the MAPK was activated by 
the oxidative burst induced by Al treatment but this protein is not necessarily associated with  
Al tolerance [46,47]. Additionally, several calcium-binding proteins that participate in the secondary 
calcium cell signaling pathways to mediate intracellular stress responses were also induced in the  
Al-treated tomato radicles. Therefore, the higher abundance of MAPK and Ca-binding proteins in  
Al-treated tomato radicles may also have a role in enhancing plant tolerance to the secondary cellular 
stresses induced by Al stress.  

More importantly, the rapid alkalinization factor (RALF) proteins were induced in the Al-treated 
tomato radicles. RALF is a 5-kDa ubiquitous polypeptide initially isolated from tobacco leaves that 
induces a rapid alkalinization of the culture medium of tobacco suspension-cultured cells and a 
concomitant activation of an intracellular mitogen-activated protein kinase [48]. A synthetic tomato 
RALF homolog peptide, when supplied to germinating tomato and Arabidopsis thaliana seeds, caused 
an arrest of root growth and development [49]. This is the first finding that Al induced an increase in the 
endogenous level of RALF in tomato radicles, which might also have some roles in regulating cell cycle 
under the stress condition. 

3.1.8. Stress Proteins  

The induced proteins include the universal stress protein family, major latex-like proteins and  
germin-like protein and wound/stress protein. Some of these proteins were also induced during tomato 
seed germination of normal seeds (seeds harvested from non-treated plants) in Al-treated solution [27]. 
However, it seems that Al-treated radicles contained a lower level of several heat shock proteins, 
including Hsp40, DnaJ, DnaJ 2, Hsp 70, ClpB chaperone, class IV HSP and class I HSP, as well as a 
low-temperature-induced 65 kDa protein. These important protection proteins are mostly induced by 
stress factors, and they may have a different role under Al stress.  

Oxidative burst is an important secondary cellular stress induced by Al [50]. Among the antioxidant 
enzymes, thioredoxin and superoxide dismutase, and germin (oxalate oxidase) were induced in  
Al-treated radicles. In contrast, germin protein was reduced in tomato “Money Maker” treated with the 
same type of stress [27]. Previous studies indicate that the Al-induced up-regulation of oxalate oxidase 
gene in the root tip of wheat helps roots to get rid of Al-damaged cells and maintain a healthy epidermal 
layer of roots, thus protecting the deeper layer of the meristematic and elongation zone that are essential 
for root growth [51]. Therefore, the induction of germin and germin-like proteins may enhance Al 
tolerance which was acquired during exposure to Al during seed germination.  

3.1.9. Enzymes in Cellular Metabolism  

Protein changes in different metabolic pathways are shown in Figure 4. In the Al-treated tomato 
radicles, fermentation and glycolysis pathways were repressed, due to the reduced abundance in pyruvate 
decarboxylase-2, alcohol dehydrogenase, and an additional 10 enyzmes in glycolysis. Phosphate 
dikinase in glucogenesis pathway was also repressed.  
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Figure 4. Overview of metabolic pathways in tomato radicles. (The graph was generated 
using the Metabolism Overview in MapMan [23]. The intensity of the color change 
corresponds to the scale created based on log2 fold of respective protein from Al-treated to 
untreated tomato radicle tissues.) 

 

The only pathway that was enhanced in Al-treated radicles is the TCA cycle where malate 
dehydrogenases were induced. The most systematic changes were found in the mitochondrial electron 
transfer chain (ETC). ETC consists of complex I, II, III, IV, and ATPases for generation of ATP. The 
induced proteins are localized in NADH-DH.complex I (NADH ubiquinone dehydrogenase), complex 
II (succinate dehydrogenase assembly factor 2), complex III (biquinol-cytochrome C reductase complex 
proteins); a class IA/ IB cytochrome to transfer electrons from complex III to complex IV; complex IV 
(cytochrome c oxidases), and five ATPase proteins (F0 complex subunit D, F1 complex, OSCP/delta 
subunit, epsilon subunit and delta/epsilon subunit).  Such changes suggest that metabolic pathways 
from sucrose degradation to glycolysis and fermentation could be repressed, but TCA and ETC in 
mitochondria were induced in tomato radicles under Al treatment.  

Enzymes in glycolysis and fermentation pathways are all encoded by nuclear genes and translated in 
cytoplasm. As described above, Al induced the repression of several cytosolic ribosomal proteins, which 
could have affected translation of these proteins. Mitochondial ETC proteins are encoded by 
mitochondrial genes, and translated within the organelle. Aluminum induced expression of several 
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mitochondrial ribosomal proteins, which may have promoted translation of these proteins in the  
Al-treated radicles.  

Proteins induced in secondary metabolism include isopentenyl-diphosphate delta-isomerase in the 
mevalonate pathway (MVA), several O-methyltransferases, cinnamyl alcohol dehydrogenase-like 
protein and caffeoyl-CoA O-methyltransferase in the phenylpropanoids and lignin biosynthesis. These 
pathways are activated by various biotic and abiotic stresses [19,52,53]. In a previous study of Al 
treatment of tomato roots, none of these proteins were identified [27]. The use of different analytical 
methods (2D-DIGE in the previous analysis and iTRAQ in the present one) and variation in the seed 
proteomes (regular seeds compared to Al-enriched from two tomato cultivars) may be factor(s) causing 
the identification of different proteins in the two experiments.  

4. Conclusions 

When subjected to excessive Al and other toxic metals, plants have to cope with the direct ion toxicity 
and the induced secondary cellular stresses, such as accumulation of reactive oxygen species [50,54] and  
toxic metabolic aldehydes [55] among harmful biomolecules. Correspondingly, multiple and various 
cellular pathways are affected during the process [5,56], with concomitant alteration in expression of 
proteins in multiple functional groups. As shown in this proteomics study, proteins in nearly all of  
the 20 functional categories displayed significant changes in abundance in the Al treated condition. The 
Al-induced changes in the proteomes of radicles generated from Al-enriched tomato seeds can be 
summarized as follows:  

1. The Al-treated radicles contained lower abundance of hydrophilic (seed) proteins and oil body 
membrane proteins, which could reduce the tolerance to dehydration. This could cause the tomato 
seedlings to be more susceptible to drought and salt and other factors;  

2. Mitochondria function was enhanced because of the active protein translational machinery 
(induction in ribosomal proteins) and TCA–oxidative phosphorylation cycle;  

3. The identified proteins include regulatory proteins for gene expression, signaling pathways, cell 
cycle and programmed cell death. 

Aluminum (Al) is ubiquitous in soil being the most abundant metal in the earth’s crust (>8% by 
weight). When solubilized at pH values below 5.0, it is highly toxic to plants as Al3+. Approximately 
50% of the world’s potentially arable lands are acidic [57]. A large proportion of the acid soils occur in 
developing countries in the tropics and subtropics and it has been estimated that the humid tropics 
account for 60% of the acid soils in the world. Thus, acid soils limit the growth of crops in many 
developing countries where food production is critical. Acid soils also have a significant impact on U.S. 
agriculture as approximately 135 million hectares of land in the U.S. are highly acidic. Furthermore, 
intensive agricultural practices used in the U.S. and in other developed countries, including the 
widespread use of N fertilization with anhydrous ammonia, can cause significant acidification of surface 
soils [58], thereby exacerbating an already thorny problem. Thus, there is a genuine need to better 
understand Al tolerance mechanisms and the genes/proteins that define them, to sustain and enhance 
crop production on acid soils. The knowledge gained from this and similar studies will provide the 
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scientific underpinning for novel strategies to overcome the challenge of Al stress, and to sustain 
agricultural production on acid soils.  
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Appendix Table A1. Induction of significantly changed proteins in radicles of seeds derived 
from aluminum-treated tomato plants z. 

Protein accessions y Protein name x 
log2 fold w 
(Treated/ 
control) 

Ratio v 
Treated/
control)

Solyc03g019820.2.1 Aquaporin 1.88 0.27 
Solyc06g034040.1.1 Oleosin 1.73 0.30 
Solyc06g072130.2.1 Aquaporin 1.64 0.32 
Solyc02g086490.2.1 Oleosin 1.61 0.33 
Solyc02g084840.2.1 Dehydrin DHN1 1.53 0.35 
Solyc03g112440.1.1 Oleosin 1.52 0.35 
Solyc06g072670.2.1 Short-chain dehydrogenase/reductase SDR 1.47 0.36 
Solyc06g053740.2.1 Ubiquitin carboxyl-terminal hydrolase 1.42 0.37 
Solyc01g109920.2.1 Dehydrin 1.35 0.39 
Solyc06g065050.1.1 Transmembrane protein 205 1.33 0.40 
Solyc02g077240.2.1 Pyruvate decarboxylase 1.30 0.41 
Solyc12g010920.1.1 Oleosin 1.28 0.41 
Solyc09g082330.1.1 7S vicilin 1.24 0.42 
Solyc12g096930.1.1 Caleosin 1.18 0.44 
Solyc10g008040.2.1 Seed biotin-containing protein SBP65 1.17 0.44 
Solyc11g067250.1.1 Poly (AHRD V1 ***- B9SCR8_RICCO) 1.11 0.46 
Solyc02g085590.2.1 Vicilin 1.10 0.47 
Solyc11g072380.1.1 Vicilin-like protein 1.09 0.47 
Solyc06g075270.2.1 Convicilin 1.07 0.48 
Solyc01g100390.2.1 Pyrophosphate-energized proton pump 1.06 0.48 
Solyc06g009210.2.1 Ribosomal protein L19 1.03 0.49 
Solyc09g025210.2.1 Legumin 11S-globulin 1.03 0.49 
Solyc05g053140.2.1 26S proteasome non-ATPase regulatory subunit 13 1.02 0.49 
Solyc10g076510.1.1 Pyruvate decarboxylase 1.01 0.50 
Solyc05g053120.1.1 Glucosyltransferase 0.99 0.50 
Solyc08g014000.2.1 Lipoxygenase 0.98 0.51 
Solyc08g078850.2.1 L-lactate dehydrogenase 0.95 0.52 
Solyc01g009660.1.1 Low-temperature-induced 65 kDa protein 0.94 0.52 

Solyc01g098850.2.1 
Short-chain dehydrogenase/ 

reductase family protein 
0.94 0.52 

Solyc06g076640.2.1 Tubulin beta chain 0.94 0.52 
Solyc03g116590.2.1 Embryo-specific 3 0.94 0.52 
Solyc06g059740.2.1 Alcohol dehydrogenase 2 0.93 0.53 
Solyc11g042800.1.1 Late embryogenesis abundant protein 0.93 0.53 
Solyc03g025810.2.1 Low-temperature-induced 65 kDa protein 0.92 0.53 
Solyc03g083970.2.1 IQ calmodulin-binding motif family protein 0.91 0.53 
Solyc08g013860.2.1 NAD-dependent malic enzyme 2 0.90 0.53 
Solyc10g078770.1.1 Seed maturation protein LEA 4 0.90 0.53 
Solyc09g090150.2.1 Legumin 11S-globulin 0.89 0.54 
Solyc03g112590.2.1 Cell division protease ftsH homolog 0.89 0.54 
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Table A1. Cont. 

Protein accessions y Protein name x 
log2 fold w 
(Treated/ 
control) 

Ratio v 
Treated/
control)

Solyc04g064710.2.1 Alcohol dehydrogenase 2 0.89 0.54 
Solyc00g297330.1.1 Unknown Protein 0.88 0.54 
Solyc07g053360.2.1 Seed biotin-containing protein SBP65 0.87 0.55 
Solyc08g080480.2.1 Unknown Protein 0.87 0.55 
Solyc06g074750.1.1 Histone H2B 0.86 0.55 
Solyc12g098940.1.1 Ubiquitin 0.85 0.55 
Solyc07g032740.2.1 Aspartate aminotransferase 0.85 0.56 
Solyc01g007940.2.1 Alanine aminotransferase 2 0.83 0.56 
Solyc09g065470.2.1 Vicilin 0.83 0.56 
Solyc09g015070.2.1 Reductase 1 0.83 0.56 
Solyc12g014380.1.1 Glucose-6-phosphate isomerase 1 0.81 0.57 
Solyc07g005390.2.1 Aldehyde dehydrogenase 0.81 0.57 
Solyc09g082340.2.1 Vicilin-like protein 0.80 0.57 
Solyc01g107910.2.1 Caffeoyl CoA 3-O-methyltransferase 0.80 1.74 
Solyc00g009020.2.1 Mitochondrial ATP synthase 0.80 1.74 
Solyc06g063220.2.1 ATP synthase subunit epsilon mitochondrial 0.80 1.74 
Solyc02g082090.2.1 Peroxidase 0.80 1.74 
Solyc01g102830.2.1 Unknown Protein 0.81 1.75 
Solyc00g147570.2.1 Gelsolin 0.81 1.75 
Solyc01g080510.2.1 Os05g0406000 protein 0.81 1.75 
Solyc08g068220.2.1 50S ribosomal protein L27 0.81 1.75 
Solyc03g078000.2.1 High-affinity fructose transporter ght6 0.81 1.76 
Solyc03g096840.2.1 Seed specific protein Bn15D1B 0.82 1.76 
Solyc06g075810.2.1 NADH dehydrogenase 0.82 1.77 
Solyc06g007630.1.1 Ferredoxin 0.82 1.77 
Solyc05g007800.2.1 Negatively light-regulated protein 0.83 1.77 
Solyc11g072450.1.1 Mitochondrial F0 ATP synthase D chain 0.83 1.78 
Solyc10g078450.1.1 U6 snRNA-associated Sm-like protein LSm6 0.83 1.78 
Solyc10g011760.2.1 Aldose 1-epimerase family protein 0.84 1.79 
Solyc11g066390.1.1 Superoxide dismutase 0.84 1.79 
Solyc03g078670.1.1 Unknown Protein 0.85 1.80 
Solyc05g053960.2.1 Cysteine-rich extensin-like protein-2 0.85 1.81 
Solyc03g097360.2.1 BolA-like 0.85 1.81 
Solyc05g056020.2.1 V-type proton ATPase subunit G 2 0.86 1.81 
Solyc07g063630.2.1 Vesicle-associated membrane family protein 0.86 1.82 
Solyc04g082590.2.1 Canopy homolog 2 0.86 1.82 
Solyc02g079750.2.1 Flavoprotein wrbA 0.87 1.82 
Solyc02g078540.2.1 Unknown Protein 0.87 1.82 
Solyc11g065270.1.1 CHCH domain containing protein 0.87 1.83 
Solyc01g007670.2.1 30S ribosomal protein S7 chloroplastic 0.87 1.83 
Solyc07g021500.1.1 Unknown Protein 0.87 1.83 
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Table A1. Cont. 

Protein accessions y Protein name x 
log2 fold w 
(Treated/ 
control) 

Ratio v 
Treated/
control)

Solyc06g083820.2.1 60 ribosomal protein L14 0.88 1.84 
Solyc00g072400.2.1 Peroxidase 1 0.88 1.84 
Solyc08g006900.2.1 Ribosomal protein L32 0.88 1.84 
Solyc10g007350.2.1 Multiprotein bridging factor 1 0.88 1.84 
Solyc07g055250.2.1 Cell wall-associated hydrolase 0.89 1.85 
Solyc08g075830.2.1 Peroxidase 27 0.89 1.85 
Solyc05g041610.1.1 Caffeoyl-CoA O-methyltransferase 0.89 1.86 

Solyc07g008350.2.1 
Porin/voltage-dependent anion-selective channel 

protein 
0.89 1.86 

Solyc11g011340.1.1 Alcohol dehydrogenase 0.90 1.86 
Solyc12g094700.1.1 Cathepsin B-like cysteine proteinase 0.90 1.87 
Solyc01g049960.2.1 Unknown Protein 0.92 1.89 
Solyc03g114970.2.1 Nitrilase associated protein-like 0.92 1.89 
Solyc09g082710.2.1 Histone H2A 0.92 1.89 
Solyc08g016420.2.1 Prefoldin subunit 6 0.92 1.90 
Solyc03g025850.2.1 Remorin 1 0.93 1.91 
Solyc01g103220.2.1 Cytochrome c 0.94 1.92 
Solyc07g065640.2.1 RPM1 interacting protein 4 transcript 2 0.94 1.92 

Solyc05g056290.2.1 
Acetyl-CoA carboxylase biotin carboxyl carrier 

protein 
0.95 1.93 

Solyc04g049330.2.1 V-type proton ATPase subunit G 1 0.96 1.94 
Solyc01g091130.2.1 Nitroreductase 0.96 1.95 
Solyc01g095150.2.1 Late embryogenesis abundant protein 0.97 1.96 
Solyc07g005240.2.1 FAD-dependent oxidoreductase family protein 0.97 1.97 
Solyc01g090360.2.1 Non-specific lipid-transfer protein 0.98 1.97 
Solyc01g095050.2.1 Negatively light-regulated protein 0.98 1.98 
Solyc04g082010.1.1 Plastocyanin 1.00 1.99 
Solyc11g008990.1.1 Phage shock protein A PspA 1.00 2.00 
Solyc04g007750.2.1 Major latex-like protein 1.01 2.01 
Solyc03g113730.2.1 B12D protein 1.03 2.04 
Solyc08g013930.2.1 Peroxidase family protein 1.04 2.05 
Solyc01g088140.2.1 Unknown Protein 1.04 2.05 
Solyc02g085230.2.1 Nucleolar protein 6 1.04 2.06 

Solyc06g036380.1.1 
Ulp1 protease family C-terminal catalytic domain 

containing protein 
1.04 2.06 

Solyc12g019040.1.1 Exostosin family protein 1.04 2.06 
Solyc03g116060.2.1 Gibberellin-regulated protein 1.04 2.06 
Solyc06g054520.1.1 3-hydroxyisobutyryl-CoA hydrolase 1.05 2.07 
Solyc02g043900.1.1 Unknown Protein 1.06 2.08 
Solyc07g041490.1.1 Stress responsive alpha-beta barrel domain protein 1.07 2.09 
Solyc04g071580.2.1 Unknown Protein 1.08 2.12 
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Table A1. Cont. 

Protein accessions y Protein name x 
log2 fold w 
(Treated/ 
control) 

Ratio v 
Treated/
control)

Solyc08g008330.2.1 Unknown Protein 1.09 2.13 
Solyc09g074890.1.1 Rapid alkalinization factor 1 1.11 2.15 
Solyc04g024840.2.1 GDSL esterase/lipase 1 1.11 2.16 
Solyc04g074900.2.1 40S ribosomal protein S21 1.12 2.17 
Solyc06g054250.2.1 5&apos-nucleotidase surE 1.14 2.21 
Solyc02g092270.2.1 NADH dehydrogenase 1.14 2.21 
Solyc12g008950.1.1 At1g17490/F1L3_4 1.15 2.22 
Solyc10g076240.1.1 Peroxidase 1 1.21 2.31 
Solyc03g113580.1.1 Germin-like protein 1.26 2.40 

Solyc03g118110.2.1 
Succinate dehydrogenase assembly factor 2, 

mitochondrial 
1.30 2.45 

Solyc07g054960.1.1 Myb-related transcription factor 1.35 2.55 
Solyc10g005660.2.1 COP9 signalosome subunit 6 1.35 2.55 
Solyc11g010160.1.1 Cc-nbs-lrr, resistance protein 1.35 2.55 
Solyc06g062770.2.1 At1g17490/F1L3_4 1.36 2.56 
Solyc03g117810.2.1 Phosphate import ATP-binding protein pstB 1 1.36 2.57 
Solyc11g066270.1.1 Xyloglucan endotransglucosylase/hydrolase 9 1.37 2.59 
Solyc05g007090.2.1 Zinc knuckle 1.37 2.59 
Solyc01g107990.2.1 MAP protein kinase-like protein 1.42 2.68 
Solyc00g015000.1.1 DNA (Cytosine-5-)-methyltransferase 3 1.55 2.93 
Solyc02g093230.2.1 Caffeoyl-CoA O-methyltransferase 1.55 2.93 

Solyc04g028490.1.1 
Ulp1 protease family C-terminal catalytic domain 

containing protein 
1.55 2.93 

z Tomato proteins identified as significantly induced or repressed in tomato radicles from seeds germinated in 
50 M AlK (SO4)2 in 50 mM Homopipes buffer (pH, 4.5) (treated) and those in the buffer only (control). 
Tomato seeds were harvested from plants grown in a hydroponic solution supplemented with 50 M AlK 
(SO4)2. y Protein accession number is from the ITAG Protein database (release 2.3 on 26 April 2011; Sol 
Genomics Network, Boyce Thompson Institute, Ithaca, NY, USA). X protein name annotated in 
ITAG2.3database. w The log2 ratio of each protein between treated and control samples measured by the 
intensity of its constituent peptides. All the listed proteins have passed the t test [general linear model (GLM)] 
with false discovery rate (FDR) corrections (p  0.05), and with a log2 fold change greater than  
0.80 (±) which equals to two standard deviations of the near-normal distribution of log2 fold for all proteins 
identified in the experiment. Statistical analyses were performed using SAS (Version 9.3; SAS Institute Inc. 
Cary, NC, USA). V The ratio of protein abundance between treated and control samples, which is antilogarithm 
of the log2 ratio.  
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Proteomic Analysis of Responsive Proteins Induced in Japanese 
Birch Plantlet Treated with Salicylic Acid 

Hiromu Suzuki, Yuya Takashima, Futoshi Ishiguri, Nobuo Yoshizawa and Shinso Yokota 

Abstract: The present study was performed to unravel the mechanisms of systemic acquired resistance 
(SAR) establishment and resistance signaling pathways against the canker-rot fungus (Inonotus obliquus 
strain IO-U1) infection in Japanese birch plantlet No.8. Modulation of protein-profile induced by 
salicylic acid (SA)-administration was analyzed, and SA-responsive proteins were identified. In total,  
5 specifically expressed, 3 significantly increased, and 3 significantly decreased protein spots were 
identified using liquid chromatography/tandem mass spectrometry (LC/MS/MS) and the sequence tag 
method. These proteins were malate dehydrogenase, succinate dehydrogenase, phosphoglycerate kinase, 
diaminopimalate decarboxylase, arginase, chorismate mutase, cyclophilin, aminopeptidase, and 
unknown function proteins. These proteins are considered to be involved in SAR-establishment 
mechanisms in the Japanese birch plantlet No 8. 

Reprinted from Proteomes. Cite as: Suzuki, H.; Takashima, Y.; Ishiguri, F.; Yoshizawa, N.; Yokota, S. 
Proteomic Analysis of Responsive Proteins Induced in Japanese Birch Plantlet Treated with Salicylic 
Acid. Proteomes 2014, 2, 323ï340. 

1. Introduction 

Japanese birch (Betula platyphylla var. japonica) belongs to the Betulaceae family and is  
distributed throughout the subalpine zone in Honsyu and Hokkaido, Japan. This tree is a pioneer species, 
and its growth is so fast that the tree is considered to be useful for biomass production [1]. Its sap is used 
for cosmetics and drinks. In addition, its extractives exhibit potential antioxidant and anti-cancer 
properties [2]. Its bark contains betulin and betulic acid the derivatives of which possess a wide spectrum 
of biological and pharmacological activities [3]. 

Inonotus obliquus (Persoon: Fries) Pilat is a white-rot fungus, causes stem heart rot of birch,  
and produces a black solid sclerotium referred to as sterile conk or canker-like body [4,5]. The  
endo-polysaccharide extracted from the mycelia of the fungus exhibits indirect anti-cancer effects [6]. 

Infected plant tissues induce various resistance responses, formation of physical barriers (papilla, 
thick cell wall, lignification, etc.), accumulation of antipathogenic compounds (phenolic compounds, 
phytoalexins, pathogenesis-related (PR) proteins, reactive oxygen species (ROS), etc.), and hypersensitive 
cell death named hypersensitive reaction (HR) [7]. The papilla is the reinforced cell wall apposition 
localized at the site of fungal penetration, where phenolic compounds and callose are accumulated [7]. 
Lignin gives the cell wall physical strength and has an antipathogenic activity [8]. Phytoalexins are low 
molecular weight compounds accumulated in plant tissues by pathogen infection that have an 
antipathogenic activity [9]. More than 200 compounds are identified as phytoalexins in various plant 
species [7]. PR proteins are newly expressed upon infection, although not necessarily under all 
pathological conditions [10]. PR proteins are divided into several groups based on their sequence and 
potential functions [10]. Their biochemical properties include glucanase, chitinase, peroxidase, and 
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protease activities. Some of them have unknown functions and indirect antipathogenic activities [11]. 
HR is considered as one of the phenomena for programmed cell death (PCD) induced by pathogen 
infection. It inhibits obligate parasite growth and diffusion. Growth of other pathogens is also inhibited 
by antipathogenic compounds accumulated during HR induction [7]. ROS play important roles in 
defense responses. They act as antipathogenic and signaling compounds in plants [12]. The  
above-mentioned physical barriers and antipathogenic compounds inhibit pathogen growth and, 
consequently, induce pathogen resistance. 

It is known that pathogen resistance is not only induced in infected tissues but also in systemic tissues. 
This resistance, referred to as systemic acquired resistance (SAR), is considered to be important in 
pathogen resistance reactions. Production of PR proteins is usually observed before an infectious 
challenge. In contrast, other reactions have been detected after an infectious challenge. For example, 
accumulation of phenolic compounds and higher activities of peroxidase and chitinase induced by 
infection of Colletotrichum lageizarium were observed with pretreatment of SAR-inducing molecules 
in Cucumis sativus L [13]. Thus, the systemic signals can prepare the systemic tissues for a faster defense 
response [14]. Salicylic acid (SA) is one of the SAR-inducing molecules that are required for SAR 
establishment [15]. It has been reported that various other proteins and genes are also expressed by 
pathogen infection and SA administration [16–18]. These proteins are considered to be important for 
SAR establishment. 

Signal transduction mechanisms for establishment of SAR have been investigated mainly by using 
Arabidopsis thaliana and Nicotiana tabacum [15,19–23]. According to these studies, it has been 
proposed that SA induces expression of SAR-associated genes by the following mechanisms. After 
pathogen recognition by receptors of the plants, rapid and transient ROS production, called oxidative 
burst, occurs in the tissues. In a next step, the ROS induce an increase in the amount of SA in both the 
infected and systemic tissues, and the SA changes the cellular redox state and induces thioredoxin 
expression. The thioredoxin reduces the disulfide bonds in the cellular nonexpresser of PR genes 1 
(NPR1) oligomers, one of the SA signal transduction factors. Reduced NPR1 oligomers release NPR1 
monomers, that they bind to TGA transcription factors in the nuclei. The TGA transcription factor 
expresses SA-induced genes. In addition, NPR1-independent pathways also exist [23]. The translocating 
signal molecules between infected and systemic tissues are essential for SAR, though they have not been 
determined yet. It has been reported that methyl salicylate (MeSA) is considered to be a possible SAR 
long-distance signaling compound in N. tabacum [24]. However, there is a report demonstrating that SA 
is not the translocating signal [25] and that MeSA production is not essential for SAR in A. thaliana [26]. 
In addition, it is suggested that peptide and lipid derivatives are possible long-distance signaling 
molecules [27]. Moreover, a recent study has demonstrated that azelaic acid (AZA) is a possible 
translocating signal molecule [28]. 

In our previous studies of pathogen resistance in Japanese birch plantlet No.8, heat shock 60 kDa  
and 70 kDa proteins were found to be specifically expressed during the infection of I. obliquus strain 
IO-U1 [29]. In addition, in anatomical and histochemical observations, lignification, phenolics 
deposition, and necrophylactic periderm formation have occurred as infection-induced responses in 
Japanese birch plantlet No.8 [30] and Tohoku [31] infected with I. obliquus strain IO-U1. 
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Signal transduction mechanisms for the establishment of pathogen resistance including SAR have 
been investigated using herbaceous plants such as A. thaliana and N. tabacum, while there are only a 
few studies on woody plants. 

The purpose of the present study was to unravel the mechanisms of SAR establishment and resistance 
signal transduction pathways against the infection of I. obliquus strain IO-U1 in Japanese birch plantlet 
No.8. The protein profile changes induced by SA-administration were analyzed, and SA-responsive 
proteins were identified to clarify SAR establishment mechanisms. 

2. Experimental  

2.1. Plant Material 

Japanese birch (Betula platyphylla var. japonica), obtained from the Forestry and Forest  
Products Research Institute, Ibaraki, Japan was used as plant material for this study. The plantlets were 
grown in vitro on Murashige and Skoog medium [32] containing 20 g/L sucrose, 2.5 M indole-3-acetic 
acid, 0.1 M 1-naphthalenacetic acid at 25 °C under illumination at 50 mol m 2 s 1 for a 16-h photo 
period during 3 months. Axillary buds were subcultured for propagation of the plantlets on the same 
medium every 3 months. 

2.2. Salicylic Acid (SA) Treatment 

High purity grade SA (Kanto Chemical Co., Tokyo, Japan) was used for the treatment. SA aqueous 
solution (0.5 mM) was prepared and its pH was adjusted to around 7.0 with 0.1 M and 0.01 M NaOH.  
The solution was sterilized with a membrane filter (Millex-GV, 0.22 M, Millipore, Billerica, MA, USA) 
before administering it to the plantlets. 

In this study, intact (C1), wounded (C2SA), and SA-infiltrated (TSA) plantlets were prepared. The 
surface of the third node from the apex of a plantlet was cut into a V-shape with a surgical knife, and 
then 1 L ultra-pure water or 1 L SA aqueous solution was administered to C2SA or TSA plantlets, 
respectively. After the treatments, the plantlets were further grown for 2 days under the conditions 
described above. 

2.3. Preparation of Protein Samples 

Protein extraction was repeated three times for each treatment. After 48 h of the treatments,  
each plantlet was deep-frozen with liquid nitrogen and powdered with a mortar and pestle. In a next step, 
the extraction buffer was added to the powdered samples in a volume of 1 mL/g fresh weight of the 
plantlet, and the powdered plantlet was further mashed. The extraction buffer was prepared by mixing 
the following EXT-1, 2, and 3 in a volume ratio of 3:2:1. EXT-1 was prepared by dissolving the  
Trizma Preset pH crystal 7.5 (Sigma, St. Louis, MO, USA, 7.54 g), dihydrate disodium salt of 
ethylenediamine-N,N,N’,N’-tetraacetic acid (Doujin, Tokyo, Japan, 0.56 g), and glycerol (100 mL) in 
ultra-pure water, followed by adjusting to 250 mL. EXT-2 was prepared by dissolving Triton-X-100 
(Acros Organics, Geel, Belgium, 6.4 g) in ultra-pure water and heating it at 60 °C, followed by adjusting 
it to 100 mL. EXT-3 was prepared by dissolving dithiothreitol (DTT, Wako Pure Chemical Co., Osaka, 
Japan, 463 mg) in ultra-pure water, followed by adjusting to 50 mL. The homogenates were sonicated 
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with a supersonic homogenizer (Sonic Fire 250, Branson, Danbury, CT, USA). The homogenate was 
centrifuged at 10,000× g for 30 min at 4 °C, and the supernatant was collected in another centrifuge tube 
(SuperClear Centrifuge tube, Labcon, Petaluma, CA, USA). The supernatant was centrifuged again 
under the same condition, and then the obtained supernatant was collected in a Teflon-lined centrifuge 
tube (Nalgene, Rochester, NY, USA). Proteins in the supernatants were precipitated with 10% (w/v) 
trichloroacetic acid (TCA) aqueous solution, and then the solution was incubated at 20 °C for 1 h. After 
thawing the sample, it was centrifuged at 10,000× g for 30 min at 4 °C, and the supernatant was removed. 
Cold acetone was added to the obtained pellets, and the pellet was mashed and stirred with a spatula. 
The suspension was centrifuged at 10,000× g for 30 min at 4 °C, and the supernatant was removed. This 
process was repeated three times. The obtained pellets were dried under nitrogen gas. Solubilization 
buffer (100 L) was added to the dried pellets, and they were incubated for 30 min. The solubilization 
buffer was prepared by dissolving urea (GE healthcare, Little Chalfont, Buckinghamshire, UK; 4.204 g), 
thiourea (GE Healthcare, 1.422 g), 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate 
(CHAPS, GE Healthcare, 400 mg), DTT (30.8 mg), and immobilized pH gradient buffer pH 4–7  
(GE Healthcare, 200 L) in ultra-pure water, followed by adjusting to 10 mL. The suspension was 
centrifuged at 10,000× g for 30 min at 4 °C, and the supernatant was collected in a 1.5 mL micro tube 
(Eppendorf, hamburg, Germany). This process was repeated two times. The protein content of the 
obtained sample was determined using the Bradford [33] method using ovalbumin (Sigma) as a standard. 
The obtained samples were stored at 20 °C before use. 

2.4. Two-Dimensional Electrophoresis (2-DE) 

Two-dimensional electrophoresis (2-DE) was repeated three times for each treatment. Isoelectric 
focusing (IEF) was carried out as follows. The protein sample (1 mg) was put in a 1.5 mL micro tube, and 
the total volume was adjusted to 250 L with rehydration buffer. The rehydration buffer was prepared by 
dissolving urea (12 g), CHAPS (0.5 g), immobilized pH gradient buffer pH 4–7 (125 L), and 
bromophenol blue (BPB, Kanto Chemical Co. Tokyo, Japan) stock solution (50 L) in ultra-pure water, 
followed by adjusting to 25 mL. BPB stock solution was prepared by dissolving BPB (100 mg) and  
tris-base (MP Biomedicals, Irvine, CA USA, 60 mg) in ultra-pure water, followed by adjusting to 10 mL. 
An Immobiline DryStrip (pH 4–7, 13 cm, GE Healthcare) was rehydrated with the above mixture at  
22 °C for at least 10 h on the Ettan IPGphor II (GE Healthcare). In the preliminary experiments,  
the DryStrip in the pH range of 3–10 was used, and most of the protein spots were recognized in the 
acidic to neutral range. Thus, the DryStrip in the pH range of 4–7 was used in this study. To prevent the 
DryStrip from drying, it was covered with 800 L of Immobiline DryStrip Cover Fluid (GE Healthcare). 
After rehydration, IEF electrode stripes (5 mm in length, GE Healthcare) were placed between DryStrip 
and electrodes of a strip holder. IEF was carried out at 20 °C. Maximum current was set at 50 A per stripe. 
Voltage program was as follows: step-n-hold, 500 V, 1 h; gradient, 1000 V, 1 h; gradient, 8000 V, 5 h; 
step-n-hold, 8000 V, 8 h. 

After IEF, the DryStrip was treated with 10 mL of SDS-equilibrium buffer containing 1% (w/v) DTT 
in a 60 mL test tube with a screw cap (IWAKI, Tokyo, Japan) for 30 min. Then the DryStripe was treated 
with 10 mL of SDS-equilibrium buffer containing 2.5% (w/v) iodoacetoamide in another 60 mL test 
tube with a screw cap for 30 min in the dark. The DryStripe was shaken in 10 mL of SDS-running buffer 
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in another 60 mL test tube with a screw cap to remove remaining equilibrium buffer. The DryStripe was 
put on filter paper infiltrated with ultra-pure water to remove remaining SDS-running buffer. 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using SE600 Ruby  
(GE healthcare) as follows. Polyacrylamide gel was prepared at 12.5% acrylamide concentration and  
1.5 mm in thickness. Running buffer was cooled with thermostatic circulator (Multi temp III,  
GE healthcare) set at 10 °C. The equilibrated DryStripe was fixed at the top of gel with 1 mL of agarose 
gel. A marker bead was prepared by mixing 60 L of agarose gel with 30 L of molecular weight marker 
(Precision Plus Protein Standards, Bio-Rad, Hercules, CA, USA). The marker bead was placed on the 
side end of DryStripe. Electrophoresis was carried out at 600 V of maximum voltage and 15 mA of 
constant current per gel for 15 min. Then constant current was set at 30 mA per gel,  
and electrophoresis was carried out until BPB reached the bottom of the gel. 

2.5. Staining 2-DE Gel 

The 2-DE gel was stained with Coomassie Brilliant Blue (CBB) as follows. The gel was shaken in 
250 mL of CBB (PhastGel Blue R-350, GE Healthcare) staining solution for 3 h. After that the 2-DE gel 
was shaken in 250 mL of destaining solution two times for 10 and 3 h, respectively. The destaining 
solution was prepared by mixing 150 mL ethanol and 50 mL acetic acid with 300 mL distilled water.  
In the case of image analysis of 2-DE gel, the destained gel was shaken in 250 mL of preservation 
solution for 30 min twice. The preservation solution was prepared by dissolving 150 mL ethanol and  
23 mL glycerol in distilled water, followed by adjusting to 500 mL with distilled water. The 2-DE gel 
was preserved with Gel Drying kit (Promega, Madison, WI, USA). 

2.6. Image Analysis of 2-DE Gels 

The 2-DE gel images were captured with a scanner (GT-9700, EPSON, Gen, Suwa, Japan) at  
a 300 dpi resolution and analyzed with ImageMaster 2D Platinum ver. 5.0 (GE Healthcare). Protein spots 
without reproduction were excluded from the analysis. Protein spots only expressed in each treatment 
were considered as specifically expressed ones. Those protein spots were analyzed, which were 
considered as specifically expressed in TSA gel and were expressed in TSA gel in significantly different 
amounts compared to the corresponding spots in both C1 and C2SA gels. These protein spots were 
regarded as SA-responsive protein spots. Protein expression was evaluated in percent intensity for 
statistical significance (p < 0.05) using Student’s t-test provided with the software. 

2.7. In-Gel Digestion 

In-gel digestion of the protein spots was carried out as follows: The spots of SA-responsive proteins 
were cut out from stained gels of TSA and put in 1.5 mL micro tubes (Eppendorf, Hamburg, Germany). 
The cut gel was treated with 200 L of destaining solution under agitation for 10 min to overnight. The 
gel was soaked in 100 L of acetonitrile under agitation for 5 min. The acetonitrile was removed, and 
the gel was dried with a centrifugal evaporator (CE-1, Hitachi, Tokyo, Japan) for 15 min. The gel was 
infiltrated in 100 L of reducing solution (10 L of 1 M DTT solution and 25 L of 1 M ammonium 
hydrogen carbonate in 965 L ultra-pure water) under agitation at 56 °C for 1 h. The gel was washed with 
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100 L of washing buffer (75 L of 1 M ammonium hydrogen carbonate in 2925 L ultra-pure water) 
under agitation for 10 min. The gel was treated with 100 L of alkylating solution (10 mg iodeacetamide 
(Wako Pure Chemical Co., Osaka, Japan) in 1 mL washing buffer) under agitation for 45 min in the 
dark. The gel was washed with 100 L of washing buffer under agitation for 10 min. The gel was washed 
with 200 L of washing solution (5 mL methanol and 5 mL of 10% acetic acid) under agitation four times 
at least for 1 h. The gel was soaked in 100 L of equilibration buffer (100 L of 1 M ammonium 
hydrogen carbonate in 900 L ultra-pure water) under agitation for 5 min. The gel was treated with  
200 L of dehydration solution (2 mL acetonitrile and 100 L of 1 M ammonium hydrogen carbonate 
in 1.9 mL ultra-pure water) under agitation twice for 10 min. The dehydration solution was removed, 
and the gel was dried using a centrifugal evaporator for 15 min. The gel was incubated in 20 L of 
trypsin (gold mass spectrometry grade, Promega) solution on ice for 30 min. The excessive trypsin 
solution was removed, and the gel was incubated at 37 °C overnight. The gel was sonicated in 50 L of 
extraction buffer (mixture of 500 L acetonitrile and 500 L 0.1% trifluroacetic acid (Wako Pure 
Chemical Co.)) using an ultrasonicator (3510, Branson) for 10 min. The extract was collected in a 1.5 mL 
micro tube. This process was repeated again with 25 L of extraction buffer. The collected peptide sample 
was dried with a centrifugal evaporator until it was completely dried. The peptide sample was desalted 
with ZipTip -C18 (Millipore, Billerica, MA, USA). 

2.8. LC/MS/MS of the Peptide Sample 

A nanospray LTQ XL Orbitrap MS (Thermo Fisher Scientific, Waltham, MA, USA) was operated  
in data-dependent acquisition mode using the installed XCalibur software. Using an Ultimate  
3000 nanoLC (Dionex, Sunnyvale, CA, USA), peptide samples in 0.1% formic acid were loaded onto a 
300 m ID × 5 mm C18 PepMap trap column. The peptide samples were eluted from the trap column 
and their separation and spraying were done using 0.1% formic acid in acetonitrile at a flow rate of  
200 nL/min on a nano-capillary column (NTTC-360, Nikkyo Technos, Tokyo, Japan) with a spray voltage 
of 1.8 kV. Full scan mass spectra were obtained in the orbitrap over 150–2000 m/z with a resolution of 
15,000. The three most intense ions above the 1000 threshold were selected for collision-induced 
fragmentation in the linear ion trap at a normalized collision energy of 35% after accumulation to a target 
value of 1000. Dynamic exclusion was employed within 30 s to prevent repetitive selection of peptides. 
Obtained MS/MS spectra were converted to individual DTA files using BioWorks software ver. 3.3.1 
(Thermo Fisher Scientific). The following parameters were set to create a list of peaks: parent ions in the 
mass range with no limitation, one grouping of MS/MS scans, and the threshold at 100. 

2.9. Database Search 

The database search was carried out by sequence tag method with the MASCOT search engine [34] 
(Matrix Science, Boston, MA, USA) using obtained data files. The proteins with the highest scores were 
considered. The following parameters were set for the search: Database, NCBInr; taxonomy, green 
plants; digest enzyme, trypsin; maximum missed cleavage, one; fixed modification, carbamidomethylation 
of cysteine; variable modification, oxidation of methionine; peptide mass tolerance, 10 ppm; fragment 
mass tolerance, 0.2 Da; peptide charge, +1, +2, +3; statistical significance, p < 0.05.  
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3. Results and Discussion 

3.1. 2-DE and Image Analysis 

The 2-DE gel images are shown in Figures 1–3. Of these spots, the numbers of total reproducing spots 
in C1, C2SA, and TSA gels were 718, 719, and 763, respectively (Figure 4). The numbers of specifically 
expressed spots were 47, 34, and 23, respectively. IDs were designated to each SA-responsive protein 
spot (Figure 5). 

Most of the TSA-specifically-expressed spots were detected in the ranges of pI 5.5–7.0 and 30–50 kDa 
on the gel (Figure 3). C1-specifically-expressed spots were more frequently detected on the acidic side 
(Figure 1). C2SA-specifically-expressed spots were detected in the middle ranges of the gel (Figure 2). 

Figure 6 shows the mean spot percent intensities of significantly increased or decreased proteins.  
The numbers of significantly increased spots in the TSA gel compared to both C1 and C2SA gels, to  
the C1 gel, and to the C2SA gel were two, one, and two, respectively. The numbers of significantly 
decreased spots in the TSA gel compared to both the C1 and C2SA gels, to the C1 gel, and to the C2SA gel 
were one, one, and two, respectively. The U1 spot of TSA increased about two-fold compared to both C1 
and C2SA. The U3 and U5 of TSA increased more than two-fold compared to C1 and C2SA, respectively. 
The D1 decreased to less than one half compared to both C1 and C2SA. The D2, D3, and D4 decreased 
to less than one half compared to C1 or C2SA. 

Figure 1. Coomassie Brilliant Blue (CBB) stained two-dimensional electrophoresis gel of 
C1 plantlet. : Specifically expressed protein spots in C1 gel. 
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Figure 2. CBB stained two-dimensional electrophoresis gel of C2SA plantlet. : Specifically 
expressed protein spots in C2SA gel. 

 

Figure 3. CBB stained two-dimensional electrophoresis gel of TSA plantlet. : Specifically 
expressed protein spot in TSA gel. : Significantly increased protein spots in TSA gel.  

: Significantly decreased protein spots in TSA gel. 
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Figure 4. The number of reproducing spots detected in each treatment. 

 

Figure 5. IDs of salicylic acid (SA)-responsive protein spots. +: Specifically expressed 
protein spots in TSA gel; +: Significantly increased protein spots in TSA gel; +: Significantly 
decreased protein spots in TSA gel. 

 

Figure 6. Mean spot percent intensities of significantly changed proteins. Bar represents 
mean ± standard error of percent intensity of each protein spot in three repetitive gels from 
different plantlets. 
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3.2. Protein Identification 

In total, 5 specifically expressed, 3 significantly increased, and 3 significantly decreased spots were 
identified by liquid chromatography/tandem mass spectrometry (LC/MS/MS) (Figure 7) and the 
sequence tag method (Table 1). These proteins were categorized into four groups: energy production, 
metabolism, protein synthesis, and unknown function. 

Figure 7. The number of SA responsive protein spots. The IDs in red color correspond to 
the protein spots analyzed by liquid chromatography/tandem mass spectrometry 
(LC/MS/MS). Percent intensity: The mean percent intensity of each SA-responsive protein 
spot in TSA gel. TSA/C1, TSA/C2SA: The ratios of the mean percent intensity of each  
SA-responsive protein spot in TSA gel to the mean percent intensity of each corresponding 
protein spot in C1 and C2SA gels. 
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3.2.1. The Proteins Related to Energy Production 

The E10 protein was identified as malate dehydrogenase (MDH). MDH catalyzes the oxidation of 
malate to oxaloacetate, producing NADH [35]. This protein was induced in C. sativus L. cv Negrito by 
Trichoderma asperellum inoculation with increase in SA [36]. Phellinus sulphurascens inoculation also 
induced this protein in Pseudotsuga menziesii [37]. Mitochondrial MDH lowers leaf respiration and alters 
photorespiration and plant growth by partitioning carbon and energy in leaves of Arabidopsis [38]. In 
addition, it was reported that over-expression of cytosolic NAD-dependent MDH gene resulted in 
promotion of growth and tolerance to cold and high salinity in apple callus and tomato [39].  
Thus, MDH expression may increase the resistance by altering the distribution of carbon and energy  
in Japanese birch plantlet No.8 treated with SA. 

The U4 protein was identified as SDH1-1; ATP binding/succinate dehydrogenase. Succinate 
dehydrogenase catalyzes the oxidation of succinate to fumarate by reducing FAD to FADH2 in the citric 
acid cycle [40]. This protein expression was induced in a Hordeum vulgare L.-susceptible line by 
Erysiphe graminis inoculation [41], and some isozymes were expressed in A. thaliana seeds with SA 
administration [16]. FADH2 has an important role in oxidation-reduction reactions as well as NADPH 
metabolism. Increase of this protein may also increase FADH2 production and supply fumaric acid to 
the TCA cycle leading to the production of resistant compounds in Japanese birch plantlet No.8. 

D3 was identified as phosphoglycerate kinase. Phosphoglycerate kinase participates in the glycolytic 
pathway. This enzyme catalyzes the formation of 3-phosphoglycerate from 1,3-bisphosphoglycerate [42]. 
Some isozyme expressions were decreased in A. thaliana seeds and G. barbadense seedlings with SA 
administration and Verticillium dahliae infection, respectively [16,18]. In the case of G. barbadense, 
phosphoglycerate kinase expression decreased, whereas the expressions of other enzymes related to the 
glycolytic pathways increased. It is, therefore, proposed that the expression change of these proteins 
redirects the metabolic flux from the glycolysis to the pentose phosphate pathway, producing more 
intermediates, such as 1-deoxy-D-xylulose 5-phosphate for the generation of isoprenoid [19]. 
Isoprenoids are known to be important antipathogenic compounds. Decrease of this enzyme, therefore, 
may affect the biosynthetic pathways of antipathogenic compounds in Japanese birch plantlet No.8. 

3.2.2. The Proteins Related to Metabolism 

The E6 protein was identified as diaminopimelate decarboxylase. This enzyme decarboxylates  
meso-2,6-diaminopimelic acid to lysine in the diaminopimelic acid pathway [43]. The function of this 
enzyme on pathogen resistance is not known. Increase of this protein may increase lysine production, 
and lysine may be used for synthesis of other proteins involved in producing antipathogenic and/or 
signaling compounds in Japanese birch plantlet No.8. 

The E9 protein was identified as arginase. This enzyme hydrolyzes L-arginine to L-ornithine and  
urea [44]. This activity and the expression of this enzyme are increased by wounds, treatment with 
jasmonic acid or coronatine [45], and P. syringae infection [46]. It is suggested that this protein has an 
important role for polyamine production, because L-ornithine is a precursor for polyamine. Polyamines 
are aliphatic hydrocarbons possessing more than two amino groups, and they have various physiological 
activities [47]. Polyamines also play an important role in plant-pathogen interactions. Polyamines are usually 
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conjugated with cinnamic acids, and the resulting conjugates are known as hydroxycinnamic acid amides 
(HCAAs). It has been reported that good correlations exist between the accumulation of HCCAs and 
pathogen resistance [48]. Modulation of host polyamine levels has led to significant changes in host 
susceptibility to different kinds of pathogens in N. tabacum [49]. In addition, polyamine is a source of 
H2O2 through its degradation, and it induces hypersensitive response-like cell death in N. tabacum [50]. 
It has been reported that SA treatment increases the amount of putrescine, one of polyamines in  
Zea mays L., hybrid Norma [51]. This protein expression induced by SA may lead to an increase 
polyamine production through an increase of L-ornithine in Japanese birch plantlet No.8. 

The U1 protein was identified as chorismate mutase. This enzyme transforms chorismic acid to 
prephenic acid in the shikimic acid pathway [52]. This enzyme expression was increased by elicitor 
treatment and infections with Fusarium oxysporum and Alternaria raphani in A. thaliana [53]. 
Phenylalanine derived from the shikimic acid pathway is a precursor of important compounds for 
defense responses, such as phenolic compounds containing monolignols and isoflavonoids [54]. SA is 
also derived from phenylalanine, and it has been suggested that the SA-mediated signaling pathway is 
regulated by a positive feedback loop [55–57]. In addition, SA treatment has increased the amount of 
phenolic compounds and induced SAR in Vigna mungo [20]. Increase of this protein expression is 
considered to increase the amount of phenolic compounds including SA for antipathogenic responses 
and signaling pathways in Japanese birch plantlet No.8. 

3.2.3. The Proteins Related to Protein Synthesis 

The E22 protein was identified as cyclophilin. This protein catalyzes rotation of proline-peptide bonds 
and is considered to participate in the protein folding process as a chaperone [58,59]. This protein 
expression was induced by various biotic and abiotic stresses in Phaseolus vulgaris L. cv. Saxa. As SA 
administration also induces its expression, it has been proposed that cyclophilin may function as a 
chaperone-like molecule in diseased plants in order to decrease the risks of degradation or to avoid 
aggregation of proteins, the reactions that take place under stress [60]. In this study, cyclophilin was 
induced, suggesting that this protein folds pathogen-induced proteins and protects other proteins from 
degradation and aggregation in Japanese birch plantlet No.8. 

The U5 protein was identified as aminopeptidase. This protein family removes an amino acid from  
the N-terminal of a peptide, and includes leucine aminopeptidase, prolineiminopeptidase, serine 
aminopeptidase, and so on [61]. The aminopeptidase family protein and leucin aminopeptidase were 
increased in their expression with SA treatment in A. thaliana suspension culture [62]. Expression of 
aminopeptidase was also increased with P. syringae DC3000 inoculation in A. thaliana [46]. SA 
involves in the interactions between A. thaliana and P. syringae DC3000 [63]. N-terminal residues of 
the protein are correlated with a protein half-life through degradation by S26 proteasome in animals, 
yeast, and prokaryotes. In addition, it has been suggested that this mechanism is also active and  
important in plants. The ability of aminopeptidases to remove N-terminal residues and to reveal 
penultimate residues could influence a protein’s interactions between the N-terminal residues and the 
ubiquitin-proteasomal system, and could, therefore, influence protein stability [61]. In addition, it has 
been reported that cysteine proteases play an instrumental role in programmed cell death (PCD) triggered 
by oxidative stress in Glycine max [64]. As oxidative stress is correlated with the SA signaling  
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pathway [21], it is suggested that SA is involved in the degradation of proteins induced by PCD. The 
increased aminopepetidase found in this study may influence protein stability and signaling pathways 
by removing the N-terminal residues of proteins in Japanese birch plantlet No.8. 

3.2.4. Unknown Function Protein 

The E12 was identified as predicted protein. In addition, the D1 and D2 were identified as 
hypothetical proteins. Although their functions are unknown, changes in expression of these proteins 
may be involved in SAR establishment in Japanese birch plantlet No.8. 

4. Conclusions 

In this study, protein profile changes induced by SA-treatment were analyzed, and SA-responsive 
proteins were identified to unravel the mechanisms of SAR establishment in Japanese birch plantlet 
No.8. In total 5 specifically expressed, 3 significantly increased, and 3 significantly decreased proteins 
were identified by LC/MS/MS and sequence tag method. These proteins were categorized into energy 
production, metabolism, protein synthesis, and unknown function, and were considered to be involved 
in SAR establishment in Japanese birch plantlet No.8. 
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Proteomic Profiling of Sugar Beet (Beta vulgaris) Leaves during 
Rhizomania Compatible Interactions 

Kimberly M. Webb, Carolyn J. Broccardo, Jessica E. Prenni and William M. Wintermantel 

Abstract: Rhizomania, caused by Beet necrotic yellow vein virus (BNYVV), severely impacts sugar 
beet (Beta vulgaris) production throughout the world, and is widely prevalent in most production 
regions. Initial efforts to characterize proteome changes focused primarily on identifying putative host 
factors that elicit resistant interactions with BNYVV, but as resistance breaking strains become more 
prevalent, effective disease control strategies will require the application of novel methods based on 
better understanding of disease susceptibility and symptom development. Herein, proteomic profiling 
was conducted on susceptible sugar beet, infected with two strains of BNYVV, to clarify the types of 
proteins prevalent during compatible virus-host plant interactions. Total protein was extracted from 
sugar beet leaf tissue infected with BNYVV, quantified, and analyzed by mass spectrometry. A total of 
203 proteins were confidently identified, with a predominance of proteins associated with photosynthesis 
and energy, metabolism, and response to stimulus. Many proteins identified in this study are typically 
associated with systemic acquired resistance and general plant defense responses. These results expand 
on relatively limited proteomic data available for sugar beet and provide the ground work for additional 
studies focused on understanding the interaction of BNYVV with sugar beet. 

Reprinted from Proteomes. Cite as: Webb, K.M.; Broccardo, C.J.; Prenni, J.E.; Wintermantel, W.M. 
Proteomic Profiling of Sugar Beet (Beta vulgaris) Leaves during Rhizomania Compatible Interactions. 
Proteomes 2014, 2, 208ï223. 

1. Introduction 

Rhizomania, a disease that reduces root quality and yield in sugar beet (Beta vulgaris) is one of the 
most widely prevalent and economically important diseases affecting sugar beet production throughout 
the world [1–3]. Rhizomania is caused by Beet necrotic yellow vein virus (BNYVV) [4,5] and is 
transmitted via the plasmodiophorid Polymyxa betae [6]. Fields can remain infested with BNYVV 
indefinitely as P. betae cystosori can remain dormant for up to 25 years [4,7]. Therefore, typical 
remediation approaches such as rotation to non-host crops or lengthening rotations are ineffective  
at reducing disease incidence, leaving host-plant resistance as the only economically viable means  
of control [3]. 

A number of single dominant resistance genes (known as Rz genes) have been identified for  
control of BNYVV beginning with the discovery and introgression of the Rz1 resistance gene [8,9], 
which became widely planted throughout all areas where rhizomania threatens sugar beet production. 
Over the past two decades additional resistance genes have also been identified [10,11]. The different 
sources of resistance genes appear to have different underlying mechanisms, which are largely 
undetermined [1,12,13] and several uncharacterized minor genes may contribute to enhanced resistance 
associated with the primary Rz genes [1]. Although the widely used Rz1 gene prevents symptom 
development, the virus can still replicate at a low level in resistant plants. This has resulted in emergence 
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of BNYVV variants that can accumulate enough in the presence of the resistance gene and overcome 
Rz1 resistance in the field. 

Following the introduction of resistant sugar beet varieties containing the single dominant Rz1 gene, 
new pathotypes that overcome resistance emerged after only a few cropping seasons [5]. Three major 
BNYVV types have been reported world-wide; A-type, B-type, and P-type [14–16], with the A-type 
distributed throughout most sugar beet growing regions of the world [17]. The B-type is predominantly 
restricted to France and England [16] although limited identifications of the B-type have occurred in 
Sweden, China, Japan and Iran (summarized in [3]). The A and B types of BNYVV each contain  
4 viral RNAs, with RNAs 1 and 2 encoding proteins involved in viral replication, and encapsidation and 
cell-to-cell movement, respectively. RNA3 encodes a protein that affects pathogenicity and determines 
the ability of the virus to overcome the most common source of genetic resistance to the virus. RNA4 
encodes a single protein involved in transmission by P. betae (reviewed in [18]). The P-type is closely 
related to the A-type, but contains a fifth RNA [17,19]. Isolates containing a fifth RNA usually have 
increased symptom severity [20]. More importantly, the P-type is able to overcome the Rz1 resistance 
gene, which is used to control BNYVV throughout the world. To date the P-type has been restricted to 
portions of France, Kazakhstan, England, and Iran [15,21–23]. All American isolates identified to date 
have been A-type, and until a decade ago these were effectively controlled by varieties carrying the Rz1 
gene [8]. In 2002 and 2003, resistant sugar beet in the Imperial Valley of California carrying the Rz1 
resistance gene developed severe rhizomania symptoms due to emergence of a mutant variant of the  
A-type, now known as the Imperial Strain (BNYVV-IV), which contains two amino acid mutations in 
the P25 protein encoded by RNA3 that allow the virus to overcome Rz1 sources of resistance [5]. 
Subsequent studies have identified similar resistance-breaking variants throughout American sugar beet 
production regions, although most are limited in distribution [24]. Little is known of the interactions 
between sugar beet and BNYVV that influence epidemiology, and until the various mechanisms of 
resistance and infection are understood more fully, alternative disease control methods and additional 
sources of resistance will be required to control this pathogen. 

There have been some proteomic analyses in sugar beet that have focused on abiotic agronomic stress 
conditions such as drought [25], salt stress [26,27], and nutritional deficiencies [28], and some examined 
tissue specific differences in protein expression [29,30]. Few published accounts focused primarily on 
characterizing the interaction of sugar beet with plant pathogens [31,32]. Proteomic approaches to 
characterize the interaction of BNYVV with sugar beet have been relatively limited. For example, using 
a subtractive proteomic approach, Larson et al. [32] previously identified 50 putative sugar beet proteins 
that were either up or down regulated in response to infection with a single BNYVV type. These  
50 proteins were uniquely expressed in infected plants of a single susceptible genotype at six weeks after 
planting compared with uninoculated controls. While Larson et al. [32] was able to report on proteins 
that were differentially expressed with a single BNYVV type, due to the lack of a fully sequenced and 
annotated sugar beet genome and limitations in the ability to detect low abundance proteins in that study, 
further analysis of the sugar beet proteome was warranted. The goal of this work is to develop methods 
for exploratory proteomic profiling of susceptible sugar beet leaves. This approach allows for the 
unbiased evaluation of the detectable proteins in a sample, and lays the groundwork for future 
quantitative studies between defined treatments. Such an approach provides data for hypothesis 
generation and serves to better define the hereto poorly annotated sugar beet proteome. We examined 
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the protein expression during compatible (susceptible) interactions with A-type as well as during 
infection by the Imperial Strain of BNYVV, which overcomes the Rz1 resistance gene, the most widely 
used source of resistance to BNYVV in commercial sugar beet germplasm. This was done in order to 
identify proteins that are expressed during disease development, in the hopes of gaining an understanding 
of the proteins that may be involved in the underlying plant defense response. 

2. Experimental  

2.1. Plant Propagation and Inoculation 

A proprietary sugar beet variety, R30_rz1, which is susceptible to all forms of BNYVV, was provided 
by KWS (Einbeck, Germany). To enable detection of a broad range of proteins associated with compatible 
interactions, two sources of BNYVV were used; standard BNYVV A-type, originally collected from 
Spence Field at the USDA-ARS in Salinas, CA (BNYVV-A), and a Rz1 resistance-breaking mutant 
variant of the A-type originating from the field, Rockwood 158, Imperial County, CA (BNYVV-IV) [5]. 
Previous studies indicate that these isolates are virtually identical, differing only by two amino acids in 
the P25 protein, which allow BNYVV-IV to overcome resistance encoded by the Rz1 gene [2]. Both 
isolates are well-characterized and represent the broadest known range of variability expected for North 
American BNYVV isolates in sugar beet with respect to performance against the widely planted Rz1 
source of resistance to BNYVV. Soil containing either BNYVV-A or BNYVV-IV was mixed with equal 
parts sterile builders sand, placed in new Styrofoam cups, and 100 R30_rz1 sugar beet seeds were planted 
per cup, with five cups per treatment. Seedlings were grown as described in Larson et al. [32] in a 
Conviron PGC15 Growth Chamber (Winnipeg, MB, Canada) at 24 °C with 16 h days and approximately 
220 M m 1s 2 light. At 3 weeks post-germination plants were harvested and washed to remove soil. 
Seedlings from all five cups for each treatment were pooled, and foliar and root portions of the plant 
were separated at the crown. Pooled root samples from each treatment were tested by ELISA to confirm 
BNYVV infection [33]. Only samples with ELISA absorbance readings of at least 2 times the absorbance 
of healthy controls were subjected to proteomic analysis. Pooled leaf tissue from each treatment was 
ground in liquid nitrogen and lyophilized. The entire experiment was biologically replicated three times. 

2.2. Protein Digestion and Mass Spectrometry 

Total protein was extracted from 100 mg (dry weight) of lyophilized leaf tissue for each treatment 
from each biological replicate, using the Plant Total Protein Extraction Kit (Sigma, St. Louis, MO, USA) 
according to manufacturer’s recommendations. Following extraction, suspended protein was further 
cleaned for quantification using the ReadyPrep 2-D Cleanup Kit (Bio-Rad, Hercules, CA, USA) in 
aliquots of 100 L following manufacturer’s recommendations. Protease inhibitors were added to liquid 
protein extracts (Pierce, Rockford, IL, USA), and samples were stored at 80 °C prior to analysis. Protein 
concentrations were determined via Bradford Assay [34] (Thermo Scientific, Rockford, IL, USA) and 
30 g of each sample underwent in-solution proteolytic digestion as previously described [35]. Briefly, 
samples were solubilized in 8 M urea, 0.2% Protease Max (Promega, Madison, WI, USA), then reduced 
with dithiothreitol, alkylated with iodoacetamide, and digested with 1% Protease Max and trypsin  
at 37 °C for 3 h. Samples were dried in a Speed Vac® vacuum centrifuge, desalted using Pierce PepClean 
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C18 spin columns (Pierce, Rockford, IL, USA), dried and resuspended in 30 L 3% ACN, 0.1% formic 
acid. All solvents, water, and acid were LC-MS/MS grade from Sigma (St. Louis, MO, USA). One L 
of each sample (from the three biological replicates from each soil type) was analyzed in duplicate 
injections via LC-MS/MS. Peptides were purified and concentrated using an on-line enrichment column 
(Thermo Scientific 5 m, 100 m ID × 2 cm C18 columns). Subsequent chromatographic separation 
was performed on a reverse phase nanospray column (Thermo Scientific EASYnano-LC, 3 m, 75 m 
ID × 100 mm C18 column) using a 90 min linear gradient from 10%–30% buffer B (100% ACN, 0.1% 
formic acid) at a flow rate of 400 nL/min. Peptides were eluted directly into the mass spectrometer 
(Thermo Scientific Orbitrap Velos Pro) and spectra collected over a m/z range of 400–2,000 Da using a 
dynamic exclusion limit of 2 MS/MS spectra of a given peptide mass for 30 s (exclusion duration  
of 90 s). High resolution MS level scans were collected in the FT (resolution of 60,000), and  
MS/MS spectra were collected in the ion trap (IT). Compound lists of the resulting spectra were 
generated using Xcalibur 2.2 software (Thermo Scientific, Rockford, IL, USA) with an S/N threshold of 
1.5 and 1 scan/group. 

2.3. Protein Identification and Data Analysis 

MS/MS spectra were searched against a Uniprot Amaranthaceae database [36] concatenated to a 
reverse database and the Uniprot Mus musculus (mouse) database [37] using the Mascot database search 
engine (Matrix Science, version 2.3.2) and SEQUEST (version v.27, rev. 11, Sorcerer, Sage-N 
Research). Due to the limited size of the Amaranthaceae database, the Mus musculus sequences were 
added to ensure adequate database size for statistical scoring and calculation of false discovery rates 
(FDR) [38]. Mus musculus was chosen in order to avoid potential redundant homologous hits with a 
plant database and any mouse hits were thus ignored in data analysis. While there are EST databases 
available for Beta vulgaris [39,40], we found that there is no straightforward tool to convert the entire 
database/sequence information to a protein FASTA database. Due to additional complexities associated 
with assigning the intron/exon sites, start/stop codons, and a lack of meaningful protein annotation from 
these RNA databases we concluded that conversion would not be an accurate or effective way to identify 
putative proteins. The following search parameters were used in Mascot: monoisotopic mass, parent 
mass tolerance of 20 ppm, fragment ion mass tolerance of 0.8 Da, complete tryptic digestion allowing 
two missed cleavages, variable modification of methionine oxidation, and a fixed modification of 
cysteine carbamidomethylation. SEQUEST search parameters were the same except for a fragment ion 
mass tolerance of 1.0 Da and a parent ion tolerance of 0.0120 Da. Peptide identifications from both of 
the search engines were combined using probabilistic protein identification algorithms in Scaffold 
version 4.0.3 (Proteome Software, Portland, OR, USA) [41,42] with protein clustering enabled. All data 
files for each biological replicate were then combined using the “mudpit” option in Scaffold4 generating 
a composite listing for all proteins identified. Thresholds were set to 99% protein probability, 95% 
peptide probability, and a 2 unique peptide minimum was required. Peptides shared across proteins were 
apportioned between proteins according to a weighting function. The peptide FDR was 0% after manual 
validation of a subset of proteins identified by 2 unique peptides [43]. Criteria for manual validation 
included the following: (1) a minimum of at least 5 theoretical y or b ions in consecutive order that are 
peaks greater than 5% of the maximum intensity; (2) an absence of prominent unassigned peaks greater 
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than 5% of the maximum intensity; and (3) indicative residue specific fragmentation, such as intense 
ions N-terminal to proline and immediately C-terminal to aspartate and glutamate. GO terms were then 
mapped by Scaffold4 using Uniprot and confirmed manually by literature review. All mass spectrometry 
data has been deposited to the ProteomeXchange [44] with identifier PXD000237. 

2.4. Statistical Analyses for Differentially Expressed Proteins 

Unweighted spectrum counts (SpC) and normalized quantitative value for total spectra and average 
total ion current (TIC) were exported from Scaffold4. T-tests were performed in Excel using the 
normalized quantitative value (for SpC and Avg TIC). Fold change was analyzed using the normalized 
quantitative value “plus 1” in Excel. Box plots were visualized in DanteR (Pacific Northwest National 
Laboratories) to assess the effect of normalization on the median spectral counts of each sample. Venn 
diagrams were generated in Scaffold4. 

3. Results and Discussion 

3.1. Protein Characterization 

Prior to protein analysis the presence of BNYVV in test samples was confirmed by performing a 
BNYVV-specific ELISA assay on all pooled material. ELISA confirmed infection of the susceptible 
sugar beet variety by both BNYVV pathotypes, with a mean O.D. at 405 nm of 0.382 for BNYVV-IV, 
and 0.298 for BNYVV-A. Positive samples are considered those with O.D. values of at least twice that 
of healthy sugar beet (mean O.D. 0.145). Protein assignment was completed using Mascot analysis 
software and the Uniprot Amaranthaceae database with the accession number for each identified protein 
arranged by predicted annotated function (Supplementary Table S1). A total of 203 proteins 
(Supplementary Table S1) were identified that met our criteria as defined in the methodology, and mass 
spectrometry data has been deposited to the ProteomeXchange consortium [44] via the PRIDE partner 
repository [45] with the dataset identifier PXD000237. Normalized spectral abundance factors (NSAF) 
were calculated [46] (NSAF = (unweighted spectrum count/molecular weight)/sum spectral counts for 
experiment). The 203 proteins were categorized based on annotated GO terms for those proteins that had 
terms assigned within the categories biological process, cellular component, and molecular function 
(Figure 1). Categories with increased representation classified under biological process were predicted 
to function in metabolic (45%) and cellular processes (40%). The predominant protein classes under 
cellular components in leaf tissue were associated with cytoplasm (34%) and intracellular organelles 
(32%), while most proteins assigned under the molecular function category were classified as associated 
with molecular function (40%) and binding (30%) (Figure 1). The majority of the proteins found in the 
susceptible sugar variety were present during infection by both BNYVV pathotypes. However, there 
were unique proteins found in interactions with the standard A-type strain (BNYVV-A) that were not 
found in the resistance breaking strain (BNYVV-IV) and vice versa (Figure 2, Supplementary Table S1). 
Additionally, the total number of proteins in each predicted annotated function differed during each 
interaction. For example, there were more putative photosynthesis/energy production and metabolism 
proteins identified during the interaction with BNYVV-A than during interaction with the resistance 
breaking strain (BNYVV-IV). In contrast, more signal transduction and transport proteins were 
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identified during the interaction with BNYVV-IV (Figure 2). This suggests that even in compatible 
interactions, different biological pathways are being induced to create a susceptible interaction in sugar 
beet dependent on the virus pathotype in question. In a previous study, Larson et al. [32] identified  
50 proteins that were differentially up or down regulated in individual susceptible and resistant isogenic 
lines of sugar beet in response to BNYVV infection. In that study, the authors utilized a subtractive 
proteomic approach in which proteins were separated using a ProteomeLab PF2D, two-dimensional 
protein fractionation system (Beckman Coulter, Fullerton, CA, USA) and proteins were identified by 
MALDI-TOF/TOF mass spectrometry. Such an approach required a large amount of protein (>2 mg) in 
order to detect differential protein peaks for the subtractive analysis and therefore only those proteins 
with large differences and significant amounts of protein could be detected. In contrast, an untargeted, 
global proteomic profiling approach was used in our study, which allowed profiling of all detectable 
proteins, even those at low concentrations. This approach also allowed for the profiling of proteins 
expressed during compatible interactions with two pathotypes of BNYVV in a susceptible genotype. 
This global approach is critical, as it is important to understand all the potential metabolic pathways that 
may be induced during the response of sugar beet to pathogen infection and perhaps highlight the 
underlying plant defense response even in susceptible varieties, particularly because so little proteomic 
data is available for sugar beet. Importantly, this global LC-MS/MS approach is a significant improvement 
over the use of traditional 2D gels, allowing for easier sample preparation, method development, quantitation, 
and identification. Despite the difference in methodology, several proteins were identified in the present 
study that were also found by Larson et al. [32] (Supplementary Table S1) including glutamine 
synthetase, 50S ribosomal proteins, actin 1, profiling, and calmodulin, as well as several putative defense 
related proteins (superoxide dismutase, ascorbate peroxidase, peroxidases, and chitinase). 

Figure 1. Gene Ontology (GO) terms for proteins identified from BNYVV infection of 
susceptible Beta vulgaris leaves. GO terms were collected by Scaffold4 from Uniprot and 
organized by (a) Biological Process (b) Cellular Component and (c) Molecular Function. 
Categories are represented as a percent of total identified GO terms. 
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Many photosynthesis and energy related proteins were found to be expressed during compatible 
BNYVV interactions in sugar beet, including Ribulose bisphosphate(s), Chlorophyll a/b-binding 
proteins, photosystem reaction center subunits, ATPase(s), etc. (Supplementary Table S1). Management 
of energy resources by plants during periods of stress commonly occurs in order to provide the necessary 
energy required to mount a defense, and in some compatible virus/host interactions it is predicted that 
proteins involved in photosynthesis are likely activated by the virus itself, in order to produce the 
metabolic energy needed for viral replication (reviewed in [47]). 

Figure 2. Total number of proteins identified from susceptible (R30_rz1) Beta vulgaris 
leaves during infection with the standard A-type (BNYVV-A) and the Rz1  
resistance-breaking strain (BNYVV-IV). Proteins are assigned to protein classes based on 
predicted annotated function as assigned by Scaffold4 using Uniprot and confirmed 
manually by literature review. 

 

Primary metabolism in plants comprises all metabolic pathways that are essential to the plant’s 
survival, growth, and development. In contrast, secondary metabolites are compounds produced in other 
metabolic pathways that, although important, are not essential to the functioning of the plant; however, 
many of these proteins are important in plant defense. Many proteins identified in this study have been 
associated with primary and secondary metabolic processes in plants (Supplementary Table S1), 
including glutamine synthetase (B2CZA8) and carbonic anhydrase (P16016). 

Signal transduction pathways, which transmit information within individual cells and throughout the 
plant, are activated whenever biotic and abiotic stresses are recognized at the cellular level, leading to 
changes in many pathways and cellular processes in plants. Several proteins were expressed during 
BNYVV infection that are predicted to be associated with signal transduction and transport including 
three proteins previously reported by Larson et al. [32] (Supplementary Table S1). One such protein, 
calmodulin, has been extensively studied and shown to play crucial role(s) in cellular signaling and 
regulation of numerous target proteins in plants (reviewed in [48]). 
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3.2. Response to Stimulus (Including Plant Defense Response) Proteins 

Several proteins identified were of primary interest as they had been previously reported to be 
associated with plant defense responses or responses to other stimuli in plants. Some of these proteins 
include: glucan endo-1,3- -D-glucosidase, a 14-3-3 like protein, a pathogenesis related protein, multiple 
peroxidases, and superoxide dismutase (Supplementary Table S1). 

The glucan endo-1,3- -D-glucosidase (Q9XFW8) is of particular interest. Proteins in this class  
have been implicated in the hydrolysis of 1,3- -D-glucosidic linkages in 1,3- -D-glucans [49] and  
may contribute to susceptibility of plants to viruses. In plants, callose (a 1,3- -D-glucan [50,51]) is 
deposited between the plasma membrane and the cell wall during the hypersensitive response to infection 
by both fungi and viruses [49,52]. It is believed that callose acts as a physical barrier limiting the spread 
of pathogens in resistant plants [53]. It was previously shown that down-regulation of another closely 
related protein -1,3-glucanase, contributes to restricting the cell-to-cell movement of TMV, reduced 
plasmodesmatal size exclusion limits, and enhanced callose deposition in plants [49,54]. How glucan 
endo-1,3- -D-glucosidase (Q9XFW8) is “behaving” during the susceptible interaction of BNYVV with 
sugar beet is unknown, but its identification in this study opens up intriguing avenues of future research 
to characterize compatible BNYVV/sugar beet interactions. 

Another protein of interest was identified as a putative 14-3-3-like protein (P29308). 14-3-3 proteins 
have been reported to bind other proteins in order to regulate their function in complex environmental 
signaling pathways and have long been thought to play a role in plant defenses against pathogens.  
A number of studies implicate some 14-3-3 proteins in R-gene mediated plant disease resistance 
(reviewed in [55,56]). 

During pathogen infection various proteins are induced in association with development of systemic 
acquired resistance (SAR). These are collectively referred to as pathogenesis-related (PR) proteins.  
PR proteins are defined as host proteins that are induced by the plant after pathogen attack [57]. We only 
found a single PR protein (Pathogenesis-related protein 1a/B5QTD3) that was expressed during 
BNYVV compatible interactions, suggesting that although SAR may be induced in the compatible virus-
host interactions, the host response may be limited. However, the specific nature and function of putative 
PR-1 protein family members is unclear and indicates that this generalized defense response should be 
evaluated further in in subsequent studies. 

Three peroxidases were found to be expressed in compatible BNYVV interactions: ascorbate 
peroxide (Q42459), and two peroxidases (P93552 and P93547). Peroxidases have been reported  
to play roles in plant defense to pathogens as a means of protection against the increased production  
of reactive oxygen species during the hypersensitive response and systemic acquired resistance  
pathways [58–60]. These have been correlated with accumulation of key enzymes important for building 
plant cell walls in resistant plants [58]. How putative peroxidases are being utilized in sugar beet during 
compatible interactions is unknown but they could be associated with generalized plant defense 
responses to BNYVV infection. 

Superoxide dismutases are metalloenzymes found in plants and other organisms that protect cells 
against super-oxide radicals and prevent formation of other active species of oxygen. During the plant 
defense response superoxide dismutase expression increases, leading to generation of hydrogen peroxide 
and increased tolerance to pathogens [61,62]. Up-regulation of superoxide dismutase is believed to 
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contribute in preventing oxidative damage in plants under stress [61,62]. A superoxide dismutase 
(A7WTB6) was expressed in both compatible BNYVV reactions in the susceptible sugar beet variety 
lending substantial support to the activity of this enzyme during BNYVV infection; how this protein is 
contributing to plant defense during compatible interactions should be investigated in future experiments. 

3.3. Differential Expression of Proteins during Compatible BNYVV Interactions 

During initial proteomic profiling we found that, in general, most of the proteins identified were found 
during interactions with both BNYVV pathotypes (Figure 2). Using statistical analysis of the unweighted 
spectrum counts (SpC) and average total ion current (Avg TIC) we found that eight proteins were more 
highly expressed during infection with the standard A-type strain (BNYVV-A) compared with the 
resistant breaking strain (BNYVV-IV) (Table 1). All eight proteins were identified in both interactions 
(Supplementary Table S1) but here we show that some proteins were more highly expressed. The 
proteins found to be differentially expressed during infection by the standard A-type strain generally fell 
into the categories metabolism/secondary metabolism and photosynthesis and energy production. 
Additionally, two proteins were identified that were previously found to be associated with stress 
responses in plants; a superoxide dismutase and a cytosolic heat shock protein. 

Table 1. Proteins differentially expressed in a susceptible sugar beet variety by a standard 
A-type strain (BNYVV-A) compared to infection by the Rz1 resistance-breaking strain 
(BNYVV-IV). 

Protein Name Accession 
Number 

Spectral Counting 
p-value (p < 0.1) 1 

Average TIC  
p-value (p < 0.1) 2

Photosystem II CP43 chlorophyll apoprotein PSBC_SPIOL 0.025 0.001 
Cytosolic heat shock 70 protein Q41374_SPIOL 0.053  
Superoxide dismutase [Cu-Zn] H9BQP7_SUASA 0.100  
Glyceraldehyde-3-phosphate  

dehydrogenase B, chloroplastic G3PB_SPIOL  0.010 

Choline monooxygenase, chloroplastic CHMO_BETVU  0.032 
Fructose-bisphosphate aldolase, 

chloroplastic ALFC_SPIOL  0.033 

Dehydroascorbate reductase Q9FVE4_SPIOL  0.061 
Formate—tetrahydrofolate ligase FTHS_SPIOL  0.061 

1 Spectral counting compares the total number of peptide spectra that match to a protein between two groups. 
2 Average TIC measures the differences in average total ion current off of the mass spectrometer between the 
two samples. 

Pathogen fitness is the ability of the organism to survive and reproduce [63] but can be defined further 
by using many factors including the level of aggressiveness of the pathogen in susceptible hosts, the 
ability of the pathogen to survive or persist among a population of other variants or other pathogens, the 
ability of the pathogen to multiply and spread within the host, as well as having the ability to spread to 
new hosts ([64], reviewed in [65]). It has been shown that mutations that allow a pathogen to overcome 
particular resistance genes (i.e., loss of avirulence) also incur a fitness cost to the pathogen during 
compatible interactions which include decreased aggressiveness (the amount of disease) and reduced 
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symptom expression (reviewed in [65]). Therefore, in susceptible plants, it is possible that the mutation 
that allows a resistant breaking pathotype to cause disease on resistant hosts, also changes how the 
pathogen interacts with susceptible hosts and likewise the molecular pathways that are activated in the 
susceptible host. The finding that there were eight proteins that are more highly expressed in a 
compatible interaction with the standard A-type BNYVV strain compared with the resistance breaking 
strain (BNYVV-IV) suggests that a fitness cost may have been incurred in the resistance breaking strain. 
Characterization of these mechanisms and their role in pathogen fitness should be more fully elucidated 
in future experiments. 

4. Conclusions 

Mass spectrometry based proteomic investigations of non-model systems, such as sugar beet,  
are challenging due to the lack of a well annotated sequenced genome. Larson et al. [32] were  
only able to identify ~42% of the differentially expressed proteins in that study due to reliance on 
homology with closely related, fully sequenced organisms when performing database searches for 
protein identification. A complete genomic sequence for sugar beet was only recently released [66] 
however it has neither been translated into a protein FASTA database, nor fully annotated. This greatly 
limits its utility for proteomic applications. The study presented herein represents the first large scale 
shotgun proteomic analysis of sugar beet, which, combined with homology based database searching 
against the Uniprot Amaranthaceae protein sequence database yielded the confident identification of 
203 proteins from BNYVV infected sugar beet. Many proteins identified in susceptible sugar beet during 
infection with BNYVV were expressed with not just one pathotype, but both. These two BNYVV 
pathotypes represent the known diversity of BNYVV in the United States (with regards to performance 
against resistant sources), which justifies future downstream studies to determine specific pathways that 
may be involved in BNYVV pathogenesis. Understanding how sugar beet responds to infection by 
BNYVV will enable researchers and producers to identify more effective or novel methods for control 
of BNYVV infection and rhizomania disease through biotechnology, and may result in improved 
approaches to manage resistant germplasm, and potentially prolong the functional life of the Rz set of 
resistance genes. The results of this study lay the groundwork for expanded research into the mechanisms 
and pathways of compatible interactions between BNYVV and sugar beet that lead to development of 
rhizomania disease. Using the methods established herein, we plan future studies to describe the 
quantitative differences in protein expression between defined treatment groups. Such a large-scale 
quantitative approach will be the first of its kind in the field of sugar beet proteomics and should provide 
critical information on interactions between a virus and disease resistance genes. 
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Enhanced Synthesis of Antioxidant Enzymes, Defense Proteins 
and Leghemoglobin in Rhizobium-Free Cowpea Roots after 
Challenging with Meloydogine incognita 
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Jose H. Costa and Ilka M. Vasconcelos 

Abstract: The root knot nematodes (RKN), Meloydogine spp., particularly Meloidogyne incognita and 
Meloidogyne javanica species, parasitize several plant species and are responsible for large annual yield 
losses all over the world. Only a few available chemical nematicides are still authorized for RKN control 
owing to environmental and health reasons. Thus, plant resistance is currently considered the method of 
choice for controlling RKN, and research performed on the molecular interactions between plants and 
nematodes to identify genes of interest is of paramount importance. The present work aimed to identify 
the differential accumulation of root proteins of a resistant cowpea genotype (CE-31) inoculated with 
M. incognita (Race 3) in comparison with mock-inoculated control, using 2D electrophoresis assay, 
mass spectrometry identification and gene expression analyses by RT-PCR. The results showed that at 
least 22 proteins were differentially represented in response to RKN challenge of cowpea roots mainly 
within 4–6 days after inoculation. Amongst the up-represented proteins were SOD, APX, PR-1,  

-1,3-glucanase, chitinases, cysteine protease, secondary metabolism enzymes, key enzymes involved 
in ethylene biosynthesis, proteins involved in MAPK pathway signaling and, surprisingly, leghemoglobin 
in non-rhizobium-bacterized cowpea. These findings show that an important rearrangement in the 
resistant cowpea root proteome occurred following challenge with M. incognita. 

Reprinted from Proteomes. Cite as: Oliveira, J.T.A.; Araujo-Filho, J.H.; Grangeiro, T.B.;  
Gondim, D.M.F.; Segalin, J.; Pinto, P.M.; Carlini, C.R.R.S.; Silva, F.D.A.; Lobo, M.D.P.; Costa, J.H.; 
Vasconcelos, I.M. Enhanced Synthesis of Antioxidant Enzymes, Defense Proteins and Leghemoglobin 
in Rhizobium-Free Cowpea Roots after Challenging with Meloydogine incognita. Proteomes 2014, 2, 
527ï549. 

1. Introduction 

The root knot nematodes (RKN, Meloidogyne spp.) are among the most damaging plant parasites, as 
they establish feeding sites in the roots of major crops, preventing the normal uptake of water and 
nutrients. They are responsible for large annual yield losses all over the world [1], and their economic 
importance is increasing, as only a few available chemical nematicides are still authorized for RKN 
control, owing to environmental and health reasons. Thus, plant resistance is currently considered the 
method of choice for controlling root-knot nematodes, and research performed on the molecular 
interactions between plants and nematodes to identify genes of interest is of paramount importance.  

RKNs are obligate biotrophic pathogens that establish and maintain permanent feeding cells, the giant 
cells, inside the root system of host plants, from which they draw off nutrients to complete their life 
cycle. The giant cells result from repeated rounds of karyokinesis without cell division. Hyperplasia and 



174 
 

 

hypertrophy of the cells surrounding the feeding sites lead to the formation of tumors designated as root 
galls, the primary visible symptom of infection [1]. These symptoms occur in susceptible plants, 
presumably because they do not perceive the enemy nor activate their defense mechanisms efficiently. 
Resistant plants can trigger plant immune responses, as they possess the pattern recognition receptors 
(PRR) that recognize conserved pathogen-derived molecules, the pathogen- or microbe-associated 
molecular patterns (PAMPs/MAMPs) and/or possess R proteins (NB-LRR proteins) composed of a 
central nucleotide-binding site (NBS) and a C-terminal leucine-rich repeat (LRR), which detect pathogen 
effectors [2]. Most of the several plant proteins conferring resistance to nematodes have been identified 
as NB-LRR proteins [3]. After recognition, transcriptional reprogramming of the plant is induced by the 
nematode, both locally and systemically throughout the plant [4]. In various incompatible relationships 
between pathogens and the resistant plant, one of the first events observed after recognition is the 
oxidative burst, during which a rapid generation of reactive oxygen species (ROS), such as superoxide 
anion (O2 ), hydrogen peroxide (H2O2) and also nitric oxide (NO), occur locally in the site of attempted 
infection. ROS generation is often associated with the hypersensitive response (HR), a programmed cell 
death (PCD) process that occurs around the infection site [5] as a plant attempts to hamper the pathogen 
invasion. An excess of ROS generated during HR causes considerable cell damage, but plants can  
activate various mechanisms for the efficient scavenging of these transient augmentations in ROS. These 
include the non-enzymatic antioxidant systems, such as ascorbate and glutathione, and the enzymatic  
ROS-scavenging mechanisms in which catalase, peroxidase, ascorbate peroxidase, superoxide 
dismutase, glutathione peroxidases and peroxiredoxins participate. Transiently elevated ROS levels have 
also been considered as second messengers in plant, as they are perceived by different receptors, proteins 
or enzymes and seem to be involved with the regulation of phytohormones, such as ethylene (ET), 
salicylic acid (SA) and jasmonic acid (JA), which play important roles in plant-pathogen interactions [6].  

After HR, a second kind of induced response against pathogen attack, the systemic acquired response 
(SAR), takes place, in which various defense genes are over- or down-regulated, mainly by intervention 
of SA, JA and ET [6]. Das et al. [7] showed that 552 genes were significantly differentially expressed 
between the M. incognita-infected and non-infected resistant cowpea CB46 plants and amongst the 
upregulated genes, there were those involved in metabolism (42.8%), genes coding for proteins with 
binding functions (25.3%) and genes involved in the interaction with the environment (15.8%), whereas 
those gene downregulated the code for proteins with binding functions (34.7%), metabolism (29.6%) 
and protein fate (20.3%).  

The cowpea (Vigna unguiculata (L.) Walp.) legume is an important crop used as food mostly in 
tropical and semi-arid regions of the world. The dried seeds, leaves, immature seeds and fresh green 
pods are all consumed. However, the cowpea seeds represent the major form of utilization, because of 
their nutritional profile, particularly protein (20.3%–29.3%) and carbohydrate (55.6%–74.5%) contents [8]. 
The resistance of cowpeas to M. incognita resides on a single gene or locus, designated Rk, with alleles 
rk, rki, Rk, Rk2 and Rk3, which effectively inhibit the reproduction of M. incognita [9]. The cowpea 
genotype CE-31 is highly resistant to Meloydogine incognita Race 3 [10].  

The aim of this work was to analyze the differential accumulation of proteins in the roots of the 
resistant cowpea genotype CE-31 inoculated with M. incognita (Race 3) and non-inoculated control, 
using a 2D electrophoresis assay associated with mass spectrometry identification and gene expression 
analyses by reverse transcription-polymerase chain reaction (RT-PCR). 
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2. Experimental Section 

2.1. Nematode Inoculums 

The root knot nematode (RKN) inoculum was obtained from a population of Meloidogyne incognita 
(Race 3) isolated from susceptible cowpea plants (cv. Vita-3), growing in 1.5-L plastic pots containing 
exhaustive tap water washed river bottom sand that was previously mixed with humus (5:1, m/m) and 
autoclaved (121 °C, 30 min, 1.5 kgf/cm2 (a kilogram-force per square centimeter)). Plants were maintained 
in a greenhouse, where the average temperature varied from 25 °C (night) to 35 °C (day), relative humidity 
(RH) from 55% (day) to 80% (night) and natural light ca. 700 mol·m 2·s 1 of photosynthetically active 
radiation (PAR) at the plant canopy. Irrigation was done daily with distilled water for up to 4 days after 
sowing, followed by irrigation (100 mL/pot) with 5-times diluted nutritive Hoagland and Arnon solution, 
as previously described [11]. Egg masses from M. incognita were isolated from galled cowpea roots 
using a stylet under a stereoscopic microscope (ausJENA, Jena, Germany). The egg masses were 
sterilized by immersion in sodium hypochlorite (0.05%, v/v active chloride) for 3 min, followed by three 
washings with sterile Milli-Q grade water [12]. Next, they were placed in sterile Milli-Q grade water in 
a Petri dish, and the infective, motile second-stage juveniles (J2) were allowed to hatch at around 26 °C 
in the dark. The J2 hatched within 24 h were discarded, and those of 48 and 72 h were collected every 
12 h, concentrated using a 30- m pore size nylon sieve and resuspended in sterile Milli-Q grade water 
to a 2000 J2/mL population that was used as the inoculum within 1 to 3 days of collection [13].  

2.2. Plant Material and Nematode Inoculation  

The cowpea seeds from cv. CE-31, highly resistant to M. incognita (Race 3) [10], were surface 
sterilized with sodium hypochlorite (0.05% active chloride) for 5 min, washed exhaustively with sterile 
Milli-Q grade water and germinated between two moist filter papers (GermitestTM), which were placed 
in a plastic tray in the dark. The filter papers were watered with sterile Milli-Q grade water twice a day. 
Three days later, the seeds that had germinated were selected and transplanted to 1.5-L plastic jars  
(five per jar) containing river bottom sand thoroughly washed with tap water and autoclaved (121 °C, 
30 min, 1.5 kgf/cm2). The jars were kept inside a four-legged aluminum framework covered with an air 
permeable and transparent nylon net to protect the seedlings from dust and insects and maintained in a 
greenhouse under the same conditions of irrigation, temperature, photoperiod and PAR, as described 
above. Twelve days after seedling transplantation to the jars (15 days after planting), two plants were 
removed from each jar, and the three remaining ones inoculated with 2000 M. incognita J2 suspended 
in 2 mL of sterile water. The J2 suspension was placed in a 2-cm deep hole in the soil neighboring the 
main root axis of each plant and the hole filled with river sand. Controls were mock-inoculated with 
sterile water. The jars were arranged in a completely randomized-block design experiment, with twelve 
plants and three repetitions for each studied time point. Twelve plants were harvested at each time point 
(0, 12, and 24 h and 2, 4, 6, 8 and 10 days after inoculation). The plants were uprooted and the roots 
washed free of soil with distilled water, dried between two layers of paper towel, frozen in liquid 
nitrogen, powdered and stored at 80 °C for posterior use.  
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2.3. Extraction of Proteins from the Cowpea Roots  

The frozen root powder (4.0 g) was resuspended in 8.0 mL of 100 mM Tris-HCl buffer, pH 8.0, 
containing 20% (v/v) glycerol, 3% (v/v) PEG, polyvinylpolypyrrolidone (PVPP) (1:2, m/v), 10.0 mM 
EDTA, 1.0 mM DTT (Dithiothreitol) and 1.0 mM PMSF (phenylmethylsulfonyl fluoride). After 2 h 
under gentle agitation at 4 °C, the suspension was centrifuged at 20,000× g for 20 min, 4 °C, the 
supernatant collected and the extracted proteins precipitated overnight at 80 °C with 30% (v/v) TCA 
(Trichloroacetic acid) in acetone. The proteins precipitated were centrifuged at 5000× g for 10 min,  
4 °C, and the pellet washed twice in methanol, twice in acetone, vacuum dried and resuspended in 7 M 
urea/2 M thiourea. The final homogenate was centrifuged as above, the supernatant collected and the 
protein concentration measured using BSA as the standard [14]. To detect any possible contamination 
of the RKN-inoculated root protein samples with proteins originating from the nematode itself, the same 
above procedure to extract and process the root proteins was used to extract the nematode proteins from 
a mixture of 2000 J2 + 50 females + 50 eggs masses, and 2D electrophoresis gels were produced. The 
amount of J2, female and egg masses tested was about 50-times higher than those found, on average, in 
the roots of the resistant genotype, CE-31, infected with the M. incognita nematode [10].  

2.4. Two-Dimensional Polyacrylamide Gel Electrophoresis (2D-SDS-PAGE) 

Root proteins (200 g) in 250 L of 7 M urea, 2 M thiourea, 0.065 M DTT, 0.5% (m/v) CHAPS  
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), 0.5% (m/v) IPG buffer and 0.002% 
(m/v) bromophenol blue were loaded onto 13-cm IPG immobilized pH (4–7) gradient strips (GE 
Healthcare, Uppsala, Sweden). The strips were rehydrated for 10 h (overnight) at 25 °C and isoelectric 
focused in an Ettan IPGphor II system (Amersham Biosciences, Piscataway, NJ, USA) programmed as 
follows: 200 V for 1 h, 500 V for 2 h, 5000 V for 2.5 h and, finally, 10,000 V for 1 h to achieve a total 
of 31.4 kVh. After isoelectric focusing, the strips were equilibrated for 15 min by shaking in 1.5 M  
Tris-HCL buffer, pH 8.8, containing 6 M urea, 30% (v/v) glycerol, 2% (m/v) SDS, 2% (m/v) DTT and trace 
amounts of bromophenol blue. These same strips were re-equilibrated for a further 15 min in the above 
buffer, except that it contained 2.5% (m/v) iodoacetamide instead of DTT. For 2D-electrophoresis [15], 
the strip was fitted on a 15% (m/v) acrylamide gel (150 mm × 180 mm × 1.5 mm) sealed with 0.5% 
(w/v) agarose prepared in the electrode buffer. Electrophoresis was carried out at 40 mA/gel, in a vertical 
electrophoresis SE 600 unit (18 × 16 cm, GE-Healthcare; Amersham Bioscience) coupled to a circulating 
bath (MultTemp II, Pharmacia, LKB, Uppsala, Sweden) set at 5 °C. Protein spots were detected by 
colloidal Coomassie blue stain [16] and scanned at 300 dpi (ImageScanner Amersham Bioscience). 
Images (.tiff) were analyzed by the ImageMaster 2-D Platinum version 6.0 software, (GE-Healthcare; 
Amersham Bioscience). Three 2D patterns of proteins from RKN-inoculated and mock-inoculated 
control were produced for each time point after inoculation and compared in order to identify common, 
distinct, as well as differentially represented proteins. Only the protein spots that were at least two-fold 
up- or down-regulated after RKN inoculation, compared with the corresponding control (non-inoculated), 
were excised from 2D gels for protein identification after mass spectrometry. 
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2.5. In-Gel Digestion 

Upregulated protein spots were manually excised from 2D gels run with RKN-inoculated cowpea 
root samples, whereas those downregulated were excised from control (non-inoculated) gels where they 
were more prominent. Each protein spot was individually transferred to 0.6 mL tubes, fragmented to 
about 1 mm3 pieces, washed twice with ultrapure water and destained three-times with a 1:1 mixture  
of 25 mM ammonium bicarbonate and 50% (v/v) acetonitrile (ACN), pH 8.0, followed by two 
dehydration steps with 100% ACN for 5 min each. After being dried under vacuum, the fragments were 
rehydrated with 20 L of the digestion solution consisting of 25 mM ammonium bicarbonate, 1 mM 
CaCl2 and 0.2 g sequencing-grade modified trypsin (Promega, Madison, WI, USA). The reaction was 
done in a water bath at 37 °C for 16 h [17]. The resulting tryptic fragments were recovered by diffusion 
into a solution composed of 50% (v/v) ACN and 5% (v/v) trifluoroacetic acid (TFA) in 50 mM 
ammonium bicarbonate for 30 min, in three washes, transferred to micro tubes and dried under vacuum. 

2.6. Mass Spectrometry Analysis  

Prior to analysis, the dried peptides were dissolved in 10 L of 0.1% formic acid. MS/MS analyses 
were performed by an electrospray ionization (ESI) quadrupole time-of-flight (Q-TOF) Micro™ mass 
spectrometer coupled to a nanoACQUITY® UltraPerformance liquid chromatography system (Waters, 
Milford, TX, USA). The peptides were loaded on a nanoeasy-C18 (75 m ID) capillary column 
equilibrated with 98% Solution A (0.1% formic acid/water) and 2% B (ACN/0.1% formic acid).  
Elution was done with the gradient schedule: 2%–60% B for 13 min; 60%–95% B for 6 min;  
95%–2% B for 11 min. Data were acquired in data-dependent mode (DDA), and multiple charged 
peptide ions (+2 and +3) were automatically mass selected and dissociated in MS/MS experiments. The 
ionization conditions and liquid chromatography were: 0.6 L/min flow; 3.5 kV nanoflow capillary voltage; 
100 °C block temperature; 50 V as the cone voltage. The mass spectra were acquired and processed using 
the Mascot Distiller software (Matrix Science, London, UK), and the Mascot Generic Format (MGF) 
files generated were searched against the non-redundant protein sequence databases from NCBI 
(National Center for Biotechnology Information), using the MASCOT v. 2.2 software (Matrix Science, 
London, UK, www.matrixscience.com). Searches were performed using the following criteria: 
Viridiplantae as the taxonomic category, tolerance of one missed cleavage; cysteine carbamidomethylation; 
methionine oxidation; and 0.2 Da for peptide mass tolerance. The limit of significance was fixed at  
p < 0.05 and identification required that each protein contained at least one peptide with an expected 
value <0.05. The statistical test (ANOVA) was performed automatically. The proteins were categorized 
based on Bevan et al. [18]. 

2.7. Gene Expression Analysis  

Gene expression analysis was accomplished by reverse transcription of mRNA templates coupled to 
in vitro amplification by polymerase chain reaction (RT-PCR). To this end, total RNA was extracted 
from RKN-inoculated and non-inoculated cowpea fresh roots at 4, 5 and 6 days after inoculation (DAI) 
by the Tris-lithium chloride procedure adapted from Chang et al. [19]. Two grams of fresh roots were 
ground with liquid nitrogen in a mortar and pestle and the fine powder transferred to Falcon tubes  
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(15 mL) to which 6 mL of the extraction buffer (100 mM Tris-HCl pH 8.0 buffer, containing 2% CTAB 
(m/v), 2 M NaCl and 25 mM EDTA) were slowly added and gently mixed by inversion. The suspension 
was incubated at 25 °C for 1 h under gentle inversion and, next, an equal volume of chloroform/isoamyl 
alcohol solution (24:1, v/v) was added. The mixture was incubated at 25 °C for 20 min under gentle 
agitation and centrifuged (6500× g, 10 min, 25 °C). The upper phase was transferred to a new Falcon 
tube, to which 7.0 mL of chloroform/isoamyl alcohol were added, mixed for 5 min and centrifuged under 
the above conditions. The supernatant was transferred to a new Falcon tube, and lithium chloride (10 M, 
1/3 of total volume) was immediately added. The nucleic acids were left to precipitate overnight at 4 °C. 
Next, the suspension was centrifuged (8000× g, 45 min, 4 °C), the supernatant discarded, the precipitate 
washed two times with 70% ethanol and collected by centrifugation (8000× g, 10 min, 4 °C). The final 
pellet was left to dry at 25 °C and resuspended with 250 L of diethyl pyrocarbonate (DEPC)-treated 
water. The integrity of the RNA samples was checked by 1% (m/v) agarose gel electrophoresis, and the 
yield was estimated by measuring the absorbance at 260 nm [20].  

Prior to cDNA synthesis, residual DNA was removed with RQ1 RNAase-free DNAse I (Promega) 
and the RNA purified with the RNeasy mini Kit (Qiagen, Hilden, Germany), according to the 
manufacturer’s instructions. First strand cDNA was synthesized from the mRNA present in the purified 
total RNA using oligo(dT)18 (Fermentas Life Sciences, Burlington, ON, Canada) and the ImProm-II™ 
Reverse Transcriptase (Promega), according to the supplier’s recommendations. The first-strand cDNA 
products were then amplified by PCR using oligonucleotide primers (Table 1) targeting some genes 
whose products showed a decreased or increased amount in RKN-inoculated roots in comparison to 
roots of non-inoculated plants, as detected by 2D-PAGE. Moreover, although chitinases were not 
identified among the selected protein spots that showed differential response in RKN-inoculated cowpea 
roots, primers targeting genes encoding chitinases were also designed and included in the gene 
expression analysis, owing to the well-known role of these proteins in plant defense. In addition, specific 
oligonucleotide primers targeting conserved regions of nodC [21], one of the genes responsible for the 
synthesis of the Nod-factors core structure and present in all nodulating rhizobia, were also used. This 
aimed at ensuring that root samples used in this study were not infected by Rhizobium spp. Cowpea 
genomic DNA was isolated by a CTAB-based protocol [22] and used as a template in pilot PCR 
amplifications to select the optimal annealing temperature for each pair of primers.  

The reactions were performed in a final volume of 10 L containing first-strand cDNA (750 ng),  
1× GoTaq reaction buffer (Promega), 1.5 mM MgCl2, 200 M of each dNTP, 0.5 M of each primer 
and 1.25 U of GoTaq DNA Polymerase (Promega). Amplifications were performed in a PTC-200 
thermocycler (MJ Research, Waltham, MA, USA) using the following cycling parameters: an initial 
denaturation step (95 °C for 2 min) followed by cycles of denaturation (95 °C, 1 min), annealing (1 min) 
and extension (72 °C, 3 min). The number of cycles and the annealing temperatures varied according to 
the target transcript (Table 1). After the last cycle, the reactions were further incubated for 10 min  
at 72 °C. The PCR products were analyzed by 1% (m/v) agarose gel electrophoresis, and the DNA bands 
were stained with 0.5 g/mL ethidium bromide and visualized under UV light. 
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3. Results 

3.1. Proteomic Analysis of RKN-Inoculated and Non-Inoculated Cowpea Roots 

Eleven solutions/buffers for the extraction of cowpea root proteins (Table 2) were individually mixed 
with the cowpea genotype CE-31 root powder (1:2, m/v) to test which one better extracted the proteins 
for proteome analysis. Dependent on the buffer system used, the protein concentration varied  
from 0.11 to 0.38 mg/mL with significant differences between some of the buffers tested. As in 
preliminary tests, we have carried out 2D electrophoresis runs loading 100, 150, 200, 250, 300, 350  
and 400 g root protein/gel in order to choose which buffer and concentration gave the best resolution 
of the protein spots. Repeated protein extraction procedures for every buffer were done, and the soluble 
proteins were obtained, concentrated by precipitation with TCA in acetone, as described in Section 2.3, 
and recovered to reach the desired amounts. Buffer 9 (Table 2) extracted the highest quantity of proteins, 
and the best concentration to load the 2D-gels here discussed was 200 g protein, as below this value, 
most of the spots were not visible; at higher protein concentrations, the gels were overloaded and lost 
resolution. Moreover, the Buffer 9 system apparently removes unwanted compounds, as it produced 
stained gels with low backgrounds that did not interfere with image acquisition (ImageScanner 
Amersham Bioscience), as described in Section 2.4. 

Table 2. Solutions and buffers used to extract the root proteins * from cowpea genotype  
CE-31 for two-dimensional polyacrylamide gel electrophoresis (2D-SDS-PAGE) analysis.  

(1)  50 mM pyridine + 10 mM thiourea + 1% (m/v) SDS + 100 M HCl, pH 5.0 
(2)  50 mM pyridine + 10 M thiourea + 1% (m/v) SDS + 100 M HCl, pH 5.0, + 1:2 (m/v) 

polyvinylpolypyrrolidone (PVPP) 
(3)  20 mM Tris-HCl pH 6.0, containing 20% (v/v) glycerol + 3% (v/v) polyethylene glycol (PEG) 
(4)  20 mM Tris-HCl pH 6.0, containing 20% (v/v) glycerol, 3% (v/v) PEG, 1:2 (m/v) PVPP  

(5)  40 mM Tris-HCl pH 7.0, containing 250 mM sucrose, 1% (v/v) triton X-100, 10 mM 
ethylenediaminetetraacetic acid (EDTA), 1.0 mM DTT, 1.0 mM phenylmethylsulfonyl 
fluoride (PMSF) 

(6)  40 mM Tris-HCl pH 7.0, containing 250 mM sucrose, 1% (v/v) Triton X-100, 10 mM EDTA, 
1.0 mM dithiothreitol (DTT), 1.0 mM PMSF, 1:2 (m/v) PVPP 

(7)  100 mM Tris-HCl pH 8.0, containing 20% (v/v) glycerol, 3% (v/v) PEG 
(8)  100 mM Tris-HCl pH 8.0, containing 20% (v/v) glycerol, 3% (v/v) PEG, 1:2 (m/v) PVPP. 
(9)  100 mM Tris-HCl pH 8.0, containing 20% (v/v) glycerol, 3% (v/v) PEG, 1:2 (m/v) PVPP,  

10 mM EDTA, 1.0 mM DTT, 1.0 mM PMSF  
(10) 100 mM Tris-HCl pH 9.0, containing 0.01 M EDTA, 1% (v/v) Triton X-100 
(11) 100 mM Tris-HCl pH 9.0, containing 0.01 M EDTA, 1% (v/v) Triton X-100, 1:2 (m/v) PVPP 

* The proportion of cowpea genotype CE-31 root powder to solutions/buffers was 1:2 (m/v). 

The 2D-gels obtained from three independent experiments for cowpea root samples collected at 0, 
12, 24, 48 h after inoculation (HAI) and 4, 6, 8 and 10 days after inoculation (DAI) were matched. Only 
the spots present in all gels developed for each time point within the pI range of 4–7 were considered 
(Figure 1). In the RKN-infected cowpea roots compared with mock-inoculated plants (control), the 
protein spot alterations were more prominent between 4 and 6 DAI. About 339, 370 and 368 protein 
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spots were detected in the control plants at 4, 5 and 6 DAI, respectively, whereas for the RKN-inoculated 
plants, they were around 347, 370 and 368. Taking into consideration only the protein spots that were 
two-fold or more altered (p  0.05), a total of 32 proteins were up- (26 spots) or down-represented  
(six spots) in the RKN-inoculated compared with the non-inoculated roots of the resistant cowpea  
cv. CE-31. Out of these 32 proteins spots, 22 (17 up- and five down-represented) (Figures 1 and 2) were  
excised and further analyzed by mass spectrometry. The remaining 10 protein spots (nine up- and one  
down-represented), although significantly (p < 0.05) reprogrammed in the RKN-inoculated roots in 
comparison with control plants, were less abundant proteins only visualized at a certain zoom level by 
the ImageMaster 2-D Platinum version 6.0 software and, thus, were not excised due to technical 
difficulties, nor analyzed by mass spectrometry for identification. To exclude the possibility of 
misinterpretation because of the possible presence of RKN-derived proteins together with those 
originating from RKN-infected cowpea roots, 2D gels were also run only with the nematode-derived 
proteins under the same conditions of cowpea root sample and revealed using colloidal Coomassie or 
the silver nitrate staining method. However, no protein spot could be visualized, making it evident that 
all protein spots found in 2D gels were exclusively derived from the cowpea roots. The 22 root proteins 
excised from the gels were trypsinized and subjected to mass spectrometry analysis and their sequences 
compared for similar protein sequences deposited in the NCBI database. However, only 17 out of  
22 spots were identified. Table 3 shows the identification of these proteins grouped according to their 
biological functions, as well as pI, molecular weight, fragment amino acid sequence, statistical scores 
and the percentages of coverage of their sequences. Fifteen (two downregulated and 13 upregulated) 
similar sequences were found. The upregulated proteins were: aminocyclopropane-1-carboxylic acid 
synthase (ACC synthase, Spot 2), 1-aminocyclopropane-1-carboxylate oxidase (ACC oxidase, Spot 3) 
cysteinyl endopeptidase (Spot 4), chalcone-flavone isomerase (Spot 6), ascorbate peroxidase (Spot 11), 
auxin-induced protein (Spot 12), superoxide dismutase CuZn-dependent (Spot 15), Class I heat shock 
protein (Spot 16), PR-1 (Spot 17), PR-3 (Spot 18), PR-2 (Spot 19), leghemoglobin (Spot 21) and 
nucleoside diphosphate kinase (Spot 22). The two downregulated proteins were identified as asparaginyl 
endopeptidase (Spot 1) and ARG 10 (Spot 10). All of the identified proteins showed score values 
significantly above the minimum threshold of reliability calculated automatically by the Mascot program 
for mass spectra analysis. These identified proteins showed similar mass spectra with those of plant 
species within the Fabaceae family to which Vigna unguiculata (cowpea) belongs. Six of them (Spots 1, 
2, 3, 4, 10 and 12) showed peptide fragments similar to those of two other plant species belonging to the 
Vigna genus (V. mungo, V. radiata), and the remaining three proteins (Spots 11, 18, and 21) matched 
with peptides fragments of V. unguiculata. These findings show that the data of our study are consistent. 
Two protein spots (7 and 9) were matched with the protein sequences deduced in silico, but of unknown 
biological functions. Spots 5, 8, 13, 14 and 20 were not successfully identified. 
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Figure 1. Protein profiles for control and M. incognita-infected cowpea genotype CE-31 
roots at 4, 5 and 6 days after inoculation (DAI). Root proteins (200 g) were extracted and 
separated in the first dimension by isoelectric focusing (pI 4–7) and in the second dimension 
by SDS-PAGE. Protein spots were detected by colloidal Coomassie blue stain [16]. Proteins 
that had differential accumulation in M. incognita-infected plants 4, 5 and 6 DAI in relation 
to the respective controls (mock-inoculated) are circled. Arrows in the gels of control plants 
indicate proteins that were down-represented after challenging with M. incognita.  

 

Figure 2. Enlarged views of the up- and down-represented proteins that were identified in 
the roots of the cowpea genotype CE-31 inoculated with M. incognita (Race 3) and the  
non-inoculated control. Numbers at the left correspond to those protein spots denoted in 
Figure 1. Arrows are placed on Spots 17 and 18 to indicate that they appear in pairs, whose 
levels changed in response to M. incognita infection. Numbers at the right of every double 
column denote the mean of the protein fold change measured as the difference in intensity 
for each spot between root knot nematode (RKN)-infected and control plants from three gels 
using different biological samples. The asterisk on the numbers denotes significant difference 
(p  0.05) after application of the t-test.  
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3.2. RT-PCR Analyses of Cowpea Root Gene Expression 

To validate the results obtained from the proteomic analysis, the levels of asparaginyl endopeptidase, 
ACC synthase, cysteinyl endopeptidase, chalcone-flavonone isomerase, ARG 10, ascorbate peroxidase 
(APX), superoxide dismutase (SOD) and leghemoglobin were analyzed by RT-PCR (Figure 3).  

The transcript levels of asparaginyl endopeptidase (Spot 1) and ARG 10 (Spot 10) were downregulated 
between 4 and 6 days after M. incognita inoculation (Figure 3), as yet observed by 2D electrophoresis 
(Figures 2 and 3). On the other hand, increased accumulation patterns both at the protein (Figure 2:  
two-fold or more up-represented) and/or transcript levels (Figure 3) were observed for ACC synthase 
(Spot 2), cysteinyl endopeptidase (Spot 4), chalcone-flavone isomerase (Spot 6), Cu,Zn-superoxide 
dismutase (Spot 15), leghemoglobin (Spot 21) and chitinase type I, type IIIa and type IIIb. Amplification 
of actin cDNA, used as the endogenous control [23], showed homogeneity in RKN-inoculated and 
mock-inoculated cowpea root samples.  

Figure 3. Kinetics of gene expression in the roots of the cowpea genotype CE-31 inoculated 
with M. incognita (Race 3) and the non-inoculated control. Roots were examined at the times 
indicated (4, 5 and 6 DAI) at the top of the figure. For experimental details, see the 
Experimental Section.  

 

4. Discussion 

In this study, 32 root proteins from the resistant cowpea cv. CE-31 were differentially regulated after 
challenge with the nematode M. incognita (Race 3). This genetic reprogramming was more noticeable 
between the fourth and sixth day after inoculation (DAI). Using a soybean genome array, Das et al. [7] 
showed that at 9 DAI, 141 genes were 1.5-fold or more upregulated, whereas 59 genes were 
downregulated in the M. incognita inoculated compared with the non-inoculated root of the resistant 
cowpea access CB46. These differences compared with our results might be due to the techniques used, 
the period examined, cowpea access-specific defense responses and, also, because we took into 
consideration protein spots that were two-fold or more up- or down-regulated after RKN inoculation 
compared with the corresponding control (non-inoculated). Certainly, using other quantitative mass 
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spectrometry methods, such as multiplexed in-gel proteomics, label-free and selective or nonselective 
labeling of proteins, a much greater number of differential expressed proteins could have been identified 
in our study [24].  

The asparaginyl endopeptidase level decreased within this time interval, compared with the  
non-inoculated controls (Spot 1: Figure 1; Figure 2; Table 3). It has been experimentally suggested that 
enzymes of this family also catalyze the transpeptidation by forming a peptide bond, leading to 
cyclization, as in the case of cyclotides [25]. Cyclotides belongs to a large family of macrocyclic plant 
proteins of 28–37 amino acids, with three intramolecular disulfide bonds. They have hemolytic, 
cytotoxic, antimicrobial, insecticidal and have molluscicidal and nematocidal activities, and in plants, 
their presumed role is to act as antibiotic agents to protect plants from pests or pathogens [26]. Taking 
into consideration the effects of cyclotides, the downregulation of asparaginyl endopeptidase observed 
in the cowpea roots challenged with M. incognita seems contradictory. Although some caution is needed 
while interpreting these results, the suppression of asparaginyl endopeptidase expression in the cowpea 
genotype CE-31 roots could be a nematode strategy to avoid damage by cyclotides. As a parasite, 
nematodes must protect themselves against plant defenses. Indeed, the potential ability of nematodes to 
mimic signals in natural plant pathways that manipulate various aspects of plant physiology, including 
plant defense responses, has been suggested [4]. A study of the M. incognita secretome by mass 
spectrometry identified 486 proteins, and several of these secreted proteins were homologous to plant 
proteins, which they may mimic, and contain domains that suggest effector functions toward regulating 
the plant cell cycle or growth, while others have regulatory domains that could reprogram host cells for 
its own purposes [27].  

On the other hand, cysteinyl endopeptidase (Spot 4: Figure 1; Figure 2; Table 3), another proteinase, 
showed a strong accumulation in the roots of cowpea genotype CE-31 inoculated with M. incognita.  
In regard to the action of cysteine proteinases on nematodes, there is a patent for which it is proposed to 
use formulations based on at least one plant cysteine proteinase or active fragments to potentiate the 
anti-nematode effects of non-enzymatic nematicides [28]. Accordingly, cysteine proteinases from 
papaya latex, papain, stem bromelain and kiwi fruits could effectively reduce nematode infestation of 
host plants, as the cysteine proteinase attacks the protective cuticle of the nematode, causing blistering, 
and, eventually, total digestion. Therefore, the increased expression of cysteinyl endopeptidase 
demonstrated in this present work may have bearing on the resistance of the cowpea genotype CE-31 to 
M. incognita (Race 3).  

ACC synthase (Spot 2: Figure 1; Figure 2; Figure 3; Table 3) and ACC oxidase (Spot 3: Figure 1; 
Figure 2; Table 3) were significantly upregulated, as observed by 2D gels of cowpea roots inoculated 
with root-knot nematodes compared to controls. The increased level of ACC synthase was also verified 
by RT-PCR, particularly at 6 DAI (Figure 3). ACC synthase is a key enzyme involved in the ethylene 
biosynthesis in plants. This sequential increase in ACC synthase and ACC oxidase suggests that the 
ethylene biosynthetic route was activated upon infection of the resistant cowpea CE-31 with  
M. incognita (Race 3). Thus, the increase in ethylene production after inoculation with M. incognita 
might contribute to the resistance of cowpea CE-31 to this nematode species. In contrast, in a compatible 
interaction, ACC oxidase was downregulated in the giant cells and surrounding cells seven days  
post-infection of Medicago truncatula cv. Jemalong A17, also a leguminous plant, with M. incognita, 
as observed by microarray hybridization using the Affymetrix GeneChip®Medicago genome [29]. 
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According to these authors, this localized repression of the plant defense genes in cells of the host plant, 
Medicago truncatula, in direct contact with the nematode is in accordance with an effective suppression 
of defenses by secreted effectors of the pathogen, as previously commented. Nevertheless, as for other 
plant species, increased accumulation of defense transcripts of cowpea against M. incognita might result 
from gene regulation also by ethylene, although different plants may utilize different pathways for 
defense against a pathogen. Glazer et al. [30] have previously suggested that ethylene was closely 
associated with M. javanica infection, as infected tomato plants produced ethylene at a higher rate than 
uninfected plants and contained higher levels of the ethylene precursor, ACC.  

There was a decrease in the abundance of the auxin downregulated ARG10 homologue (Spot 10:  
Figure 1; Figure 2; Table 3). Moreover, an auxin-induced protein (Spot 12: Figure 1; Figure 2; Table 3) 
was also upregulated upon M. incognita infection of cowpea CE-31. These findings suggest that the 
auxin level was augmented upon RKN-infection. The establishment and maintenance of nematode 
feeding sites are strongly influenced by the host plant ethylene and auxin signal transduction pathways [31]. 

In our previous studies with the pathosystem cowpea genotype CE-31 x M. incognita, the activities 
of the anti-oxidative enzymes, guaiacol peroxidase (POX) and superoxide dismutase (SOD), and those 
of the PR-proteins, -1,3-glucanase (GLU), chitinase (CHI) and the cysteine protease inhibitor, were 
induced in the roots, within 4–8 DAI [10]. Using the proteomic approach and/or RT-PCR, it was 
confirmed here that CuZnSOD (Spot 15: Figure 1; Figure 2; Figure 3; Table 3), CHI (Spot 18: Figure 1; 
Figure 2; Figure 3; Table 3) and GLU (Spot 19: Figure 1; Figure 2; Table 3) were upregulated from 4 to 
6 DAI. In addition, ascorbate peroxidase (Spot 11: Figure 1; Figure 2; Table 3) was also upregulated in  
RKN-inoculated cowpea cv. CE-31 in comparison with uninoculated controls. Copper/zinc superoxide 
dismutase (CuZnSOD) and APX are involved, together with other enzymes, such as CAT, glutathione 
peroxidase (GPX) and peroxiredoxin (PrxR), in the reactive oxygen species (ROS) network, more 
precisely with the fine control of hydrogen peroxide (H2O2) generation in plants, as SOD catalyzes the 
dismutation of superoxide anions to H2O2 and O2, while APX converts H2O2 to water. H2O2 is a second 
messenger central in the activation of the mitogen-activated protein kinase (MAPK) cascade in plants. 
H2O2 is also involved in the cross-linking of cell wall proteins and plant cell wall bound-phenolics, lipid 
peroxidation, DNA and protein damage, HR, PCD and activation of defense genes and has microbicidal 
functions [32]. Accumulation of H2O2 in the leaves of the highly resistant (CE-31) cowpea genotype 
inoculated with M. incognita was previously noticed between 4 and 6 DAI and its decrease between  
6 and 8 DAI [10]. M. incognita is a biotrophic organism, and therefore, tissue necrosis at the attempted 
site of nematode fixation caused by ROS during pathogen infection might increases host resistance. 
However, the persistence of high H2O2 levels could lead to excessive necrosis of the plant tissue. Thus, 
it is possible that at this stage (4–8 DAI), APX was enhanced in the studied cowpea to control excessive 
H2O2 generated by SOD activity and avoid excessive damage of the plant tissue. Indeed, in our previous 
enzyme kinetic studies, persistent high levels of SOD activity in the cowpea CE-31 roots between 2 and 
10 DAI with M. incognita were also shown [10]. In soybean (Glycine max) roots infected with  
M. incognita, the increased SOD activity of the resistant centennial cultivar was also observed  
within 2–7 DAI over that of the respective uninoculated control [33].  

The proteomic study of the cowpea CE-31 roots infected with M. incognita showed that  
chalcone-flavonone isomerase (CFI) significantly increased (Spot 6: Figure 1; Figure 2; Table 3) in 
relation to that of control plants. This finding at the protein level was in agreement with the gene 
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induction observed by RT-PCR (Figure 3). CFI is directly related to the phenylpropanoid biosynthetic 
pathways, as it accelerates the spontaneous additional cyclization of chalcones to form the flavonoid 
core from which the antimicrobial compounds, phytoanticipins (constitutive) and phytoalexins 
(infection-induced), besides tannins and lignin, which also take part in the defense arsenal of plants, are 
derived [34]. Isoflavone reductase is a key enzyme involved in phytoalexin biosynthesis [34].  

Increased accumulation of PR-1 (Spot 17: Figure 1; Figure 2; Table 3) and PR-2 ( -1,3-glucanase) 
(Spot 19: Figure 1; Figure 2; Table 3) in the roots of RKN-inoculated cowpea CE-31 was also noticed 
in comparison with control plants. Similarly, three PR-3 (chitinase) isoforms (class I, IIIa and IIIb) were 
upregulated, particularly chitinase I, as shown both by 2D electrophoresis (Spot 18: Figure 1; Figure 2; 
Table 3) and RT-PCR (Figure 3). In soybean challenged with Meloidogyne incognita, three chitinase 
isozymes with isoelectric points (pIs) of 4.8, 4.4 and 4.2 accumulated to a greater extent in the resistant 
(cv. Bryan) compared to the susceptible (cv. Brim) cultivar [35]. This increased accumulation of  

-1,3-glucanase (PR-2) and chitinases (Figure 2) in cowpeas is in agreement with the time-course 
increase previously observed in the cowpea CE-31 roots by our research group [10]. PR-1, PR-2 and 
PR-3 belong to a protein group, designated pathogenesis-related proteins (PR-proteins), first discovered 
as being induced in tobacco mosaic virus (TMV)-infected tobacco plants and originally classified into 
five main groups (PR-1 to PR-5), based on decreasing electrophoretic mobility, but that today encompass 
seventeen classes numbered in the order of their discovery from PR-1 to PR-17 [36]. The PR-1 family 
is a dominant, highly conserved group of PRs in plants, induced by pathogens or salicylic acid (SA) and 
often associated with the establishment of systemic acquired resistance (SAR). Thus, it is plausible to 
speculate that the upregulation of PR-1 in the cowpea CE-31 root infected with M. incognita is associated 
with systemic acquried resistance (SAR). 

Chitinases (PR-3) are enzymes that hydrolyze the beta-1,4-glycosidic linkage of chitin, present in 
filamentous fungi, insects and nematode eggshells. A great variety of studies have shown that chitinases 
play an important role in plant defense against biotic stresses. Of particular interest is that the 
development of eggs and hatching of M. javanica juveniles was blocked by proteases and chitinases 
secreted by Paecilomyces lilacinus, a parasite fungus that infects and assimilates eggs of the nematodes, 
Meloidogyne spp., Globodera spp. and Heterodera spp., as these enzymes drastically altered the eggshell 
structures when applied individually or in combination [37]. Therefore, overrepresentation of chitinase 
in the resistant cowpea cv. CE-31 might interfere with the morphofunctional state and hatching of 
nematode eggs. 

-1,3-Glucanases hydrolyzes -1,3-glucans and represent the family of PR-2 proteins. Overaccumulation 
of -1,3-glucanases together with upregulation of chitinases (PR-3) in response to various pathogen and 
insect attack has been reported to occur in several plants. PR-2 and PR-3 might contribute to plant 
defense by acting directly on the pathogen structure, leading to the release of elicitors, or eventually to 
pathogen death, or they can degrade endogenous plant substrates to generate signal molecules that may 
function as endogenous elicitors of active host defensive mechanisms [36]. 

In this present study, a nucleotide-diphosphate kinase (NDPK) was also overexpressed in the roots of 
the cowpea cv. CE-31 inoculated with M. incognita, when compared with mock-inoculated plants  
(Spot 22: Figure 1; Figure 2; Table 3). NDPKs catalyze the exchange of phosphate groups between 
different nucleoside diphosphates. Three groups of NDPKs (NDPK1, NDPK2, NDPK3) exist in plants. 
NDPK1 is localized in the cytosol, NDPK2 in the chloroplast stroma and NDPK3 in the chloroplasts 



189 
 

 

(low abundance) and mitochondria (high abundance) [38]. As more than half of the NDPK transcript 
pool is represented by the cytosolic NDPK1 in the inflorescence, leaves and roots of Arabidopsis 
thaliana [37], it is supposed that the NADPK overexpressed in the cowpea CE-31 root challenge with 
M. incognita represents the NDPK1 group. Nevertheless, plant NDPKs have been implicated in signal 
transduction events, UVB light signaling, hormone, heat shock response and interaction and seem to be 
involved in the mitogen-activated protein kinase (MAPK) pathway signaling [38]. TAB2, an NDPK of 
tomato, upregulated the expression of PR-1, PR-2 ( -1,3-glucanases) and PR-3 (chitinases) genes. 
Interestingly, a human NDPK isoform (Nm23) is a strong metastatic tumor suppressor [39]. In a 
compatible reaction of M. incognita with a host plant, one of the characteristic symptoms observed in 
the infected roots is the formation of the typical root gall (tumors) resulting from hyperplasia and 
hypertrophy of the cells surrounding the nematode feeding sites (giant cells) [1]. In the CE-31 resistant 
cowpea genotype, gall formation was a rare event [10].  

A 17.5-kDa heat shock protein (HSP) class I (CI) was also upregulated in the cowpea CE-31 roots 
infected with M. incognita (Spot 16: Figure 1; Figure 2; Table 3). Based on its molecular mass, this HSP 
could be classed as small heat shock proteins (sHSPs). sHSPs are numerous and very diverse, both in 
sequence and where they function in the cell [40]. HSPs belong to a well-conserved class of molecules 
that function as molecular chaperones, playing key roles in protein folding and refolding, assembly and 
transport, stabilization of proteins and membranes under stress conditions and in the reestablishment of 
cellular homeostasis. Additionally, it has been reported that biotic stress can induce the gene expression 
of some, but not all, sHSPs [40].  

Surprisingly, in the cowpea cv. CE-31 roots challenged with M. incognita, but not in control plants, 
there was the induction of the leghemoglobin (LegHb) biosynthesis (Spot 21: Figure 1; Figure 2;  
Table 3), which was linked to gene activation (Figure 3). To the best of our knowledge, this is the first 
time that induction of a LegHb by RKN-infection of non-rhizobium bacterized cowpea has been 
reported. Since the cowpea plants were grown in autoclaved sand, the root system of the studied cowpea 
was not rhizobium bacterized, as proven by the absence of amplification (transcripts) of the NodC genes 
assessed by PCR using specific nucleotide primers from conserved regions of the nodC gene (Figure 3). 
Therefore, such upregulation of LegHb in the cowpea CE-31 was due to the nematode infection itself. 
LegHbs are essential for the symbiotic nitrogen fixation process in the legume root nodules induced by 
rhizobia, where the main function is to act as a carrier of oxygen from the atmosphere to the bacteroids 
for aerobic respiration [41]. It was previously shown [42] that cowpea seeds bacterized with a rhizobium 
strain and inoculated with M. incognita had a decrease in the LegHb content over that of the rhizobium 
bacterized cowpea not RKN-inoculated (control). Kinetic studies have shown that soybean LegHbs 
decompose H2O2 to H2O with kinetics similar to that for the reactions of plant peroxidases [43]. Thus, 
it is possible that this enhanced legHb detected in our study must be also involved in the H2O2 
homeostasis of cowpea plants infected with M. incognita. Nevertheless, further studies are needed to 
clarify both why LegHb was induced upon M. incognita challenge in non-rhizobium bacterized cowpea 
and what real physiological function LegHb plays within this scenario. 
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5. Conclusions 

In conclusion, this work shows that the defense response of the resistant cowpea CE-31 to infection 
by root-knot nematodes, M. incognita, is complex and involves many different proteins and metabolic 
pathways (Figure 4). Nevertheless, the upregulated proteins, such as SOD, APX, PR-1, -1,3-glucanase, 
chitinases, cysteine protease and secondary metabolism enzymes, key enzymes involved in the ethylene 
biosynthesis in plants, and proteins involved in the MAPK pathway signaling, amongst others, reinforce 
that they may contribute, directly or indirectly, to the resistance of cowpea to M. incognita attack. 

Figure 4. Gene ontology (GO) for proteins in the roots of cowpea genotype CE-31 
inoculated with M. incognita (Race 3) and non-inoculated control. Categories are according 
to [18] and represented as a percentage of total identified GO terms.  
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Protein Profiling Reveals Novel Proteins in Pollen and Pistil of 
W22 (ga1; Ga1) in Maize 

Jin Yu, Swapan Kumar Roy, Abu Hena Mostafa Kamal, Kun Cho, Soo-Jeong Kwon,  
Seong-Woo Cho, Yoon-Sup So, James B. Holland and Sun Hee Woo 

Abstract: Gametophytic factors mediate pollen-pistil interactions in maize (Zea mays L.) and play 
active roles in limiting gene flow among maize populations and between maize and teosinte. This study 
was carried out to identify proteins and investigate the mechanism of gametophytic factors using protein 
analysis. W22 (ga1); which did not carry a gametophytic factor and W22 (Ga1), a near iso-genic line, were 
used for the proteome investigation. SDS-PAGE was executed to investigate proteins in the pollen and 
pistil of W22 (ga1) and W22 (Ga1). A total of 44 differentially expressed proteins were identified in the 
pollen and pistil on SDS-PAGE using LTQ-FTICR MS. Among the 44 proteins, a total of 24 proteins 
were identified in the pollen of W22 (ga1) and W22 (Ga1) whereas 20 differentially expressed proteins 
were identified from the pistil of W22 (ga1) and W22 (Ga1). However, in pollen, 2 proteins were 
identified only in the W22 (ga1) and 12 proteins only in the W22 (Ga1) whereas 10 proteins were 
confirmed from the both of W22 (ga1) and W22 (Ga1). In contrary, 10 proteins were appeared only in 
the pistil of W22 (ga1) and 7 proteins from W22 (Ga1) while 3 proteins confirmed in the both of W22 
(ga1) and W22 (Ga1). Moreover, the identified proteins were generally involved in hydrolase activity, 
nucleic acid binding and nucleotide binding. These results help to reveal the mechanism of gametophytic 
factors and provide a valuable clue for the pollen and pistil research in maize. 

Reprinted from Proteomes. Cite as: Yu, J.; Roy, S.K.; Kamal, A.H.M.; Cho, K.; Kwon, S.; Cho, S.;  
So, Y.; Holland, J.B.; Woo, S.H. Protein Profiling Reveals Novel Proteins in Pollen and Pistil of W22 
(ga1; Ga1) in Maize. Proteomes 2014, 2, 258ï271. 

1. Introduction 

In angiosperms, pollen-pistil interactions are important for the subsequent successful reproduction 
and formation of seed [1]. In flowering plants, interaction between pollen and pistil ascertains 
reproductive compatibility [2]. Gametophytic factors are important, especially those known as pollen killer 
genes, gametocidal genes, gamete eliminators and gamete aborters. They have been introduced in several 
economically important plant species such as maize [3,4], tobacco [5], wheat [6], tomato [7], lima beans [8] 
and barley [9]. The first gametophytic factor (gametophytic factor 1) related to segregation distortion was 
reported in maize. However, the pollination with Ga1 pollen only or with ga1 pollen only, led to normal 
genotype ratios. Due to the fastening of pollen-tube growth in pollen with Ga1 than with ga1, a mixture of 
Ga1 and ga1 pollen resulted in an excess of the genotypes with the linked Su allele [3]. 

Maize (Zea mays L.) is a model species for investigating pollen-pistil interactions, and is one of the 
most essential cereal crops in the world [10]. However, several maize genotypes carry genes referred to 
as gametophytic factors that mediate pollen-pistil interactions and subsequently impair the success of 
fertilization [11]. Pollen-pistil interactions are essential for the seed and fruit formation, revealing that 
their mechanisms are of great importance, especially for understanding the completion of the plant life 
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cycle and for accelerating agricultural production. Recent transcriptomic and proteomic studies have 
improved our knowledge regarding pollen/pistil gene and protein expression and eventually, the 
desirable genes are possibly involved in the pollen-pistil interactions [12]. 

The high-throughput proteomics approach is thought to be a powerful tool for the analysis of proteins 
related to gametophytic factors. The proteomes of pollen have been described previously [13–18], 
whereas the proteome analysis of pollen and pistil is relatively not well studied. The pollen and pistil 
protein of maize (Zea mays L.) were analyzed using SDS-PAGE combined with MS identification. 
However, two-dimensional gel electrophoresis (2-DE) combined with MS analysis have provided the 
most potential and reliable method for proteomic investigations. Previously, 2-DE techniques combined 
with MALDI-TOF (matrix assisted laser desorption ionization/time of flight) MS or ESI Q-TOF 
(electrospray ionization quadrupole-TOF) MS/MS have been executed to investigate the proteomes 
during pollen development within the anther as well as proteomes of mature and germinated pollen in 
various plant species [13–18]. These proteomic studies have significantly promoted our knowledge of 
the regulation of pollen and pollen tube development at the molecular level. 

In addition, in F1 hybrid production, the use of gametophytic factors has played a crucial role because 
it prevents pollen from contamination. However, the mechanism of gametophytic factors is still 
unknown. For understanding the mechanism of gametophytic factors, proteomics has been employed to 
analyze proteins from pollen and pistil of maize. This study was carried out to identify proteins related 
to gametophytic factors using protein analysis. 

2. Experimental  

2.1. Plant Materials and Genetic Background 

W22 (ga1, ga1) is a common inbred line developed by university of Wisconsin. It has a normal  
dent genotype; therefore, it does not carry a gametophytic factor. W22 (Ga1-s) line was created by  
Dr. Kermicle from university of Wisconsin by crossing with a popcorn (white cloud variety) which 
carries Ga1-s to W22, followed by five successive backcrossing to W22, while selecting for Ga1-s. 

Seeds of W22 (ga1) and W22 (Ga1) were sown in a greenhouse in the seedling tray. After 3~4 days, it 
was transplanted to 6 pots and the paper bag was covered to prohibit fertilization between the pollen and 
pistil of same maize line during anthesis period. Within a week, one gram of maize pollen and pistil 
were incubated in 50 mL of 0.1 M NH4HCO3 buffer (pH 8.0) for 30 min. Then, the soluble fraction was 
isolated by centrifugation at 17,000× g for 30 min and dialyzed against double-distilled water overnight. 
The extract was lyophilized and stored at 4 °C for further use. All experiments are replicated 3 times. 

2.2. Protein Extraction and Electrophoresis 

A portion (0.5 g) of pollen and pistil was ground in liquid nitrogen. Using a modified method, the 
proteins were extracted from the pollen and pistil according to previously described methods [19]. The 
seeds were then suspended in Solution I [(10% trichloroacetic acid (TCA) in acetone containing and 
0.07% 2-mercaptoethanol (2-ME)] and then sonicate for 5–10 min. Solution II [0.07% 2-mercaptoethanol 
(2-ME) in acetone containing] was added in the pellets and the vortex, and then centrifuged at 20,000× g 
at 4 °C for 5 min. This step was repeated and the pellets were dried by vacuum centrifugation for 10 min. 
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The dried powder was diluted with lysis buffer (7 M urea, 2 M thiourea, 5% CHAPS, and 2 mM 
tributylphosphine), incubate at 37 °C for 2 h and then centrifuged at 20,000× g at 4 °C for 20 min. The 
supernatants were collected to 1.5 mL tube. The protein concentrations were determined by RC/DC assay 
and then it was stored at 80 °C for further utilization. 

Proteins were extracted from the pollen and pistil according to TCA/acetone precipitation method 
prior to SDS-PAGE. Proteins were separated on 16 × 16 cm SDS-PAGE gels (gradient 14%–16% 
acrylamide) as described previously [20]. The electrophoresis conditions were set and run at 50 m.  
A for 2 h until the sample buffer dye reached the lower part of the gel. The experiment is biologically 
triplicate. The gels were stained with coomassie brilliant blue R-250 and scanned using a scanner  
(HP Scanjet G4010, Palo Alto, CA, USA). 

2.3. In-gel Digestion 

CBB-stained gel slices were washed several times with 30% methanol until the colors were 
completely removed. Then the gel slices were destained with 10 mM NH4HCO3 in 50% ACN 
(Acetonitrile), squeezed for 10 min with 100% ACN (Acetonitrile) and dried by vacuum centrifugation. 
After destaining steps, the gel slices were reduced with 10 mM DTT in 100 mM NH4HCO3 at 56 °C for 
1 h and then alkylated with 55 mM Iodoacetamide (IAA) in 100 mM NH4HCO3 in the dark for 40 min. 
Then the gel slices were digested with 50 L trypsin (10 ng/ L) (Promega Corporation, Madison, WI, 
USA) and incubated at 37 °C for 16 h. After digestion steps, the peptides were extracted with 50 mM 
ammonium bi-carbonate and repeated these steps several times with a solution containing 0.1% formic 
acid in 50% ACN (acetonitrile) until 200~250 L. The solution containing eluted peptides was concentrated 
up to drying by vacuum centrifugation and the resultant extracts were confirmed by LTQ-FTICR mass 
spectrometry. The dried samples were stored at 4 °C prior to mass spectrometry analysis. 

2.4. MS/MS Analysis and Bioinformatics 

All MS experiments for peptide identification were performed on a Nano-LC/MS system consisting 
of a Surveyor HPLC system and a 7-tesla Finningan LTQ-FTICR mass spectrometer (Therm Electron, 
Bremen, Germany) equipped with a nano-ESI source. Ten microliters of each sample were loaded by a 
Surveyor auto sampler (Surveyor) onto a C18 trap column for desalting and concentration at a flow rate 
of 20 L/min. The mass spectrometer was operated in the data-dependent mode to automatically switch 
between MS and MS acquisition. General mass spectrometric conditions included spray voltage, 2.2 kV; 
no sheath and auxiliary gas flow; ion transfer tube temperature, 220 °C; collision gas pressure,  
1.3 millitorrs; normalized collision energy using wide band activation mode; and 35% of MS. Ion 
selection threshold was 500 counts for MS/MS. An activation q = 0.25 and an activation time of 30 ms 
were applied in MS/MS acquisitions. Acquired MS spectra were searched using an in-house licensed 
MASCOT search engine (Mascot version 2.2.04; Matrix Science, London, UK). To identify the peptides, 
MASCOT (version 2.3.01, Matrix Science, London, UK), operated on a local server, was used to search 
the maize (Zea mays) database. MASCOT was used to the monoisotopic mass selected, a peptide mass 
tolerance of 10 ppm, and a fragment ion mass tolerance of 0.8 Da. Trypsin was selected as enzyme, with 
one potential missed cleavage. ESI-FTICR was selected as instrument type, and carbamidomethyl 
cysteine and oxidized methionine were chosen as variable modifications. All proteins identified by  
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high-scoring peptides were considered true matches, and at least two peptide matches. The high-scoring 
peptides corresponded with the peptides that were above the threshold in our MASCOT search  
(expected p < 0.05). 

3. Results and Discussion 

3.1. Protein Expression on SDS-PAGE 

SDS-PAGE was performed in order to profile proteins from the pollen and pistil. Pollen and pistil 
were collected from wild type W22 (ga1) and near-isogenic lines W22 (Ga1), respectively. Pollen lanes 
were well separated whereas pistil lanes were not clearly visual (Figure 1, Supplementary Figure 1). 
However, high performance LTQ-FTICR MS was used to excise the gel into 10 pieces. 

Figure 1. SDS-PAGE pattern in the pollen and pistil of W22 (ga1; Ga1) in maize. Samples 
were analyzed triplicate as described in the method section and gels were stained using 
Coomassie Brilliant Blue (CBB) staining. Standard molecular weight (kDa) is on the left. 

 

3.2. Specific Protein Analysis of Identifying Proteins from Pollen 

Twenty four differential expressed proteins were identified from pollen on SDS-PAGE using  
LTQ-FTICR MS. Two proteins namely chaperonin CPN60-2 and albumin b-32 were only identified 
from the pollen of W22 (ga1), whereas 12 proteins were only appeared in the pollen of W22 (Ga1) such 
as adagio protein 3, ATP synthase subunit alpha, ATP synthase subunit beta, histone H2B.4,  
1-Cys peroxiredoxin PER1, glucose-6-phosphate isomerase, ADP, ATP carrier protein 2, cysteine synthase, 
ferredoxin-dependent glutamate synthase, expansin-B9, expansin-B1, peptidyl-prolyl cis-trnas 
isomerase (Table 1). However, 10 proteins were commonly shared from both of the W22 (ga) and W22 
(Ga1) like elongation factor 1 alpha, exopolygalacturonase (3 subunits), expasin B-10, profilin-3, 
endochitinase A, endochinase B, expansin B-11 and ribosome-inactivating protein 3. 
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3.3. Specific Protein Analysis of Identified Proteins from Pistil 

Out of 20 proteins, 10 proteins (catalase isozyme 1, catalase isozyme 3, acetolactate synthase 2,  
ADP-ATP carrier protein 1, asparagine synthetase, histone H2B.1, histone H2A, histone-lysine  
N-methyltransferase EZ1, 14-3-3-like protein GF14 12, polycomb group protein FIE2) were  
identified in the pistil of W22 (ga1), where as 7 proteins (14-3-3 like protein GF14-6,  
3-hydroxy-3-methylglutaryl-coenzyme A reductase, Glyceraldehyde-3-phosphate dehydrogenase A, 
Glyceraldehyde-3-phosphate dehydrogenase, casein kinase II subunit alpha, late embryogenesis 
abundant protein EMB564, Cell number regulator 2) were identified in the pistil of W22 (Ga1)  
(Table 1). However, 3 proteins like 2,3-bisphosphoglycerate-independent phosphoglycerate mutase, 
alpha-amylase/trypsin inhibitor, histone-lysine N-methyltransferase EZ1 were identified in both of the 
pistil of W22 (ga1) and W22 (Ga1) (Table 1). 

3.4. Cross-Correlation and Functional Distribution of Identified Proteins from Pollen and Pistil 

The cross-correlation was clarified of total identified proteins between pollen and pistil. Two proteins 
were identified from the pollen of W22 (ga1) whereas 12 proteins from the pollen of W22 (Ga1). 
However, 10 proteins shared from both of the pollen of W22 (ga1) and W22 (Ga1) (Figure 2). 
Furthermore, 10 proteins were identified from the pistil of W22 (ga1) whereas 7 proteins confirmed from 
the pistil of W22 (Ga1). However, 3 proteins shared from both of the pistil of W22 (ga1) and W22 (Ga1) 
(Figure 2). 

Figure 2. Cross-correlation of the identified protein between pollen and pistil of W22 (ga1; 
Ga1) in maize. 

 

A total of 44 differentially expressed proteins were classified into 13 possible functional categories 
by using Protein Information Resources (PIR) shown in Figure 3. Out of 44 unique proteins, most of 
them involved in hydrolase activity (18%), nucleotide binding (11%), nucleic acid binding (11%), 
catalytic activity (9%), antioxidant activity (7%), isomerase activity (5%), oxidoreductase activity (5%), 
transporter activity (5%), ion binding (5%), protein binding (4%), enzyme regulator activity (2%), signal 
transducer activity (2%) and unknown (16%) (Figure 3).  
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Figure 3. Functional classification of the total identified proteins in the pollen and pistil of 
W22 (ga1; Ga1) in maize. 

 

3.5. The Implication of Differentially Expressed Proteins from Pollen and Pistil of Maize 

A total of 44 proteins were identified from the pollen and pistil of W22 (ga1) and W22 (Ga1) of which 
24 proteins were confirmed from the pollen of W22 (ga1) and W22 (Ga1) and 20 proteins from the pistil 
of W22 (ga1) and W22 (Ga1). However, two proteins were identified from the pollen of W22 (ga1) 
whereas albumin b-32 (32.4 kDa, pI 5.38) regarded as the protein of maize endosperm that is a 
monomeric albumin with an apparent molecular weight of about 32 kDa with a pI of 5.38.  
Di Fonzo et al., 1988 [21] found that the two variants expose similar amino acid composition but minor 
differences are appeared by their tryptic peptide maps. They also noticed that the protein is localized in 
the soluble part of the cytoplasm and does not bind to any particular structure. 

In addition, 12 proteins were identified only from the pollen of W22 (Ga1). However, ATP synthase 
subunit alpha (55.1 kDa, pI 5.85) and ATP synthase subunit beta (59.0 kDa, pI 6.01) were confirmed in 
our investigation. ATP synthesis is membrane-bound enzyme complexes/ion transporters that accelerate 
ATP synthesis and/or hydrolysis with the transport of protons across a membrane. It can harness the 
energy from a proton gradient, using the flux of ions across the membrane via the ATPase proton channel 
to drive the synthesis of ATP. The alpha/A and beta/B subunits can each be divided into three regions, 
or domains, centered on the ATP-binding protein, and based on structure and function. The central 
domain contains the nucleotide-binding residues that make direct contact with the ADP/ATP molecule 
[22]. 1-Cys peroxiredoxin PER1 (24.8 kDa, pI 6.31) was considered as the antioxidant protein which 
seems to contribute to the inhibition of germination during stress. It was prevailed that overexpression 
of rice 1-cys-peroxiredoxin in transgenic tobacco accelerated oxidative stress tolerance, but dormancy 
was not affected [23]. Glucose-6-phosphate isomerase (62.1 kDa, pI 6.96) was identified in the pollen of 
W22 (Ga1) that catalyzes the conversion of glucose-6-phosphate into fructose 6-phosphate in the second 
step of glycolysis. This protein has various functions inside and outside the cell. This protein is also 
involved in the glycolysis and gluconeogenesis within the cytoplasm, while outside the cell it acts as a 
neurotrophic factor for spinal and sensory neurons. In Ananas comosus, it was prevailed that the 
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mitochondria may produce this protein to allow cytoplasmic conversion of glucose-6 phosphate into 
fructose-6 phosphate in the second step of glycolysis [24]. ADP, ATP carrier protein 2 (42.3 kDa,  
pI 9.85) was found in the pollen of W22 (Ga1) that catalyzes the exchange of ADP and ATP over the 
mitochondrial inner membrane. An ADP/ATP carrier protein was found in K. pinnata mitochondria. 
The protein may be employed in the mitochondrial energy synthesis in which ATP synthase provides 
ATP via oxidative phosphorylation, and may work in reverse as a proton-pumping ATPase. It was 
revealed at K. pinnata that ADP and ATP could sustain via ADP/ATP carrier proteins between 
mitochondrial membranes and other organelles [24]. Cysteine synthase (CS) was identified in the pollen 
of W22 (Ga1) with molecular weight 34.1 kDa and pI 5.91. CS catalyzes the biosynthesis of cysteine in 
plants [25]; cysteine acts as a precursor for the synthesis of various sulfur containing metabolites [26], 
whereas glutathione represents the most important one which employed as a universal antioxidant and 
detoxifier for coping with various stresses [27]. Ferredoxin-dependent glutamate synthase (175 kDa,  
pI 6.21) was identified in the pollen of W22 (Ga1) that is involved in metabolic function especially in 
nitrogen assimilation. In Arabidopsis, the increase of ferredoxin dependent glutamate synthase is 
probably a consequence of limited electron transport and may affect feedback regulation to compete for 
electrons required for nitrogen assimilation [28]. 

In pistil, 10 proteins were identified in the W22 (ga1). However, catalase isozyme 1 (24.8 kDa,  
pI 6.31) was detected in the W22 (ga1) that occurs in almost all aerobically respiring organisms and 
serves to protect cells from the toxic effects of hydrogen peroxide. In the early stage of drought stress, 
catalase activities were found to increase or be stable, and then decrease with further increase in 
magnitude of water stress [29]. Furthermore, catalase isozyme 1 was only increased at 10 DPA under 
drought stress in Kauz which indicated that catalase might be activated to diminish toxic compounds 
during the early stage while the plant acclimatize the drought stress [30]. However, the catalase isozyme 
3 (56.7 kDa, pI 6.47) was identified in the pistil of W22 (ga1) and it occurs also in almost all aerobically 
respiring organisms and serves to protect cells from the toxic effects of hydrogen peroxide. Its levels are 
highest in the light period and are lowest in the dark period. Therefore, it may be important for scavenging 
hydrogen peroxide at night, rather than during the day. Acetolactate synthase 2 (68.9 kDa, pI 6.48) was 
confirmed in the pistil of W22 (ga1). The acetolactate synthase (ALS) enzyme is a protein observed in 
plants and micro-organisms. ALS catalyzes the first step in the synthesis of the branched-chain amino 
acids (valine, leucine, and isoleucine) [31]. This protein is well known enzyme that is involved in 
catalytic activity, especially a part of the biosynthesis of various amino acids. However, in plants, it is 
located in the chloroplasts to assist the metabolic processes. It has been found in several experiments that 
mutated strands of Escherichia coli K-12 without the enzyme were not able to grow in the presence of 
only acetate as the only carbon sources [32]. Asparagine synthetase (66.5 kDa, pI 5.83) is an enzyme 
that generates asparagine from aspartate and arises only in the pistil of W22 (ga1). This reaction is similar 
to that accelerated by glutamine synthetase. It is also possible that asparagine synthetase poses its effects 
by fulfilling an as yet unknown function in the cell that is independent of its catalytic activity [33].  
14-3-3 like protein GF14-6 (29.6 kDa, pI 4.76) was confirmed in the pistil of W22 (ga1) that is associated 
with a DNA binding complex to bind to the G box, a well-characterized cis-acting DNA regulatory 
element found in plant genes. The functional properties of 14-3-3s are to bind and activate tyrosine and 
tryptophane hydroxylase in bovine brain in the presence of Ca2+/calmodulin-dependent protein kinase 
type II [34]. 
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However, seven proteins were detected only in the pistil of W22 (Ga1). Glyceraldehyde  
3-phosphate dehydrogenase (36.4 kDa, pI 7.01) were identified from the pistil of W22 (ga1) that 
catalyzes the conversion of glyceraldehyde 3-phosphate to D-glycerate 1, 3-bisphosphate. In soybean, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was identified as down-regulated at both the 
mRNA and protein levels in response to NaCl treatment, suggesting that it plays a role in salt stress and 
can be used as a target gene in soybean seedlings [35]. The main role of this gene is the tolerance and its 
relationship to improving salt tolerance in plants [36]. It is revealed that the ATP production will be 
reduced by the down-regulation of glyceraldehydes-3-phosphate dehydrogenase and eventually there 
will be a decrease in plant growth under salt stress. Late embryogenesis abundant protein EMB564  
(9.6 kDa, pI 6.6) constitutes a set of proteins that participate in plant stress responses. During  
exposure to abiotic challenges, late embryogenesis abundant (LEA) proteins accumulate naturally in 
desiccation-tolerant structures, such as seed or pollen grains, and in plant vegetative tissues. However, 
Emb564 acts for displaying a complex combination of different PTMs, including phosphorylation, 
acetylation, methylation and deamination in the native protein, which may be relevant for its  
seed-specific role [37]. 

Furthermore, 10 proteins were detected from the pollen which shared both W22 (ga1) and W22 (Ga1) 
and three proteins were shared from both W22 (ga1) and W22 (Ga1) of pistil. Profilin-3  
(14.2 kDa, pI 4.91) was confirmed in the pollen of both W22 (ga1) and W22 (Ga1). Profilins generate a 
large and diverse protein family. Multiple isoforms of profilins are available in many species, being 
encoded by separate genes, or in some cases translated from mRNA splice variants. In the case of animals 
and higher plants, isoforms may be exposed in a tissue-specific manner. Moreover, profilins are 
identified at different subcellular locations [38]; in particular, enrichment of the dynamic plasma 
membranes was ascertained for various cells types. Also, profilins were investigated in association with 
internal membranes that implicated in vesicular transport [39]. It revealed that the overall functional 
properties of different profilins are similar and eventually, one isoform can be interchanged with another 
one from quite a distant source [40]. Endochitinase A (29.3 kDa, pI 8.3) was identified from both of the 
pollen of W22 (ga1) and W22 (Ga1) that defends against chitin containing fungal pathogens. In 
Arabidopsis thaliana, a basic endochitinase (At3g12500) was confirmed that was involved in the 
ethylene/jasmonic acid-mediated signaling pathway during systemic acquired resistance [41]. 

4. Conclusions 

The protein analysis of pollen and pistil in maize was accomplished to profile proteins related to 
gametophytic factors. Using SDS-PAGE, a total of 24 proteins from pollen and 20 proteins from pistil 
were identified following LTQ-FTICR MS. However, 2 proteins were only found in the pollen of W22 
(ga1) whereas 10 proteins were revealed in the pollen of W22 (Ga1). In the case of the pistil,  
10 proteins appeared in W22 (ga1) and 7 proteins were distinctly observed in W22 (Ga1). The proteins 
were mostly involved in the hydrolase activity, nucleic acid binding and nucleotide binding. More 
extensive studies are needed to fully understand the mechanism of gametophytic factors underlying the 
pollen and pistil of the lines. 
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PAPE (Prefractionation-Assisted Phosphoprotein Enrichment): 
A Novel Approach for Phosphoproteomic Analysis of Green 
Tissues from Plants 

Ines Lassowskat, Kai Naumann, Justin Lee and Dierk Scheel 

Abstract: Phosphorylation is an important post-translational protein modification with regulatory roles 
in diverse cellular signaling pathways. Despite recent advances in mass spectrometry, the detection of 
phosphoproteins involved in signaling is still challenging, as protein phosphorylation is typically 
transient and/or occurs at low levels. In green plant tissues, the presence of highly abundant proteins, 
such as the subunits of the RuBisCO complex, further complicates phosphoprotein analysis. Here, we 
describe a simple, but powerful, method, which we named prefractionation-assisted phosphoprotein 
enrichment (PAPE), to increase the yield of phosphoproteins from Arabidopsis thaliana leaf material. 
The first step, a prefractionation via ammonium sulfate precipitation, not only depleted RuBisCO almost 
completely, but, serendipitously, also served as an efficient phosphoprotein enrichment step. When 
coupled with a subsequent metal oxide affinity chromatography (MOAC) step, the phosphoprotein 
content was highly enriched. The reproducibility and efficiency of phosphoprotein enrichment was veri ed 
by phospho-speci c staining and, further, by mass spectrometry, where it could be shown that the final PAPE 
fraction contained a significant number of known and additionally novel (potential) phosphoproteins. Hence, 
this facile two-step procedure is a good prerequisite to probe the phosphoproteome and gain deeper insight 
into plant phosphorylation-based signaling events. 

Reprinted from Proteomes. Cite as: Lassowskat, I.; Naumann, K.; Lee, J.; Scheel, D. PAPE 
(Prefractionation-Assisted Phosphoprotein Enrichment): A Novel Approach for Phosphoproteomic 
Analysis of Green Tissues from Plants. Proteomes 2014, 2, 254ï274. 

1. Introduction 

The completion of the genome sequencing in 2000 [1] has further propelled Arabidopsis thaliana into 
one of the most well-established model organisms to study plant molecular biology/biochemistry [2]. 
Arabidopsis is used for a wide range of “OMICS” analysis concerning genes (genomics; [3,4]),  
proteins (proteomics; [5–7]) and metabolites (metabolomics, [8]). One sub-topic of proteomics, rising 
in the last few years, is the field of phosphoproteomics [9]. The strong interest originates from the 
importance of protein phosphorylation for the biochemistry of all organisms, especially in regulating 
cellular processes, ranging from cell differentiation, development, cell cycle control, metabolism and signal 
transduction [10–12]. Probably 30% of all proteins are phosphorylated at any given time and state [13], 
indicating the immense dimension of the phosphoproteome. Beside its different roles in the regulation 
of protein synthesis, gene expression and apoptosis, phosphorylation events exhibit a pivotal role in 
defense responses [14]. An example is the activation of mitogen-activated protein kinase (MAPK)-mediated 
phosphorylation signaling cascades upon stress or other environmental signals [15–17]. The corresponding 
downstream targets of such a cascade are, to a great extent, unknown. For further understanding of 
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defense mechanisms in plants, more knowledge about signaling cascades is of high significance. 
Therefore, a fully developed strategy for phosphoprotein/peptide enrichment is necessary. 

Unfortunately, plant phosphoproteomics using leaf material can be a challenging task. Not only the 
presence of highly abundant proteins, like RuBisCO, but also the low levels of phosphorylated signaling 
proteins limit their visualization and detection on PAGE-gels. Even highly advanced mass spectrometry 
is often unable to recover large numbers of phosphopeptides in complex samples. Common methods 
frequently describe the enrichment of phosphopeptides prior to measurement to overcome this challenge. 
Most methods use metal ions for the binding of phosphopeptides, for instance, chelated metal ions 
(immobilized metal affinity chromatography IMAC); [18,19]) or metal oxides (metal oxide affinity 
chromatography (MOAC); [20]). Other methods describe the use of multi-step procedures, in which a 
first enrichment of phosphoproteins should assist the subsequent phosphopeptide enrichment [21]. 
Nevertheless, one disadvantage of such an approach is that not all phosphopeptides are efficiently 
captured, and also, information concerning the non-phosphorylated peptides is lost, which may impede 
target identification, for instance, in the cases of highly similar proteins of multigene families [22].  
Other approaches first remove highly abundant proteins that might interfere with the applied  
phospho-enrichment matrix. In plants, this means the reduction or depletion of RuBisCO prior to 
phosphoprotein enrichment [23,24]. A popular way to accomplish the fractionation of proteins is salting 
out with chemicals. Polyethylene-glycol (PEG)-based fractionation, for instance, has been successfully 
employed for improved proteome coverage, leading to the detection of differentially-expressed proteins 
of low abundance [25,26]. However, since the remaining PEG can interfere in MS analysis, we tested 
here another commonly used fractionation, namely, ammonium sulfate (AS) precipitation. In previous 
work done in our laboratory, it could be shown that a reduction of the RuBisCO content via AS 
precipitation had a positive effect on the preparation of 2D-PAGE, as well as the enrichment of 
phosphoproteins [27]. As a further improvement for phosphoprotein analysis, we now incorporated the 
metal oxide affinity chromatography (MOAC) method [20] to the AS-based RuBisCO removal step, 
which, by itself, already acts as prefractionation/enrichment of phosphoproteins. This led to a facile, but 
efficient, phosphoproteome analysis procedure, which we termed prefractionation-assisted phosphoprotein 
enrichment (PAPE).  

2. Experimental  

2.1. Plant Growth 

Arabidopsis thaliana (Col-0) seeds were grown in soil. After two days of strati cation at 4 °C,  
the plants were maintained under short-day conditions (8 h, 200 E, 23 °C) for six weeks prior to  
protein extraction.  

2.2. Protein Extraction 

Leaf material was ground to a fine powder in liquid nitrogen and mixed vigorously with 3 volume of 
extraction buffer (100 mM HEPES-KOH, pH 7.5; 5% glycerol; 5 mM EDTA; with freshly added 0.1% 
mercaptoethanol, 1% proteinase and phosphatase inhibitors 2 + 3 from Sigma Aldrich, Taufkirchen, 
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Germany) for 20 min (4 °C). The suspension was centrifuged at 3,220 ×g for 15 min. The supernatant 
was filtered [0.45 m cellulose mixed ester (CME) lter, Roth, Karlsruhe, Germany].  

2.3. Precipitation of Protein Extract 

(a) Fractionation of proteins. Ammonium sulfate was added to a nal concentration of 40% saturation 
and incubated for half an hour (4 °C). After centrifugation (3,220 × g, 15 min, 4 °C), the pellet was 
washed twice with wash solution (80% acetone, 20% Tris-HCl (50 mM, pH 7.5); 20 °C) and once with 
ice-cold acetone.  

(b) Precipitation of total proteins. An equal volume of Tris-EDTA-buffered phenol (Roth) was added, 
mixed vigorously for 1 min and incubated for 5 min at 4 °C. After centrifugation (3,220 × g, 15 min,  
4 °C), the phenolic phase was transferred and re-extracted twice with 1 volume of re-extraction bu er 
(100 mM Tris-HCl, pH 8.4, 20 mM KCl, 10 mM EDTA and freshly added 0.4% (v/v)  

-mercaptoethanol). The nal phenolic phase was mixed with 5 volume of precipitation solution  
(100 mM ammonium acetate in methanol; 20 °C), incubated over night at 20 °C, and the proteins 
pelleted by centrifugation (3,220 ×g, 15 min, 4 °C). The pellet was washed once with precipitation 
solution and twice with wash solution. The pellets (from a and b) were air dried and solubilized in 
LysShot buffer (8 M urea, 50 mM Tris, pH 8.5) or in MOAC incubation buffer (30 mM MES, 20 mM 
imidazole, 200 mM aspartate, 200 mM glutamate, 0.25% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), 8 M urea, pH 6.1) for samples to be processed by the MOAC step.  

2.4. Phosphoprotein Enrichment (MOAC) 

Forty milligrams of Al(OH)3 matrix (Sigma-Aldrich) were equilibrated with 1.8 mL of incubation 
buffer (see Section 2.3). A 1.5-mL sample with a protein concentration of 0.5 g/ L was loaded and 
incubated by rotating for 30 min (4 °C). After incubation, the matrix was washed four times with 
incubation buffer. The proteins were eluted twice (800 L and 400 L) with tetrapotassium 
pyrophosphate (TKPP) bu er (8 M urea, 100 mM TKPP, pH 9.0) for 45 min at room temperature [20], 
and centrifuged (18,514 ×g, 2 min, 15 °C) to pellet the Al(OH)3 matrix. The pooled eluates were 
centrifuged twice (18,514 ×g, 2 min, 15 °C), to pellet any remaining matrix, and, subsequently, 
concentrated with centricon lter devices (3 kDa cut-o ; Millipore, Bilterica, MA, USA). Proteins were 
precipitated with a 2D-CleanUp kit (GE Healthcare, Hercules, CA, USA), according to the 
manufacturer’s instructions, and solubilized in LysShot (see Section 2.3).  

2.5. SDS-PAGE and Phosphoprotein Staining 

Protein concentration was determined by a 2-D Quant Kit (GE Healthcare). SDS-PAGE was carried 
out according to [28] by using Precast Gels (Criterion Tris-HCl 12.5%; Biorad, Munich, Germany). Ten 
micrograms of each sample in loading bu er (0.313 M Tris-HCl, pH 6.8, 50% glycerol, 10% SDS, 
0.05% (w/v) bromophenol blue, 0.5 M dithiothreitol (DTT) were heated for 5 min at 95 °C and cooled 
to room temperature prior to loading. Peppermint StickTM Phosphoprotein Molecular Weight Standard 
(Life technologies, Darmstadt, Germany) was used as the molecular weight marker. Pro-Q Diamond 
(Life technologies) staining was carried out according to a modi ed protocol [29]. Fluorescent images 
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were obtained using the Typhoon scanner (GE Healthcare) with the settings: 532 nm excitation, 580 nm 
band pass emission lter and the photo multiplier tube at 550. ImageJ software (National Institute of 
Health, Bethesda, MD, USA) was used for false color representation. Total protein was visualized with 
Novex® Colloidal Blue Staining Kit (Life Technologies).  

2.6. In-Solution Digestion  

Protein concentration was determined by a 2-D Quant Kit (GE Healthcare), and the proteins  
(in LysShot) were reduced with 200 mM DTT (in 100 mM Tris, pH 7.8) for 1 h and, subsequently, 
alkylated with 200 mM iodoacetamide (in 100 mM Tris, pH 7.8) for 1 h at room temperature.  
The solution was diluted to 0.5 M urea with 50 mM NH4HCO3 (pH 8) and digested overnight with 
sequencing grade trypsin (Promega, Mannheim, Germany) at a ratio of 1:50 at 37 °C. Peptides were 
desalted on C18 tips or columns (Protea, Morgantown, WV, USA; Thermo, Bonn, Germany) and 
reconstituted in solution containing 5% acetonitrile (ACN) and0.1% trifluoroacetic acid (TFA).  

2.7. Mass Spectrometry  

Tryptic digests were analyzed with an LC-MS system consisting of a nano-LC (Easy-nLC II, Thermo 
Fisher Scienti c, Bremen, Germany) coupled to a hybrid-Fourier Transform (FT)-mass spectrometer 
[Linear Trap Quadrupole (LTQ) Orbitrap Velos, Thermo Fisher Scienti c]. Peptide separations were 
performed on a C18 column (EASY column; 10 cm, ID 75 m, particle diameter: 3 m) at a ow rate 
of 300 nL/min and a linear gradient of 5% to 40% B in 150 min (A: 0.1% formic acid in water, B: 0.1% 
formic acid in ACN). A voltage of +1.9 kV was applied to electrospray peptide ions. A capillary 
temperature of 275 °C for peptide transfer and a lock mass of 445.120024 m/z were used. Precursor mass 
scanning was performed from 400 to 1,850 m/z in the Orbitrap with a resolution of 30,000, and the  
20 most intense precursor ions were selected for subsequent collision-induced dissociation (CID) 
fragmentation in the linear quadrupole mass analyzer (LTQ). Singly-charged ions were rejected from 
fragmentation. Dynamic exclusion was enabled (repeat count: 1; repeat duration: 20 s; exclusion list 
size: 500; exclusion duration: 30 s).  

2.8. Spectral Data Analysis 

MS raw data were searched against an A. thaliana protein database based on The Arabidopsis 
Information Resource (TAIR) 10 with the Proteome Discoverer 1.3 using an in-house Mascot server 
(precursor mass tolerance: 7 ppm; fragment mass tolerance: 0.8 Da; missed cleavages: 2). 
Carbamidomethylation of cysteine was set as a static modification. Variable modi cations were oxidation 
(Methionine), acetylation (protein N-terminus), deamidation (Asparagine/Glutamine) and phosphorylation 
(Serine/Threonine). Further data evaluation was carried out with the Scaffold software (Version 3.3, 
Proteome Software Inc., Portland, OR, USA), Proteome Discoverer 1.3 with phosphoRS 1.0 (Thermo 
Fisher Scienti c) and DanteR [30] for total protein content. Phosphopeptides were identified with the 
Proteome Discoverer 1.3 software, which includes the phosphoRS 1.0 algorithm (Thermo Fisher 
Scienti c) for phospho-site mapping. A false discovery rate (FDR) was calculated by searching a “decoy” 
database containing all the target database sequences in reverse order. Peptide-spectrum match (PSM) 
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was set at a q-value <0.05 (i.e., a corrected significance threshold employing the Benjamini-Hochberg 
FDR procedure to control for a family-wise error rate). Protein grouping was enabled. Gene ontology (GO) 
annotation was achieved with the tool on TAIR [31]. The mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the 
PRIDE (PRoteomics IDEntifications) partner repository [32] with the dataset identifier PXD000421.  

3. Results and Discussion  

3.1. Prefractionation of Arabidopsis Leaf Proteins  

A stepwise fractionation with ammonium sulfate (AS) was used to salt out proteins in solution. This 
was done with 20% AS increment steps, while pelleting precipitated proteins by centrifugation after 
every step. The molecular weight distribution of proteins in the AS steps was determined with  
1D-PAGE (Figure 1B). The large subunit of RuBisCO (boxed, Figure 1B, lower panel), which is one of 
the most abundant proteins in the non-fractionated sample (crude extract), is predominantly located in 
the fractionation steps using more than 40% AS. Serendipitously, the fractions produced with 20% and 
40% AS (with little or no apparent RuBisCO content) also contained the most phosphoproteins, as 
evidenced by phospho-specific Pro-Q Diamond staining (Figure 1B, upper panel). In contrast, the 
samples from the 60%–100% AS fractionation steps showed only very low levels of phosphoproteins. 
Therefore, the sample precipitated with 40% AS is an excellent source for subsequent phosphoprotein 
enrichment and represents the rst step of the method described below, which we called prefractionation-
assisted phosphoprotein enrichment (PAPE). 

3.2. PAPE: Prefractionation-Assisted Phosphoprotein Enrichment  

Crude extract and the 40% AS fraction (40% AS) were subjected to phosphoprotein enrichment with 
metal oxide affinity chromatography (MOAC) [20] (Figure 1A) with minor modifications, as described 
in the Experimental section. To evaluate the reproducibility and efficiency of the PAPE procedure  
(a combination of AS precipitation followed by MOAC), the total extract, the 40% AS fraction and the 
corresponding MOAC-enriched fractions were each prepared three times, separated on a 1D-PAGE  
and visualized by coomassie brilliant blue and Pro-Q Diamond phosphospeci c staining (Figure 1C).  
As observed in the stepwise fractionation, the non-fractionated samples had the least visible 
phosphoprotein content (crude extract). While a faint enrichment effect could be achieved via MOAC 
(crude extract + MOAC), the prefractionation (40% AS) already had a high phosphoprotein content, 
which was dramatically increased in combination with the additional MOAC phosphoprotein enrichment 
step (40% AS + MOAC, Figure 1C). We will hereafter refer to this “40% AS + MOAC” fraction as the 
PAPE fraction. 
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Figure 1. Prefractionation-assisted phosphoprotein enrichment (PAPE). (A) Experimental 
setup. Arabidopsis soluble leaf proteins were either extracted with phenol to obtain the crude 
extract (total protein) or pre-fractionated by 40% ammonium sulfate precipitation. Subsequently, 
phosphoproteins were enriched using metal oxide affinity chromatography (MOAC). 
Quality control was assessed with SDS-PAGE and phospho-speci c Pro-Q Diamond 
staining. Mass spectrometry analysis was performed with on-line nano-LC (Easy-nLC II) 
FT-mass spectrometry (LTQ Orbitrap Velos); (B) SDS-PAGE showing the crude extract and 
stepwise ammonium sulfate (AS) fractionations. Each step was performed three times  
(lanes labeled 1, 2 and 3). Visualization of proteins was achieved with (I) Pro-Q Diamond 
phosphoprotein staining in false-color representation and (II) colloidal coomassie staining. 
Protein molecular weights are indicated on the left-hand margin. (C) SDS-PAGE of different 
extraction and phosphoprotein enrichment steps, with visualization of the proteins as 
described above. Boxed areas mark the position of the large subunit of RuBisCO.  
(D) Boxplot depiction of protein yield (log10 microgram of proteins) from 25 g of leaf 
material (n = 6).  
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Figure 1. Cont. 

 

Notably, on the basis of the prepared replicates shown here, the “MOAC-only” method (crude  
extract + MOAC) had a larger variability in phosphoprotein enrichment compared to the other 
procedures (Figure 1C, upper panel; see, also, the standard deviation of the box plot in Figure 1D). 
Moreover, the “MOAC-only” fractions contained substantial amounts of RuBisCO (Figure 1C, lower 
panel), which may be a hindrance in subsequent mass spectrometry-based detection of less abundant 
proteins [33]. The PAPE fraction showed no distinct bands, but a uniform distribution across all 
molecular masses in the coomassie, as well as in the phosphospeci c stain. Hence, the combination of 
40% AS fractionation served both to remove RuBisCO and to enrich for phosphoproteins. The final 
protein yield by the PAPE procedure is about 0.6% of the total crude extract (Figure 1D); assuming all 
these are phosphoproteins, this is in agreement with the total phosphoprotein amount expected.  

3.3. Reproducibility and Robustness of PAPE on the Basis of Mass Spectrometry Analysis 

In addition to the coomassie and phosphostain gel-based analysis, mass spectrometry may provide a 
more qualitative estimation of the PAPE efficiency. Tryptic peptides derived from two micrograms of 
proteins from each of the three replicates of the four fractionation steps (i.e., crude extract, 40% AS 
fraction and the corresponding MOAC-treated samples of these two fractions) were measured with 
shotgun LC-MS. Each sample was measured in two LC-MS runs and the proteins identified for each 
fractionation step pooled from both runs. This led to the identification of 850, 1,024, 1,151 and  
803 proteins from the crude extract, the 40% AS fraction and their corresponding MOAC-treated 
samples, respectively (SCAFFOLD Software parameters: minimum protein probability 99.0%/minimum 
number of peptides 2/minimum peptide probability 90%). These represent a total of 1,928 unique 
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proteins, and the distribution in the four fractionation steps is illustrated in Figure 2A. The identities of 
these 1,928 proteins are listed in Supplemental Table S1.  

Figure 2. Mass spectrometry analysis of proteins from the fractionation steps of the PAPE 
procedure. (A) Flower plot showing the qualitative differences in the protein composition of 
the various PAPE fractions. The numbers are the total number of proteins identified from 
three experiments, with each sample being measured twice; (B) Variability and reproducibility 
of the PAPE procedure. Each small square represents a scatter plot of protein abundance 
(quantitative values based on spectral counting, SCAFFOLD; DanteR [30]) of the intersecting 
samples from the various fractionation steps. The letters A–D denote crude extract, crude 
extract + MOAC, 40% AS and 40% AS + MOAC, respectively, and the numbers 1–3 
correspond to the three replicate experiments for each fractionation step. Note the strong 
positive correlation within the three replicate experiments of each fractionation step (colored 
boxes); (C) Principal Component Analysis (PCA) plot. The dashed lines divide the plot into 
sectors along the weight of the principal components separating with/without 
prefractionation and MOAC phosphoprotein enrichment steps, respectively.  
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The qualitative protein composition varied greatly between fractions. In fact, of the total 1,928 proteins 
identified, only 227 proteins were common to all fractions, thus suggesting that the fractions contain 
different subsets of proteins (Figure 2A). The overlap between the crude extract and the 40% AS fraction 
was 440 proteins (~50% of the crude extract), indicating that 40% AS precipitated a subset of the total 
proteins, as is expected when considering the wide range of protein solubility in aqueous solvents [34]. 
Surprisingly, the overlap between the crude extract and the MOAC-enriched fraction revealed  
662 proteins, which represents ~78% of the crude extract. Since it is unlikely that 78% of the identified 
proteins in the crude extract are phosphoproteins, it hints at substantial unspecific binding to the metal 
oxide. For instance, this might be due to binding to the negative charges provided by carboxylate 
moieties within proteins [35], which can exacerbate the binding of phosphoproteins in complex protein 
mixtures. These problems of the MOAC step in capturing non-phosphorylated targets is partially 
alleviated by the PAPE procedure described here, since the AS-prefractionation is already enriched for 
phosphoproteins (see Figure 1C). Therefore, the PAPE procedure is clearly advantageous compared to 
using only MOAC in phosphoproteomics.  

The high technical reproducibility of each fractionation step can be seen in the positive linear 
relationship in the scatter plot of the quantitative value (based on spectral counting, SCAFFOLD; 
DanteR [30]) of each identified protein between the replicate experiments (see the colored boxes in 
Figure 2B). Notably, the tighter clustering of the replicates from the PAPE procedure when compared 
to the MOAC samples (purple box versus green box, respectively; Figure 2B), as well as the grouping 
within a Principal Component Analysis (Figure 2C) supports the robustness of the PAPE method over 
the MOAC method.  

3.4. Validation of Phosphoprotein Enrichment by the PAPE Procedure  

Figure 1C demonstrated that the PAPE procedure precipitated and enriched phosphoproteins. To 
further support this Pro-Q Diamond phosphostain evidence (Figure 1C), we determined if there was 
indeed an increase in the identification of known phosphoproteins from the fractionation steps.  
Using P3DB, a curated plant phosphoprotein database that contains only experimentally verified high 
quality entries, we found that the 40% AS, MOAC and PAPE fractions contain significantly higher 
numbers of known phosphoproteins than the crude extract (Figure 3B). Since the number of identified 
proteins varied between fractions, we also calculated the identified known phosphoproteins as a 
percentage of all identified proteins within each fraction (grey line in Figure 3B) in order to circumvent 
any misrepresentation. This demonstrated that the PAPE fraction had proportionally more known 
phosphoproteins than the MOAC fraction (36% and 23%, respectively), thus suggesting the 
improvement of the PAPE procedure over MOAC alone to enrich phosphoproteins. Gene ontology (GO) 
annotation of the proteins identified in the PAPE fraction showed an enrichment of proteins involved in 
response to abiotic and biotic stimuli and to stress (Figure 3A). Since protein phosphorylation regulates 
many of these processes, it supports the effectiveness of PAPE to enrich lowly abundant phosphorylated 
proteins that are also involved in cellular signaling. 
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Figure 3. Changes of the protein/phosphoprotein composition. (A) Gene ontology functional 
categorization (based on the The Arabidopsis Information Resource (TAIR) gene ontology 
(GO) web-tool) of the proteins detected with the PAPE procedure; (B) The number of 
identified proteins in the various fractionation steps that are annotated as known 
phosphoproteins in the P3DB database. The grey line represents the percentage of identified 
known phosphoproteins to the total number of identified proteins in each fraction (see  
Figure 2A); (C) The number of phosphopeptides identified in the various fractionation steps. 
(Only high-confidence phosphopeptides with a phosphorylation site probability (pRS)  
score >30 are considered; for a full list, see Table S2). Each experiment was performed three 
times and measured twice. Black bars are the average number of phosphopeptides 
(+/ standard deviation) detected in each fraction, while grey bars depict the total number  
of non-identical phosphopeptides identified from all replicates. The grey line depicts  
the percentage of identified phosphopeptides to the total number of identified proteins in 
each fraction.  

 

Correspondingly, we identified more phosphopeptides in the 40% AS, MOAC and PAPE fractions 
than in the crude extract (Figure 3C). In particular, when represented as the percentage of 



217 
 

 

phosphopeptides relative to the total number of proteins identified in each fraction, more 
phosphopeptides were recorded in the PAPE than the MOAC fraction (6.2% and 4.5%, respectively). 
Interestingly, many of the phosphopeptides detected in the PAPE fractions were not listed in the  
P3DB [36,37] and PhosPhAt 3.0 [38,39] databases, which includes both novel phosphopeptides in 
proteins that are, so far, not annotated as phosphoproteins, as well as novel phosphopeptides in other 
regions of known phosphoproteins (see Tables 1 and S2). Note that Table 1 lists only the novel 
phosphopeptide with a high-confidence pRS score cutoff (>30); a longer list of all potential 
phosphopeptides is shown in Table S2. Additionally, Table S3 (a modified version of Table S2) links 
the identified phosphopeptides and the associated phosphoproteins. Inspection of these tables also 
reveals a progressive increase in the number of phosphopeptides associated with a particular 
(phospho)protein from the crude extract to the final PAPE fraction. Examples include RD29A 
(desiccation-responsive protein 29; also known as low-temperature-responsive protein 78, At5g52310), 
NR2 (nitrate reductase 2, At1g37130) and two proteins with tetratricopeptide repeat (TPR) domains 
(At1g01320 and At4g28080) (Figure 4). Taken together, these phosphopeptide detection data 
demonstrate the efficacy of the PAPE procedure to identify (novel) phosphoproteins. 

Figure 4. Examples of the increased detection of phosphopeptides associated with a 
particular protein in the PAPE fraction. A progressively increasing number of 
phosphopeptide detections is seen for the listed proteins from the crude to the PAPE fraction. 
(Abbreviations: NR2, nitrate reductase 2; RD29, desiccation-responsive protein 29, which 
is also known as low-temperature-responsive protein 78; TPR-like, proteins from the 
tetratricopeptide repeat superfamily).  
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However, there are also cases where no phosphopeptides could be identified for the putative 
phosphoprotein enriched in the PAPE fraction (e.g., MPK4 or MPK6). This is possibly one of the caveats 
of the present study, which is that when compared to the reproducibility in identification of the (putative) 
phosphoprotein (see Table S1, Figure 2B), there is often difficulties or variation in the phosphopeptide 
identification between replicate measurements. Contrary to expectation, the absolute number of 
phosphopeptide identified is not particularly high, despite the increased phosphoprotein detection 
(Figure 3C). However, such limitations can be attributed to the fact that the subsequent tryptic digestion 
reintroduced a complex peptide mixture, thereby hindering the phosphopeptide identification by MS as 
a consequence of the over-representation of non-phosphorylated peptides over phosphopeptides [40].  
It is known that phosphoprotein enrichment procedures will increase the number of phosphorylated 
proteins, but this does not necessarily translate to larger numbers of identified phosphorylated  
peptides [9]. For this purpose, an additional phosphopeptide enrichment step to the current PAPE 
procedure may be included to enhance phosphopeptide identification. However, due to the different 
efficiencies in capturing mono-phosphorylated and multiple phosphorylated peptides from complex 
peptide mixtures [41], this was not done in the current study to avoid losing the identification of certain 
phosphoproteins. The current PAPE procedure is mainly designed to detect phosphoproteins from green 
plant tissues. 

4. Conclusions 

We report here that a simple ammonium sulfate fractionation step can be used to eliminate abundant 
RuBisCO proteins and simultaneously enrich phosphoproteins from Arabidopsis leaves. A combination 
of this step with MOAC phosphoprotein enrichment, which we termed PAPE, enabled the identification 
of low abundance phosphoproteins, including several that are not annotated in the P3DB and PhosPhAt 3.0 
databases. Overall, the PAPE procedure performed better than MOAC alone to enrich phosphoproteins. 
While some proteins will be missed by the PAPE procedure, because of removal during the ammonium 
sulfate precipitation step, the Pro-Q Diamond phosphostain indicated that the bulk of phosphoproteins 
are actually within the fraction used for analysis (see Figure 1B). Thus, by eliminating RuBisCO and 
enriching phosphoproteins, the PAPE procedure reduces the effective dynamic range of protein 
abundance in the plant proteome and ameliorates the detection of phosphoproteins. Its facile handling 
allows it to be implemented in any laboratory. We also envisage that the inclusion of a phosphopeptide 
enrichment step to the current PAPE fraction would further improve the mapping of the plant 
phosphoproteome. 
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