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Preface to “Plant Genomics 2019—Volume II”

In recent years, researchers have uncovered the genes and genomic regions responsible for

plants’ growth, development, and stress responses. This reprint the ‘Plant Genomics 2019’ Special

Issue comprises 57 papers exploring various aspects of plant genomics. These papers delve into

gene discovery, genomic prediction, genome editing, plant chloroplast genome sequencing and

comparative analysis, microRNA analysis, and comparative genomics.

The studies featured in this Special Issue employ a comprehensive research approach that

combines bioinformatics and transcriptome analyses. With this approach, researchers have identified

the genes associated with biotic and abiotic stress responses. Studies on the genome-wide

identification of gene families, gene characteristics and distributions analysis, and gene expression

profiles have shed light on various traits across multiple species.

In addition to gene discovery, the Special Issue also considers microRNAs (miRNAs) and

their regulatory roles in gene expression. The roles of miRNAs in plant species have been

explored, including the development of an artificial miRNA precursor system for gene silencing

and the identification of miRNAs involved in seed development. These findings contribute to our

understanding of how miRNA function in plant growth and development, offering potential avenues

for crop improvement.

The Special Issue places a significant emphasis on the application of genomic tools for crop

improvement. Papers on Chinese winter wheat and flax highlight the effectiveness of genomic

prediction and marker-assisted selection in enhancing their yield, salt tolerance, and fruit ripening.

Furthermore, the issue explores the revolutionary impact of the CRISPR/Cas9-mediated genome

editing of plants, including targeted mutagenesis and gene replacement.

Comparative genomics is another key theme within this Special Issue, providing insights into

the evolution of plant species. By comparing genomes, researchers can identify conserved gene

families and regulatory elements, shedding light on plants’ development and their adaptation to

environmental stresses. Comparative genomics can also be used for phylogenetic analyses and

resolving relationships between species.

Overall, the 57 papers featured in ‘Plant Genomics 2019’ exemplify the substantial progress

made in understanding plant genetics and genomics. These studies offer valuable insights into

the application of genomic tools for crop improvement, sustainable agriculture, and fundamental

questions about the evolution and function of plant genes and genomes.

Frank M. You

Editor
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The Complete Chloroplast Genomes of
Punica granatum and a Comparison with
Other Species in Lythraceae
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Abstract: Pomegranates (Punica granatum L.) are one of the most popular fruit trees cultivated in
arid and semi-arid tropics and subtropics. In this study, we determined and characterized three
complete chloroplast (cp) genomes of P. granatum cultivars with different phenotypes using the
genome skimming approach. The complete cp genomes of three pomegranate cultivars displayed the
typical quadripartite structure of angiosperms, and their length ranged from 156,638 to 156,639 bp.
They encoded 113 unique genes and 17 are duplicated in the inverted regions. We analyzed the
sequence diversity of pomegranate cp genomes coupled with two previous reports. The results
showed that the sequence diversity is extremely low and no informative sites were detected, which
suggests that cp genome sequences may be not be suitable for investigating the genetic diversity of
pomegranate genotypes. Further, we analyzed the codon usage pattern and identified the potential
RNA editing sites. A comparative cp genome analysis with other species within Lythraceae revealed
that the gene content and organization are highly conserved. Based on a site-specific model, 11 genes
with positively selected sites were detected, and most of them were photosynthesis-related genes
and genetic system-related genes. Together with previously released cp genomes of the order
Myrtales, we determined the taxonomic position of P. granatum based on the complete chloroplast
genomes. Phylogenetic analysis suggested that P. granatum form a single clade with other species
from Lythraceae with a high support value. The complete cp genomes provides valuable information
for understanding the phylogenetic position of P. gramatum in the order Myrtales.

Keywords: pomegranate; chloroplast genome; sequence diversity; site-specific selection; phylogeny

1. Introduction

Pomegranates (Punica granatum L.) are an economically important fruit tree of the tropical and
subtropical regions of the world. It is native to central Asia and has been highly praised in many
human cultures since ancient times [1]. Pomegranates have showy edible fruit with a high content
of anthocyanins and flavonoids [2,3]. It has been well demonstrated that pomegranates are valuable
to human health due to high levels of flavonoids and anthocyanins, which are considered potent
antioxidants offering protection against heart disease and cancer [4,5]. Also, the pomegranate tree is
suitable for genetic analysis due to its short juvenile period, and the high number of progenies [6].
As important resources for basic research and crop improvement, the genome of P. granatum
‘Taishanhong’ has been determined [7]. This genome will shed new light on the understanding
of some unique biological processes and pomegranate breeding. Compared to the nuclear genome, the

Int. J. Mol. Sci. 2019, 20, 2886; doi:10.3390/ijms20122886 www.mdpi.com/journal/ijms
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complete chloroplast genome is a low-cost and efficient way to get valuable genomic resources that
can be used to understand evolution at multiple taxonomic levels [8,9] and analyze the population [10]
because of its highly conserved structures and comparatively moderate substitution rates [11].

Chloroplasts (cp) are the photosynthetic organelles of the plant cells, which are derived from
free-living cyanobacteria through endosymbiosis [12]. Apart from playing key roles in photosynthesis,
chloroplasts are also responsible for other aspects of plant physiology and development [13]. A new
study found that chloroplast retrograde signaling can regulate nuclear alternative splicing of a subset
of Arabidopsis thaliana transcripts [14,15]. Interestingly, researchers have found that chloroplasts play
diverse roles in plant defense, including contributing to the production of defense compounds [16].
Chloroplasts contain their own genome, the chloroplast DNA (cpDNA), which is highly conserved in
genomic structure, gene content, and gene order. Cp genomes have been proved to be an effective
biological tool for rapid and accurate species recognition as super-barcode [17,18]. With the advent
of high-throughput sequencing technology, the increasing number of cp genomes of fruit crops has
been published [19–21]. Before the development of next-generation sequencing technology, cp genome
assembly was usually based on conventional primer walking strategies [22,23], which are laborious
and costly. It is now convenient to obtain complete a cp genome by using genomic DNA extracted
from the leaf tissue, because a large number of cp genomes are present in the sample [24]. Based on
homology to cp from related species, these reads from cp can be assembled into circle genomes. Many
bioinformatic tools have been developed to recover the cp genome sequence from total genomic DNA,
such as NOVOPlasty [25], chloroExtractor [26], and GetOrganelle [27].

In the present study, we obtained cp genomes of pomegranates from three phenotypically different
cultivars using the whole genome sequencing data. This study aimed to conduct a comprehensive
analysis of the pomegranate cp genome, including gene content, genomic structure, codon usage,
and potential RNA editing sites. In addition, combined with previously published cp genomes of
Myrtales, phylogenetic analysis was performed to determine the taxonomic position of P. granatum.
The results obtained here will provide valuable information for understanding the phylogenetic
position of pomegranates and the evolutionary history of the order Myrtales.

2. Results and Discussion

2.1. General Features of Pomegranate Chloroplast Genomes

The complete cp genomes of ‘Nana’, ‘Tunisia’, and ‘Taishanhong’ were de novo assembled using
whole genome sequencing data with GetOrganelle [27]. The cp genomes of ‘Nana’, ‘Tunisia’, and
‘Taishanhong’ were found to be 158,638, 158,639, and 158,638 bp in size, respectively. All of them
exhibited a typical quadripartite structure, consisting of a pair of IRs separated by a large single copy
region (LSC) and a small single copy region (SSC) (Figure 1). There are identical sets of 113 genes with
the same gene order, including 79 protein-coding, 30 tRNA, and 4 rRNA genes. Six protein-coding genes
(rps7, rps12, rpl2, rpl23, ndhB, ycf2), seven tRNA genes (trnI-CAU, trnN-GUU, trnR-ACG, trnA-UGC,
trnI-GAU, trnV-GAC, trnL-CAA), and all rRNA genes (4.5S, 5S, 16S, 23S) are located at the IR regions.
Eleven of the protein-coding genes and six of the tRNA genes contain introns, 14 of which contain a
single intron, whereas three (rps12, ycf3, clpP) have two introns (Table 1). In particular, the rps12 is a
trans-spliced gene, whose first exon is located in the LSC, while the second and third exons reside in
IRs. The infA gene was identified as a pseudogene because of the accumulation of the premature stop
codons [28]. Another pseudogene ycf1 existed because of the incomplete duplication of the normal
copy of ycf1 in the IRa and SSC junction, which is identical with previous reports [29,30]. There are
some exceptions where non-ATG codons were identified as start codons, such as ACG for psbL, GTG for
rps19, and ACG for ndhD. Alternate start codons have been found in other plant species [31]. Alternate
start codons are still translated as Met when they are the start of a protein because a separate transfer
RNA is used for initiation [32]. The overall GC content was 36.92%; this was consistent with previously

2
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reported GC content of IRs (42.78%) being higher than that of the LSC (34.89%) and SSC (30.64%) [33].
The high GC percentage of IRs could be due to the presence of rRNA sequences in these regions [34].
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Figure 1. Chloroplast genome maps of P. granatum. Genes drawn outside the outer circle are 

transcribed clockwise, and those inside are transcribed counter-clockwise. Genes belonging to 

different functional groups are color-coded. 

Chloroplast DNA has already been used in accessing the genetic diversity and 

phylogenetic structure at an intraspecies level. For instance, hypervariable regions of cp DNA 

such as atpB-rbcL, trnL-trnF and rps16-trnQ were used to assess the genetic diversity of Tunisian 

apricot accessions [35]. Also, chloroplast microsatellite loci were used to investigate the genetic 

diversity of Iranian pomegranate genotypes [36]. In our present study, the sequence diversity 

of pomegranate cp genomes was investigated combined with two previously reported cp 

genomes (NC_035240, MG878386). The results showed that the sequence diversity of 

pomegranates is extremely low (0.0008). Only 42 singleton variable sites were detected, and 

there were no parsimony variable sites in the alignment of the cp genomes of the five 

Figure 1. Chloroplast genome maps of P. granatum. Genes drawn outside the outer circle are transcribed
clockwise, and those inside are transcribed counter-clockwise. Genes belonging to different functional
groups are color-coded.

Chloroplast DNA has already been used in accessing the genetic diversity and phylogenetic
structure at an intraspecies level. For instance, hypervariable regions of cp DNA such as atpB-rbcL,
trnL-trnF and rps16-trnQ were used to assess the genetic diversity of Tunisian apricot accessions [35].
Also, chloroplast microsatellite loci were used to investigate the genetic diversity of Iranian pomegranate
genotypes [36]. In our present study, the sequence diversity of pomegranate cp genomes was
investigated combined with two previously reported cp genomes (NC_035240, MG878386). The results
showed that the sequence diversity of pomegranates is extremely low (0.0008). Only 42 singleton
variable sites were detected, and there were no parsimony variable sites in the alignment of the cp
genomes of the five pomegranate accessions. Therefore, we propose that cp genome sequences might
not be appropriate for investigating the genetic diversity of pomegranate genotypes.
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Table 1. The groups of genes within the P. granatum chloroplast genome.

Group of Genes Gene Names

Photosystem I psaA, psaB, psaC, psaI, psaJ

Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ,
psbK, psbL, psbM, psbN, psbT, psbZ

Cytochrome b/f complex petA, petBa, petDa, petG, petL, petN

ATP synthase atpA, atpB, atpE, atpFa, atpH, atpI

NADP dehydrogenase ndhAa, ndhB*a, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH,
ndhI, ndhJ, ndhK

RubisCO large subunit rbcL

RNA polymerase rpoA, rpoB, rpoC1a, rpoC2

Ribosomal proteins (SSU) rps2, rps3, rps4, rps7*, rps8, rps11, rps12*b, rps14, rps15,
rps16a, rps18, rps19

Ribosomal proteins (LSU) rpl2*, rpl14, rpl16a, rpl20, rpl22, rpl23*, rpl32, rpl33,
rpl36

Hypothetical chloroplast reading frames ycf1, ycf2*, ycf3b, ycf4

Translation initiation factor IF-1 infA

Acetyl-CoA carboxylase accD

Cytochrome c biogenesis Maturase matK

ATP-dependent protease clpPb

Inner membrane protein cemA

Ribosomal RNAs rna4.5S*, rna5S*, rna16S*, rna23S*

Transfer RNAs

trnA-UGC*a, trnC-GCA, trnD-GUC, trnE-UUC,
trnF-GAA, trnfM-CAU, trnG-GCC, trnG-UCCa,

trnH-GUG, trnI-CAU*a, trnI-GAU*, trnK-UUUa,
trnL-CAA*, trnL-UAAa, trnL-UAG, trnM-CAU,
trnN-GUU*, trnP-UGG, trnQ-UUG, trnR-ACG*,

trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA,
trnT-GGU, trnT-UGU, trnV-GAC*, trnV-UACa,

trnW-CCA, trnY-GUA

One asterisk indicates that the genes contained two copies. a and b indicate one- and two-intron containing
genes, respectively.

2.2. Codon Usage Bias

As an essential evolutionary feature, the codon usage pattern has been widely investigated in
many plant species [37–39]. In our study, we explored the codon usage pattern in the cp genomes of
pomegranates. Protein-coding genes with more than 300 nucleotides were selected for further analysis.
Firstly, the base composition on three different codon positions was determined, and the data are
displayed in Figure 2A. The results indicated that the average GC content of the first (GC1), second (GC),
and third codon positions (GC3) were 47.04, 39.79, and 28.34%, respectively. The base compositions of
the three different positions were distributed unevenly. The average GC3 content was significantly
lower than those of GC1 and GC2. The results of neutrality plots (Figure 2B) showed that no significant
correlation (R2 = 0.0036) between GC12 and GC3 was observed, which suggests that selective pressure
affects the codon usage bias in the pomegranate cp genomes [40,41]. The codon adaptation index
(CAI) value (Figure 2C) ranged from 0.5 to 1 with a default E. coli reference gene set as the reference.
According to their functions in the chloroplast, the protein-coding genes can be classified into three
categories: photosynthesis related genes (photo-genes), genetic system related genes (genet-genes),
and other genes. A recent study about codon usage bias of cp genomes in cultivated and wild Solanum
species concluded that photo-genes always had higher CAI values than genet-genes because the
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expression level of photo-genes is relatively higher than that of genet-genes [42]. The same result was
also observed in the cp genome of pomegranates. The main reason is probably due to the fact that
photo-genes may have a higher codon usage bias for the requirement of high gene expression than do
the genet-genes in the plant cp genomes. Furthermore, the relationship between bas compositions and
codon usage was investigated by ENC-plot (Figure 2D). Effective number of codons (ENC) values
ranged from 35.73 to 61, suggesting that codon usage bias is relatively weak in the pomegranate cp
genomes. The distribution of most genes was far away from the standard curve, which shows that
there are other factors that affect the codon usage, other than base compositions [43–45]. As the cp
genomes were highly AT-rich, it was not surprising that AT-ending codons would be predominant in
the protein-coding genes. The results are also consistent with the mutational bias towards AT being
the force driving the strong bias of codon usage of plan cp genomes [43]. Also, the Arg amino acid
coded with the AGA codon was the most frequent codon with a relative synonymous codon usage
(RSCU) value 2.02 (Table 2).
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Figure 2. The codon usage pattern of the pomegranate chloroplast (cp) genome. (A) GC content on
three different positions. (B) Neutrality plot (GC12 against GC3). (C) The codon adaptation index (CAI)
value of gene sets with different functions. (D) Relationship between GC3 and effective number of
codons (ENC) (ENC-plot). The expected ENC from GC3 is shown as a solid.
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Table 2. Putative preferred codons in the P. granatum cp genome. RSCU = relative synonymous
codon usage.

Amino
Acid Codon Codon

Frequency RSCU AA Codon Codon
Frequency RSCU

Phe UUU* 4551 1.18 Ser UCU* 2417 1.46
UUC 3143 0.82 UCC 1577 0.96

Leu UUA* 3112 1.41 UCA* 2278 1.38
UUG* 2920 1.32 UCG 1268 0.77
CUU* 2586 1.17 Pro CCU* 1385 1.21
CUC 1360 0.62 CCC 929 0.81
CUA 1958 0.89 CCA* 1387 1.21
CUG 1287 0.58 CCG 876 0.77

Ile AUU* 4378 1.27 Thr ACU* 1478 1.13
AUC 2723 0.79 ACC 1095 0.84
AUA 3246 0.94 ACA* 1759 1.35

Met AUG 2760 1.00 ACG 886 0.68
Val GUU* 2045 1.34 Ala GCU* 1389 1.45

GUC 1033 0.68 GCC 712 0.75
GUA* 1891 1.24 GCA 1145 1.20
GUG 1123 0.74 GCG 576 0.60

Tyr UAU* 3606 1.37 Cys UGU* 1410 1.17
UAC 1665 0.63 UGC 993 0.83

TER UAA* 2029 1.03 TER UGA 2003 1.01
UAG 1893 0.96 Trp UGG 2392 1.00

His CAU* 1908 1.38 Arg CGU 888 0.7
CAC 866 0.62 CGC 456 0.36

Gln CAA* 2815 1.35 CGA* 1428 1.13
CAG 1342 0.65 CGG 865 0.68

Asn AAU* 3923 1.37 Ser AGU 1441 0.87
AAC 1800 0.63 AGC 923 0.56

Lys AAA* 4768 1.31 Arg AGA* 2560 2.02
AAG 2538 0.69 AGG 1412 1.11

Asp GAU* 2818 1.49 Gly GGU 1642 1.01
GAC 962 0.51 GGC 886 0.54

Glu GAA* 3632 1.37 GGA* 2409 1.48
GAG 1689 0.63 GGG 1569 0.96

Preferred codons (RSCU value > 1.0) are indicated with (*).

2.3. RNA Editing Sites

RNA editing is a posttranscriptional process, which has been experimentally identified in
organellar transcriptomes from several species [46,47]. It mainly involves the conversion of cytidine
to uridine, which generally results in amino acid changes. Therefore, knowing where sites of RNA
editing exist in the organelle transcriptome could provide information for understanding the structure
and function of the translated proteins [48]. The potential RNA editing sites in the pomegranate cp
genome were predicted using the online program PREP. A total of 64 editing sites in 20 protein-coding
genes were identified (Table 3). The ndhB gene had the highest number of potential editing sites (11),
followed by the ndhD gene (9). In accordance with previous reports [49,50], we observed that most
conversions at the codon positions changed from serine (S) to leucine (L) and most RNA editing sites
led to amino acid changes from polar to apolar, which resulted in an increase in protein hydrophobicity.
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Table 3. Predicted RNA editing sites in the cp genome of P. granatum.

Gene Nucleotide Position Amino Acid Position Codon Conversion Score

matK

644 215 GCA (A) => GTA (V) 1
1177 393 CGG (R) => TGG (W) 1
1187 396 TCA (S) => TTA (L) 0.86
1246 416 CAC (H) => TAC (Y) 1

atpA 791 264 CCC (P) => CTC (L) 1

atpF 92 31 CCA (P) => CTA (L) 0.86

atpI 23 8 ACC (T) => ATC (I) 1

rps2 422 141 TCG (S) => TTG (L) 1

rpoC2 3056 1019 GCA (A) => GTA (V) 0.86
3998 1333 GCG (A) => GTG (V) 0.86

rpoC1 41 14 TCA (S) => TTA (L) 1
1171 391 CCA (P) => TCA (S) 1

rpoB

338 113 TCT (S) => TTT (F) 1
551 184 TCA (S) => TTA (L) 1
566 189 TCG (S) => TTG (L) 1
973 325 CTC (L) => TTC (F) 0.86

rps14 80 27 TCA (S) => TTA (L) 1
149 50 TCA (S) => TTA (L) 1

atpB 1487 496 TCG (S) => TTG (L) 1

accD
794 265 TCG (S) => TTG (L) 0.8
1403 468 CCT (P) => CTT (L) 1

psbL 2 1 ACG (T) => ATG (M) 1

psbF 77 26 TCT (S) => TTT (F) 1

clpP 559 187 CAT (H) => TAT (Y) 1

ndhB

28 10 CTC (L) => TTC (F) 1
149 50 TCA (S) => TTA (L) 1
467 156 CCA (P) => CTA (L) 0.8
586 196 CAT (H) => TAT (Y) 1
611 204 TCA (S) => TTA (L) 1
737 246 CCA (P) => CTA (L) 1
746 249 TCT (S) => TTT (F) 1
830 277 TCA (S) => TTA (L) 1
836 279 TCA (S) => TTA (L) 1
1255 419 CAT (H) => TAT (Y) 1
1481 494 CCA (P) => CTA (L) 1

ndhF
160 54 CTT (L) => TTT (F) 1
586 196 CTT (L) => TTT (F) 0.8

ccsA 89 30 TCG (S) => TTG (L) 1

ndhD

2 1 ACG (T) => ATG (M) 1
185 62 ACC (T) => ATC (I) 1
313 105 CGG (R) => TGG (W) 0.8
383 128 TCA (S) => TTA (L) 1
674 225 TCG (S) => TTG (L) 1
845 282 ACA (T) => ATA (I) 0.8
878 239 TCA (S) => TTA (L) 1
887 296 CCA (P) => CTA (L) 1
1405 469 CTT (L) => TTT (F) 0.8

ndhG
155 52 CCA (P) => CTA (L) 1
166 56 CAT (H) => TAT (Y) 0.8
314 105 ACA (T) => ATA (I) 0.8

ndhA
341 114 TCA (S) => TTA (L) 1
566 189 TCA (S) => TTA (L) 1
1073 358 TCC (S) => TTC (F) 1

2.4. Sequence Diversity of the Chloroplast Genomes among Lythraceae Species

Four complete cp genomes within Lythraceae, available in GenBank with our newly assembled
‘Taishanhong’, were selected to analyze the sequence diversity. The mean P-distance value was
designated to represent the level of divergence. The genetic distance of all 76 protein-coding genes
(Figure 3A) ranged from 0.003053 (psbN) to 0.108932 (rpl22), with an average of 0.024379. The intergenic
regions had a relatively higher genetic distance (Figure 3B) compared to the protein-coding regions,
ranging from 0.005621 (trnL-ndhB) to 0.23463 (trnL-ycf2) with an average value of 0.069775. The results
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agree with previous reports that intergenic regions showed greater divergence than coding regions
(Figure 3D) [51]. The SSC region exhibited higher divergence levels than the LSC and IRs (Figure 3C).
Three intergenic regions with genetic distance values over the 95th percentile were considered as highly
divergent regions, including trnH-psbA, trnL-ccsA, and trnL-ycf2. These highly variable regions may be
regarded as potential molecular markers for application in phylogenetic analyses in Lythraceae.
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Figure 3. The genetic distance based on Kimura’s two-parameter model. (A) The P-distance value
of protein-coding genes. (B) The P-distance value of intergenic regions. (C) Boxplots of P-distance
value difference among LSC, SSC, and IRs. (D) Boxplots of P-distance value differences between
protein-coding genes and intergenic regions.

2.5. Structure Comparison among the Chloroplast Genomes of Lythraceae Species

Five complete cp genomes within Lythraceae were selected for comparison with each other. The
genome sizes was ranged from 152,205 to 159,219 bp. The length of the LSC, SSC, and IRs varied in the
range of 84,046–89,021 bp, 16,914–18,821 bp, and 23,902–25,914 bp, respectively. Lagerstroemia indica has
the smallest genome, and this difference is mostly attributed to variation in the length of the LSC and IR
regions (Table 4). A detailed comparison on four borders between the two IRs and the two single-copy
regions showed that the border structures were highly similar with one another (Figure 4). However,
a slight difference in junction positions was observed among these five cp genomes. For instance, the
ndhF gene was located at the SSC region in Sonneratia alba, Trapa maximowiczii, Punica granatum, and
Heimia myrtifolia, while it varied from 3 to 54 bp apart from the IRb/SSC junction. However, the ndhF
gene crossed over the IRb/SSC region in Lagerstroemia indica. The rps19 gene was located in the junction
of the LSC/IRb in Trapa maximowiczii, Lagerstroemia indica, and Punica granatum, with 24–83 bp located
in the IRb. However, in Heimia myrtifolia and Sonneratia alba, the rps19 gene was fully located in the
LSC region, and 4–16 bp apart from the LSC/IRb border. Overall, the IR boundary regions varied
slightly in the Lythraceae cp genomes. IR expansion and contraction often results in genome size
variations among various plant lineages, which can be used to study the phylogenetic classification
and the genome evolution among plant lineages. Three reasons may explain the diversification of the
IR boundary region sequences: the first is intramolecular recombination, the second is the presence of
multiple repeat sequences, and the third is the indels, which caused a mismatch that resulted in the
upstream sequence becoming a single copy [52].
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Pairwise alignment of the P. granatum cp genome with the other Lythraceae species revealed a high
degree of synteny and gene order conservation (Figure 5), suggesting an evolutionary conservation of
the Lythraceae cp genomes at the genome-scale level.

Table 4. Summary of the complete chloroplast genome characteristics of five species in Lythraceae.

Species Punica
granatum

Lagerstromeia
indica

Sonneratia
alba

Trapa
maximowicizz

Heimia
myrtifolia

Genome size 158,638 152,025 153,061 155,577 159,219
LSC size 89,021 84,046 87,226 88,528 88,571
SSC size 18,684 16,914 18,032 18,272 18,821
IR size 25,467 25,623 23,902 24,389 25,914

Number of genes 113 113 107 110 112
Protein-coding genes 79 (6) 79 (7) 79 (6) 77 (5) 78 (7)

tRNA genes 30 (7) 30 (7) 24 (5) 29 (9) 30 (6)
rRNA genes 4 (4) 4 (4) 4 (4) 4 (4) 4 (4)

Number of genes duplicated in IR 17 18 15 18 17
GC content 36.92 37.59 37.29 36.4 36.95

GenBank accession MK603511 NC_030484 NC_039975 NC_037023 MG921615
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2.6. Positive Selection Analysis

The ratios of non-synonymous (dN) and synonymous (dS) substitutions for 75 protein-coding genes
among five Lythraceae were calculated based on the site-specific model. Eleven genes with positively
selected sites within the Lythraceae family were identified (Table 5). Those genes contained one subunit
of acetyl-CoA carboxylase (accD), one photosystem I subunit gene (psaI), two NADH-dehydrogenase
subunit genes (ndhF, ndhJ), one ribosome large subunit gene (rpl22), five ribosome small subunit
genes (rps2, rps4, rps7, rps8, rps12), and the ycf1 gene. According to the M8 model, the ycf1 gene
possessed 10 positive sites, followed by ndhF (7) and rpl22 (5). The other eight genes each had only one
positive site. The Photo-genes included four genes (accD, psaI, ndhF, ndhJ). The Genet-genes included
six genes (rpl22, rps2, rps4, rps7, rps8, rps12). The ycf1 gene was considered as the other gene. Most
positively selected genes were genetic system or photosynthesis related genes, which indicated that
the chloroplast functional genes played vital roles during the plant evolution [53,54].

Table 5. Log-likelihood values of the site-specific models, with detected sites having non-synonymous/
synonymous (dN/dS) values > 1.

Gene
Name

Models (Number
of Parameters) lnL Likelihood Ratio

Test p-Value Positively Selected Sites

accD
M8 (12) −2534.400824

0.0962956 125 G 0.955*M7 (10) −2536.741156

ndhF
M8(12) −4446.871610

0.000000002
292 N 0.961 *; 486 R 0.999 **; 487 I 0.975 *; 490 K 0.985 *;

518 N 0.969 *; 648 S 0.983 *; 738 F 0.995 **M7(10) −4466.787914

ndhJ M8(12) −806.644367
0.003291615 121 R 0.970 *M7(10) −812.360744

psaI M8(12) −139.985819
0.031547151 26 H 0.959 *M7(10) −143.4420

rpl22 M8(12) −942.833567
0.000497160 4 L 0.972 *; 5 Y 0.961 *; 73 P 0.962 *; 125 A 0.993 **; 126 R 0.994 **M7(10) −950.440165

rps12 M8(12) −529.317591
0.002536102 117 K 0.974 *M7(10) −535.294718

rps2 M8(12) −1171.788526
0.008240568 173 E 0.982 *M7(10) −1176.587212

rps4 M8(12) −994.666749
0.007084882 28 P 0.959 *M7(10) −999.616541

rps7 M8(12) −672.815064
0.000000001 84 T 1.000 **M7(10) −693.433775

rps8 M8(12) −718.655799
0.001840922 59 L 0.989 *M7(10) −724.953288

ycf1 M8(12) −11,993.590817
0.000001936

205 V 0.977 *; 206 F 0.975 *; 341 S 0.974 *; 495 S 0.952 *;
534 A 0.951 *; 1073 A 0.963 *; 1290 R 0.978 *; 1446 E 0.963 *;

1701 K 0.976 *; 1728 T 0.950 *
M7(10) −12,006.745724

* p < 0.05; ** p < 0.01.

2.7. The Phylogenetic Position of P. granatum

Complete cp genomes are important as they can provide information for understanding the
phylogenetic relationships at multiple taxonomic levels. For example, recent phylogenetic analyses
based on protein-coding genes of the cp genome provided the broad phylogenetic framework for
Viridiplantae, which has significant value both to evolutionary biologists and ecologists [55]. The
genus Punica belongs to the order Myrtales and most likely originated from Saxifragales. However, the
placement of genus Punica under different families such as Punicaceae, Lythraceae, and Myrtaceae
has remained debatable [6]. Recent phylogenomic analysis based on 106 single-copy nuclear genes
was performed and supported that P. granatum belongs to the Lythraceae family rather than the
monogeneric Punicaeceae family [7].

To determine the position of P. granatum and to further analyze the relationships within Myrtales,
we used the complete cp genome sequences to perform the phylogenetic analysis. Eighty-five species
representing five families from the order Myrtales were selected. Two species from the order Vitales
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(Vitis acerifolia, Vitis vinifera) were selected as outgroups. To avoid systematic errors produced by poor
alignment, we removed poorly aligned sites using Gblocks. After the removal of the ambiguously
aligned regions, the alignment contained 106,571 sites in total, including 20,088 parsimony-informative
sites, 9178 singleton sites, and 77,305 constant sites. The method of data analysis (ML and BI) did not
affect the results, and the treetopologies of ML and BI were found to be the same. The phylogenetic
relationships among five families were fully resolved, and node support values for the ML type were
higher than 90.

The tree showed (Figure 6) that all the accessions of the pomegranate were grouped into a
single clade with other closely related species of the Lythraceae family. The monophyly of the family
Lythraceae and the sister relation with family Onagraceae is highly supported (>90). Myrtaceae were
strongly supported as monophyletic and formed a sister relationship with Melastomataceae. Five
pomegranate accessions formed a clade with zero or nearly zero branches length, which suggests that
the cp genome might be of limited use for cultivar identification and population genetic studies of P.
granatum. Our full genomic data set resolved the phylogenomic placement of Punica and provided
strong support for most relationships of Myrtales.
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(BI) methods based on complete cp genomes of the order Myrtales. Only the tree topology of the ML
tree was presented.

3. Materials and Methods

3.1. Plant Material

Three P. granatum cultivars with distinct phenotypes were chosen to reconstruct the complete
cp genome: ‘Nana’ is a dwarf pomegranate, which has a small and sour fruit with hard seeds.
‘Tunisia’ is a domesticated cultivar characterized as a normal-sized tree with sweet taste and soft
seeds. ‘Taishanhong’ is a widely grown landrace in China, characterized as having a bright red
peel with delicious taste and hard seeds. The materials used in this study were collected from the
experimental orchard at Nanjing Forestry University. The voucher specimen was deposited in Nanjing
Forestry University.
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3.2. DNA Sequencing, Genome Assembly, and Annotation

Total genomic DNA was extracted from mature leaves using a modified CTAB protocol. Firstly,
1.0 µg Genomic DNA was sheared into an average fragment size of 350 bp by a Covaris S220 sonicator
(Woburn, Massachusetts, MA, USA). Then, the size distribution and concentration of the libraries were
determined using an Agilent 2100 Bioanalyzer and qualified by real-time PCR (2 nM), respectively.
DNA libraries were sequenced on Illumina Hiseq X Ten (Nanjing, China) for at least 150 bp reads. The
raw sequence data reported in this paper were deposited in the Genome Sequence Archive in Big
Data Center [56], Beijing Institute of Genomics (BIG) [57], Chinese Academy of Sciences, under the
BioProject with the accession number PRJCA001313. After the fragments were filtered and trimmed
by the fastp program [58], clean reads were obtained. Subsequently, the high-quality paired-end
reads were used to de novo assemble the complete cp genomes using the GetOrganelle program [27]
with a combined k-mer of 95,105,125. Genome annotation was performed using the online program
GeSeq [59] for the pomegranate cp genomes previously reported. The annotation results were inspected
using Geneious [60] and adjusted manually as needed. The cp genome map was drawn using the
online tool OGDRAW [61]. The complete cp genomes have been submitted to Genbank with accession
number MK603511-MK603513.

3.3. Codon Usage

The complete cp genome of the pomegranate cultivar ‘Taishanhong’ was selected to analyze
the codon usage pattern. The protein-coding genes with more than 300 nucleotides were extracted
according to the annotation file. The GC content of GC1, GC2, and GC3 was calculated using an
in-house python script. The codon usage indices were calculated by CodonW v1.4.4, including the
relative synonymous codon usage (RSCU), codon adaptation index (CAI), and the effective number of
codons (ENC). RSCU values were close to 1 indicating that all synonymous codons encoding the same
amino acid were used equally. CAI is used to measure the extent of bias towards preferred codons in
a gene. A higher CAI value means a stronger codon usage bias and a higher expression level. ENC
is used to measure codon usage evenness. Its value ranges from 20 (extremely biased) to 61 (totally
unbiased) [62].

3.4. RNA Editing Sites

Prediction of the possible RNA editing sites in P. granatum protein-coding genes were performed
using the online program predictive RNA editor for plants (PREP) suite [63] with 35 genes as reference.
Only those sites which had a cutoff value of 0.8 were kept.

3.5. Sequence Diversity

Four cp genomes from Lythraceae were downloaded from GenBank, including Lagerstroemia
indica (NC_030484), Heimia myrtifolia (MG921615), Sonneratia alba (NC_039975), and Trapa maximowiczii
(NC_037023). These four cp genomes together with that of our newly assembled ‘Taishanhong’
genome were used to detect the divergent hot spot. Intergenic and protein-coding regions from five
Lythraceae cp genomes were extracted using an in-house python script. Multiple sequence alignment
was performed using MAFFT [64] and the mean P-distances were calculated using R package ‘ape’ [65]
with Kimura’s two-parameter model.

3.6. Structure Comparison

IR expansion and contraction of cp genomes among the five Lythraceae species mentioned above
were analyzed using IRscope (Helsinki, Finland) [66]. We also conducted a co-linear analysis. A
pairwise alignment was achieved by the lastz program. The results were visualized using AliTV
(Wurzburg, Germany) [67].
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3.7. Positive Selection Analysis

In order to detect the protein-coding genes under selection in Lythraceae, the sequences for
each gene were aligned separately using the Muscle (codon) implemented in MEGA [68], and the
Maximum likelihood phylogenetic tree based on complete cp genome sequences was constructed using
IQ-tree [69]. The site-specific model was performed to test for natural selection using the CODEML
algorithm [70] implemented in EasyCodeML [71]. Six codon substitution models described as M0, M1a,
M2a, M3, M7, and M8 were investigated. This model allowed the ω ratio to vary among sites with
a fixedω ratio in all branches in order to test for site-specific evolution in the gene phylogeny. Two
likelihood ratio tests were performed to detect positively selected sites: M1a (neutral) vs. M2a (positive
selection), M7 (β) vs. M8 (β and ω), and M0 (one-ratio) vs. M3 (discrete), which were compared using
a site-specific model [72].

3.8. Phylogenetic Analysis

To determine the phylogenetic position of P. granatum, phylogenetic analysis was performed using
the complete cp genomes in the Myrtales. The cp genomes previously published in the Myrtales and
two species from Vitales were downloaded from NCBI using an in-house python script. Multiple
sequences alignment was achieved by HomBlocks pipelines [73]. Some poorly aligned regions
were removed with Gblocks [74]. Two methods were employed to construct a phylogenetic tree,
including Maximum likelihood (ML), and Bayes inference (BI). The dataset was unpartitioned. ML
was implemented in IQ-tree [69] under the best-fit model selected by using ModelFinder [75] according
to Akaike information criterion (AIC). The ML tree was inferred with 1000 bootstrap replicates (the
‘-bb’ options). BI was performed with MrBayes [76] under the best-fit model determined by Modeltest
with the AIC. The Marjkov chain Monte Carlo (MCMC) analysis was run for 2 × 200,000 generations.
Trees were sampled at every 1,000 generations with the first 25% discarded as burn-in. The stationarity
was considered to be reached when the average standard deviation of split frequencies remained below
0.001. Phylogenetic trees with bootstrap values (BS) and posterior probabilities (PP) were visualized
using R package ‘ggtree’ [77].

4. Conclusions

Next generation whole genome shotgun sequences of plant species often contain numerous reads
that are derived from the cp genomes, which provides a unique opportunity to assemble complete
cp genomes. This method of using low coverage of the whole genome sequencing data to recover
highly repetitive genome regions such as organelle genomes is called the “whole genome skimming
approach”. In the present study, we determined and characterized the complete cp genomes of
three P. granatum cultivars using the whole genome sequencing data. Sequence diversity analysis
revealed that cp genome sequences may not be suitable for investigating the genetic diversity of
pomegranate genotypes. The genome sequencing data of three different cultivars are valuable resources
for pomegranate breeding programs. The complete cp genome sequences that were newly assembled
in our study could provide valuable information for understanding the evolutionary relationships
among the Myrtales.
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Abstract: Aristolochiaceae, comprising about 600 species, is a unique plant family containing
aristolochic acids (AAs). In this study, we sequenced seven species of Aristolochia, and retrieved
eleven chloroplast (cp) genomes published for comparative genomics analysis and phylogenetic
constructions. The results show that the cp genomes had a typical quadripartite structure with
conserved genome arrangement and moderate divergence. The cp genomes range from 159,308 bp
to 160,520 bp in length and have a similar GC content of 38.5%–38.9%. A total number of 113 genes
were identified, including 79 protein-coding genes, 30 tRNAs and four rRNAs. Although genomic
structure and size were highly conserved, the IR-SC boundary regions were variable between these
seven cp genomes. The trnH-GUG genes, are one of major differences between the plastomes of
the two subgenera Siphisia and Aristolochia. We analyzed the features of nucleotide substitutions,
distribution of repeat sequences and simple sequences repeats (SSRs), positive selections in the cp
genomes, and identified 16 hotspot regions for genomes divergence that could be utilized as potential
markers for phylogeny reconstruction. Phylogenetic relationships of the family Aristolochiaceae
inferred from the 18 cp genome sequences were consistent and robust, using maximum parsimony
(MP), maximum likelihood (ML), and Bayesian analysis (BI) methods.

Keywords: Aristolochia; chloroplast genome; molecular evolution; compare analysis; phylogeny

1. Introduction

Aristolochia sensu lato, comprising about 500 species, is the largest genus of Aristolochiaceae,
with a broad distribution range from tropical to subtropical, extending to temperate regions [1,2].
Several species of Aristolochia, such as Aristolochia moupinensis, Aristolochia tagala, and Aristolochia
mollissima, have been reported as traditional Chinese medicines [3,4]. Aristolochiaceae is a unique
plant family containing aristolochic acids (AAs), and their derivatives are widely implicated in
liver cancers [5,6]. However, current studies have demonstrated that AAs are of nephrotoxicity,
carcinogenicity, and mutagenicity [7,8]. The sale and use of AA-containing herbal preparations have
been restricted in many countries [9].

The monophyly of Aristolochiaceae was well supported in most analysis, and was divided
into two subfamilies, Asaroideae and Aristolochioideae [10,11]. The studies recognized two genera
Saruma and Asarum in Asaroideae [10–13]. The genus Aristolochia of subfamily Aristolochioideae
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was classified into two major lineages, as indicated by previous studies based on morphological
characters and molecular phylogenetic methods [10,14–16]. In the past years, the nuclear ITS2,
phyA gene, and several plastid genome regions (such as matk, rbcL, trnK, and trnL-trnF) or their
combinations have been frequently used in molecular systematics of Aristolochiaceae [11,15,17,18].
The inter-simple sequence repeat (ISSR) markers were also used to identify diverse genetic stocks and
understand the evolutionary relationships of Aristolochia [19,20]. The selected loci failed to provide
sufficient phylogenetic information to elucidate the evolutionary relationships among Aristolochia
species. A universal barcode either using whole chloroplast (cp) genomes or hyper-variable regions
are urgently needed, which may significantly improve the low resolution in plant relationships and
contribute to the conservation, domestication, and utilization of Aristolochia plants.

The chloroplast is the key organelle for photosynthesis and carbon fixation in green plants [21].
Their genomes could provide valuable information for taxonomic classification and phylogenetic
reconstruction among species of land plants [22–25]. Typical cp genomes in angiosperms have a
generally conserved quadripartite circular structure with two copies of inverted repeat (IR) regions
that are separated by a large single copy (LSC) region and a small single copy (SSC) region, and encode
120–135 genes with sizes in the range of 120–170 kb [26,27]. In recent years, the cp genomes
of Aristolochia debilis, Aristolochia contorta, Saruma henryi, and nine species of Asarum within the
Aristolochiaceae family have been reported [28–31]. Those sequenced cp genomes of Aristolochiaceae,
except for those of Asarum species, were conserved in length, gene and GC content, from which no
rearrangement event had been detected.

With the rapid development of next-generation sequencing (NGS), it is now more convenient
and cheaper to obtain cp genome sequences, feasible to compare analysis of sequences evolution
among different individuals. In this study, we reported seven complete cp genomes of Aristolochia and
conducted comparative genomic analyses, focused on gene size, content, patterns of nucleotide
substitutions, and variable sites. Another 12 published cp genome sequences of Magnoliids
downloaded from the National Center for Biotechnology Information (NCBI) organelle genome
database (https://www.ncbi.nlm.nih.gov) [32] were also used to detect selective sites, repeat sequences,
simple sequence repeats (SSRs), and phylogenetic constructions. We performed these comparative
genomes analysis to obtain comprehensive understanding the structure of plastomes within Aristolochia
and to provide genetic resources for future research in the genus.

2. Results

2.1. The Chloroplast Genome Structures of Species

All the species of Aristolochia we sequenced had a typical quadripartite structure, with a circular
molecule of 159,308 bp to 160,520 bp in length. The complete cp genomes of involved species comprise
an LSC region (88,652–89,859 bp) and an SSC region (19,322–19,799 bp), separated by a pair of IRs
ranging from 25,242 bp to 25,700 bp in length (Figure 1, Table 1). GC content of the plastomes of the
seven Aristolochia species varies slightly from 38.5% to 38.9% (Table 1). The GC content within coding
sequence (CDS) of the two species (A. tagala and A. tubiflora) of subgenus Aristolochia and five species
(A. kunmingensis, A. moupinensis, A. macrophylla, A. kaempferi, and A. mollissima) of subgenus Siphisia
was 38.9% and 39.2%, respectively. GC% content of the first position was higher compared to those of
the second and third positions (Figure 2, Table S1). A total of 113 unique genes were identified in the
seven cp genomes, including 79 protein coding genes, 30 tRNAs and four rRNAs, 19 or 18 genes of
which duplicated in the IR region (Tables 1 and 2).
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Figure 1. Gene maps of the complete cp genome of seven species of Aristolochia. Gene map of cp genome 
of (A) Aristolochia manshuriensis; (B) Aristolochia kaempferi, Aristolochia macrophylla, Aristolochia mollissima 
and Aristolochia kunmingensis; (C) Aristolochia tagala and Aristolochia tubiflora. Genes on the inside of the 
circle are transcribed clockwise, while those outside are transcribed counter clockwise. The darker gray 
in the inner circle corresponds to GC content, whereas the lighter gray corresponds to AT content. 

Introns play an important role in the regulation of some gene expressions [33]. Eighteen genes of 
seven plastomes contain one intron, including atpF, rpoC1, ycf3, rps12, rpl2, rpl16, clpP, petB, petD, rps16, 
ndhA, ndhB, and six tRNA genes, while three genes (clpP, ycf3, and rps12) contain two introns. The 
longest intron occurred in the trnK-UUU gene is 2552–2687 bp of seven plastomes, and had been used 
to the inter- and intra-species of Aristolochia [2,16]. In addition, the length of rpl2 intron in species of 
subgenus Siphisia and subgenus Aristolochia is 700 bp and 659 bp, respectively (Table 3). 

  

Figure 1. Gene maps of the complete cp genome of seven species of Aristolochia. Gene map of cp
genome of (A) Aristolochia manshuriensis; (B) Aristolochia kaempferi, Aristolochia macrophylla, Aristolochia
mollissima and Aristolochia kunmingensis; (C) Aristolochia tagala and Aristolochia tubiflora. Genes on the
inside of the circle are transcribed clockwise, while those outside are transcribed counter clockwise.
The darker gray in the inner circle corresponds to GC content, whereas the lighter gray corresponds to
AT content.

Table 1. Summary of complete chloroplast (cp) genomes of Aristolochia species.

Species Total LSC IR SSC CDS Total Protein Coding
Genes tRNA rRNA GC%

A. kaempferi 159,612 88,890 25,681 19,360 79191.0 113 79 30 4 38.8
A.

kunmingensis 160,051 89,308 25,698 19,347 79143.0 113 79 30 4 38.7

A.
macrophylla 160,493 89,788 25,664 19,377 79116.0 113 79 30 4 38.6

A. mollissima 159,653 88,948 25,681 19,338 79194.0 113 79 30 4 38.8
A.

moupinensis 159,374 88,652 25,700 19,322 78753.0 113 79 30 4 38.7

A. tagala 159,308 89,414 25,242 19,410 78582.0 113 79 30 4 38.5
A. tubiflora 160,520 89,859 25,431 19,799 78624.0 113 79 30 4 38.8
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Table 2. Gene contents in the cp genomes of Aristolochia species.

No. Group of Genes Genes Names Amount

1 Photosystems I psaA, psaB, psaC, psaI, psaJ 5

2 Photosystems II psbA, psbB, psbC, psbE, psbF, psbH, psbI,
psbJ, psbK, psbL, psbM, psbN, psbT, psbZ 15

3 Cytochrome b/f complex petA, petB *, petD *, petG, petL, petN 6
4 ATP synthase atpA, atpB, atpE, atpF *, atpH, atpI 6

5 NADH dehydrogenase ndhA *, ndhB *(x2), ndhC, ndhD, ndhE,
ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK 12 (1)

6 Rubisco large subunit rbcL 1
7 RNA polymerase rpoA, rpoB, rpoC1 *, rpoC2 4

8 Ribosomal proteins(SSU) rps2, rps3, rps7(x2), rps8, rps11, rps12
**(x2), rps14, rps15, rps16 *, rps18, rps19 14 (2)

9 Ribosomal proteins(LSU) rpl2 *(x2), rpl14, rpl16 *, rpl20, rpl22,
rpl23(x2), rpl32, rpl33, rpl36 11 (2)

10 Assembly/stability of
photosystem I ycf3 **, ycf4 2

11 Transfer RNAs 37/38 tRNAs (6 contain an intron, 7/8 in the
IRs) 37 (7)/38(8)

12 Ribosomal RNAs rrn4.5(x2), rrn5(x2), rrn16(x2), rrn23(x2) 8 (8)
13 RNA processing matK 1
14 Carbon metabolism cemA 1
15 Cytochrome c synthesis ccsA 1

16 Proteins of unknown
function ycf1, ycf2(x2) 3 (1)

17 Other genes accD, clpP **, infA 3

* Gene contains one intron; ** gene contains two introns; (x2) indicates the number of the repeat unit is 2.
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Figure 2. The GC (%) composition in different positions of coding sequence (CDS) region of species
within Aristolochia.

Introns play an important role in the regulation of some gene expressions [33]. Eighteen genes
of seven plastomes contain one intron, including atpF, rpoC1, ycf3, rps12, rpl2, rpl16, clpP, petB, petD,
rps16, ndhA, ndhB, and six tRNA genes, while three genes (clpP, ycf3, and rps12) contain two introns.
The longest intron occurred in the trnK-UUU gene is 2552–2687 bp of seven plastomes, and had been
used to the inter- and intra-species of Aristolochia [2,16]. In addition, the length of rpl2 intron in species
of subgenus Siphisia and subgenus Aristolochia is 700 bp and 659 bp, respectively (Table 3).
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Table 3. Genes with introns in the seven cp genomes of Aristolochia as well as the lengths of the exons
and introns.

Taxon Gene Location Exon I Intron I Exon II Intron II Exon III

A.
kunmingensis

atpF LSC 144 792 411
clpP LSC 71 912 288 674 250
ndhA SSC 551 1095 541
ndhB IR 777 703 756
petB LSC 6 215 642
petD LSC 6 702 477
rpl16 LSC 9 1092 402
rpl2 IR 391 700 431

rpoC1 LSC 432 762 1617
rps12 LSC 114 232 536 23
rps16 LSC 46 842 221

trnA-UGC IR 38 804 35
trnG-UCC LSC 24 763 48
trnI-GAU IR 37 936 35
trnK-UUU LSC 37 2574 35
trnL-UAA LSC 35 454 50
trnV-UAC LSC 37 587 36

ycf3 LSC 126 871 226 745 155

A.
mollissima

atpF LSC 144 772 411
clpP LSC 71 897 295 672 243
ndhA SSC 551 1097 541
ndhB IR 777 702 756
petB LSC 6 215 642
petD LSC 6 702 477
rpl16 LSC 9 1098 399
rpl2 IR 391 700 431

rpoC1 LSC 432 762 1617
rps12 LSC 114 232 536 23
rps16 LSC 46 848 221

trnA-UGC IR 38 804 35
trnG-UCC LSC 24 764 47
trnI-GAU IR 37 936 35
trnK-UUU LSC 37 2562 35
trnL-UAA LSC 35 455 50
trnV-UAC LSC 37 587 36

ycf3 LSC 126 820 226 753 155

A.
kaempferi

atpF LSC 144 780 411
clpP LSC 71 900 295 671 243
ndhA SSC 551 1097 541
ndhB IR 777 702 756
petB LSC 6 215 642
petD LSC 6 702 477
rpl16 LSC 9 1101 399
rpl2 IR 391 700 431

rpoC1 LSC 432 765 1617
rps12 LSC 114 232 536 23
rps16 LSC 46 842 221

trnA-UGC IR 38 804 35
trnG-UCC LSC 24 764 48
trnI-GAU IR 37 936 35
trnK-UUU LSC 37 2552 35
trnL-UAA LSC 50 455 35
trnV-UAC LSC 37 587 36

ycf3 LSC 126 812 226 752 155
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Table 3. Cont.

Taxon Gene Location Exon I Intron I Exon II Intron II Exon III

A.
moupinensis

atpF LSC 144 789 411
clpP LSC 71 909 288 669 250
ndhA SSC 551 1101 541
ndhB IR 777 703 756
petB LSC 6 211 646
petD LSC 6 708 477
rpl16 LSC 399 1100 9
rpl2 IR 391 700 431

rpoC1 LSC 432 764 1617
rps12 LSC 114 232 536 23
rps16 LSC 46 839 221

trnA-UGC IR 38 804 35
trnG-UCC LSC 24 758 48
trnI-GAU IR 37 936 35
trnK-UUU LSC 37 2567 35
trnL-UAA LSC 35 462 50
trnV-UAC LSC 37 587 36

ycf3 LSC 126 920 226 746 155

A.
macrophylla

atpF LSC 144 778 411
clpP LSC 71 928 288 664 250
ndhA SSC 551 1084 541
ndhB IR 777 702 756
petB LSC 6 215 642
petD LSC 6 706 477
rpl16 LSC 9 1095 402
rpl2 IR 391 700 431

rpoC1 LSC 432 788 1617
rps12 LSC 114 232 536 23
rps16 LSC 46 836 221

trnA-UGC IR 38 804 35
trnG-UCC LSC 24 755 47
trnI-GAU IR 37 936 35
trnK-UUU LSC 37 2558 35
trnL-UAA LSC 35 475 50
trnV-UAC LSC 37 589 36

ycf3 LSC 126 892 226 757 155

A.tubiflora

atpF LSC 144 751 411
clpP LSC 71 819 288 671 250
ndhA SSC 551 1079 541
ndhB IR 777 705 756
petB LSC 6 214 642
petD LSC 6 693 477
rpl16 LSC 9 1077 399
rpl2 IR 391 657 431

rpoC1 LSC 432 780 1617
rps12 LSC 114 232 536 23
rps16 LSC 46 889 221

trnA-UGC IR 38 809 35
trnG-UCC LSC 24 768 47
trnI-GAU IR 37 937 35
trnK-UUU LSC 37 2635 35
trnL-UAA LSC 35 514 50
trnV-UAC LSC 37 594 36

ycf3 LSC 126 764 226 752 149
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Table 3. Cont.

Taxon Gene Location Exon I Intron I Exon II Intron II Exon III

A. tagala

atpF LSC 144 778 408
clpP LSC 71 802 288 671 250
ndhA SSC 551 1101 541
ndhB IR 777 704 756
petB LSC 6 219 642
petD LSC 6 488 477
rpl16 LSC 9 1071 399
rpl2 IR 391 657 431

rpoC1 LSC 432 785 1617
rps12 LSC 114 232 536 23
rps16 LSC 46 848 221

trnA-UGC IR 38 804 35
trnG-UCC LSC 24 768 48
trnI-GAU IR 37 743 35
trnK-UUU LSC 37 2687 35
trnL-UAA LSC 35 490 50
trnV-UAC LSC 37 595 36

ycf3 LSC 126 830 226 763 149

2.2. IR Contraction and Expansion

The IR regions are expanded in five species of subgenus Siphisia compare with other two species
(A. tagala and A. tubiflora) of subgenus Aristolochia, indicated by different duplication genes in the IR
regions, where eight or seven tRNA genes were duplicated, respectively (Figure 1, Table 2). The size of
the IR region of subgenus Siphisia varies from 25,664 bp to 25,700 bp, and is 25,242 bp and 25,431 bp in
the two plastomes of subgenus Aristolochia (Table 1).

Fluctuation of IR-SC borders, together with the adjacent genes, were examined among seven
Aristolochia species and six plastomes retrieved from GenBank (including Aristolochia contorta:
NC_036152.1, Aristolochia debilis: NC_036153.1, Asarum canadense: MG544845-MG544851, Saruma
henryi: MG520100, Piper auritum: NC_034697.1, and Drimys granadensis: NC_008456.1) (Figure 3). The
LSC-IRb border, was located within the genic spacer of rps19-trnH for A. kaempferi, A. macrophylla, and
A. mollissima (Type I), within the rps19 gene for A. kunmingensis and A. moupinensis (Type II), while in
the rps19-rpl2 spacer for A. tagala and A. tubiflora (Type III). There were two types of SSC-IRa border
among 13 detected species. In the three plastomes (A. moupinensis, A. tubiflora, and A. tagala), which
ycf1 gene was fully located in the SSC region, and 25-43 bp apart from the SSC-IRa border. The SSC-IRa
border was situated in the coding region ycf1 gene in the other 10 sequenced species, which spanned
into the IRa region. Among the 10 detected species, the pseudogene ycf1 in the IRb region with the
same length as far as the IRa expanded into ycf1 gene, and the length ranged from 153 bp to 2271 bp.
The ndhF gene was entirely located in the SSC region in 10 species of Aristolochiaceae, but varied in
distance (11-80 bp) from the IRb-SSC border. The LSC-IRa border in the species of subgenus Aristolochia
was situated in the trnH gene with 10 bp into the IRa region (Type III), while the border was located in
the trnH-psbA spacer in subgenus Siphisia species (Type I and II) (Figure 3).
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more than one synonymous codon, except methionine and tryptophan. Nearly all of the protein-
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Figure 3. Comparison of the borders of large single copy (LSC), small single copy (SSC) and inverted
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2.3. Codon Usage

All the protein-coding genes were composed of 26,194–26,398 codons in the cp genomes of
the seven species of Aristolochia. The codon usages of protein-coding genes in the cp genomes are
summarized in Figure 4 and Table S2. Among these codons, the most common amino acid in the
protein-coding genes is leucine, which appears 2775 times in A. kaempferi and A. mollissima. The relative
synonymous codon usage (RSCU) value analysis showed that almost all amino acids have more than
one synonymous codon, except methionine and tryptophan. Nearly all of the protein-coding genes of
Aristolochia species had the standard ATG start codon (RSCU = 1). About half of codons have RSCU >
1, and most of those (29/31, 93.5%) end with base A or T. About half of the codons have RSCU < 1, and
most of those (28/31, 90.3%) end with base C or G.
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macrophylla, and A. mollissima).

2.4. Positive Selection Analysis

We compared the ratio of non-synonymous (dN) and synonymous (dS) substitution for 79
protein-coding genes among seven species, including A. kunmingensis, A. kaempferi, A. tagala, A. debilis,
As. canadense, S. henryi, and P. auritum within Piperales. The statistical neutrality test showed that five
genes in the seven cp genomes are under significant positive selection, and these genes are involved
in the synthesis of ribosomal small and large subunit protein (rps12, rps18, and rpl20) or unknown
function (ycf1 and ycf2) (Table 4). Likelihood ratio tests (M1a vs. M2a, M7 vs. M8) supported the
presence of positively selected codon sites (p < 0.05) (Table S3). According to the M2a and M8 models,
the rpl20 harbored three or four sites under positive selection. The gene ycf1 harbored one or three
sites under positive selection based on two models, respectively. In addition, we identified rps12 gene
with one positive selection site.

Table 4. Positive selected sites detected in the cp genome of the Piperales.

Gene Name
M2a M8

Selected Sites Pr (w > 1) Selected Sites Pr (w > 1)

rpl20 71A 0.918 71A 0.967 *
72L 0.999 ** 72L 1.000 **

105R 0.963 * 105R 0.984 *
116H 0.963 * 116H 0.988 *

rps12 79M 0.966 * 79M 0.987 *
rps18 4S 0.937 4S 0.975 *

99T 0.921 99T 0.967 *
ycf1 206S 0.914 206S 0.967 *

211V 0.975 * 211V 0.989 *
1412N 0.922 1412N 0.971 *

ycf2 2036W 0.932 2036W 0.950 *

* p < 0.05; ** p < 0.01.

2.5. Repeat Structure and Simple Sequence Repeats Analyses

Repeats in ten cp genomes were analyzed using REPuter, including seven species of Aristolochia,
S. henryi, P. auritum, and D. granadensis (Figure 5, Table S4). The results showed that A. macrophylla had
the greatest number of repetitive elements in cp genome, comprised of 25 forward, 26 palindromic,
21 reverse, and eight complement repeats. The size of the most repeats were 30–39 bp, and the repeats
with the length > 49 bp only occurred in cp genomes of S. henryi and P. auritum. The longest repeats,
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with a length of 1591 bp, was detected in S. henryi. The total numbers of SSRs were also identified in
the cp genomes of the ten species (Figure 6 and Table S5). Mononucleotide repeats were the largest in a
number of these SSRs, with 88% and 85% found in A. tubiflora and A. tagala, respectively. A/T repeats
were the most common of mononucleotides, while AT/TA repeats are the majority of dinucleotide
repeat sequences (96.3%–100%). The trinucleotide in the five species of subgenus Siphisia were only
comprised of AAT/ATT repeats (100%), while A. tubiflora and A. tagala of subgenus Aristolochia also
comprised AAC/GTT and AAG/CTT repeats.
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2.6. Comparative Genomic Divergence and Hotspots Regions

The SC and IR regions of cp genomes of the seven species (including A. moupinensis,
A. kunmingensis, A. tagala, A. contorta, S. henryi, As. canadense, and P. auritum) were compared using the
mVISTA program to detect hyper-variable regions (Figure 7). The alignment revealed high sequence
conservatism across the cp genomes of A. moupinensis and A. kunmingensis of subgenus Siphisia.
The comparison among seven cp genomes showed that the IR region was more conserved than the SC
regions. The most divergent regions located in the intergenic spacers, and the most divergent coding
regions were ndhF and ycf1.
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Comparative analysis among our seven sequenced species within Aristolochia was conducted of
the entire cp genomes, LSC, SSC, IR, and CDS regions, respectively (Table 5). The nucleotide diversity
(Pi) value was also calculated to evaluate the sequence divergence among these cp genomes, and their
values varied from 0 to 0.07746 (Figure 8). The analysis revealed that the SSC region, compared with
other regions, exhibited the highest levels of divergence (Pi = 0.03114). These values of the LSC region,
varied from 0.00175 to 0.07746, with the mean value of 0.02182. The IR region exhibited the lowest
Pi values varying from 0 to 0.01056, with the mean of 0.00411, indicating that IR region was the most
conserved one. Furthermore, we identified 16 hotspot regions (Pi > 0.04, the mean value = 0.05413)
with the full length of 20,296 bp, including rps16-trnQ-psbK, psbI-trnS-trnG, atpH-atpI, psbM-trnD,
rps4-trnT-trnL, trnF-ndhJ, ndhC-trnV, accD-psaI, petA-psbJ, rps18-rpl20, trnN-ndhF, rpl32-trnL-ccsA, and
four regions of ycf1 coding gene (Table 6). Ten of these (rps16-trnQ-psbK, psbI-trnS-trnG, atpH-atpI,
psbM-trnD, rps4-trnT-trnL, trnF-ndhJ, ndhC-trnV, accD-psaI, petA-psbJ, and rps18-rpl20) are located in
the LSC, and six (trnN-ndhF, rpl32-trnL-ccsA and ycf1) in the SSC region, which could be utilized as
potential markers for the phylogeny reconstruction and species identification of this subgenus in
further studies.

Table 5. Variable sites analyses in the seven Aristolochia cp genomes.

Regions Number of Sites Variable Sites Parsimony
Informative Sites

Nucleotide
Diversity

LSC 94,564 4430 2315 0.02182
SSC 20,451 1433 804 0.03114
IR 25,884 253 154 0.00411

Complete 166,113 6422 3461 0.01717
CDS 79,365 2528 1376 0.01337
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Table 6. Sixteen regions of highly variable sequences (Pi > 0.04) of Aristolochia.

High Variable
Marker Length Variable Sites Parsimony

Informative Sites
Nucleotide
Diversity

rps16-trnQ-psbK 1301 104 58 0.04278
psbI-trnS-trnG 2357 257 159 0.05364

atpH-atpI 1160 104 69 0.04439
psbM-trnD 1119 152 75 0.05888

rps4-trnT-trnL 1572 105 50 0.04178
trnF-ndhJ 920 85 51 0.04216

ndhC-trnV 1402 152 97 0.06311
accD-psaI 637 61 35 0.04220
petA-psbJ 1130 106 65 0.04444

rps18-rpl20 682 58 36 0.04155
trnN-ndhF 1492 161 86 0.04758

rpl32-trnL-ccsA 2679 202 113 0.04608
ycf1a 1225 126 74 0.04285
ycf1b 652 56 32 0.04053
ycf1c 1228 134 84 0.04611
ycf1d 740 70 39 0.04278

Combine 20296 2216 1349 0.05413

2.7. Phylogenetic Analyses

The phylogenetic relationships of Aristolochiaceae were constructed based on six datasets (entire
cp genome sequences except a copy of IR, LSC, SSC, IR, and CDS regions and combining 16 hotspots)
of 18 samples, using three methods of ML, MP, and BI, respectively (Figure 9). The robust topologies
were consistent for most clades of cp genomes, LSC, SSC, CDS, and hotspots datasets, with the
high bootstrap values for most of the branches (Figure 9A). From these six different datasets, the
phylogenetic analysis showed that the genera Asarum and Saruma represented by seven species formed
a clade with posterior probabilities (PP) = 1 based on BI, bootstrap values (%) (BS) =100 based on ML
and BS =100 based on MP methods. However, the tree constructed using sequences of the IR region
failed to resolve the phylogeny position of Asarum epigynum and As. canadense (Figure 9B), maybe
due to inadequate information sites in the IR region. These nine species of Aristolochia species formed
another strongly supported monophyletic group (PP = 1; [ML] BS = 100; [MP] BS = 100), and were
divided into two subclades with strong support, corresponding to the taxonomic division of subgenus
Siphisia (PP = 1; [ML] BS = 100; [MP] BS = 100) and subgenus Aristolochia (PP = 1; [ML] BS = 100; [MP]
BS = 100). Within the subgenus Siphisia, the species A. macrophylla from North America was sister to
the rest of four species from Asian region (PP = 1; [ML] BS = 100; [MP] BS = 100).
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3. Discussion 

3.1. IR Contraction and Expansion 

Taken another two reported species (A. debilis and A. contorta) of subgenus Aristolochia into 
account, although genomic structure and size were highly conserved, the IR-SC boundary regions were 
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25,700 bp, was longer than those of the four species of subgenus Aristolochia, which varied from 25,175 
bp to 25,459 bp (Table 1) [28]. We identified three types of the IR-SC junctions from the nine Aristolochia 
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Siphisia, its patterns were Type I and II, while the Type III only occurred in the four species of subgenus 
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differences between the plastomes of the subgenera Siphisia and Aristolochia. The whole gene 
duplication of trnH was detected in most monocots (e.g., Acorus, Phalaenopsi and Dioscorea), D. 
granadensis (Winteraceae) of magnoliids, and basal eudicots (Ranunculus japonica and Ranunculus 
macranthus) [34,37–41]. Wang et al. (2008) conducted RT-PCR assays and deduced that the duplicated 
trnH genes in most of non-monocots and monocots were regulated by different expression levels of 
promoters, and had distinct fates [37]. Within the family Aristolochiaceae, the trnH gene was located in 
the LSC region of S. henryi, 128 bp away from the border of LSC-IR, and was also a single copy in the 
six cp genomes of Asarum, but not sure the positions of the gene [29]. Furthermore, the study proposed 
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3. Discussion

3.1. IR Contraction and Expansion

Taken another two reported species (A. debilis and A. contorta) of subgenus Aristolochia into
account, although genomic structure and size were highly conserved, the IR-SC boundary regions
were variable between these nine cp genomes of Aristolochia (Figure 3). In general, contraction and
expansion at the borders of IR regions are common evolutionary events and may cause IR size variation
of plastomes [29,34–36]. The length of the IR regions of five Siphisia species, varying in the range of
25,664–25,700 bp, was longer than those of the four species of subgenus Aristolochia, which varied from
25,175 bp to 25,459 bp (Table 1) [28]. We identified three types of the IR-SC junctions from the nine
Aristolochia species, according to the organization of genes (Figure 3). Within five detected species of
subgenus Siphisia, its patterns were Type I and II, while the Type III only occurred in the four species
of subgenus Aristolochia. Type I was found in A. mollissima, A. macrophylla, and A. kaempferi, and was
characterized by trnH gene in IR region and LSC-IRb border located in rps19-trnH spacer. Type II was
only found in A. moupinensis and A. kunmingensis and refers to LSC-IRb border within the rps19 gene.
The trnH gene is intact and located upstream of rpl2 in IRb region for type I and II. Type III pattern was
found in the four species of subgenus Aristolochia, characterized by LSC-IRb and SSC-IRa border in the
rps19-rpl2 spacer and trnH gene, respectively. The trnH gene spanned the junction between IR-LSC
regions in the four species of subgenus Aristolochia.

The shift of IR-LSC borders, caused by contraction and expansion of the gene trnH, is one
of major differences between the plastomes of the subgenera Siphisia and Aristolochia. The whole
gene duplication of trnH was detected in most monocots (e.g., Acorus, Phalaenopsi and Dioscorea),
D. granadensis (Winteraceae) of magnoliids, and basal eudicots (Ranunculus japonica and Ranunculus
macranthus) [34,37–41]. Wang et al. (2008) conducted RT-PCR assays and deduced that the duplicated
trnH genes in most of non-monocots and monocots were regulated by different expression levels of
promoters, and had distinct fates [37]. Within the family Aristolochiaceae, the trnH gene was located
in the LSC region of S. henryi, 128 bp away from the border of LSC-IR, and was also a single copy
in the six cp genomes of Asarum, but not sure the positions of the gene [29]. Furthermore, the study
proposed that the low-complexity trnH region and ultimately inversion of a portion of the LSC were
due to an AAT repeat. For inversion of a large portion of the LSC region, there were genes rearranged
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in SC-IR borders of sequenced species of Asarum, the IR boundaries of cp genomes of Asarum were
highly variable and experienced positional shifts at borders. Such as there was an entirety of the SSC
of As. canadense and As. sieboldii has been incorporated into the IR, and the boundary of the LSC-IR
was found within rpl2 or rpl14 gene [29]. Within the species of S. henryi, rps19 pseudogene existed in
the IRa region, with the length of 183 bp. The trnH-rps19 gene cluster had been used to distinguish
monocots from other angiosperm for the organization of gene flanking the IR-SC junction [37,39].
The events of contraction or expansion of the IR regions also can be used to distinguish the species
within Aristolochiaceae.

3.2. Inferring the Phylogeny and Species Identification of Aristolochia

Chloroplast genomes provide abundant resources significant for evolutionary, taxonomic, and
phylogenetic studies [42–44]. The whole cp genomes and protein-coding genes have been successfully
used to resolve phylogenetic relationships at multiple taxonomic levels during the past decade [45,46].
Repeats can lead to changes in genomic structure, and can be investigated to population genetics
of allied taxa [47–50]. Repeats in ten cp genomes revealed that the repeats had a great number,
comprised of 38–80 repeats (Figure 5 and Table S4), 66 and 138 repeats were respectively detected
in A. debilis and A. contorta [28]. Given the variability of these repeats between lineages, they can
be informative regions for developing genomic markers for phylogenetic analysis. SSRs, known as
microsatellites, are tandemly repeated DNA sequences that consist of one–six nucleotide repeat units
and are ubiquitous throughout the genomes [51]. A total number of 95–142 SSRs were identified in
the seven cp genomes detected (Figure 6 and Table S5). According to the analysis of high variable
regions, the hotspot regions within seven cp genomes also provide sufficient information sites to
reveal phylogeny structure among species of family Aristolochiaceae, especially for the spacer ycf1
and rpl20, with high nucleotide diversity and under positive selection (Table 4). The ycf1 gene could
be served as the barcode of land plants, and was also recognized as the most variable regions in
plastid genome [50,52]. The gene rpl20 is an important part of protein synthesis, and is involved in
translation [53]. This study will also provide a reference for phylogenomic studies of closely related
lineages among Aristolochia and other genera.

Furthermore, we can design effective markers for clarifying the phylogenetic relationships of
Aristolochia and elucidating the evolutionary history of species complex of Aristolochia at the population
level, based on the analysis of SSR and SNP sites. Understanding genetic variation within and
between populations plays an important role in improving genetic diversity and is essential for future
adaptive changes, reproduction patterns, and its conservation [20,54,55]. The cpDNA and B-class gene
PISTILLATA (PI) have been used to investigate taxonomy at the species complex, such as Aristolochia
kaempferi group, and these studies revealed that its DNA barcoding and taxonomy are difficult to assess
for multiple hybridization and introgression events in the group [56,57]. More genes under selection
and neutral markers should be used to clarify those multiple diversification events. It will better to
apply the full genome information or hyper-variation regions to elucidate the species diversity of
Aristolochia.

4. Materials and Methods

4.1. Plant Material, DNA Extraction, and Sequencing

We selected seven species according to their potential medicinal uses, including A. kaempferi,
A. kunmingensis, A. macrophylla, A. mollissima, and A. moupinensis from subgenus Siphisia and A. tagala
and A. tubiflora of subgenus Aristolochia (Table 7). Genomic DNA was isolated from silica-gel dried
leaf tissue or herbarium specimens using Plant Genomic DNA Kit (TIANGEN, Beijing, China). DNA
integrity was examined by electrophoresis in 1% (w/v) agarose gel and their concentration was
measured using a NanoDrop spectrophotometer 2000 (Thermo Scientific; Waltham, MA, USA). The
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DNA was used to construct PE libraries with insert sizes of 150 bp and sequenced according to the
manufacturer’s manual for the Illumina Hiseq X.

Table 7. Sampled species and their voucher specimens used in this study.

Species Samples Voucher locality

A. kaempferi E2265 Yuan Wang Japan, Tokyo
A. kunmingensis E754 Zhanghua Wang China, Yunnan
A. macrophylla E2111 Jinshuang Ma North America, North Carolia
A. mollissima E1016 Xinxin Zhu & Zhixiang Hua China, Guangdong

A. moupinensis E1086 Xinxin Zhu & Zhixiang Hua China, Sichuan
A. tagala E1071 Yuan Wang China, Hongkong

A. tubiflora E2239 Shuwan Li China, Guangxi

4.2. Chloroplast Genome Assembly and Annotation

We used the software Trimmomatic version 0.36 (Max Planck Institute of Molecular Plant
Physiology, Potsdam, Germany) [58] to trim the low-quality reads. We retrieved the plastome
sequence of A. contorta (NC_036152.1), A. debilis (NC_036153.1), Asarum costatum (AP018513.1),
Asarum minamitanianum (AP018514.1), and Asarum sakawanum (AP017908.1) from GenBank and
used these sequences as the references [28,30,31]. The plastome was assembled using mapping
to reference genome and de novo methods as implemented in Geneious R11 (Biomatters, Auckland,
New Zealand) [59].

The cp genomes of the seven species was annotated using the online program Dual Organellar
GenoMe Annotator (DOGMA) (University of Texas at Austin, Austin, TX, USA) [60], Annotation
of Organellar Genomes (GeSeq) [61] and Chloroplast Genome Annotation, Visualization, Analysis,
and GenBank Submission (CPGAVAS) (Institute of Medicinal Plant Development, Chinese Academy
of Medical Sciences and Peking Union Medical College, Beijing, China) [62]. The tRNA genes were
confirmed using tRNAscan-SE software (v2.0, University of California, Santa Cruz, CA, USA) [63].
Plastome annotations were manually corrected with the software Artemis [64]. The gene map was
drawn using the Organelle Genome DRAW (OGDRAW) [65,66] with default settings and checked
manually. The complete cp genome sequences of the seven species were deposited in GenBank,
accession numbers are MK503927-MG503933 (Table S6).

4.3. Genome Structure Analyses

The distribution of codon usage was investigated using the software CodonW (University of
Texas, Houston, TX, USA) with the RSCU value [67]. GC content was analyzed using Molecular
Evolutionary Genetics Analysis (MEGA v6.0, Tokyo Metropolitan University, Tokyo, Japan) [68].
REPuter program (https://bibiserv.cebitec.uni-bielefeld.de/reputer) (University of Bielefeld, Bielefeld,
Germany) [69] was used to identify the size and location of repeat sequences, including forward,
palindromic, reverse, and complement repeats in the seven cp genomes. For all repeat types, the
minimal size was set as 30 bp and the two repeat copies had at least 90% similarity. Perl script MISA
(https://webblast.ipk-gatersleben.de/misa/) [70] was used to detect microsatellites (mono-, di-, tri-,
tetra-, penta-, hexanucleotide repeats) with the following thresholds (unit size, min repeats): ten
repeat units for mononucleotide SSRs, five repeat units for dinucleotide SSRs, four repeat units for
trinucleotide SSRs, and three repeat units each for tetra-, penta-, and hexanucleotide SSRs.

4.4. Positive Selection Analysis

To identify the genes under selection, we scanned the cp genomes of seven species within
Piperales using codeml of the package PAML4 [71,72]. The software was used for calculating the
non-synonymous (dN) and synonymous (dS) substitution rates, along with their ratios (ω = dN/dS).
The analyses of selective pressures were conducted along the ML tree in Newick format (S7), which
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based on the whole CDS region was used to determine the phylogenetic relationships of these seven
species. Each single-copy CDS sequences was aligned according to their amino acid sequence. We used
the site-specific model with five site models (M0, M1a & M2a, M7 & M8) were employed to identify the
signatures of adaptation across cp genomes. This model allowed theω ratio to vary among sites, with
a fixedω ratio in all the branches. Comparing the site-specific model, M1a (nearly neutral) vs. M2a
(positive selection) and M7 (β) vs. M8 (β &ω) were calculated in order to detect positive selection [73].
Likelihood ratio test (LRT) of the comparison (M1a vs. M2a and M7 vs. M8) was used respectively to
evaluate of the selection strength and the p value of Chi square (χ2) smaller than 0.05 is thought as
significant. The Bayes Empirical Bayes (BEB) inference [74] was implemented in site models M2a and
M8 to estimate the posterior probabilities and positive selection pressures of the selected genes.

4.5. Genome Comparison and Nucleotide Variation Analysis

The whole-genome (minus a copy of IR region) alignment for the cp genomes of the seven species
including our A. moupinensis, A. kunmingensis, A. tubiflora and four reported species (A. contorta, As.
canadense, S. henryi and P. cenocladum) of Piperales, was performed and plotted by the mVISTA program
(http://genome.lbl.gov/vista/mvista/submit.shtml) in Shuffle-LAGAN model [75,76], and with A.
moupinensis as the reference. The seven cp genomes of Aristolochia were first aligned using MAFFT
v7 [77] and then manually adjusted using BioEdit v7.0.9 [78]. Variable sites and nucleotide variability
across complete cp genomes, LSC, IR, SSC, and CDS regions of seven species were calculated using
DnaSP v5 [79]. Furthermore, for the seven cp genomes minus a copy IR region, a sliding window
analysis was conducted to evaluate the nucleotide variability using DnaSP software. The step size was
set to 200 base pairs, and the window length was set to 600 base pairs.

4.6. Phylogenetic Analyses

To estimate phylogenetic relationships within the Aristolochiaceae, plastomes of 18 taxa were
compared, including nine samples from Aristolochia, six and one cp genomes from Asarum and Saruma,
respectively (Table S5). A total of 11 cp genomes were downloaded from the NCBI database. In the
phylogenetic analyses, P. auritum and P. cenocladum of Piper were used as outgroup. Phylogenetic
trees were constructed by MP, ML and BI methods using the cp genomes, LSC, SSC, IR, CDS and
hotspots regions. The sequences of the involved regions were aligned using MAFFT v7. MP analysis
was performed with PAUP*4.0b10 [80], using a heuristic search performed 1000 replications and tree
bisection-reconnection (TBR) branch swapping. BI was conducted using the program MrBayes v3.2 [81]
with the GTR+I+G model at the CIPRES Science Gateway website (http://www.phylo.org/) [82].
The Markov Chain Monte Carlo (MCMC) analysis was run for 2,000,000 generations, sampling every
1000 generations. The posterior probabilities (PP) of the phylogeny and its branches were determined
from the combined set of trees, discarding the first 25% trees of each run as burn-in, as determined by
Tracer v1.7 [83]. Maximum likelihood phylogenies were constructed by a fast and effective stochastic
algorithm using IQ-TREE v1.6.2 [84] with the Best-fit model by ModelFinder [85] according to Bayesian
information criterion (BIC) and the robustness of the topology was estimated using 2000 bootstrap
replicates. Figtree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/) [86] was used to visualize and
annotate trees.

5. Conclusions

The complete cp genomes of A. kaempferi, A. kunmingensis, A. macrophylla, A. mollissima, and
A. moupinensis of the subgenus Siphisia, and A. tagala and A. tubiflora of the subgenus Aristolochia
were reported in this study. The cp genomes length and gene content of the genus Aristolochia were
comparatively conserved. Although genomic structure and size were highly conserved, the IR-SC
boundary regions were variable between these nine cp genomes of Aristolochia. The whole duplicated
trnH gene within five species of Siphisia is one of major differences between the plastomes of the
subgenera Siphisia and Aristolochia. We also identified SSR sites, five positive selection sites and 16
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variable regions, which provide a reference for developing tools to further study Aristolochia species.
Furthermore, the phylogenetic constructions with six datasets of 18 cp genomes illustrated robust and
consistent relationships with high supports.
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Abstract: Invasive plants are a huge burden on the environment, and modify local ecosystems
by affecting the indigenous biodiversity. Invasive plants are generally less affected by pathogens,
although the underlying molecular mechanisms responsible for their enhanced resistance are unknown.
We investigated expression profiles of three defense hormones (salicylic acid, jasmonic acid, and
ethylene) and their associated genes in the invasive weed, Alternanthera philoxeroides, and its native
congener, A. sessilis, after inoculation with Rhizoctonia solani. Pathogenicity tests showed significantly
slower disease progression in A. philoxeroides compared to A. sessilis. Expression analyses revealed
jasmonic acid (JA) and ethylene (ET) expressions were differentially regulated between A. philoxeroides
and A. sessilis, with the former having prominent antagonistic cross-talk between salicylic acid (SA) and
JA, and the latter showing weak or no cross-talk during disease development. We also found that JA
levels decreased and SA levels increased during disease development in A. philoxeroides. Variations in
hormonal gene expression between the invasive and native species (including interspecific differences
in the strength of antagonistic cross-talk) were identified during R. solani pathogenesis. Thus, plant
hormones and their cross-talk signaling may improve the resistance of invasive A. philoxeroides to
pathogens, which has implications for other invasive species during the invasion process.

Keywords: invasive weed; Rhizoctonia solani; gene expression; phytohormone signaling; systemic
signal; plant defense

1. Introduction

Numerous plant species have been directly or indirectly introduced to new habitats as ornamentals,
or as sources of food and fiber. However, many of these species have become invasive and pose a
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serious threat to agriculture, biodiversity and ecosystem function [1]. Following initial introduction, the
spread of an invasive plant species could be further enhanced by global climate change (e.g., increasing
CO2 emissions) [2,3]. Much of the previous research in invasion biology has focused on the ecological
and evolutionary factors that contribute to plant invasions [4,5]. Due to the unavailability of genomic
resources [6], the genetic factors underlying invasion success are still not well understood.

Invasive plants may encounter novel abiotic and biotic stresses across the introduction–
naturalization–invasion continuum. These stresses can affect their survival and reproduction, and can
act as barriers to plant invasion. Successful invasive plant species possess various attributes (such as
rapid adaptation, fast growth and spread, or high fecundity), and have effective defenses against
natural enemies, which allow them to overcome barriers to invasion [7,8]. Higher resistance against
generalist herbivores and pathogens may benefit invasive plants more than non-invasive species in
new regions [8,9]. The enemy release hypothesis (ERH) and the biotic resistance hypothesis (BRH)
have been proposed to explain the success and limitations that invasive species experience based on
studies of novel plant–natural enemy interactions [10,11]. The ERH proposes that exotic plants will
be less impacted by natural enemies compared to their native range because they have escaped their
specialist herbivores or pathogens [12]. Therefore, the success of invasive plants in new environments
can be attributed to the allocation of resources from defense to growth to outcompete other plants
(evolution of increased competitive ability hypothesis or EICA) [13]. There has been a lot of support
for the ERH, including reduced impacts by herbivores on invasive plants [14–16], as well as reduced
attacks by above ground fungal and soil pathogens [14,15,17–20]. In contrast, the BRH states that
native enemies should limit the growth of exotic plants in new ranges [21]. Many studies support the
BRH [11,22–25], while some studies support both the ERH and BRH [26,27].

The improved performance of invasive plants in a competitive environment to enemy attack
may be due to genetic changes acquired during the invasion process [6,28]. The use of genomic and
transcriptomic technologies could identify the genetic architecture underlying the success of invasive
plant species. A recent transcriptomic study was used to compare the gene expression profiles of
introduced (North American) and native (European) populations of the Canada thistle, Cirsium arvense,
in response to nutrient deficiency and shading [29]. This study identified significant differences in
R-protein mediated defense and expression pattern between introduced and native populations of
C. arvense [29]. Similarly, in the common ragweed (Ambrosia artemisiifolia), an invasive species to
Europe, candidate genes were identified using oligonucleotide microarrays under light and nutrient
stress conditions that were thought to contribute to invasiveness [30]. In addition, weedy sunflower
genotypes of Helianthus annuus naturalized in the USA were tested for variations in gene expression
compared to wild non-weedy species [31]. This study found extensive genetic differentiation between
the two species [31]. However, until now, only a few investigations have been undertaken to elucidate
the genomic mechanisms responsible for the adaptation of invasive plants to biotic stresses.

Generally, a multitude of plant defense pathways are activated in response to microbial
pathogens [32]. The first line of active defense occurs at the plant cell surface, when generalist
microbe elicitors (the microbe or pathogen-associated molecular patterns, i.e., MAMP or PAMPs) are
produced by pathogens such as, flagellin (from bacteria) [33], chitin (from fungal pathogens) [34],
β-glucan (from oomycete pathogens) [35], or effectors (from specialized pathogens) [32]. Plants detect
these elicitors by pattern-recognition receptors (PRRs) within the cell membrane, which leads to
PAMP-triggered immunity (i.e., PTI) [36]. In the case of effectors, receptors with nucleotide-binding
domains and leucine-rich repeats (NLRs or R genes) [37] are used, which lead to effector-triggered
immunity (i.e., ETI) [38,39]. The evolutionary development of the plant immune system is represented
as a Zig-zag model [40], where specialist pathogens often co-evolve with their host (see Han [41] for
evolutionary dynamics between plants and pathogens). Invasive plants generally lack the need for
defense against specialist pathogens in their new ranges (due to lack of co-evolution) [42] and therefore
can invest more energy into growth or reproduction [12,13].
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The timely recognition of the invading pathogen and a rapid, effective induction of defense
responses are required for resistance to disease in plants [43]. Plant hormones play a key regulatory
role in inducing defense responses shortly after the perception of a pathogen, through an extensive
transcriptional reprogramming of genes involved in hormonal signaling [44]. In addition, the plant
defense hormones play a critical role in response to adverse environmental conditions [45–48]. Abscisic
acid (ABA) plays a central role in plant defense to abiotic stresses, such as salt and drought stress [49].
Salicylic acid (SA) is a major plant defense hormone induced by infections from biotrophic and
hemi-biotrophic pathogens [50,51]. SA, jasmonic acid (JA), and ethylene (ET) also play key roles
under biotic stresses [52]. These induced defenses and hormone signaling networks have been
well characterized in model organisms and crop plants, such as Arabidopsis [53,54], tobacco [55] and
tomato [56], but are not well known in invasive plants. For example, pyrosequencing was used to
identify molecular signaling networks linked with paradormancy in underground vegetative buds
of invasive Cirsium arvense. Interestingly, the plant hormone auxin and ABA-signaling was found to
regulate paradormancy, allowing plants to resist weed control methods (e.g., chemical and biological
controls), thereby enhancing their invasiveness [57]. Currently, there is a broad interest among invasion
biologists to unravel the genetic mechanisms of resistance and defense responses of invasive plants.
In this study, we hypothesize that invasive plant species have higher or enhanced resistance to microbial
pathogens compared to native congeners. We also predict that the endogenous defense mechanism
and signaling (especially the defense hormones SA, JA, and ET) play a crucial role in resistance, thereby
benefiting the invasion success of invasive plants.

The alligator weed, Alternanthera philoxeroides (Martius) Grisebach, is an amphibious stoloniferous
perennial herb [58]. It is native to South America [59] and was first introduced to China in the late
1930s as a forage crop from Japan [60]. It is the most noxious invasive plant in China [61,62] where it is
a significant weed in rice farms, causing an estimated agricultural loss of $75 million per year [63].
Populations of A. philoxeroides growing in China have extremely low genetic diversity, which is
attributed to the predominance of a single genotype (likely due to a single recent introduction) and
extensive vegetative propagation by cuttings since being introduced [60,64].

Alternanthera philoxeroides is highly vulnerable to insect herbivore attack. For example, more
than 15 generalist insects were found to feed on A. philoxeroides in China [11]. A specialist beetle,
Agasicles hygrophila (alligator weed flea beetle) from South America was introduced to the USA [59]
and China [11] to control A. philoxeroides. However, only a few disease incidences in A. philoxeroides
have been reported. For example, species of Nimbya have been found to cause leaf and stem spot on
A. philoxeroides in Australia [65]. Nimbya alternantherae has been identified as a biocontrol agent in
Brazil [66], while species of Fusarium have been used as a biocontrol for alligator weed in China [67].
Rhizoctonia solani has been shown to be pathogenic to A. philoxeroides, and has also been found to infect
a related species, Alternanthera sessilis, in the USA [68] and India [69]. Earlier preliminary pathogenicity
screening tests showed that R. solani (ACCC 30374) is more virulent on A. philoxeroides compared to
Fusarium oxysporum f.sp cubense (ACCC 36369) (SS Qi, unpublished data). Therefore, A. philoxeroides
represents a good model to study pathogen resistance and defenses in an invasive plant species
following invasion.

In this study, we aimed to isolate the defense hormones (SA, JA, and ET) and associated genes in
invasive A. philoxeroides and its native congener A. sessilis to test for differences in gene expression
between the species against a generalist necrotrophic fungus, Rhizoctonia solani. Although signaling
of these defense hormones and their cross-talk in response to pathogens are well documented in
Arabidopsis and other model plant species [53–56], our study is the first to examine these phenomena in
wild populations of a co-occurring invasive and native congener pair. Furthermore, divergence in
gene expression between the species may allow us to identify patterns of defense signaling that may
be responsible for enhanced resistance in invasive A. philoxeroides. Specifically, we ask the following
questions: (1) Is invasive A. philoxeroides less susceptible to the pathogen (R. solani) compared to its
native congener A. sessilis? (2) Are there differences in gene expression between the native and invasive
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species after inoculation with R. solani? (3) Are there differences in resistance between infected and
un-infected neighboring leaves? To address these questions, we performed in vitro and in planta leaf
inoculations using R. solani. Six hormones and their responsive genes (three JA, two SA, and one
ET) were successfully isolated from both invasive A. philoxeroides and native A. sessilis for expression
analysis using RT-qPCR in response to three treatments. The first included R. solani inoculation for
susceptibility tests, the second comprised un-infected samples for systemic resistance tests, and the
third included hormone pretreatments using SA, JA, and ET (prior to inoculation with R. solani).

2. Results

2.1. Disease Development in A. philoxeroides Was Delayed Compared with A. sessilis

The pathogenicity of R. solani was tested on invasive A. philoxiroides and native A. sessilis. Disease
symptoms and necrotic lesions developed on leaves of both plant species (Figure 1a). However,
A. philoxiroides showed slower disease progression compared to A. sessilis (Figure 1a,b). Alternanthera
sessilis exhibited prominent disease symptoms at 24 hpi, whereas A. philoxiroides had no visible
symptoms and mycelium was only observed at the site of inoculation under the microscope, indicating
minimal fungal colonization (Figure 1c). Necrotic lesions were noticeable only at 48 hpi in A. philoxiroides
(Figure 1a).

Figure 1. Disease symptoms caused by R. solani on invasive A. philoxiroides and native A. sessilis showing
(a) in vitro detached leaf assay; (b) in planta pathogenicity test; and (c) microscopic observation of the
infected area on leaves (at 24 hpi). Four-week-old plant leaves were inoculated with mycelium plugs of
R. solani and disease symptoms were observed at various time intervals (24, 48, 72 and 96 hpi). For
in planta tests, plastic bags were placed on the leaves after inoculation to avoid drying of plugs and
moisture development for better infections. In (c), the inoculated area is circled with a black marker.
After removing plugs, threads of fungal mycelium can be seen on the leaf surface in A. philoxiroides,
indicating fungal colonization. This is in contrast to the clear necrotic disease lesions in A. sessilis.

Infected leaves stained with trypan blue clearly highlighted the region of cell death on the
leaves (Figure 2a). Alternanthera philoxiroides had a significantly lower cell death area compared to
A. sessilis across all time intervals post-inoculation with R. solani (Figure 2b). Furthermore, the amount
of ion leakage was significantly higher at earlier time periods (<24 hpi) in A. sessilis compared to
A. philoxiroides, which showed higher leakages at a later time interval (>48 hpi; Figure 2c). Overall,
these results suggest that, although both plants are susceptible to R. solani, the invasive A. philoxiroides
showed slower disease progression compared to the native A. sessilis.
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Figure 2. Trypan blue staining and ion leakage tests of R. solani infected leaves from invasive
A. philoxiroides (AP) and native A. sessilis (AS) at different time intervals after inoculation. (a) Before and
after staining with trypan blue for visualizing dead plant leave tissues. Circled areas on leaves are at 0 h
(un-inoculated control) and 24 h (inoculated) before staining. (b) Cell death areas represented by means
± standard errors (SE) from three biological replicates with different letters representing the groups
that were significantly different from other groups as determined by a one-way analysis of variance
(ANOVA), followed by a multiple comparison using Duncan’s method (p < 0.05). (c) Electrolyte leakage
of leaf discs infected by R. solani from 2 h to 96 h measured using an electrolytes’ conductivity meter.
Electrolytic conductivity increased in native AS during earlier time intervals; however, it increased in
invasive AP at later time intervals compared to the un-inoculated control (0 h). Error bars indicate
means ± SE (number of disks = 12 for each species) and two discs from each plant representing a total
of six biological replicates for each species. Asterisks indicate significantly different from native plants
using Duncan’s method (p < 0.01).

2.2. Expression Divergence of Defense Hormone Genes between A. philoxiroides and A. sessilis

Expressions of all six genes (PAL, PR3, LOX, JAR1, PR6, and EIN3) were quantified in both the
local and systemic leaves of the two species against R. solani (the fold–change ratio of defense hormones
and their responsive genes are presented in Table S1). Expression differences were observed in both
infected local (Figure 3) and systemic leaves (Figure 4), as well as the hormone content (Figure S1)
between A. philoxiroides and A. sessilis during disease development caused by R. solani (Table 1 and
Table S1). Furthermore, expression differences were also observed in the hormone pre-treatment
group between the two species (Figure 5). The key difference was that JA and ET-signaling was
differentially regulated in A. sessilis. JA was partially suppressed in A. sessilis, whereas there was a
consistent reduction in expression in A. philoxiroides (Figure 3a,b). ET-EIN3 expression was reduced
in A. sessilis but was induced in A. philoxiroides (Figure 3e). SA level was induced in both species
(Figure 3c,d). In addition, weaker or no antagonistic cross-talk was observed between SA (Figure 3c,d)
and JA-signaling (Figure 3a,b) in A. sessilis. In contrast, there was strong cross-talk in A. philoxiroides
(Figure 3 and Table 1).
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Figure 3. qPCR analysis of salicylic acid (SA), jasmonic acid (JA) and ethylene (ET)- responsive gene
expressions between invasive A. philoxiroides (AP) and native A. sessilis (AS). Four-week-old plants
were infected with R. solani and the samples were harvested for RNA extractions at the indicated time
intervals (0 to 96 hours) after inoculations. Un-inoculated leaves were used as a control (0 h). Specific
primers were used for JAR1 (a), PR6 (b), PAL (c), PR3 (d) and EIN3 (e) with Actin (control) as shown in
Supplementary Table S2. Values represent means ± SE from three biological replicates. The asterisks
(*) represent significantly different levels at each time period and were determined using one-way
ANOVA, followed by a multiple comparison using Duncan’s method (p < 0.05).
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Figure 4. Expression analysis of SA, JA and ET-responsive genes for systemic acquired resistance
tests between Alternanthera philoxiroides (AP) and A. sessilis (AS). Four-week-old plants were infected
with R. solani and samples of healthy un-inoculated leaves were sampled for RNA extractions at the
indicated time intervals (0 to 96 hours). 0 h is from the samples of plant completely un-infected for
control. Relative expression of JAR1 (a), LOX (b), PR6 (c), PAL (d), PR3 (e), EIN3 (f) and Actin (control)
were tested using gene specific primers at the indicated time intervals. Error bars show ± SE from three
biological replicates and the asterisks (*) represent significantly different levels, which were determined
via a one-way ANOVA, followed by a multiple comparison using Duncan’s method (p < 0.05).
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Figure 5. Expression analysis of SA, JA and ET-responsive genes for hormone pre-treatment tests
between Alternanthera philoxiroides (AP) and A. sessilis (AS). Four-week-old plants were sprayed with
MeJA pretreatment (a,b) SA pretreatment (c,d), and ET pretreatment (e) before being inoculated with
R. solani. Samples were harvested for RNA extractions at the indicated time intervals after inoculations.
Un-inoculated leaves were used as a control (0 h). Specific primers were used for JAR1 (a), PR6 (b), PAL
(c), PR3 (d) and EIN3 (e) with Actin (control) being tested using gene specific primers at the indicated
time intervals. Values represent means ± SE from three biological replicates. Asterisk (*) represent
significantly different levels at each time period and was determined via a one-way ANOVA, followed
by a multiple comparison using Duncan’s method (p < 0.05).
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Table 1. Expression differences in defense hormones and their responsive genes in the invasive
A. philoxeroides and native A. sessilis during R. solani pathogenesis. See Table S1 for fold–change ratios
of each gene for each treatment in both the invasive and native species.

Treatment Alternanthera philoxeroides Alternanthera sessilis

Rhizoctonia solani
(Infected local leaves)

- JA was suppressed
(JAR1 (Figure 3a) and PR6 (Figure 3b))

- JA was partially suppressed
(JAR1 (Figure 3a) and PR6 (Figure 3b))

- SA was induced
(PAL (Figure 3c) and PR3 (Figure 3d))

- SA was induced
(PAL (Figure 3c) and PR3 (Figure 3d))

- ET was induced
(EIN3 (Figure 3e))

- ET was suppressed
(EIN3 (Figure 3e))

- SA may promote disease development by
suppressing JA and by inducing ET (Figure 3)

- Strong antagonistic cross-talk between SA and JA
- Stronger antagonistic resistance cross-talk between

SA and JA may be reason for the delayed disease
development (Figures 1 and 2)

- SA may promote disease development but by partially
suppressing JA and by completely suppressing ET (Figure 3)

- No strict or strong antagonistic cross-talk between SA
and JA

- Lack of stronger antagonistic resistance effect between
SA and JA may be reason for the enhanced disease

development (Figures 1 and 2)

Rhizoctonia solani
(Systemic leaves)

- JA-JAR1 was suppressed (Figure 4a)
- JA-LOX (Figure 4b) and PR6 (Figure 4c) was induced

but lower than A. sessilis

- JA was induced
(JAR1 (Figure 4a), LOX (Figure 4b) and PR6 (Figure 4c))

- SA-PAL was induced from 48 hpi (Figure 4d)
- SA-PR3 was suppressed at all time (Figure 4e)

- SA-PAL was induced at all the indicated time (Figure 4d)
- SA-PR3 was completely suppressed (Figure 4e)

- ET-EIN3 was suppressed all the time (Figure 4f) - ET-EIN3 was partially suppressed (Figure 4f)
- An antagonism between SA-PAL and JA-JAR1 was

observed (Figure 4)
- No antagonism between SA-PAL and JA-JAR1 was

observed (Figure 4)

Rhizoctonia solani
(Hormone contents)

- Endogenous contents of SA, JA and ET were
higher. For example, at 96 hpi, SA, JA and ET

contents were significantly higher than control
samples (Figure S1)

- Endogenous contents of SA, JA and ET were
comparatively lower. For example, at 96 hpi, SA, JA

and ET contents were significantly higher than control
samples (Figure S1)

2.3. Functional Analysis of Defense Hormone Gene Sequences between A. philoxiroides and A. sessilis

Six hormones and responsive gene sequences of both invasive and native plants from our study
(Table S3) were searched in the NCBI nucleotide database and their identity was checked against other
plant species in the Amaranthaceae (Table S4). The output of each gene sequence was obtained to predict
a high confidence protein coding sequence from six reading frames (Table S4). Furthermore, a gene from
each hormone (PAL, JAR1, and EIN3) was selected on the basis of core signaling component for detailed
functional analysis in both A. philoxiroides and A. sessilis. Each sequence was assembled to a single long
contig to predict protein coding genes along with mRNA and the amino acid translation (Table S5). We
aimed to compare each gene sequence with other closely related species in Amaranthaceae, and also to
compare between A. philoxiroides and A. sessilis (Figures S2–S5). A comparative phylogenetic analysis
of the three hormone genes revealed high conservation within Amaranthaceae (including Beta vulgaris
and Spinacia oleracea, Figure S2). We predicted the conserved domains and motifs in each gene sequence
and analyzed how conserved they were across species (see Figure S3 for motifs and Figure S4 for
domains). We found that multiple sequence alignments of each amino acid sequence showed high
levels of gene conservation between A. philoxiroides and A. sessilis, and high conservation between the
two study species and other related species (Figure S5).

2.4. R. solani Suppresses Jasmonic Acid Signaling for Disease Promotion in A. philoxiroides

To examine the role of JA-signaling, expression levels of three JA-dependent transcripts, LOX
(Lipoxygenase), JAR1 (JA amido synthetase 1), and PR6 (Proteinase inhibitor), were tested in
A. philoxiroides following inoculation with R. solani. We found the expressions of JAR1 and PR6
were reduced in A. philoxiroides, whereas LOX expression was inconsistent at each time after inoculation
(Figure 6a–c). At 6 hpi, all three (LOX, JAR1, and PR6) levels had increased (Figure 6a–c; Table S1).
Plants subjected to the MeJA hormone pretreatment also showed reduced expressions across all
three JA genes at all time intervals (Figure 6d–f). Overall, our results suggest that JA signaling may
be responsible for resistance to R. solani in A. philoxiroides because JA was induced earlier (up to
6 hpi). During disease progression (after 48 hpi), R. solani may overcome JA-resistance signaling by
suppressing the defensive responses in A. philoxiroides (Figure 6).
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Figure 6. qPCR analysis of JA-dependent gene expression in A. philoxiroides. Four-week-old plants
were infected with R. solani (a–c), or sprayed with MeJA pretreatment before being inoculated with
R. solani (d–f). Samples were harvested for RNA extractions at the indicated time points (0 to 96 hours).
0 h is the un-inoculated control. Relative expression of JA responsive genes: JAR1 (a and d), PR6
(b and e), LOX (c,f) were tested with specific primers for A. philoxiroides as described in the Methods
and Supplementary Table S2. Values represent means ± SE from three biological replicates.

2.5. Salicylic Acid and Ethylene Signaling Enhances Disease Susceptibility in A. philoxiroides

To determine the role of SA in plant defense response, we tested expression levels of two
SA transcripts in A. philoxiroides: PAL and PR3 (Supplementary Table S3). We found that the
expression of both transcripts consistently increased at each time interval, with the exception of 6 hpi
(where expression decreased, Figure 7a,b). The reduced expression at 6 hpi was in contrast to the
positive induction of JA transcripts (Figure 6a–c). After inoculation, both PAL and PR3 were also
induced in SA pretreated plants (Figure 7d, e). However, PR3 showed very high levels of expression
(up to 100-fold at 48 hpi, Figure 7e and Table S1), suggesting that SA promotes disease development in
A. philoxiroides following inoculation with R. solani.
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Figure 7. qPCR analysis of SA and ET-responsive gene expression in A. philoxiroides. Four-week-old
plants were infected with R. solani (a–c), or were sprayed prior to R. solani inoculations with SA
pretreatment (d,e) or ET pretreatment (f). Samples were harvested for RNA extractions at the indicated
time points after the inoculations. 0 h is the un-inoculated control. qPCR was performed with specific
primers for SA-PAL (a,d), PR3 (b,e), ET-EIN3 (c,f) and Actin (control) as described in the Methods and
shown in Supplementary Table S2. Values represent means ±SE from three biological replicates.

The ET transcript, EIN3, displayed a minor increase in expression over time in both the R. solani
infected and ET-pretreatment samples (Figure 7c,f). Specifically, the expression of EIN3 was reduced at
6 hpi (similar to SA, Figure 7a). Overall, the results suggest ET-signaling may act synergistically with
SA, thereby promoting disease susceptibility in A. philoxiroides.

2.6. Signaling Cross-Talk between SA, JA and ET in A. philoxiroides during Interactions with R. solani

We investigated the cross-talk between hormone signaling pathways in response to R. solani
infection and hormone pretreatments. We observed that JA (LOX, JAR1, and PR6) and SA (PAL and
PR3) transcripts had prominent antagonistic cross-talk in A. philoxiroides at both earlier (at 6 hpi) and
later (>24 hpi) time intervals following R. solani inoculations (Figures 6a–c and 7a,b). In addition, MeJA
pretreated A. philoxiroides showed decreased expressions in all three JA transcripts (Figure 6d–f), and
also displayed higher expression levels of SA transcripts (PAL and PR3) (Figure 8a,b and Table S1).
These results indicate a clear antagonistic cross-talk between SA and JA pathways in A. philoxiroides
after inoculation with R. solani.
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Figure 8. Signaling cross-talk analysis between SA, JA and ET-responsive gene expressions during
hormone pretreatments, before R. solani inoculations in A. philoxiroides. Four-week-old plants were
sprayed with MeJA (a, b and d) and SA (c). Samples were harvested for RNA extractions at the
indicated time points. Un-inoculated leaves were used as a control (0 h). qRT-PCR was performed with
specific primers for SA-PAL (a), PR3 (b), ET-EIN3 (c,d) and Actin (control) as described in the Methods
and shown in Supplementary Table S2. Values represent means ± SE from three biological replicates.

As described above for ET-EIN3, gene expression was induced in both treatments in A. philoxiroides
(Figure 4c, f). In addition, we also tested the expression of EIN3 with other hormone pretreatments in
A. philoxiroides. For example, SA pretreated plants induced EIN3 expression similar to the SA-PAL and
PR3 transcripts (Figure 8c). In contrast, MeJA pretreated plants showed a decrease in EIN3 expression,
similar to the JA (LOX, JAR1, and PR6) transcripts (Figure 8d). The differential expression of EIN3 to
SA and MeJA suggests that ET may be regulated by both hormones depending on the type of infection
and treatment. Other combinations of hormone signaling and their cross-talk gene expressions are
presented in Supplementary Table S1.

To further test whether R. solani influences the hormones (SA, JA and ET) during pathogenesis in
A. philoxiroides, we quantified the endogenous contents of each hormone in R. solani infected plants at
each time interval (0, 6, 12, 24, 48, 72 and 96 hpi) using ELISA. We detected a 6.9-fold higher SA content
(Figure S6a) and a 2.2-fold higher JA content (Supplementary Figure S6b) at 96 hpi compared to the
control un-inoculated samples. ET was at a moderate level (about 3.2-fold higher) compared to both
SA and JA in the infected plants (Supplementary Figure S6c). The levels of each hormone increased,
as time since infection increased (Supplementary Figure S6).

2.7. R. solani Induced Resistance Trade-Offs between SA and JA-Signaling in A. philoxiroides

To identify and correlate whether hormonal cross-talk provides signals to adjacent leaves from local
infected tissues, we examined the resistance trade-offs between SA and JA-signaling in A. philoxiroides.
Our findings suggest that SA was induced during R. solani pathogenesis, which initiated antagonistic
cross-talk to JA at the local infected leaves in A. philoxiroides (Figures 6 and 7). Investigating neighboring
leaves for this cross-talk may provide information regarding how trade-off signals are regulated during
infection in invasive A. philoxiroides. Therefore, we quantified the expression levels of all six genes in
neighboring un-inoculated leaves across all time intervals. We found that JA-JAR1 showed reduced
expressions at each time interval (Figure 9a). In contrast, increased expression of SA-PAL from 48 hpi
was detected (Figure 9b). The cross-talk between these transcripts in the neighboring un-inoculated
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leaf was similar to the infected leaves. However, other transcripts of JA-LOX and PR6 were induced in
the same plants (Figure 9c,d), while SA-PR3 was much reduced (Figure 9e). These findings suggest
that the key signaling component of SA (PAL) and JA (JAR1) engage in antagonistic cross-talk during
pathogenesis. The ET-EIN3 expression was reduced at each time interval (Figure 9f).

Figure 9. Expression analysis of SA, JA and ET-responsive genes for systemic acquired resistance tests
in A. philoxiroides. Four-week-old A. philoxiroides were infected with R. solani and samples of healthy
un-inoculated leaves were collected for RNA extractions (at time intervals from 0 to 96 hours). 0 h is
from the samples of plant completely un-infected for control. Relative expression of JAR1 (a), PAL (b),
LOX (c), PR6 (d), PR3 (e) and EIN3 (f) with Actin (control) genes were tested using specific primers at
the indicated time intervals. Values represent means ± SE from three biological replicates.

3. Discussion

Plants are exposed to numerous biotic and abiotic stresses in their environment. Invasive plants
may have evolved to adapt to these stresses and to fluctuating environmental conditions via plasticity
in growth and development [6,28,70]. Studies investigating the molecular mechanisms responsible
for invasion success are scarce in non-model plant species, but can now be investigated due to the
availability of genomic technologies. In our study, we isolated partial gene sequences of key defense
hormones in two non-model plant species (Table S6). These novel template gene sequences allowed us
to investigate hormone signaling and their cross-talk within and between species to better understand
the resistance of an invasive species to a globally distributed necrotrophic fungal pathogen. There were
three major findings in our study: (1) R. solani successfully infected the invasive A. philoxeroides and its
native congener A. sessilis, with disease development being much slower in A. philoxeroides compared
to A. sessilis; (2) there were interspecific differences in hormone gene expression (including hormone
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signaling and cross-talk) following inoculation by R. solani; and (3) there were differences in the
hormone signaling and their cross-talk between infected local and the un-infected systemic leaves.

3.1. Differential Expression between Invasive A. philoxiroides and Native A. sessilis during
Disease Development

We found that there were interspecific differences in JA and ET-signaling, as well as in the degree
of antagonistic cross-talk between SA and JA (which was stronger in the invasive species and weaker in
the native species). This variation in the expression of defense hormone genes between species suggests
R. solani may affect host plant defense hormones, specifically by inducing the major defense hormone
SA (which may regulate other hormones, such as JA and ET, differently between plants for successful
infection of plant tissue, Table 1). Our findings also suggest that the infection of R. solani was enhanced
in the native A. sessilis, perhaps due to the weaker antagonistic cross-talk between SA and JA (which may
allow faster or enhanced disease development to occur in the native species). Furthermore, our results
indicate that the stronger antagonistic cross-talk between SA and JA in the invasive A. philoxiroides may
delay disease progression. To our knowledge, this is the first study that demonstrates a necrotrophic
pathogen influencing plant defense hormone pathways in an invasive clonal weed differentially
compared to a native congener (Figure 10). A previous study [30] identified several genes that may be
involved in the introduction success of invasive A. artemisiifolia. Of the 180 genes identified in this
earlier study, some genes were found to be involved in the metabolism of plant hormone signaling and
biosynthesis (e.g., lipoxygenases and cytokinins-zeatin o-glucosyltransferase) [30]. Gene expression
differences between the invasive and native species suggested that invasive species may have evolved
to stressful conditions during the invasion process [29–31].

Figure 10. Proposed model showing response of defense hormone genes, salicylic acid (SA), jasmonic
acid (JA), and ethylene (ET) during pathogenesis in an invasive Alternanthera philoxeroides (AP) and
native A. sessilis (AS). We investigated the molecular interactions between R. solani compared to two
species (focusing on defense hormone signaling). Two key differences in hormone gene expressions
were identified between species during pathogenesis. Firstly, the JA and ET-signaling was differentially
regulated between species (partially suppressed in A. sessilis, whereas there was a consistent reduction in
expression in A. philoxiroides, shown as difference in height and color of JA). Reduction in JA-dependent
LOX, JAR1 and PR6 expressions during disease development suggested that JA-signaling is responsible
for resistance to R. solani. Secondly, ET-EIN3 expression was reduced in A. sessilis, but was induced in
A. philoxiroides (shown as difference in height and color of ET). SA level was induced in both species. The
elevated levels of SA in both species during disease development suggest that the unknown virulence
factor from pathogenic R. solani may potentially target SA. This in turn may affect the antagonistic effect
between SA and JA/ET differentially between species (shown as a different arrow between SA and ET).
Circled SA-PAL and JA-JAR1 show antagonistic effects in both the local inoculated and neighboring
systemic leaves. Dotted circles (PR3, EIN3 and PR6) represent differential regulation in both inoculated
and un-inoculated systemic sites.
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The differences in defense hormone signaling between the invasive and native species observed
in our study during pathogenesis may be the result of interspecific genetic variation. It would be
interesting to study how differences in genetic variation between the invasive A. philoxeroides (which has
previously been found to have low genetic diversity in China due to predominantly clonal vegetative
propagation, [60,64]) and native A. sessilis (which may have higher genetic diversity in its native
range, although this needs to be confirmed) may influence the resistance response of each species to
pathogens. The data from our study provide an appropriate baseline for investigating this line of
inquiry in the future.

3.2. Changes in Defense Hormone Gene Expression during Pathogenesis in A. philoxeroides

Our study demonstrates how a common and widespread pathogen regulates plant defense
hormones (SA, JA, and ET) allowing for the successful infection of an invasive species, A. philoxeroides
(using RT-qPCR). Our results showed that both JA-JAR1 and PR6 transcript expressions decreased
during disease development following inoculation with R. solani AG4 HGI (Figure 6a,b), indicating
that JA-signaling pathway is likely to be involved in plant resistance to the pathogen. There is much
evidence to suggest that endogenous JA is triggered against necrotrophic pathogens [71,72]. For
example, gene expression changes induced by R. solani AG1 IA in resistant and susceptible rice plants
have been reported and it has also been shown that JA plays an important role in disease resistance [73].
In the present study, we found that the JA biosynthetic LOX gene was inconsistent in expression
(Figure 6c). This was consistent with the findings of a previous study [74], where it was found
that LOX expression increased approximately 6-fold in response to virulent and avirulent strains of
Pseudomonas syringae.

In our study, R. solani induced SA (PAL and PR3), which may antagonize JA during pathogenesis
in invasive A. philoxeroides (Figure 6a,b and Figure 7a,b). Earlier studies have shown cross-talk between
hormone signaling pathways can greatly help the plant to regulate defense responses to a wide range
of pathogens [75–77]. The predominant cross-talk observed between SA and JA is antagonistic [50,52].
For example, an exogenous application of SA was found to inhibit JA-induced proteinase inhibitor
expression in tomato [54,78], whereas MeJA treatment inhibited SA-induced acidic PR gene expression
in tobacco [55]. Like in our study, previous studies have found that phytopathogens can take advantage
of the cross-talk between SA and JA allowing them to successfully infect plants [79,80]. For example,
the hemi-biotrophic pathogen P. syringae was shown to manipulate antagonism between SA and JA by
producing coronatine, which is a phytotoxin that mimics plant JA to suppress SA. This mechanism
promotes disease infection in Arabidopsis and tomato [81]. The necrotrophic Botrytis cinerea produces
exopolysaccharide (EPS), a virulence factor that elicits SA to activate antagonism to JA, thereby
enhancing the ability of the fungus to infect tomato [56]. Our results are consistent with the findings
of El Oirdi et al. [56], although the virulence factor from R. solani needs to be investigated further.
A follow-up study by El Oirdi et al. [56] showed SA-signaling can also contribute to disease development
(caused by another necrotrophic pathogen, Alternaria solani) in tomato [82]. It has also been found that
the SA pathway might contribute to disease development (i.e., a SAR8.2k gene induced by SA may be
involved in disease susceptibility caused by R. solani in tobacco [83]).

PR genes are often associated with specific signaling pathways and their expression can be
regulated by different plant hormones [84]. In our study, at 48 hpi, the SA-inducible PR3 showed
a 10-fold higher expression to R. solani infection (Figure 7b), a 100-fold higher expression for SA
pretreatment (Figure 7e), and a 75-fold higher expression for JA pretreatment (Figure 8b). This increase
in SA-inducible PR3 supports the hypothesis that SA enhances disease development by suppressing
JA in A. philoxeroides.

Our results indicate that, as with SA, EIN3 (an active form of the ET transcription factor) [77]
enhances disease development in A. philoxeroides (Figure 7c). Although EIN3 was induced at moderate
levels, its expression was consistently induced over time during inoculation (Figure 7c,f). Previous
studies have shown that ethylene is a potential modulator of plant pathogen defenses [85]. JA and ET
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together form an effective defense against necrotrophs [86], and can act positively or negatively with
SA, depending on the specific pathogen interactions [87]. For example, ET modulates the antagonism
between SA and JA pathways, and is mediated by NPR1 [53]. ET induces SA-responsive PR1 gene
expression in Arabidopsis [88]. In contrast, ET (EIN3 and EIL1) represses the SA biosynthesis gene
ICS/SID2, thereby reducing SA accumulation [89].

3.3. Hormonal Cross-Talk and Systemic Resistance in A. philoxeroides during R. solani Pathogenesis

Invasive plants may encounter multiple pathogens with different infection strategies in their
non-native range. Hormonal cross-talk provides signals to adjacent leaves from local infected tissues
to resist a forthcoming infection [90–92]. This systemic defense is effective against pathogens with a
similar attacking strategy [93]. For pathogens with a different infection mode, hormonal cross-talk
between pathways (specifically SA and JA) plays a critical role in plant resistance [90,94]. The biotrophic
pathogen inducing SA can activate antagonism to JA in infected local and systemic tissues, which in
turn favors insect herbivores or necrotrophic pathogens [91].

In our study, trade-offs between the SA and JA pathways was clearly observed in infected local
leaves (Figures 6 and 7). This trade-off was lower in neighboring leaves (Figure 9). Only the core
signaling component of SA-PAL and JA-JAR1 showed antagonism in the neighboring leaves, whereas
other gene transcriptions (i.e., JA-LOX and PR6) were not suppressed (Figure 9). Our results are
consistent with the finding of Spoel et al. [90], who reported that P. syringae suppressed JA-mediated
resistance to Alternaria brassicicola at the infected site. However, this antagonism was at modest levels
in neighboring tissues in Arabidopisis [90]. It was suggested that, while antagonism between SA and
JA was moderate, their cross-talk expression was detected in systemic tissues [90]. However, spatial
separation (local, adjacent or systemic), time (immediate or delayed), pathogen type (biotroph or
necrotroph), and inoculation dosage are important factors determining systemic resistance trade-offs
in plants [91].

4. Materials and Methods

4.1. Plant Species and Pathogens

Alternanthera philoxeroides (Amaranthaceae) is one of the 100 worst invasive species in the world [59].
Climate modeling suggests that many regions around the world are suitable habitat for the growth
of A. philoxeroides, including areas in Southeast Asia, Southern Africa, and Southern Europe [95].
In China, it has successfully invaded 19 provinces since its introduction (usually on roadsides and
lakeshores) [96].

Alternanthera sessilis (L.) DC. is native to China, and was used for comparison with A. philoxeroides
in our study [22]. Ramets of A. philoxeroides and A. sessilis were randomly collected in August (summer)
2016 from naturally occurring sites in Fuzhou National Forest Park (119◦17′12′′E, 26◦9′35′′N, Figure S7)
and propagated in a greenhouse at Jiangsu University, Zhenjiang, China. Healthy stems with two nodes
and without roots were planted in 250 g of sterilized sand in plastic pots (8 × 7 × 5 cm). Fixed volumes
(30 mL) of distilled water or full-strength Hoagland liquid nutrient solution [97] were supplemented
alternatively every two days to maintain optimal growth conditions.

Rhizoctonia solani is a ubiquitous soil-borne necrotroph that causes significant yield loss in many
economically important crops globally [98]. The most common symptom is the ‘damping-off’ of
seedlings or failure of infected seeds to germinate. The R. solani AG4-HGI (accession ACCC 30374)
used in this study was obtained from the Agriculture Culture Collection of China (Agricultural and
Microbial Culture Collection Management Center, Beijing, China). This strain was further sequenced
to identify the specific anastomosis group (AG4-HGI), which was confirmed by PCR amplification of
AG common and subgroup specific primers [99], and internal transcribed spacer (ITS) primers [100].
The fungus was grown and sub-cultured on potato dextrose agar (PDA) and incubated for five days at
28 ◦C.
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4.2. Isolation of Putative Hormone-Responsive Genes for RT-qPCR

Partial gene sequences of six hormones and responsive genes (one for ET, two for SA and
three for JA) were successfully isolated from both A. philoxiroides and A. sessilis. Although there
is currently a lack of hormone specific sequence information for many invasive and native plant
species (including Alternanthera species), the species from our study are in the Amaranthaceae family
(which was used for sequence isolation). Twenty-one hormones and their responsive gene sequences
(i.e., eight for SA, seven for JA, and six for ET) were retrieved from species in the Amaranthaceae (Table
S6). Each gene sequence from species in the Amaranthaceae was aligned using Clustal Omega [101] for
primer design in the conserved region (using Primer3) [102] (for initial screening). We also performed
a phylogenetic analysis of these sequences (Figure S2) to compare with other species.

Plant leaf material was ground using liquid nitrogen, and 50–100 mg of ground tissue was used
for DNA extraction using the Rapid Plant Genomic DNA Isolation Kit (Sangon Biotech, Shanghai,
China). Genomic DNA was further precipitated by adding sodium acetate and ethanol and purified
using the method of Dellaporta et al. [103]. PCR was performed, and DNA was purified using
the UNIQ-10 Column MicroDNA Gel Extraction Kit (Sangon Biotech, Shanghai, China) prior to
sequencing. A total of six genes (i.e., PAL and PR3 for SA; LOX, JAR1 and PR6 for JA; EIN3 for
ET) were successfully isolated based on the PCR amplification of similar amplicon lengths obtained
from both A. philoxiroides and A. sessilis (Table S3). Furthermore, the coding (exonic) region of each
isolated gene sequence was confirmed by cDNA PCR. We performed a NCBI nucleotide search of each
of the isolated sequences and found that they showed closest homology to sequences of species in
the Amaranthaceae. RT-qPCR primers (amplicon length < 200 bp) were designed using web-based
Integrated DNA Technologies (IDT)-Primer Quest [104] from initially screened sequences of each gene.
Primers with similar amplification efficiency in the cDNA of both invasive and native plants were
used in RT-qPCR. All the primer sequences used for RT-qPCR are listed in Supplementary Table S2.

4.3. Plant Inoculations with R. solani for RT-qPCR

Pathogenicity tests consisted of detached (in vitro) and in planta leaves from four-week old
stem cuttings of A. philoxeroides and A. sessilis inoculated with 5-mm agar plugs (R. solani culture).
Both detached and in planta leaf assays were performed using the method used by El Oirdi and
Bouarab [105]. Inoculated leaves of in planta inoculations with mycelium plugs were covered with
clear zip-lock plastic bags to maintain high humidity. Detached and in planta disease symptoms were
photographed every day, up to five days after inoculation.

In planta inoculations of A. philoxeroides and A. sessilis were used for gene expression experiments
by quantitative RT-qPCR. Inoculated leaf samples were harvested at different time intervals, including
0, 6, 12, 24, 48, 72, and 96 h post-inoculation (hpi). There were three biological replicates per time
interval (i.e., one plant per replicate each for A. philoxeroides and A. sessilis). The 0 hpi time interval
refers to un-inoculated control samples. All inoculated plants were grown at 25 ◦C and 70% humidity
with a 16 h photoperiod. Harvested leaf material at different time intervals was quickly frozen in
liquid nitrogen for RNA extractions. For the systemic acquired resistance (SAR) tests, samples of
un-inoculated neighboring leaves (i.e., younger leaves just above the inoculated leaf) were investigated.
For SAR gene expression experiments, samples of three biological replicates were taken per time
interval (0, 6, 12, 24, 48, 72, and 96 hpi). That is, one plant per replicate for each species was investigated.
The experiments of R. solani infection and SAR were repeated twice.

The effect of each hormone (SA, JA, and ET) on resistance to R. solani was tested using RT-qPCR
by spraying each hormone two days before inoculation with R. solani. Hormone pretreatments were
performed on four-week old plants of A. philoxeroides and A. sessilis. There were three treatments in this
experiment group for each species (SA, JA, and ET pretreatments). Hormones SA (0.5 mM, BBI Life
Sciences, Shanghai, China), methyl jasmonate (MeJA, 0.1 mM, Sigma-Aldrich, St. Louis, MO, USA),
and ethephon (ET, 0.5 mM, BBI Life Sciences, Shanghai, China) were dissolved in water. Hormones
were sprayed directly on plant leaves (in each treatment group) until drenched (surface run-off) once
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per day, for three consecutive days. All treatment plants were grown at 25 ◦C and 70% humidity
with a 16 h photoperiod until they were harvested. Each of the hormone pretreated samples was
harvested at different time intervals: 0, 6, 12, 24, 48, 72, and 96 hpi with R. solani. The hormone
pre-treatment samples for SA and ET spray were unable to be collected after 72 and 96 h. This was
because the ET-spray samples wilted early and could not be sampled (i.e., healthy leaves could not be
obtained). The control treatment (0 hpi) consisted of only water pretreated and un-inoculated. There
were three biological replicates for each time interval (i.e., one plant per replicate) for each species. All
harvested samples were quickly frozen in liquid nitrogen for RNA extractions. The experiment was
repeated twice.

4.4. RT-qPCR Analysis

Total RNA was isolated from leaves of invasive and native plants in each treatment using the
TaKaRa MiniBEST Plant RNA Extraction Kit according to the manufacturer’s instructions (Takara, Shiga,
Japan). First-strand cDNA was synthesized from 500 µg total RNA using PrimeScript RT Master Mix
(Takara, Japan). The targets were amplified using primers that are listed in Table S2. RT-qPCR was
performed using SYBR Premix Ex-Taq (Takara, Japan) on CFX96 Real-Time PCR Detection System
(Bio-rad). Melt-curve analysis was performed after each PCR run to ensure specific amplification of
each gene-specific primer. To identify the suitable housekeeping gene, we tested three reference genes,
β-tub (β-tubulin), EF1α (Elongation factor 1-alpha), and Act (Actin), in R. solani infected samples based
on Cycle threshold (Ct) difference and the coefficient of variance method [106]. Primers are listed in
Table S2. Actin had the lowest Ct difference in R. solani infected samples across different time intervals
(Manoharan B. et al., unpublished data) and was used for normalizing the expression level of each
target gene. Relative gene expression was calculated using the comparative 2−∆∆CT method [107].
Three biological replicates were used for each gene and each reaction was independently replicated
three times.

4.5. Hormone Content Quantification

The endogenous hormone contents (SA, JA, and ET) was determined for R. solani infected
A. philoxiroides and A. sessilis. Fungal inoculations were performed on four-week old plants (as described
above). Samples collected at different time intervals (0, 6, 12, 24, 48, 72, and 96 hpi) were subjected to
hormone quantification by Lengton Bio. Tec. Co., Ltd. (Shanghai, China) using the ELISA method [97].
The 0 hpi time interval refers to the un-inoculated control samples.

4.6. Quantification of Plant Cell Death by Trypan Blue Staining and Ion Leakage Assay

To visualize dead plant cells and to measure the cell death area of infected leaves, trypan blue
staining was performed on the leaves of four-week old infected A. philoxiroides and A. sessilis. Leaves
were removed at each time interval (0, 24, 48, 72, and 96 hpi) and stained with lactophenol-trypan blue,
followed by de-staining with saturated chloral hydrate using the method of Koch and Slusarenko [108].
Samples were photographed every day before and after staining to measure the diameter of the infected
area using ImageJ [109]. To further confirm cell death, ion leakage assay was performed on infected
leaves of both species using an electrolytic conductivity meter (model P772) following the procedure
outlined in Hatsugai and Katagiri [110].

4.7. Flanking Sequence Isolation and Bioinformatic Analyses

Six isolated DNA sequences from both A. philoxeroides and A. sessilis (Table S3) were searched in
the NCBI non-redundant protein database using BLAST+ (version 2.2.31) to compare with other plant
species. BLASTx output of each sequence was submitted to OrfPredictor [111] to identify the best
matching open reading frame (ORF) sequence [110] (Table S4). Furthermore, one gene from each of the
hormones, PAL (SA), JAR1 (JA), and EIN3 (ET) was selected for additional flanking sequence isolation
for both A. philoxiroides and A. sessilis (for detailed function and bioinformation analysis). Flanking
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(5′ and 3′) sequences were isolated from a known sequence region (i.e., initially isolated sequences,
Table S2) using 5′ Genome walking and 3′ RACE (Rapid Amplification of cDNA Ends) techniques,
following the methods outlined in the respective kit instructions (Genome Walking Kit, code 6108 and
3′-Full RACE Core Set with PrimeScript RTase, code 6106, Takara, Shiga, Japan). Isolated sequences
from both techniques were assembled for each gene with the corresponding initial sequence using
CAP3 sequence assembly program with the following parameters: base quality cut-off for clipping
value of 12, overlap length cut-off value ≥20, overlap percent identity ≥75, and overlap similarity score
≥500 [112]. The assembled single long contig was selected for annotating protein coding gene with
ab-initio method and Beta vulgaris gene-specific parameters using the FGENESH online tool [113].
Predicted CDS and peptide sequences were reconfirmed by aligning to the NCBI RefSeq nucleotide
and protein database using mega BLAST and BLASTp search tools. Clustal-W from MEGA 7.0.26
was used for multiple sequence alignment of each peptide sequence with other related species. A
maximum likelihood phylogenetic tree was constructed with 1000 bootstrap replicates (Figure S2) [114].
In addition, motifs were searched for each peptide sequences using MEME suite [115] with the default
options. The conserved domain was searched using the NCBI database with an expected value of
0.010000 [116].

4.8. Data Availability

The partial gene sequences isolated in this study were deposited in the GenBank under accession
IDs: MK790145 to MK790156. The Rhizoctonia solani was sequenced to identify the specific anastomosis
group and was deposited under GenBank accession ID: MK801228.

5. Conclusions

During the invasion process, an invasive species from a small founding population may face
difficulties due to adverse abiotic and biotic stresses, impacting its survival and reproduction. Invasive
species can undergo genetic changes to overcome these natural barriers. Our findings are consistent
with previous studies, which identified that many stress induced genes are differentially expressed
between invasive and native plant species [29–31]. Our study advances our current understanding of
hormone resistance to a widespread pathogen in an invasive species compared to its native congener.
In addition, our findings provide insights into the significance of invasive plant defense pathway genes
that may have evolved during the invasion process. The manipulation of host defense hormones in
favor of pathogen colonization in native plant species may be a mechanism where invasive species
gain an advantage over co-occurring native congeners, and this should be the focus of future research.
Further studies are required to identify the currently unknown virulence factors (i.e., pathogen effectors
or toxins that mimic plant hormone coronatine from R. solani and other pathogens) that may affect
the signaling pathways differentially between invasive and native species [56]. More specifically,
research is needed on resistance (R) genes, such as the non-expresser of PR genes 1 (NPR1) of hormone
SA, which is a major transcriptional activator that activates antagonism to JA or ET during disease
development [117].

Supplementary Materials: All supplementary material from this study is available online at http://www.mdpi.
com/1422-0067/20/19/4916/s1, including Figure S1: Endogenous hormone salicylic acid (SA), jasmonic acid (JA),
and ethylene (ET) contents in both Alternanthera philoxiroides and A. sessilis after Rhizoctonia solani inoculations.
Figure S2: Comparative phylogenetic analysis of the selected hormone genes in both the invasive and native
species, as well as other closely related species. Figure S3: Identification of conserved motifs in selected genes
from both invasive and native species. Figure S4: Identification and alignment of the conserved domain in each of
the selected genes from both invasive and native species. Figure S5: Multiple sequence alignments of predicted
amino acid sequences of both Alternanthera philoxeroides and A. sessilis along with other closely related plants.
Figure S6: Endogenous hormone Salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) contents in Alternanthera
philoxiroides after infected with Rhizoctonia solani. Figure S7: Sampling site of invasive Alternanthera philoxeroides
and native A. sessilis. Table S1: Fold-change ratio of defense hormones and their responsive genes under different
treatment conditions in invasive Alternanthera philoxeroides compared to native A. sessilis. Table S2: Primers used
for quantitative RT-qPCR. Table S3: List of putative defense hormones and responsive genes isolated in both
Alternanthera philoxeroides and A. sessilis. Table S4: Sequence information of six defense hormones and responsive
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genes isolated from Alternanthera philoxeroides and A. sessilis. Table S5: Functional analysis of three hormone
genes in both Alternanthera philoxeroides and A. sessilis. Table S6: Screening and isolation of defense hormones and
responsive gene sequences from both invasive Alternanthera philoxeroides and native A. sessilis.
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Abstract: Leaf variegation has been demonstrated to have adaptive functions such as cold tolerance.
Pittosporum tobira is an ornamental plant with natural leaf variegated cultivars grown in temperate
regions. Herein, we investigated the role of leaf variegation in low temperature responses by
comparing variegated “Variegatum” and non-variegated “Green Pittosporum” cultivars. We found
that leaf variegation is associated with impaired chloroplast development in the yellow sector,
reduced chlorophyll content, strong accumulation of carotenoids and high levels of ROS. However,
the photosynthetic efficiency was not obviously impaired in the variegated leaves. Also, leaf
variegation plays low temperature protective function since “Variegatum” displayed strong and
efficient ROS-scavenging enzymatic systems to buffer cold (10 ◦C)-induced damages. Transcriptome
analysis under cold conditions revealed 309 differentially expressed genes between both cultivars.
Distinctly, the strong cold response observed in “Variegatum” was essentially attributed to the
up-regulation of HSP70/90 genes involved in cellular homeostasis; up-regulation of POD genes
responsible for cell detoxification and up-regulation of FAD2 genes and subsequent down-regulation
of GDSL genes leading to high accumulation of polyunsaturated fatty acids for cell membrane
fluidity. Overall, our results indicated that leaf variegation is associated with changes in physiological,
biochemical and molecular components playing low temperature protective function in P. tobira.

Keywords: cold response; Pittosporum tobira; leaf variegation; linoleic acid; ROS scavenging enzyme;
heat shock protein

1. Introduction

Leaf variegation has been observed in many species of higher plants [1–3] and this special
attractive trait has become a focus of plant breeding as it increases the economic value of ornamental
plants [4]. There are two categories of leaf variegation in plants: structural-related variegation and
pigment-related variegation [5,6]. Two different types of structural variegation have been described,
including the air-space type and epidermis type of variegation, which play adaptive roles to varying
light conditions [7]. Pigment-leaf variegation is most common in ornamental plants because of the
chlorophyll-deficiency [6]. It is marked by the existence of sections that contain abnormal plastids [5].
The leaf color variegation in plants are divided into several types based on color classification for
instance green, yellow and albino (white) sectors on leaves [1,2,8,9].

Nuclear and plastid mutations or changes in expression of several genes which contribute to
chloroplast biogenesis and chlorophyll biosynthesis induce the leaf variegation [10,11]. The white
sectors of variegated leaves lack photosynthetic activity, therefore, leaf variegation may affect
photosynthetic efficiency [12]. Previously, a transcriptome study of the Arabidopsis white-green
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variegated mutant immutans (im) and an Arabidopsis FtsH2 mutant line (var2) revealed that the genes
related to photosynthesis were down-regulated in the white sectors of leaves [13,14]. Furthermore, the
chlorophyll-deficient leaf-mutant also showed the expressional repression of transcriptional factors
GLK1, Ftsz and MinD that regulate chloroplast development and division [15]. Recently, a mutation
in the transcription factor mitochondrial transcription termination factor (mTERF) has been found
to induce colorlessness in leaves of variegated fig [3]. Although these studies have provided a deep
understanding of the variegation mechanism in plants, the advantage of this trait for the good fitness
or for the plant physiology is still poorly understood.

Several potential physiological advantages of variegation have been proposed in plants.
For example, it was reported that leaf variegation is involved in plant defense from enemies including
aposematic coloration, mimicry of dead or infested plants, masquerade and camouflage [16–19].
It can also play physiological roles such as improved water or gas transport [20], mitigation of UV
radiation [21] and thermoregulation [22]. Investigations led on forest trees displaying variegated
leaves hinted that the trait might be a strategy to prevent the attack of herbivores [23,24]. Later, studies
by Mwafongo et al. [25] on leaf variegation patterns in Ledebouria revoluta highlighted two possible
functions including the photoprotection role and the aposematic role. Very recently, Shelef et al. [22]
demonstrated that under lower temperatures, variegated wild type Silybum marianum leaves were
significantly warmer than all-green mutants, conferring cold stress tolerance. These studies showed
that variegation in plants is not just a color mutation but has some physiological advantages.

Pittosporum tobira (Thunb.) Aiton belonging to the family Pittosporaceae originated from East
Asia and at present is being widely cultivated as an ornamental flowering plant in temperate and
subtropical regions around the world [26]. Typically, P. tobira plants are about 2–3 m high with thick,
rubbery and dark green colored leaves. The fragrant flowers of P. tobira have been well studied for their
antimicrobial and anti-oxidant activities [27,28]. Importantly, some cultivars exhibit leaf variegation
with yellowish or creamy white leaf margins and green interior, which have a greater aesthetic appeal
and ornamental value compared to the typical all-green P. tobira. These particular variegated cultivars
are spread to temperate regions. However, besides the aesthetic advantage, the intrinsic physiological
importance of leaf variegation for P. tobira is unknown.

In the present work, we studied two P. tobira cultivars namely, “Variegatum” and “Green
Pittosporum” with distinct leaf coloration features. To thoroughly understand the role of leaf
variegation in P. tobira under cold condition, we investigated the physio-biochemical characteristics at
different temperature gradients and profiled leaf transcriptome of the two cultivars under cold stress.
Our findings elucidate the leaf variegation mechanism in P. tobira and provide novel insights into the
thermo-protective function of this important trait.

2. Results

2.1. Characteristics of Variegated Leaves in Pittosporum Tobira

A naturally occurring leaf variegated cultivar of Pittosporum tobira named “Variegatum” was
collected from Pingdingshan, Henan province in China. The cultivar “Variegatum” bears yellowish
margins and green interior leaves, whereas, the typical cultivar “Green Pittosporum” exhibits dark
green colored leaves (Figure 1). The phenotypic characteristics such as leaf thickness and shape
were found to be similar for both cultivars except for the variegation. It is well documented that
the leaves of variegated plants having green/yellow sectors have impaired chloroplast biogenesis,
less photosynthetic pigments in the yellow sectors and also accumulate excessive levels of reactive
oxygen species (ROS) [29,30]. To verify these observations in P. tobira, we analyzed the chloroplast
ultrastructure in the yellow sector compared to the green sector of the variegated leaf. As shown in
Figure 2A,B, the green sector contained well-developed chloroplasts with stacked grana. In contrast,
in the white sector of the leaf, plastids did not contain stacked grana but contained large starch
granules and many plastoglobuli (Figure 2C,D). Next, we assessed the photosynthetic parameters
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and malonaldehyde (MDA) in both cultivars in August when the ambient temperature is around
20 ◦C (Figure 1). The net photosynthetic rate (Pn), the intercellular CO2 concentration (Ci) and the
transpiration (Tr) rate were found similar between leaves from both cultivars (Figure 3A–C), showing
that the photosynthetic efficiency is not significantly impaired in “Variegatum” as compared to “Green
Pittosporum”. Next, we compared the content of photosynthesis-related pigments such as total
chlorophyll (chlT) and carotenoids (Ca) in both leaf types. The results revealed that the chlT contents
were significantly lower (p < 0.05) in “Variegatum” compared to the “Green Pittosporum” (Figure 3D),
while Ca was higher in “Variegatum” compared to the “Green Pittosporum” (Figure 3E), indicating
that the yellowish phenotype in “Variegatum” is underlined by a reduced chlorophyll content and a
stronger accumulation of carotenoids. We further measured the MDA content, which is associated
with lipid peroxidation via an increased generation of ROS [31]. The MDA was significantly (p < 0.01)
and highly accumulated in “Variegatum” leaves compared to “Green Pittosporum” leaves (Figure 3F),
implying a high level of ROS in the variegated leaves.

Taken together, our results showed that leaf variegation trait in P. tobira is associated with defected
chloroplast biogenesis in the yellow sector, reduced chlorophyll content, strong accumulation of
carotenoids and high level of ROS.

Figure 1. Overview of the experiment design and phenotypes of the two Pittosporum tobira cultivars,
namely “Variegatum” with green/yellowish variegated leaf and “Green Pittisporum” with complete dark
green leaf. Leaf samples were harvested at different dates following decrease of ambient temperature.
The bar = 2 cm.
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Figure 2. Chloroplast ultrastructure of the green (A,B) and yellow (C,D) sectors in variegated leaves of
Pittosporum tobira cultivar “Variegatum”. C = chloroplast; P = plastid; SG = starch granule; G = grana;
V = vacuole, PL = plastoglobuli.

Figure 3. Physio-biochemical comparison of leaf from variegated “Variegatum” and non-variegated
“Green Pittosporum” cultivars. (A) net photosynthetic rate (Pn), (B) intercellular CO2 concentration
(Ci), (C) transpiration rate (Tr), (D) total chlorophyll content (ChlT), (E) carotenoids content (Ca) and (F)
malonaldehyde content (MDA). *, ** above the bars represent significant difference between the two
cultivars at p < 0.05 and p < 0.001, respectively, using Tukey’s honestly significant difference (HSD) test.
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2.2. Effect of Temperature Decrease on ROS-Scavenging Enzyme Activities in P. tobira Cultivars

The natural occurrence of leaf variegation in plants suggests that the trait might have adaptive
functions [32]. In line with this, we investigated the enzymatic changes with respect to cold stress
response in leaves of “Variegatum” and “Green Pittosporum” cultivars over a period of three months
(from August to November) when the ambient temperature decreases from optimal condition (20 ◦C) to
cold condition (10 ◦C). The results showed that the two cultivars respond similarly to the temperature
decrease (Figure 4). The activities of all the three ROS-scavenging enzymes including peroxidase
(POD), catalase (CAT), superoxide dismutase (SOD), were increased over the assayed period. Notably,
CAT and POD displayed a sharp increase in response to the temperature decrease. At the lowest
temperature (10 ◦C, November 15th), POD and CAT activities were significantly higher (P < 0.01)
in “Variegatum” as compared to “Green Pittosporum” (Figure 4A–C), denoting a stronger response
to cold in “Variegatum”. We extended the investigation on the MDA contents in both cultivars in
order to record the stress levels induced by the temperature decrease. As expected, MDA levels also
increased in both cultivars with the temperature decrease, but “Variegatum” seems to suffer less from
cold stress. This is evidenced by the significantly higher (p < 0.01) MDA in “Green Pittosporum” when
the temperature reached 10 ◦C (Figure 4D).

Overall, our results indicated that “Variegatum” is endowed with an efficient ROS-scavenging
enzymatic system, which is mainly triggered under low temperature. Hence, leaf variegation trait
plays a low temperature protective function in P. tobira.

Figure 4. Antioxidant enzymatic activities during temperature decrease. (A) Peroxidase activity (POD),
(B) Superoxide dismutase activity (SOD), (C) Catalase activity (CAT), (D) malonaldehyde content
(MDA). ** above the lines represents significant difference between the two cultivars at p < 0.001, using
Tukey HSD test.
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2.3. Transcriptome Sequencing in Leaves of “Variegatum” and “Green Pittosporum” and Functional
Annotation of Unigenes

To get an insight into the molecular pathways and genes conferring the strong response to
low temperature in “Variegatum”, we synthesized six cDNA libraries from leaves collected from
“Variegatum” and “Green Pittosporum” plants under cold conditions (10 ◦C) and generated de novo
RNA-sequencing data for the first time in P. tobira.

The RNA-seq yielded a total of 40.88 Gb clean data with 92.78% of bases scoring Q30 and above
(Table 1). The assembly was performed using the Trinity software and a total of 112,875 unigenes
were obtained with N50 length about 1,017 bp. The assembly integrity was high and specific statistics
are shown in Table 2. A total of 51,718 unique genes were functionally annotated based on various
databases (Table 3, Table S1). The clean data of each sample was serialized with the assembled unigene
libraries and the mapping result statistics are presented in Table 4. Of these genes, 19,677 genes were
expressed with the number of fragments per kilobase of exon per million fragments mapped (FPKM)
values ranging from 0.04 to 22578.37 (Table S2, Figure 5A).

Hierarchical clustering of the samples based on FPKM showed that all the biological replicates
clustered together, suggesting a high reliability of our RNA-sequencing data (Figure 5B). Moreover, a
clear separation of the two leaf sample types was observed, implying that a large number of genes may
be differentially expressed between the two cultivars to explain the relative stronger response to cold
stress in “Variegatum”.

Figure 5. Overview of the transcriptome sequencing. (A) Gene expression profile in the 6 libraries.
T01-T03 represent the three replicates libraries of the cultivar “Green Pittosporum” and T04-T06
represent the three replicates libraries of the cultivar “Variegatum”. (B) Heatmap clustering showing
correlation among P. tobira different samples based on global expression profiles. Numbers in the
heatmap represent the Pearson correlation value.

Table 1. Overview of the transcriptome sequencing dataset and quality check.

Cultivar Library-ID Read Number Base Number GC (%) % ≥ Q30

“Green Pittosporum” T01 22,115,602 6,612,391,012 45.27 92.78
“Green Pittosporum” T02 23,965,370 7,164,119,518 45.01 92.97
“Green Pittosporum” T03 22,120,563 6,612,379,716 45.25 92.96

“Variegatum” T04 23,413,612 6,996,233,542 44.79 93.60
“Variegatum” T05 22,179,179 6,627,936,224 44.64 93.36
“Variegatum” T06 22,956,424 6,863,508,574 45.19 92.86
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Table 2. Statistics of the assembly results.

Length Range Transcript Unigene

200–300 53,860(25.64%) 46,279(41.00%)
300–500 38,333(18.25%) 27,916(24.73%)
500–1000 38,190(18.18%) 20,115(17.82%)

1000–2000 39,154(18.64%) 11,929(10.57%)
2000 40,551(19.30%) 6,636(5.88%)

Total number 210,088 112,875
Total length (bp) 241,105,749 72,533,944
N50 length (bp) 2,137 1,017

Mean length (bp) 1147.64 642.60

Table 3. Functional annotation statistics of the unigenes.

#Anno_Database Annotated_Number 300 <= length < 1000 Length >= 1000

COG_Annotation 17,065 6,007 6,317
GO_Annotation 28,283 10,378 9,062

KEGG_Annotation 19,595 7,857 6,277
KOG_Annotation 30,496 11,470 10,018
Pfam_Annotation 33,826 12,283 13,569

Swissprot_Annotation 28,074 10,455 11,043
eggNOG_Annotation 48,410 18,186 15,546

nr_Annotation 47,309 17,751 15,596
All_Annotated 51,718 19,526 15,881

Table 4. Statistics of the mapping of sequencing data with assembly results.

Cultivar Library-ID Clean Reads Mapped Reads Mapped Ratio

“Green Pittosporum” T01 22,115,602 17,518,471 79.21%
“Green Pittosporum” T02 23,965,370 19,005,314 79.30%
“Green Pittosporum” T03 22,120,563 17,599,921 79.56%

“Variegatum” T04 23,413,612 19,153,207 81.80%
“Variegatum” T05 22,179,179 17,804,804 80.28%
“Variegatum” T06 22,956,424 18,290,888 79.68%

2.4. Differential Gene Expression Analysis between “Variegatum” and “Green Pittosporum” under
Cold Condition

The differential gene expression analysis was performed on all expressed genes by comparing
their expression levels between “Variegatum” and “Green Pittosporum”. As shown in Figure 6A, a
total of 309 differentially expressed genes (DEG) were obtained, including 156 up-regulated and 153
down-regulated genes in the variegated leaves. To validate our differential expressed gene result, we
selected five up-regulated genes and five down-regulated genes (Table S3) and performed qRT-PCR
using the cDNAs from leaves of the two cultivars. The qRT-PCR results were strongly correlated with
the RNA-seq data (R2 = 0.89, Figure S1). This result confirms well the high reliability of the RNA-seq
data obtained in the present study.

We performed gene ontology (GO) enrichment analysis of these DEGs based on three ontologies:
biological process, cellular component and molecular functions. In the biological process components,
metabolic and cellular process was found to be the most dominant group (Figure 6B). Within the cellular
components, cell and cell part represented the most dominant functional groups. Meanwhile, the
catalytic activity and binding were the most abundant functional groups among the molecular functions,
showing that enzymes and transcription factors encoding genes may play key roles in the differential
cold response. Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
of the DEGs showed that the biosynthesis of unsaturated fatty acids, sesquiterpenoid and triterpenoid
biosynthesis, fatty acid metabolism, phenylalanine metabolism and protein processing in endoplasmic
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reticulum were the main pathways contributed by the DEGs (Figure 6C). The diversity of these
molecular pathways highlights the complex mechanism of the improved cold response in relation with
leaf variegation in P. tobira.

Figure 6. Differentially expressed genes (DEG) analysis between “Green Pittosporum” and
“Variegatum”. (A) Volcano plot depicting the up-, down- and no- regulated genes between the
two cultivars. (B) Gene ontology enrichment analysis of the DEGs. (C) KEGG enrichment analysis of
the DEGs. * represent the significantly enriched pathways.

2.5. Major Transcription Factors Differentially Regulated between “Variegatum” and “Green Pittosporum”
under Cold Conditions

Since the GO enrichment showed that differential binding activity was important for the cold
responses in “Variegatum”, we extended our study over the major transcription families (TF) present
within the DEGs. In total, 11 down-regulated and 14 up-regulated TFs in “Variegatum” were detected.
Among the down-regulated TFs, AP2-ERF, bHLH and MADS-box TFs were enriched (Figure 7A).
Distinct TF families were enriched in the up-regulated genes and included NAC, WRKY, HSF and MYB
(Figure 7B). Expression fold change of these TFs showed that two NAC genes (c67871.graph_c0 and
c63655.graph_c1) were strikingly up-regulated in “Variegatum” (Figure 7C) and may play prominent
positive regulatory roles for cold stress endurance.
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Figure 7. Major transcription factors (TF) families regulating cold response in P. tobira. (A) up-regulated
TFs families in “Variegatum”, (B) down-regulated TFs families in “Variegatum”, (C) Log2 Fold change
of the expression of TF genes.

2.6. DEGs Related to the Biosynthesis of Unsaturated Fatty Acids and Fatty Acids Metabolism

An increase in polyunsaturated fatty acids has also been reported to play a crucial role in the
chilling tolerance of plants [33]. In this study, ten DEGs were mapped to the pathways related to
the biosynthesis of unsaturated fatty acids and fatty acids metabolism. Interestingly, all of these
DEGs were annotated as endoplasmic reticulum omega-6 fatty acid desaturase (FAD2) and were
all up-regulated in “Variegatum” (Table 5). Since the microsomal enzyme FAD2 principally acts on
the desaturation of C18:1 to C18:2 [34], we deduce that “Variegatum” strongly accumulates C18:2
in leaf as a protective molecule under cold conditions. Besides, we also detected nine GDSL-Lipase
involved in lipid biosynthesis in plants. All the GDSL genes were down regulated in “Variegatum”
(Table 5), suggesting a probable opposite function of GDSL and FAD2 genes during cold endurance in
“Variegatum”.

Table 5. Key DEGs related to the enriched KEGG pathways involved in the cold responses in variegated
P. tobira.

Pathway KO Gene ID Log2 Fold Change Gene Description

Phenylalanine metabolism
K00815 c55523.graph_c0 1.565 Aminotransferase TAT2
K00430 c68309.graph_c0 1.057 Peroxidase
K00430 c74970.graph_c1 1.157 Peroxidase

Sesquiterpenoid and triterpenoid biosynthesis
K15472 c29794.graph_c0 1.488 Premnaspirodiene oxygenase, Cytochrome P450
K15472 c43399.graph_c0 1.198 Premnaspirodiene oxygenase, Cytochrome P450

Biosynthesis of unsaturated fatty acids and fatty acid metabolism
K10256 c45880.graph_c0 1.973 FAD2
K10256 c72696.graph_c0 1.287 FAD2
K10256 c74068.graph_c0 1.493 FAD2
K10256 c74296.graph_c0 1.385 FAD2
K10256 c75682.graph_c0 1.284 FAD2
K10256 c45880.graph_c0 1.973 FAD2
K10256 c72696.graph_c0 1.287 FAD2
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Table 5. Cont.

Pathway KO Gene ID Log2 Fold Change Gene Description

K10256 c74068.graph_c0 1.493 FAD2
K10256 c74296.graph_c0 1.385 FAD2
K10256 c75682.graph_c0 1.284 FAD2
−− c52980.graph_c1 −1.179 GDSL
−− c52915.graph_c0 −1.582 GDSL
−− c62735.graph_c0 −2.134 GDSL
−− c28930.graph_c0 −1.998 GDSL
−− c79198.graph_c0 −1.068 GDSL
−− c63752.graph_c0 −1.502 GDSL
−− c28455.graph_c0 −1.267 GDSL
−− c71358.graph_c0 −1.635 GDSL
−− c76303.graph_c0 −1.713 GDSL

Protein processing in endoplasmic reticulum
K13993 c55937.graph_c0 −2.839 22.7kDa HSP IV
K13993 c60091.graph_c0 −1.125 15 kDa HSP
K13993 c60491.graph_c0 −1.961 17.9 kDa HSP II
K13993 c70233.graph_c1 −1.292 18.1 kDa HSP I
K04079 c74041.graph_c0 1.283 90 kDa HSP
K03283 c75081.graph_c0 1.095 70 kDa HSP
K09489 c68688.graph_c0 1.266 70 kDa HSP
K03283 c28616.graph_c1 1.018 70 kDa HSP
K03283 c69810.graph_c6 1.408 70 kDa HSP

2.7. Disturbance of Protein Processing in Endoplasmic Reticulum under Cold Conditions

The endoplasmic reticulum is a subcellular compartment where proteins and lipids are folded
with the help of chaperones. The enrichment of this pathway (Figure 6C) indicates a disturbance of
proteins and lipids synthesis under cold conditions. Nine DEGs, all being heat shock proteins (HSP)
were detected within this pathway. Notably, we observed that all the small HSP genes (15–22 kDa)
were down-regulated while the high molecular weight HSP genes (70–90 kDa) were up-regulated in
the variegated leaves (Table 5). This result highlights the weight dependent roles of HSP genes for a
stout cold response in variegated P. tobira.

2.8. DEGs in the Phenylalanine Metabolism

In this important pathway, we found three DEGs including two POD genes (c68309.graph_c0 and
c74970.graph_c1) and c55523.graph_c0 annotated as an aminotransferase TAT2. Interestingly, all these
genes were up-regulated in “Variegatum”, showing that they contribute positively to the enhanced
cold response (Table 5). More importantly, the activation of these genes correlates well with the
strong enzymatic activity of POD detected through our biochemical assay in “Variegatum” when the
temperature reached 10 ◦C (Figure 4A).

3. Discussion

3.1. Characteristics of Leaf Variegation in P. tobira

Leaf variegated plants have green/white (or yellow) sectors and cells in the green sectors contain
normal appearing chloroplasts, while cells in the white sectors have impaired chloroplast biogenesis
and lack photosynthetic pigments [12]. Moreover, it has been shown that leaf variegated plants
accumulate high levels of ROS [29,30]. Although these mechanisms are commonly found in variegated
plants, a recent study of the rice z3 mutant leaves showed a new mechanism of variegation, which
was caused by an unbalanced distribution of citrate in a transverse pattern in leaf tissues [34]. In our
study, we also noted a defected chloroplast development in the yellow sector, reduced chlorophyll
content and a high level of ROS in the variegated cultivar (Figures 2 and 3). We also observed an
abundance of starch granules in the yellow sector as compared to the green sector, suggesting that
the yellow sectors are nutrient sinks because they are unable to perform photosynthesis. Similar
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conclusions were previously reported in different species including variegated Arabidopsis [1,35,36],
tobacco [37], begonia [6] and fig [3]. However, the photosynthetic efficiency was not obviously affected
in “Variegatum” (Figure 3), contrasting with the reports that leaf variegation affects photosynthetic
efficiency [12]. In fact, the yellowish area on “Variegatum” leaves is located on the margin and has
a very low surface coverage. So, an explanation to this observation can be that the green part of
the leaf is large enough to ensure the photosynthetic activity. Leaf variegation has been attributed
to a deficiency or a significant reduction of photosynthetic pigments including carotenoids. In the
Arabidopsis white-green variegated mutant immutans (im), an inhibition of carotenoids formation was
observed [38]. Similarly, the white section in leaf of variegated Epipremnum aureum contains 10-fold less
carotenoids than the green section [39]. In Cyclamen purpurascens, the light green leaf stripes were found
with reduced carotenoids and chlorophyll contents [40]. In green/yellow patterns variegated species,
similar observations were also noticed in Aucuba japonica [41] and Coleus bluemei [42]. Intriguingly, we
observed a higher concentration of carotenoids in the variegated leaves of P. tobira as compared to the
complete green leaves (Figure 3), a phenomenon which has not yet been reported in variegated plants.
Since carotenoids function as accessory light-harvesting pigments, broadening the spectral range over
which light can support photosynthesis in plants [43], we deduce that the high carotenoids content in
“Variegatum” may compensate the reduced chlorophyll to maintain similar photosynthetic activity as
in leaves of “Green Pittosporum”.

3.2. Protective Role of Leaf Variegation in P. tobira under Cold Condition

The natural occurrence of variegation in plants suggests that the trait might play some adaptive
functions beyond their aesthetic value [32]. It has been suggested that leaf variegation plays several
physiological and ecological functions such as defense from enemies, adaptations to light, temperature,
etc. [16–25]. We tested the hypothesis that leaf variegation plays a low temperature protective function
in P. tobira, which is an ornamental shrub widely grown in temperate climate and therefore is annually
subjected to cold stress. It is well known that increased activities of antioxidant enzymes such as
POD, CAT, SOD under abiotic stress conditions including drought, salt, chilling, heat, etc., promote
enhanced stress tolerance in plants [44]. Our results demonstrated that “Variegatum” has much more
efficient ROS-scavenging machinery compared to “Green Pittosporum” and accumulates less MDA,
an indicator of limited cellular membrane damage due to lipid peroxidation. Hence, “Variegatum”
better tolerates low temperature stress than “Green Pittosporum” (Figure 4). We further sequenced
the transcriptomes of both leaf types under cold condition (10 ◦C). Differential gene expression (DEG)
analysis resulted in 309 DEGs between the two cultivars, enriched in biological pathways related to
the biosynthesis of unsaturated fatty acids, sesquiterpenoid and triterpenoid biosynthesis, fatty acid
metabolism, phenylalanine metabolism and protein processing in endoplasmic reticulum, which may
be crucial pathways involved in cold stress alleviation (Figure 6).

Cell membrane structure, integrity and fluidity are affected by lipid composition and the degree
of fatty acid (FA) desaturation in plants [45]. It has been documented that changes in unsaturated
fatty acids content can improve plant tolerance to environmental stresses such as cold, heat and
drought [46–51], since modification of membrane fluidity results in an environment suitable for the
function of critical integral proteins, such as the photosynthetic machinery, during stresses [52]. In
this study, we detected ten FAD2 genes all significantly up-regulated in “Variegatum” leaves under
cold condition (Table 5). The microsomal enzyme FAD2 principally acts on the desaturation of C18:1
(monounsaturated FA) to C18:2 (polyunsaturated FA) [53], suggesting that “Variegatum” tends to
increase polyunsaturated FA (PUFA) level, a mechanism to maintain cell membrane fluidity under low
temperature [54,55]. This skill of adjusting membrane fluidity by varying the unsaturated fatty acid
content is characteristic of cold-responsive plants [52]. Cold acclimating potato (Solanum commersonii)
was found to accumulate linoleic acid (18:2) in the membrane glycerolipids of the leaves, whereas
commercial, non-acclimating potato (Solanum tuberosum) did not show this trait during cold stress [56].
Our findings are in perfect accordance with reports of Liu et al. [51], who showed that over-expression of
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tomato FAD2 gene alleviates the photoinhibition of photosystems 2 and 1 and improves tolerance under
chilling stress. Similar observations were reported in various plants such as cotton [57], A. thaliana [58],
Olea europaea [59], Synechocystis sp. [60], etc., under low temperature conditions.

Membrane fatty acid composition is, to a great extent, determined by the activities of complexly
regulated integral fatty acid desaturases and lipases [52]. GDSL-lipase participates in fatty acid
catabolism and studies have shown that the linoleic acid and other PUFAs contents are significantly
decreased when GDSL genes are over-expressed [61–64]. Here, we detected nine GDSL-lipase genes all
down-regulated in “Variegatum” under low temperature stress (Table 5), denoting a strategy to keep
the high level of PUFA for the maintenance of cell membrane stability. We deduce that down-regulation
of GDSL genes and up-regulation of FAD2 genes is therefore an integrated and efficient mechanism to
cope with cold stress in P. tobira cv. “Variegatum”.

Another group of genes detected within the DEGs between “Variegatum” and “Green Pittosporum”
under cold condition are heat shock proteins (HSP) (Table 5). HSPs are molecular chaperones that
are constantly present in cells to correctly fold proteins involved in routine cellular processes such as
translocation, cell-signaling and metabolism [65]. However, HSPs become abundant in most organisms
in response to protein denaturation caused by environmental, metabolic and pathological stresses [66].
For example, Arabidopsis, grape, rice, Brassicas increase the production of HSPs to augment survival in
cold environments [67–70]. On the other hand, it was reported that a complex coordination of HSPs
underlines cold tolerance in plants [65]. In fact, some HSPs are either up- or down-regulated when heat
shock factors (HSFs) bind to their promoter regions [71,72]. This suggests that not all HSPs positively
participate in cold or stress tolerance in plants. Each group of these HSPs has a unique mechanism [65].
In our study, we observed that small HSPs were all down-regulated while high molecular weight HSP
genes were up-regulated in “Variegatum”, pointing out an opposite function of HSPs for cold response
in P. tobira with respect to their molecular weights. For now, a clear explanation for this phenomenon
is yet to be found, hence, an in-depth investigation of the role of HSP genes and their relation with the
significantly altered HSF transcription factors under cold condition in P. tobira is necessary in order to
clarify this intriguing finding.

Our transcriptome analysis also unveiled several peroxidase genes from the phenyalanine pathway
as well as some cytochrome P450 genes from the sesquiterpenoid and triterpenoid biosynthesis
as candidate genes, which positively contribute to the enhanced cold responses in “Variegatum”
(Table 5). Peroxidase genes have been extensively studied in plants for their ROS-scavenging
activity under various biotic and abiotic stresses, including chilling [73–75]. Similarly, Liu et al. [76]
recently investigated the prominent biological pathways engaged in wild banana tolerance to chilling.
They observed significant changes in the sesquiterpenoid and triterpenoid biosynthesis, particularly
cytochrome P450 genes, a finding that supports well the results of our study.

Taken together, we showed that leaf variegation in P. tobira is associated to defected chloroplast
development, reduced chlorophyll content, high content of carotenoids and a high level of ROS.
The results of transcriptome analysis were consistent with the enzymatic activity under cold conditions.
These results pointed out that the leaf variegation trait plays low temperature protective effect in
P. tobira by inducing a strong ROS-scavenging activity through catalase and peroxidase enzymes,
inducing heat shock proteins for cellular homeostasis and, more importantly, by maintaining high
levels of PUFA for cell membrane stability and fluidity through a coordinated up-regulation of FAD2
and down-regulation of GDSL-lipase genes. The modulation of the expression levels of these key genes
may be orchestrated by transcription factors from the families of NAC, WRKY, HSF and AP2/ERF.
A proposed schematic model for the stronger cold response in “Variegatum” is summarized in Figure 8.
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Figure 8. A schematic model of the proposed mechanism underlying the strong cold response in P.
tobira cv. “Variegatum”.

4. Materials and Methods

4.1. Plant Materials

The naturally occurring variegated cultivar of Pittosporum tobira “Variegatum” and the widely
grown cultivar “Green Pittosporum” were originally collected from Pingdingshan, Henan in China
and used as experimental materials. Biochemical data were recorded on three different plants of each
cultivar at different dates corresponding to various temperature gradients (20–10 ◦C) from August to
November (Figure 1).

4.2. Transmission Electron Microscopy (TEM)

TEM analysis was performed as described by Shih et al. [3]. Green and yellow sectors of leaves
were cut into small cubes in the field and placed in a fixation solution containing 2.5% glutaraldehyde
and 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.0). Samples underwent 20 min of
rinsing three times and were post-fixed in 1% osmium tetroxide for 2 h. After being dehydrated through
an ethanol series, samples were infiltrated and embedded in Spurr’s resin and then polymerized at
70 ◦C for 8 h. Ultrathin sections (~70–90 nm) were collected and stained with ethanol uranyl acetate and
lead citrate. The morphology of plastids was observed with Tecnai F20S TEM (The Thermo Scientific™,
Waltham, MA, USA) at 200 kV.

4.3. Measurement of Physio-Biochemical Parameters

A total of 50 mg fresh leaves were used to extract chlorophyll. The total chlorophyll content
(ChlT, mg g−1FW) and carotenoids content (Ca, mg g−1 FW) were determined as described by
Wellburn [77]. The net photosynthetic rate (Pn, µmol m−2 s−1), intercellular CO2 concentration
(Ci/ppm) and transpiration rate (Tr, mmol.m−2 s−1) were determined with a portable L-6400XT
(LI-COR, Lincoln, NB, USA). The measurements of photosynthetic parameters were taken at the
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saturation irradiance with an incident photosynthetic photo flux density (PPFD) of 1200 µmo m−2 s−1

and an airflow rate at 500 µmol s−1. The enzymatic activities of superoxide dismutase (SOD, U g−1),
catalase (CAT, U g−1.min−1), peroxidase (POD, U g−1.min−1) and the content of malonaldehyde
(MDA, µmol g−1) were calculated by following the manufacturer’s instructions (Biological Engineering
Institute of Nanjing Jiancheng, China). Means from three replicates were used for statistical analysis.

4.4. RNA Extraction, cDNA Library Construction, and Transcriptome Sequencing

The complete leaves from the cultivars “Green Pittosporum” and “Variegatum” were collected in
replicates from three different plants under cold conditions at November 15th (Temperature = 10 ◦C),
immediately frozen in liquid nitrogen and stored at −80 ◦C until further use. Total RNAs were extracted
using Spin Column Plant total RNA Purification Kit following the manufacturer’s protocol (Sangon
Biotech, Shanghai, China). Purity of the extracted RNAs was assessed on 1% agarose gels followed by
NanoPhotometer spectrophotometer (IMPLEN, Los Angeles, CA, USA). We quantified the RNA using
Qubit RNA Assay Kit in Qubit 2.0 Flurometer (Life Technologies, Carlsbad, CA, USA). RNA integrity
was checked using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA).

Libraries preparation, and sequencing on Illumina HiSeq 4000 platform (Illumina Inc., San Diego,
CA, USA) were performed as described by Zhuang et al. [78].

4.5. De novo Assembly, Functional Annotation, Classification and Metabolic Pathway Analysis

Raw transcriptome data were submitted to NCBI SRA, freely accessible at www.ncbi.nlm.nih.
gov/bioproject/PRJNA553027. The clean reads were retrieved after trimming adapter sequences,
removal of low quality (containing > 50% bases with a Phred quality score < 15) and reads with
unknown nucleotides (more than 1% ambiguous residues N) using the FastQC tool (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). The high-quality reads from all the six libraries were
de novo assembled into transcripts using Trinity (Version r20140717) [79] by employing paired-end
method. Next, the transcripts were realigned to construct unigenes. The assembled unigenes were
then annotated by searching against various databases such as Kyoto Encyclopedia of Genes and
Genomes (KEGG) [80], Gene Ontology (GO) [81], Clusters of Orthologous Groups (COG) [82], Pfam [83],
Swissprot [84], egNOG [85], NR [86], euKaryotic Orthologous Groups (KOG) [87] using BLAST [88]
with a threshold of E-value <1.0 E−5.

The software KOBAS2.0 [89] was employed to get the unigene KEGG orthology; the analogs
of the unigene amino acid sequences were searched against the Pfam database [83] using HMMER
tool [90] with a threshold of E-value < 1.0 E−10. The sequenced reads were compared with the unigene
library using Bowtie [91], and the level of expression was estimated in combination with RSEM [92].
The gene expression level was determined according to the fragments per kilobase of exon per million
fragments mapped (FPKM).

4.6. Differential Expression and Enrichment Analysis

The read count was normalized and EdgeR Bioconductor package [93] was used to determine the
differential expressed genes (DEGs) between the two cultivars with the fold change of > 2 [94] and
false discovery rate correction (FDR) set at p < 0.01. GO enrichment analysis was performed using
the topGO method [95] based on the wallenius non-central hypergeometric distribution with p < 0.05.
KEGG pathway enrichment analysis of the DEGs was done using KOBAS2.0 [89]. The FDR correction
was employed (p < 0.05) to reduce false positive prediction of enriched KEGG pathways.

4.7. Validation of Gene Expression Using Quantitative Real Time-PCR

The qRT-PCR was performed on RNA extracted from leaf samples of “Variegatum” and “Green
Pittosporum” as described by Dossa et al. [96] using the Actin gene as the internal control. Specific
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primer pairs of ten selected genes were designed using the Primer Premier 5.0 [97] (Table S3). Data are
presented as relative transcript level based on the 2-∆∆Ct method [98].

4.8. Statistical Analysis

Data were analyzed with the R software (www.r-project.org) using the one-way analysis of
variance (ANOVA) for significant difference. The error bars were calculated with data from three
replicates. ANOVA results were considered significant at p < 0.05 and mean comparisons were done
using the Tukey HSD test.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/19/
4857/s1. Table S1. Full list of the unigenes annotated in Pittosporum tobira leaf; Table S2. Full list of the genes
expressed in Pittosporum tobira leaf and their FPKM values. T01-T03 represent the three replicates libraries of the
cultivar “Green Pittosporum” and T04-T06 represent the three replicates libraries of the cultivar “Variegatum”;
Table S3. The primer sequences of genes used for real time quantitative PCR; Figure S1. qRT-PCR results of 10
selected genes and correlation between transcriptome data and real time PCR results.
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CAT Catalase
DEG Differentially expressed gene
FAD2 Fatty acid desaturase 2
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HSF Heat shock factor
HSP Heat shock protein
KEGG Kyoto Encyclopedia of Genes and Genomes
MDA Malonaldehyde
POD Peroxidase
PUFA Poly-unsaturated fatty acids
ROS Reactive oxygen species
SOD Superoxide dismutase
TF Transcription factor

References

1. Aluru, M.R.; Bae, H.; Wu, D.; Rodermel, S.R. The Arabidopsis immutans mutation affects plastid differentiation
and the morphogenesis of white and green sectors in variegated plants. Plant Physiol. 2001, 127, 67–77.
[CrossRef] [PubMed]

2. Kato, Y.; Kouso, T.; Sakamoto, W. Variegated tobacco leaves generated by chloroplast FtsH suppression:
Implication of FtsH function in the maintenance of thylakoid membranes. Plant Cell Physiol. 2012, 53, 391–404.
[CrossRef] [PubMed]

3. Shih, T.-H.; Lin, S.-H.; Huang, M.-Y.; Huang, W.-D.; Yang, C.-M. Transcriptome profile of the variegated Ficus
microcarpa c.v. milkys fig leaf. Int. J. Mol. Sci. 2019, 20, 1338. [CrossRef] [PubMed]

4. Tsai, C.C.; Wu, Y.J.; Sheue, C.R.; Liao, P.C.; Chen, Y.H.; Li, S.J.; Liu, J.W.; Chang, H.T.; Liu, W.L.; Ko, Y.Z.;
et al. Molecular basis underlying leaf variegation of a moth orchid mutant (Phalaenopsis aphrodite subsp.
formosana). Front. Plant Sci. 2017, 8, 1333. [CrossRef] [PubMed]

5. Hara, N. Study of the variegated leaves with special reference to those caused by air spaces. Jpn. J. Bot. 1957,
16, 86–101.

83



Int. J. Mol. Sci. 2019, 20, 4857

6. Sheue, C.R.; Pao, S.H.; Chien, L.F.; Chesson, P.; Peng, C.I. Natural foliar variegation without costs? The case
of Begonia. Ann. Bot. 2012, 109, 1065–1074. [CrossRef] [PubMed]

7. Tsukaya, H.; Okada, H.; Mohamed, M. A novel feature of structural variegation in leaves of the tropical
plant Schismatoglottis calyptrata. J. Plant Res. 2004, 117, 477–480. [CrossRef]

8. Tilney-Bassett, R.A.E. Genetics of variegated plants. In Genetics and Biogenesis of Mitochondria and Chloroplasts;
Birky, C.W., Perlman, P.S., Byers, T.J., Eds.; Ohio State University Press: Columbus, OH, USA, 1975;
pp. 268–308.

9. Beardsell, D.; Norden, U. Ficus rubiginosa ‘variegata’, a chlorophyll-deficient chimera with mosaic patterns
created by cell divisions from the outer meristematic layer. Ann. Bot. 2004, 94, 51–58. [CrossRef]

10. Yu, F.; Fu, A.; Aluru, M.; Park, S.; Xu, Y.; Liu, H.; Liu, X.; Foudree, A.; Nambogga, M.; Rodermel, S. Variegation
mutants and mechanisms of chloroplast biogenesis. Plant Cell Environ. 2007, 30, 350–365. [CrossRef]

11. Li, X.; Kanakala, S.; He, Y.; Zhong, X.; Yu, S.; Li, R.; Sun, L.; Ma, J. Physiological characterization and
comparative transcriptome analysis of white and green leaves of Ananas comosus var. bracteatus. PLoS ONE
2017, 12, e0169838. [CrossRef]

12. Lysenko, V. Fluorescence kinetic parameters and cyclic electron transport in guard cell chloroplasts of
chlorophyll-deficient leaf tissues from variegated weeping fig (Ficus benjamina L.). Planta 2012, 235,
1023–1033. [CrossRef] [PubMed]

13. Aluru, M.R.; Zola, J.; Foudree, A.; Rodermel, S.R. Chloroplast photooxidation-induced transcriptome
reprogramming in Arabidopsis immutans white leaf sectors. Plant Physiol. 2009, 150, 904–923. [CrossRef]
[PubMed]

14. Miura, E.; Kato, Y.; Sakamoto, W. Comparative transcriptome analysis of green/white variegated sectors in
Arabidopsis yellow variegated2: Responses to oxidative and other stresses in white sectors. J. Exp. Bot. 2010,
61, 2433–2445. [CrossRef] [PubMed]

15. Yang, Y.; Chen, X.; Xu, B.; Li, Y.; Ma, Y.; Wang, G. Phenotype and transcriptome analysis reveals chloroplast
development and pigment biosynthesis together influenced the leaf color formation in mutants of Anthurium
and raeanum ‘Sonate’. Front. Plant Sci. 2015, 6, 139. [CrossRef] [PubMed]

16. Lev-Yadun, S.; Dafni, A.; Flaishman, M.A.; Inbar, M.; Izhaki, I.; Katzir, G.; Ne’eman, G. Plant coloration
undermines herbivorous insect camouflage. BioEssays 2004, 26, 1126–1130. [CrossRef] [PubMed]

17. Lev-Yadun, S. Defensive (anti-herbivory) coloration in land plants. In Anti- Herbivory Plant Coloration and
Morphology; Springer: Zug, Switzerland, 2016.

18. Lev-Yadun, S. Local loss of the zebra-like coloration supports the aposematic and other visual defense
hypotheses in Silybum marianum. Isr. J. Plant Sci. 2017, 64, 170–178. [CrossRef]

19. Niu, Y.; Sun, H.; Stevens, M. Plant camouflage: Ecology, evolution, and implications. Trends Ecol. Evol. 2018,
33, 608–618. [CrossRef]

20. Fooshee, W.C.; Henny, R.J. Chlorophyll levels and anatomy of variegated and non variegated areas of
Aglaonema nitidum leaves. Proc. Fla. State Hortic. Soc. 1990, 103, 170–172.

21. Roelfsema, M.; Konrad, K.R.; Marten, H.; Psaras, G.K.; Hartung, W.; Hedrich, R. Guard cells in albino leaf
patches do not respond to photosynthetically active radiation, but are sensitive to blue light, CO2 and abscisic
acid. Plant Cell Environ. 2006, 29, 1595–1605. [CrossRef]

22. Shelef, O.; Summerfield, L.; Lev-Yadun, S.; Villamarin-Cortez, S.; Sadeh, R.; Herrmann, I.; Rachmilevitch, S.
Thermal benefits from white variegation of Silybum marianum Leaves. Front. Plant Sci. 2019, 10, 688.
[CrossRef]

23. Smith, A.P. Ecology of a leaf color polymorphism in a tropical forest species: Habitat segregation and
herbivory. Oecologia 1986, 69, 283–287. [CrossRef] [PubMed]

24. Soltau, U.; Dötterl, S.; Liede-Schumann, S. Leaf variegation in Caladium steudneriifolium (Araceae): A case of
mimicry? Evol. Ecol. 2009, 23, 503–512. [CrossRef]

25. Mwafongo, E.; Vollsnesb, A.V.; Bjorå, C.S.; Nordal, I.; Eriksen, A.B. Leaf mottling/variegation and shape
in the Ledebouria revoluta complex—Development, stability and putative function. Flora 2017, 236, 33–43.
[CrossRef]

26. Dib, R.A.E.; Eskander, J.; Mohamed, M.A.; Mohammed, N.M. Two new triterpenoid estersaponins and
biological activities of Pittosporum tobira, ‘variegata’ (Thunb.) WT. Aiton leaves. Fitoterapia 2015, 106, 272–279.
[CrossRef]

84



Int. J. Mol. Sci. 2019, 20, 4857

27. Burt, S. Essential oils: Their antibacterial properties and potential applications in foods-a review. Int. J.
Food Microbiol. 2004, 94, 223–253. [CrossRef]

28. Eunsil, K.O.; Choi, M.R.; Choi, K.M.; Cha, J.D. The effect of Pittosporum tobira against anti-Helicobacter pylori
and anti-oxidant activity. IJVR 2014, 8, 4.

29. Jiang, H.; Chen, Y.; Li, M.; Xu, X.; Wu, G. Overexpression of SGR results in oxidative stress and lesion-mimic
cell death in rice seedlings. J. Integr. Plant Biol. 2011, 53, 375–387. [CrossRef]

30. Han, S.H.; Sakuraba, Y.; Koh, H.J.; Paek, N.C. Leaf variegation in the rice zebra2 mutant is caused by
photoperiodic accumulation of tetra-Cis-lycopene and singlet oxygen. Mol. Cells 2012, 33, 87–97. [CrossRef]

31. Sheoran, S.; Thakur, V.; Narwal, S.; Turan, R.; Mamrutha, H.M.; Singh, V.; Tiwari, V.; Sharma, I. Differential
activity and expression profile of antioxidant enzymes and physiological changes in wheat (Triticum aestivum
L.) under drought. Appl. Biochem. Biotechnol. 2015, 177, 1282–1298. [CrossRef]

32. Esteban, R.; Fernandez-Marin, B.; Becerril, J.M.; Garcia-Plazaola, J.I. Photoprotective implications of leaf
variegation in E. denscanis L. and P. officinalis L. J. Plant Physiol. 2007, 165, 1255–1263. [CrossRef]

33. Sui, N.; Li, M.; Zhao, S.J.; Li, F.; Liang, H.; Meng, Q.W. Overexpression of glycerol-3-phosphate acyltransferase
gene improves chilling tolerance in tomato. Planta 2007, 226, 1097–1108. [CrossRef] [PubMed]

34. Kim, S.-H.; Kwon, C.-T.; Song, G.; Koh, H.-G.; An, G.; Paek, N.-C. The rice zebra3 (z3) mutation disrupts
citrate distribution and produces transverse dark-green/green variegation in mature leaves. Rice 2018, 11, 1.
[CrossRef] [PubMed]

35. Wetzel, C.M.; Jiang, C.Z.; Meehan, L.J.; Voytas, D.F.; Rodermel, S.R. Nuclear-organelle interactions:
The immutans variegation mutant of Arabidopsis is plastid autonomous and impaired in carotenoid
biosynthesis. Plant J. 1994, 6, 161–175. [CrossRef] [PubMed]

36. Miura, E.; Kato, Y.; Matsushima, R.; Albrecht, V.; Laalami, S.; Sakamoto, W. The balance between protein
synthesis and degradation in chloroplasts determines leaf variegation in Arabidopsis yellow variegated
mutants. Plant Cell 2007, 19, 1313–1328. [CrossRef] [PubMed]

37. Bae, C.H.; Abe, T.; Matsuyama, T.; Fukunishi, N.; Nagata, N.; Nakano, T.; Kaneko, Y.; Miyoshi, K.;
Matsushima, H.; Yoshida, S. Regulation of chloroplast gene expression is affected in ali, a novel tobacco
albino mutant. Ann. Bot. 2001, 88, 545–553. [CrossRef]

38. Aluru, M.R.; Yu, F.; Fu, A.; Rodermel, S. Arabidopsis variegation mutants: New insights into chloroplast
biogenesis. J. Exp. Bot. 2006, 57, 1871–1881. [CrossRef] [PubMed]

39. Sun, Y.-H.; Hung, C.-Y.; Qiu, J.; Chen, J.; Kittur, F.S.; Oldham, C.E.; Henny, R.J.; Burkey, K.O.; Fan, L.; Xie, J.
Accumulation of high OPDA level correlates with reduced ROS and elevated GSH benefiting white cell
survival in variegated leaves. Sci. Rep. 2017, 7, 44158. [CrossRef]
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Abstract: Members of the plant-specific B3-domain transcription factor family have important and
varied functions, especially with respect to vegetative and reproductive growth. Although B3 genes
have been studied in many other plants, there is limited information on the genomic organization
and expression of B3 genes in grapevine (Vitis vinifera L.). In this study, we identified 50 B3 genes
in the grapevine genome and analyzed these genes in terms of chromosomal location and syntenic
relationships, intron–exon organization, and promoter cis-element content. We also analyzed the
presumed proteins in terms of domain structure and phylogenetic relationships. Based on the results,
we classified these genes into five subfamilies. The syntenic relationships suggest that approximately
half of the genes resulted from genome duplication, contributing to the expansion of the B3 family in
grapevine. The analysis of cis-element composition suggested that most of these genes may function
in response to hormones, light, and stress. We also analyzed expression of members of the B3 family in
various structures of grapevine plants, including the seed during seed development. Many B3 genes
were expressed preferentially in one or more structures of the developed plant, suggesting specific
roles in growth and development. Furthermore, several of the genes were expressed differentially in
early developing seeds from representative seeded and seedless cultivars, suggesting a role in seed
development or abortion. The results of this study provide a foundation for functional analysis of B3
genes and new resources for future molecular breeding of grapevine.

Keywords: B3 superfamily; transcription factor; ovule abortion; Vitis vinifera; expression analysis

1. Introduction

Deployment of specific regulatory genes at opportune times is key to the development and growth
of a plant in a way optimized for its environment. Plants, like other higher organisms, use a cadre of
DNA-binding transcriptional factors that act both alone and combinatorically to activate or repress
regulatory genes. The plant-specific B3 DNA-binding domain was originally recognized in studies
of the maize Vp1 (Viviparous-1) transcription factor, which carries out numerous developmental
functions including repression of premature seed germination. The Vp1 protein is a member of a small
protein family related by amino acid sequence that can be partitioned into five subfamilies: ABI3/VP1,
HSI, RAV (Related to ABI3/VP1), ARF, and REM [1–6]; although, some researchers consider ABI3 and HSI
as members of a single family designated as LAV (LEC2 (LEAFY COTYLEDON 2)/ABI3 (ABSCISIC ACID
INSENSITIVE 3)/VAL (VP1/ABI3-LIKE)) [7]. The structure of the B3 domain comprises seven beta-strands
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(1–7) and two short alpha-helices (1 and 2). The beta strands form an open beta-barrel-like structure
without closing the sheet, whereas the two short alpha-helices are located at either end of the barrel [8,9].

Several ARF and LAV family genes are transcriptionally regulated in response to auxin and abscisic
acid [5,10,11]. ARF genes have been characterized in the context of many auxin-mediated physiological
processes such as apical dominance, tropic responses, lateral root formation, vascular differentiation,
embryo patterning, and shoot elongation [12,13]. LAV genes have been best characterized for their
role in seed development and maturation [1,2,14–16]. RAV family members have not been as well
characterized; however, some of them have been implicated in plant growth, development, and
flowering time [17–19]. To date, the REM subfamily has been the least studied or characterized
among all the B3 subfamilies [6]. However, it is known that the Arabidopsis REM gene VRN1
(VERNALIZATION 1) is involved in flowering [20,21].

Grapevine, including European (Vitis vinifera L.), American (V. labrusca L.), and Muscadine
(V. rotundifolia L.), is one of the earliest fruit crops [22]. Grapes are cultivated worldwide and are
consumed as fresh fruit, dried (raisins), juice, and wine [23,24]. Recently, the demand for seedless
grapes is rising rapidly, fueling the development of seedless cultivars [25]. Seedlessness in grapes
results from two distinct mechanisms: stenospermocarpy and parthenocarpy. Stenospermocarpy has
great value as a research tool because the trait is heritable, is not strongly influenced by environmental
factors, and because berry size is not greatly affected [26–28]. A large body of research has focused on
potential mechanisms of seed abortion in stenospermocarpic grapes [29,30]. However, the key genes
mediating this process have not been identified.

Recently, several genes encoding transcription factors have been implicated in seed development
and abortion in grapevine. Overexpression of grapevine VvCEB1, encoding a helix–loop–helix
transcription factor, affected embryo development and increased cell size [31]. Likewise, VvAGL11,
encoding a MADS-domain transcription factor, was reported to have a role in stenospermocarpy [32].
Additional MADS genes, as well as some genes encoding homeodomain (HD) transcription factors,
have been shown to be differentially expressed during development in seeded versus seedless grape
cultivars [33,34]. In addition, HD-ZIP gene family members participate in the regulation of embryo
abortion in grapes [35]. However, little is known about the role of B3 transcription factors during
vegetative and reproductive development in grapevine. The important role of B3 family members
as regulators of plant growth and developmental processes in other plants rationalizes a detailed
bioinformatics and expression analysis of this gene family in this plant. In this study, we performed
detailed bioinformatics analysis of B3 genes in grapevine, including gene structure and chromosomal
locations, sequence homology, evolutionary duplication history, and cis-regulatory elements. We also
analyzed expression of B3 genes during seed development in seeded and seedless grape cultivars.
The results of this study will facilitate further studies of the mechanism of seed abortion in grapes.

2. Results

2.1. Genome-Wide Identification of B3 Genes in Grapevine

To identify B3 genes in the grapevine genome, we used a Hidden Markov Model (HMM) algorithm
for the conserved B3 domain (PFAM 02362) in combination with the HMM search tool HMMer. A total
of 61 putative B3 genes were revealed. All genes corresponding protein sequences were compiled and
evaluated for the presence of an intact B3 domain using the Simple Modular Architecture Research
Tool SMART (http://smart.emblheidelberg.de/) with default parameters [36]. The proteins having,
incomplete B3 domains, DUF (domain of unknown function) or with non significant E-values were
discarded. Finally, the integrity and accuracy of all the gene sequences were verified in the Grape
Genome Database (12X). This approach led to the designation of 50 B3-domain-encoding genes. These
genes were named according to their family name and their positions on the chromosomes [37–39].
Detailed information about genes including locus ID, accession number, chromosomal position, and
length of coding sequence and open reading frame are given in Table 1.
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Table 1. Characteristics of grapevine B3 genes.

Gene Locus ID Gene ID Accession No. Chr. No. Start Site End Site CDS (bp) ORF (aa)

GSVIVT01004942001 VvARF1 CBI35669 1 21717511 21724801 2304 767

GSVIVT01019566001 VvARF2 CBI34510 2 1653587 1657804 2049 682

GSVIVT01035204001 VvARF3 CBI27334 4 10402895 10446692 1461 486

GSVIVT01025198001 VvARF4 CBI16322 6 3442998 3447976 1641 546

GSVIVT01025159001 VvARF5 CBI16287 6 3879687 3888448 2397 798

GSVIVT01011008001 VvARF6 CBI32272 7 2256656 2262296 2091 696

GSVIVT01025691001 VvARF7 CBI32737 8 12924236 12928912 1743 580

GSVIVT01021128001 VvARF8 CBI30623 10 1695978 1704736 2106 701

GSVIVT01021553001 VvARF9 CBI30950 10 6957710 6965185 1596 531

GSVIVT01015035001 VvARF10 CBI27770 11 629189 640325 2637 878

GSVIVT01032251001 VvARF11 CBI24055 11 13984914 13992724 3105 1034

GSVIVT01020805001 VvARF12 CBI22060 12 1745863 1766246 2511 836

GSVIVT01023149001 VvARF13 CBI29640 12 21939959 21950048 2037 678

GSVIVT01027166001 VvARF14 CBI40565 15 17300322 17304725 1824 607

GSVIVT01008639001 VvARF15 CBI15749 17 224846 230250 2589 862

GSVIVT01009865001 VvARF16 CBI19831 18 11920498 11929437 2724 907

GSVIVT01037136001 VvARF17 CBI16989 18 28749592 28756756 1932 643

GSVIVT01011947001 VvRAV1 CBI27062 1 2751620 2752908 687 228

VIT_202s0234g00085 VvRAV2 XP_019081631 2 110088 111017 930 309

GSVIVT01019699001 VvRAV3 CBI 34625 2 2549060 2551460 1143 380

GSVIVT01033902001 VvRAV4 CBI30344 8 16861285 16864429 720 239

VIT_211s0037g00010 VvRAV5 XP_002276492 11 7603337 7604681 1074 357

GSVIVT01036447001 VvRAV6 CBI16858 14 22050931 22055841 750 249

GSVIVT01027463001 VvRAV7 CBI38731 15 16539622 16542157 1128 375

GSVIVT01028540001 VvABI3-1 CBI37258 7 9431080 9434223 1695 564

GSVIVT01034419001 VvABI3-2 CBI35396 10 16556697 16566825 918 305

GSVIVT01033007001 VvABI3-3 CBI21292 14 25028976 25030714 864 287

GSVIVT01024559001 VvVAL1 CBI15813 6 8848747 8857227 2127 708

GSVIVT01030182001 VvVAL2 CBI18036 8 10751372 10767781 2571 856

GSVIVT01014432001 VvVAL3 CBI20373 19 3676945 3687513 729 242

GSVIVT01003212001 VvVAL4 CBI23327 Un 7958360 7975590 1806 601

GSVIVT01031761001 VvREM1 CBI32428 3 4170184 4173696 672 223

GSVIVT01031762001 VvREM2 CBI32429 3 4176729 4178437 1092 363

GSVIVT01031763001 VvREM3 CBI32430 3 4180639 4183390 483 160

VIT_203s0063g01415 VvREM4 XP_010647801 3 4859928 4864681 1218 405

GSVIVT01031850001 VvREM 5 CBI32502 3 4874233 4875367 696 231

GSVIVT01031852001 VvREM 6 CBI32503 3 4879760 4881735 1068 355

VIT_203s0063g01455 VvREM 7 XP_010647883 3 4886639 4887736 930 309

GSVIVT01031853001 VvREM 8 CBI32504 3 4887975 4921315 3255 1085

GSVIVT01024536001 VvREM 9 CBI15797 6 9077586 9081132 945 314

GSVIVT01005085001 VvREM 10 CBI40975 7 14390670 14392515 1200 399

GSVIVT01005087001 VvREM 11 CBI40976 7 14403658 14404557 516 171

GSVIVT01022143001 VvREM 12 CBI21437 7 16919585 16924427 1527 508

VIT_211s0037g01365 VvREM 13 XP_019078510 11 10865702 10866963 981 326

GSVIVT01023108001 VvREM 14 CBI29609 12 22478661 22484790 1332 443

GSVIVT01019293001 VvREM 15 CBI39994 15 1791086 1795242 633 210

GSVIVT01007552001 VvREM 16 CBI14875 17 12251718 12257309 1626 541

GSVIVT01009519001 VvREM 17 CBI19534 18 9025103 9026342 654 217

VIT_218s0001g11355 VvREM 18 XP_010664615 18 9665889 9667070 858 285

GSVIVT01009586001 VvREM19 CBI19591 18 9669874 9677462 1815 604

Abbreviations: Chr: chromosome; CDS: coding sequence; ORF: open reading frame; Un: unknown chromosome.
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2.2. Phylogenetic Analysis of Grapes, Arabidopsis, and Tomato

To depict the phylogenetic history of the B3 gene family in grapevine and to assist in their
classification, a phylogenetic tree was constructed based on amino acid sequence alignment within
the conserved B3 domain [8,9]. The analysis included 91, 50, and 82 B3-domain genes of Arabidopsis,
grapes and tomato, respectively. According to the phylogenetic tree (Figure 1), we classified the
proteins into five subfamilies: ARF, ABI3, HSI (VAL), RAV, and REM. The REM subfamily contained
49, 19 and 49 genes from Arabidopsis, grapevine and tomato respectively, whereas the LAV subfamily
contained only 7 genes from grapevine and 6 from each Arabidopsis and tomato. This suggests that
the REM family is more diverse and that the LAV subfamily has constant gene number in different
species [39,40]. All 17 ARF subfamily genes could be further classified into 6 sibling pairs, whereas the
remaining 5 VvARF were not matched. In the REM family, 19 genes were distributed into 4 sister pairs,
whereas the remaining eleven genes were not matched with each other. In the RAV family, 7 genes
were divided into 2 sister pairs, whereas the remaining three were not matched. However, in ABI3
and HSI subfamily each contained one sister pair of paralogous genes (Figure 2A). These results are
consistent with previous findings that the REM subfamily is characterized by relative diversification
and low bootstrap values [36]. The predicted length of proteins in the ARF, RAV, LAV, and REM
subfamilies ranges from 486–1034, 228–380, 242–855, and 160–1085 amino acids, respectively.
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To gain insight into the phylogenetic relationships of grapevine B3 genes, an unrooted tree was 
constructed based on the B3 domain (Figure 2A). Consistent with the phylogeny including the 
Arabidopsis B3 genes, this supported the classification into five subfamilies: ARF (17 genes), REM 
(19 genes), VAL (4 genes), RAV (7 genes), and ABI3 (3 genes). The number of exons/introns varied in 
each subfamily, ranging from 2–15, 6–9, and 1–13 in ARF, ABI3, and REM families, respectively 
(Figure 2C). Members of the RAV and VAL subfamilies showed less variation in number of introns, 
suggesting that they are more conserved. In general, genes with similar intron numbers, positions 
and lengths corresponded to closely related siblings identified through the phylogeny, supporting 
the validity of the phylogeny. Furthermore, we generally observed similar motif distribution patterns 
within subfamilies (Figure S1). The highly conserved Motif 1 (B3 DNA binding domain; IPR003340) 
was found in almost all members of the grapevine B3 family. Motif 6, which corresponds to the auxin 
response factor domain (Auxin_resp; IPR010515), was found in all members of the ARF subfamily 
(Figure S1). These results are consistent with the conserved domains shown in Figure 2B. The RAV 
and ABI3 subfamilies were more conserved with respect to motif number and distribution. RAV and 
ABI3 have the same motifs (motifs 1, 9, and 15) and differ only in the distribution of the motifs. Three 
of the four members of the VAL subfamily exhibit relatively strong homology. The REM subfamily 
showed the most divergence in motif number and distribution. VvREM8, 14, and 15 contained only 
one motif, whereas VvREM4, 5, 6, and 7 contain three motifs (motifs 1, 9, and 18). The remainder of 
the REM representatives contained only two motifs. Moreover, members of the same clade of a 
phylogenetic tree shared similar motif organization with respect to either gene length or motif 
number. These results provided support to the reliability of phylogenetic analysis and Exon–intron 
distribution for classification. 
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2.3. Analysis of Gene Structure and Conserved Nucleotide Motifs

To gain insight into the phylogenetic relationships of grapevine B3 genes, an unrooted tree
was constructed based on the B3 domain (Figure 2A). Consistent with the phylogeny including the
Arabidopsis B3 genes, this supported the classification into five subfamilies: ARF (17 genes), REM
(19 genes), VAL (4 genes), RAV (7 genes), and ABI3 (3 genes). The number of exons/introns varied
in each subfamily, ranging from 2–15, 6–9, and 1–13 in ARF, ABI3, and REM families, respectively
(Figure 2C). Members of the RAV and VAL subfamilies showed less variation in number of introns,
suggesting that they are more conserved. In general, genes with similar intron numbers, positions
and lengths corresponded to closely related siblings identified through the phylogeny, supporting
the validity of the phylogeny. Furthermore, we generally observed similar motif distribution patterns
within subfamilies (Figure S1). The highly conserved Motif 1 (B3 DNA binding domain; IPR003340)
was found in almost all members of the grapevine B3 family. Motif 6, which corresponds to the auxin
response factor domain (Auxin_resp; IPR010515), was found in all members of the ARF subfamily
(Figure S1). These results are consistent with the conserved domains shown in Figure 2B. The RAV
and ABI3 subfamilies were more conserved with respect to motif number and distribution. RAV and
ABI3 have the same motifs (motifs 1, 9, and 15) and differ only in the distribution of the motifs. Three
of the four members of the VAL subfamily exhibit relatively strong homology. The REM subfamily
showed the most divergence in motif number and distribution. VvREM8, 14, and 15 contained only
one motif, whereas VvREM4, 5, 6, and 7 contain three motifs (motifs 1, 9, and 18). The remainder
of the REM representatives contained only two motifs. Moreover, members of the same clade of a
phylogenetic tree shared similar motif organization with respect to either gene length or motif number.
These results provided support to the reliability of phylogenetic analysis and Exon–intron distribution
for classification.
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2.4. Domain Architecture Analysis of Grapevine B3 Proteins

To gain further insight into the phylogenetic relationships among grapevine B3 domain genes, we
analyzed their presumed protein products (open reading frame translations) for recognized peptide
domains. In the ARF subfamily, three conserved domains (B3, AUX_RESP, and AUX_IAA) were
identified (Figure 2B). All three domains were found in 12 of the 17 ARF proteins, whereas only two
domains (B3 and AUX_RESP) were found in the remaining five (VvARF3, 4, 7, 8, and 9). We noted
that three ARF proteins (VvARF2, 14, and 17) contained two AUX_IAA domains. Within the RAV
subfamily, four RAV (VvRAV2, 5, 6, and 7) proteins contained AP2 and B3 domains, whereas the other
three members had only one B3 domain. All three members of the ABI3 subfamily contained only a
single B3 domain, whereas proteins included in the VAL subfamily contained a Zinc-finger domain
along with the B3 domain. With one exception, VAL subfamily proteins contained both zf-CW and B3
domains. The domain architecture in REM proteins was more complex than that of the B3 subfamilies.
Nine members of the REM subfamily contained multiple B3 domains. The highest number of B3
domains was noted in REM8, which contained six B3 domains.

2.5. Expansion Patterns of B3 Genes in Grape

According to annotation of the grapevine genome, B3 genes were broadly distributed and found
on 16 of the 20 chromosomes. Chromosome 3 contained the highest number of B3 genes, eight, all of
which belong to the REM subfamily. Two or more genes found on the same chromosome within a 200 kb
region are likely to have resulted from tandem duplication [41]. According to these criteria, we observed
twelve B3 genes (Table S1) clustered by four tandem duplication events, on Chromosome 3 (two
duplications), Chromosome 7 (one duplication), and Chromosome 18 (one duplication). Surprisingly,
all of these genes belonged to the REM subfamily, indicating that REM has undergone more changes
with the passage of time as compared with other B3 subfamilies. In addition to tandem duplication,
we investigated eleven pairs of B3 genes apparently resulting from segmental duplication events
(ARF13/ARF17, VAL1/VAL2, REM12/REM1, ARF4/ARF7, ARF5/ARF7, REM17/REM12, ARF2/ARF14,
REM17/REM1, REM19/REM5, RAV3/RAV7, and RAV1/RAV6) (Figure 3, Table S2), suggesting that both
tandem and segmental duplication generated the grapevine B3 family. Interestingly, three genes REM
1, REM17, and ARF7, each were paired with two genes. REM1 was paired with REM 12 and REM 17,
and ARF7 was paired with ARF4 and ARF7; whereas, in REM17, segmental duplication was observed
with REM1 and REM12. In conclusion, 30 out of 50 (60%) of the B3 genes contributed to duplication
events (segmental or tandem), which may provide a reference for the evolutionary relationship and
functional potential of B3 genes.
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The function of B3 genes has been studied mainly in Arabidopsis. To further justify the origin, 
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of grape with tomato and Arabidopsis. A total of 16 pairs of syntenic relationships were identified 
between grapes and Arabidopsis, comprising 15 grapevine and 14 Arabidopsis genes (Table S3, 
Figure 4). There were two pairs (AT2G30470-VvVAL1/VvVAL2 and AT3G19184-
VvREM17/VvREM1) where a single Arabidopsis gene paired with more than one grapevine gene. 
Moreover, in grapevine, we also found one gene (REM17-AT3G19184/AT5G42700) that paired with 
two Arabidopsis genes. In the case of grapes and tomato, a total of 19 pairs of segmental duplications 
events were identified, comprising of 17 tomato and 19 grapevine genes (Table S4). There were two 
pairs (Solyc08g013690.1-VvRAV3/VvRAV7 and Solyc02g079020.2-VvVAL3/VvVAL4) where a single 
tomato gene paired with more than one grapevine gene. In each syntenic block (grape and tomato or 
grape and Arabidopsis), both members belonged to the same subfamily and phylogenetic group. This 
suggests that they shared a common ancestor before evolution. 
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2.6. Evolutionary Relationships among Grapevine, Tomato, and Arabidopsis B3 Genes

The function of B3 genes has been studied mainly in Arabidopsis. To further justify the origin,
evolutionary history, and potential function of grapevine B3 genes, we examined genomic synteny of
grape with tomato and Arabidopsis. A total of 16 pairs of syntenic relationships were identified between
grapes and Arabidopsis, comprising 15 grapevine and 14 Arabidopsis genes (Table S3, Figure 4). There
were two pairs (AT2G30470-VvVAL1/VvVAL2 and AT3G19184-VvREM17/VvREM1) where a single
Arabidopsis gene paired with more than one grapevine gene. Moreover, in grapevine, we also found
one gene (REM17-AT3G19184/AT5G42700) that paired with two Arabidopsis genes. In the case of
grapes and tomato, a total of 19 pairs of segmental duplications events were identified, comprising of 17
tomato and 19 grapevine genes (Table S4). There were two pairs (Solyc08g013690.1-VvRAV3/VvRAV7
and Solyc02g079020.2-VvVAL3/VvVAL4) where a single tomato gene paired with more than one
grapevine gene. In each syntenic block (grape and tomato or grape and Arabidopsis), both members
belonged to the same subfamily and phylogenetic group. This suggests that they shared a common
ancestor before evolution.
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To identify B3 genes with potential function in seed development or abortion, we used 
semiquantitative PCR to examine expression of the B3 genes during progressive stages of seed 
development. Expression of members of the ARF family was previously reported by Wan et al. [42]. 
As shown in Figure 5A, most of the genes were expressed to similar levels between the seeded 
cultivar (“Red Globe”) and seedless cultivar (“Thompson Seedless”). However, some genes showed 
significantly different expression. For example, RAV3, RAV4, and REM2 were more highly expressed 
in Thompson Seedless than in Red Globe; in contrast, ABI3-1, ABI3-3, VAL1, and REM3 were more 
strongly expressed in Red Globe. To further support the results of semiquantitative PCR, nine genes 
determined to be differentially expressed between Red Globe and Thompson Seedless by 
semiquantitative PCR were analyzed by real-time, quantitative RT-PCR (Figure 5B). This supported 
that VvRAV3, VvRAV4, and VvREM2 were much more strongly expressed in Thompson Seedless as 
compared with Red Globe. The remaining six genes were more strongly expressed in Red Globe as 
compared to Thompson Seedless. For VvABI3-3 and VvVAL1, expression was almost undetectable 
in Thompson Seedless. These results suggest that these genes may have a role in seed development. 
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2.7. Expression Patterns of Grape B3 Genes during Seed Development

To identify B3 genes with potential function in seed development or abortion, we used
semiquantitative PCR to examine expression of the B3 genes during progressive stages of seed
development. Expression of members of the ARF family was previously reported by Wan et al. [42].
As shown in Figure 5A, most of the genes were expressed to similar levels between the seeded cultivar
(“Red Globe”) and seedless cultivar (“Thompson Seedless”). However, some genes showed significantly
different expression. For example, RAV3, RAV4, and REM2 were more highly expressed in Thompson
Seedless than in Red Globe; in contrast, ABI3-1, ABI3-3, VAL1, and REM3 were more strongly expressed
in Red Globe. To further support the results of semiquantitative PCR, nine genes determined to be
differentially expressed between Red Globe and Thompson Seedless by semiquantitative PCR were
analyzed by real-time, quantitative RT-PCR (Figure 5B). This supported that VvRAV3, VvRAV4, and
VvREM2 were much more strongly expressed in Thompson Seedless as compared with Red Globe. The
remaining six genes were more strongly expressed in Red Globe as compared to Thompson Seedless.
For VvABI3-3 and VvVAL1, expression was almost undetectable in Thompson Seedless. These results
suggest that these genes may have a role in seed development.
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Analysis of the expression pattern of genes among various structures and organs is important 
for defining their functions. We used semiquantitative RT-PCR to analyze expression of the 
grapevine B3 genes in the root, stem, leaf, tendril and fruit of Thompson Seedless and Red Globe. We 
found that several of the genes, e.g., REM14, VAL2, VAL3, and RAV7, were expressed relatively 
ubiquitously, suggesting that they may have a general role in growth and development (Figure 6A). 
We noted that all the B3 genes were expressed in most of the grape structures. However, the level of 
expression of the B3 genes varied among the structures, or differed strikingly between Thompson 
Seedless and Red Globe. For example, ABI3-2 showed high expression levels in all structures of Red 
Globe, but a moderate level in roots, stems, leaves, and tendrils of Thompson Seedless and very low 
expression in fruits. In addition, ABI3-3 showed moderate expression levels in all structures of 
Thompson Seedless whereas no expression was detected in roots, leaves, or tendrils of Red Globe. To 
further elucidate the results of semiquantitative RT-PCR results, the nine genes identified as 
differentially expressed in developing seed (see above) were analyzed by real-time RT-PCR (Figure 
6B). According to these results, ABI3-1, ABI3-3, RAV3, RAV4, REM1, and VAL3 were expressed more 
strongly in structures of Thompson Seedless as compared to Red Globe. The remaining three genes 
(VAL1, REM2, and REM3) were more strongly expressed in tissues of Red Globe as compared to 
Thompson Seedless. 
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RT-PCR analysis. (B) Real-time PCR analysis. Numbers indicate the number of days after full
bloom (DAF).

2.8. Developmental Regulation of Grapevine B3 Genes Outside of the Ovule

Analysis of the expression pattern of genes among various structures and organs is important for
defining their functions. We used semiquantitative RT-PCR to analyze expression of the grapevine B3
genes in the root, stem, leaf, tendril and fruit of Thompson Seedless and Red Globe. We found that
several of the genes, e.g., REM14, VAL2, VAL3, and RAV7, were expressed relatively ubiquitously,
suggesting that they may have a general role in growth and development (Figure 6A). We noted that
all the B3 genes were expressed in most of the grape structures. However, the level of expression
of the B3 genes varied among the structures, or differed strikingly between Thompson Seedless and
Red Globe. For example, ABI3-2 showed high expression levels in all structures of Red Globe, but a
moderate level in roots, stems, leaves, and tendrils of Thompson Seedless and very low expression in
fruits. In addition, ABI3-3 showed moderate expression levels in all structures of Thompson Seedless
whereas no expression was detected in roots, leaves, or tendrils of Red Globe. To further elucidate
the results of semiquantitative RT-PCR results, the nine genes identified as differentially expressed
in developing seed (see above) were analyzed by real-time RT-PCR (Figure 6B). According to these
results, ABI3-1, ABI3-3, RAV3, RAV4, REM1, and VAL3 were expressed more strongly in structures of
Thompson Seedless as compared to Red Globe. The remaining three genes (VAL1, REM2, and REM3)
were more strongly expressed in tissues of Red Globe as compared to Thompson Seedless.
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analysis of potential cis-elements conferring responsiveness to plant hormones (CGTCA, ERE, ABRE, 
P box, GARE, TGA-element, and AuxRR-core) within their promoters. Cis-elements related to disease 
resistance (TC-rich repeats and W-box) and stress response (TCA-motif, STRE, LTR) were also found 
in the promoter regions of 41 of the genes (Figure 7). Moreover, cis-acting elements involved in light 
responsiveness (G BOX, I BOX, BOX4, and GATA) and anaerobic respiration (ARE) were found in 
the promoter regions of almost all B3 genes. 
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2.9. Cis-Acting Elements and Gene Ontology (Go) Analysis of B3 Genes

To gain further insight into expression of the grapevine B3 genes, we carried out an in silico
analysis of potential cis-elements conferring responsiveness to plant hormones (CGTCA, ERE, ABRE,
P box, GARE, TGA-element, and AuxRR-core) within their promoters. Cis-elements related to disease
resistance (TC-rich repeats and W-box) and stress response (TCA-motif, STRE, LTR) were also found
in the promoter regions of 41 of the genes (Figure 7). Moreover, cis-acting elements involved in light
responsiveness (G BOX, I BOX, BOX4, and GATA) and anaerobic respiration (ARE) were found in the
promoter regions of almost all B3 genes.
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We also carried out a gene ontology (GO) enrichment analysis of the grapevine B3 genes,
considering biological process, molecular function, and cellular component, as previously described [37].
Prediction of biological process highlighted potential roles in transcription, fruit development, floral
organ development, and response to abscisic acid (Figure 8). In addition, prediction of molecular
functions of B3 proteins suggested that, as anticipated, most are involved in DNA binding. Analysis of
cellular component suggested localization to various compartments including intracellular organelles
and membrane-bound organelles.
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3. Discussion 

B3-domain transcription factors are known to have various roles in vegetative and reproductive 
development [36,43,44]. Members of the ARF and LAV B3 subfamilies have been well studied, 
whereas the RAV and REM subfamilies have remained less characterized [7]. Functional 
characterization of members of the B3 family has also implicated B3 domain genes in hormone 
signaling pathways including auxin, abscisic acid, brassinosteroid, and gibberellin. Genome-wide 
identification and expression analyses of the B3 gene family have been studied in several plants 
[40,45–49]. However, to our knowledge, this is the first comprehensive bioinformatics and expression 
analysis of B3 genes in grapevine. 

In this study, we carried out comprehensive bioinformatics analysis of B3 genes in grapevine 
and compared their expression profiles between seeded and seedless cultivars during seed 
development and in various structures of the plant. We identified 50 B3 genes and classified these 
into five subfamilies based on phylogenetic analysis with Arabidopsis and tomato. As far as the 
number of genes in ARF and REM subfamilies in grapes is concerned, we observed that the previous 
trend, i.e., the relationship between ARF and REM gene numbers in one plant is generally, inversely 
proportional [39,40]. Similar to Arabidopsis and tomato, the REM subfamily comprises the largest 
group of B3 domain genes. Previously, 19 ARF genes were reported in grapevine [42]. In this study, 
we identified only 17, likely because we employed a more stringent E-value and other selection 
criteria. Within the ARF subfamily, twelve out of seventeen members contained three (B3, AUX_RESP 
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Figure 8. Gene ontology analysis of B3 proteins in three categories (Biological process, molecular
function and cellular component) using Blast2Go program. Different colors which are indicated near
the graphics represent distinct biological process, molecular function or cellular component.

3. Discussion

B3-domain transcription factors are known to have various roles in vegetative and reproductive
development [36,43,44]. Members of the ARF and LAV B3 subfamilies have been well studied, whereas
the RAV and REM subfamilies have remained less characterized [7]. Functional characterization
of members of the B3 family has also implicated B3 domain genes in hormone signaling pathways
including auxin, abscisic acid, brassinosteroid, and gibberellin. Genome-wide identification and
expression analyses of the B3 gene family have been studied in several plants [40,45–49]. However,
to our knowledge, this is the first comprehensive bioinformatics and expression analysis of B3 genes
in grapevine.

In this study, we carried out comprehensive bioinformatics analysis of B3 genes in grapevine and
compared their expression profiles between seeded and seedless cultivars during seed development
and in various structures of the plant. We identified 50 B3 genes and classified these into five subfamilies
based on phylogenetic analysis with Arabidopsis and tomato. As far as the number of genes in ARF
and REM subfamilies in grapes is concerned, we observed that the previous trend, i.e., the relationship
between ARF and REM gene numbers in one plant is generally, inversely proportional [39,40]. Similar
to Arabidopsis and tomato, the REM subfamily comprises the largest group of B3 domain genes.
Previously, 19 ARF genes were reported in grapevine [42]. In this study, we identified only 17, likely
because we employed a more stringent E-value and other selection criteria. Within the ARF subfamily,
twelve out of seventeen members contained three (B3, AUX_RESP and AUX_IAA) domains, with
the remaining five (VvARF3, 4, 7, 8, and 9) containing only two domains (B3 and AUX_RESP). This
suggests that the AUX_IAA domain has been less conserved than the B3 and AUX_RESP domains
during the evolutionary process. The same observation have been reported in studies in other plants
such as Arabidopsis, apple and papaya [12,45,47]. For the RAV subfamily our findings are concordant
with previous results that most but not all proteins contain both B3 and AP2 domains [18]. According
to the evolutionary relationships between the RAV proteins in Arabidopsis and grapevine, two RAV
proteins (RAV3 and RAV4) are more closely related to NGA and NGAL in Arabidopsis, which do not
have AP2 domains. In Arabidopsis, NGALs are involved in flower and seed development, whereas the
NGA proteins are mainly involved in flower and leaf development [39,50]. Whereas, in tomato and

99



Int. J. Mol. Sci. 2019, 20, 4553

cassava, the RAV transcription factor has showed resistant against bacterial blight [51,52]. Therefore,
the RAV genes in grapevine may have important roles in flower, seed and leaf development as well as
disease resistant. All members of the ABI3 subfamily contained only one B3 domain, whereas proteins
included in the VAL subfamily contained a Zinc-finger domain as well. All members of the VAL
subfamily contain a zf-CW domain, with one exception (VAL3). We speculate that loss of the zf-CW
and AP2 domain occurred during evolution. The domain architecture in REM proteins is more complex
than that seen in other subfamilies. Nine members of REM subfamily contain multiple B3 domains,
with VvREM8 containing the highest number (six). These multiple domains may have evolved from
one or more domain duplication events. During evolution, domain duplications can generate new
genes along with different functions, thereby increasing functional diversity [9]. However, the function
of genes with domain duplications generally is not easy to determine, because many of the proteins
are functionally redundant.

The arrangement of exons and introns within a gene family can provide indications to support
the evolutionary relationships. For B3 domain genes, in general, we found that genes within the
same group tended to have the same number of introns, but we noted some exceptions. Evolutionary
transition in exon number in genes within the same family plays an important role in the evolution of
multiple gene families [53]. Duplicated genes are initially redundant, and consequently can adopt new
functions [54]. The same phenomenon has been observed in other plants, such as Arabidopsis, canola,
chick pea, hot pepper, rice, and tobacco [12,37,48,55,56].

Gene duplication is the primary source of evolution of genes and gene families [57]. Tandem
and segmental duplications appear to be the main source of gene family expansion in grapevine, as
the grapevine genome has not been duplicated during evolution [58]. We observed highly variable
numbers of B3 domain genes on different chromosomes. Previously, it was reported that REM genes
are clustered in the genome in at least 12 species, including Arabidopsis, maize, rice, sorghum, and
tobacco [47]. Likewise, we identified eight REM subfamily genes only on chromosomes 3. This suggests
that duplication of B3 genes probably occurred on chromosome 3 during evolution of the gene families.
Interestingly, we also found that genes of the ARF and REM subfamilies are also clustered together on
chromosome 8. The extensive gene duplication events may be responsible for the clustering. However,
there is, at present, no practical experimental evidence to explain this observation [48]. According to
our results in grapevine, 58% of the genes are products of tandem or segmental duplication events.
Tandem duplications appear to have occurred in only eleven genes of the REM subfamily. Our results
are in accordance with previous findings [36] that REM genes have evolved quickly and are functionally
less conserved. In most of the plants, segmental duplication happens more frequently than tandem
duplication because of polyploidy, which conserves numerous duplicated chromosomal blocks in their
genome [57]. Consistent with this, we observed segmental duplication for 17 B3 genes. Additionally
these duplicated genes clustered together in the same phylogenetic group. Two genes of the REM
subfamily (1 and 12) exhibited both tandem and segmental duplication. In the REM subfamily, 73%
(14/19) of genes appear to have experienced duplication events with the passage of time, whereas
no duplication event was noted for ABI3 genes. These results indicated that ABI3 genes are highly
conserved, whereas REM genes have been diversified. These results are consistent with previous
findings that ABI3 genes are highly conserved among many plant species, including maize, Arabidopsis,
rice, oat, wheat and tomato [59,60]. In this study, we found that the grapevine B3 gene pairs generated
from tandem and segmental duplications showed conserved domains (Figure 2B), showing that
these pairs persisted after the gene duplication event. However, there were three exceptions where
duplicated genes showed a change in conserved domains—VvARF5/VvARF7 and VvRAV3/VvRAV7
(segmentally) and VvREM10/VvREM11 (tandemly). The main difference within these three pairs is the
change in domain arrangements. In addition to gene duplication, rearrangements of domain structure
can contribute to expansion of gene families and functional diversity [61]. Similar observations have
been made in studies of chickpea, in which CaARF4/CaARF5 and CaARF21/CaARF22 are tandemly
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duplicated but structurally different [37]. These pairs might have been formed by ancient tandem
duplication events.

Genomic synteny can provide clues to gene function, and can be an effective tool for gene family
analyses where whole genome sequence is available [62,63]. We identified 16 gene pairs involved in
segmental duplications between grapevine and Arabidopsis, and 19 pairs between grapes and tomato,
suggesting they might have a common ancestor. A large number of synteny events suggests that many
B3 genes arose before the divergence of the Arabidopsis, tomato and grapevine lineages. Although it is
difficult to explain the evolutionary relationship between grapes, tomato and Arabidopsis based only
on chromosomal syntenies, this analysis identified grapevine genes that share a common ancestor with
their Arabidopsis and tomato B3 counterparts. Based on the reported functions of grapes orthologous
genes in other species, we can predict possible functions of grapevine. For example, the At3g26790
(Fus3) orthologous of VvABI3-3, has role in seed development [15] and ectopic overexpression of SlABI3
resulted in the induction of seed-specific genes in vegetative tissues of tomato [64], while VvABI3-3
showed different levels of expression during seed development in seeded and seedless cultivars in this
study (Figure 5B). These findings suggest that the grapes B3 genes endured a complicated evolutionary
history. Taken together, these results enable further analyses of evolution and potential functions
among these genes and will be helpful for a detailed study on the functions of homologous genes in
various plant species.

The presence of cis-element motifs within promoter regions can provide clues for how genes
might be regulated at the transcriptional level [63]. Our in silico analysis identified potential ABRE
cis-elements, which participate in response to abscisic acid (ABA) in the promoter regions of 38 B3
genes. Interestingly, 17 of the 19 members of REM subfamily had both ABRE and ERE elements. This
suggests that expression of these genes is influenced by ABA. In addition, GA-responsive elements (P
box and GARE) and auxin-responsive elements (TGA-element and AuxRR-core) were found in some
genes of the B3 family. Interestingly, all members of the RAV subfamily have GA-response elements,
but only one member of RAV family contains an auxin-response element. This suggests that RAV
family genes have a role in gibberellic acid signaling pathways. Presence of disease resistance and
stress-responsiveness motifs suggests a role for B3 genes in disease resistance and stress signaling
pathways. These results suggest that the regulation of B3 gene expression is complex and justifies the
need for further research.

Gene expression patterns can provide important indication of gene function. In this study, we
examined the expression of 25 B3 genes in five plant structures and six seed developmental stages in
both seeded and seedless grape varieties. RAV3, RAV4 and REM2 were highly expressed in Thompson
Seedless during various seed developmental stages. These genes might have a role in seed abortion of
seedless grape cultivars. In contrast, ABI3-1, ABI3-3, and VAL1 showed high expression in the seeded
cultivar Red Globe, suggesting that these three genes promote normal seed development. Our results
are also supported by previous studies as AtLEC2 (Arabidopsis Leafy Cotyledon 2 gene) has been
reported for its role in seed development and maturation [15,16], as well as its overexpression in cacao
leaves changed the expression levels of several seed related genes [65].

Other B3 genes, including ABI3-2, VAL2, RAV3, REM5, REM6, and REM15, were expressed to
similar levels during all stages of seed development in both cultivars, suggesting that these genes
are functionally conserved in different grape cultivars and might have a general role in growth and
development. For most of the genes, it was observed that, if a gene was highly expressed in fruit, it
was also highly expressed in the seed. Other genes, such as ABI3-3, VAL3, and REM1, showed high
expression levels in fruit of Thompson Seedless, but low expression during seed development. This
same phenomenon was observed for the grapevine homeodomain family genes VvHB62, VvHB63, and
VvHB55 [34]. In order to assess potential functional distinction of duplicated B3 genes, we compared
their expression patterns in Red Globe and Thompson Seedless (Figure 6B). As projected, most of
the duplicated genes were expressed in similar patterns between the seeded and seedless varieties.
However, several examples of divergent expression patterns were also noticed. For example, VvRAV7
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showed the same expression in all tissues and developmental stages of both cultivars, whereas VvRAV3
showed different expression profiles in both cultivars. The divergence in expression patterns between
homologous and segmental duplication genes indicated that some of them might lose function or
obtain new function after duplication in the evolutionary process.

4. Materials and Methods

4.1. Identification and Annotation of B3 Genes in Grapevine

To identify a complete list of B3 genes in the grapevine genome, annotated grapevine proteins were
downloaded from three public databases: Grape Genome Database (http://www.genoscope.cns.fr),
the National Centre for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/), and the
Grapevine Genome CRIBI Biotech website (http://genomes.cribi.unipd.it/). The Hidden Markov
Model (HMM) profile of the B3 domain (PFAM 02362) downloaded from the Pfam database (http:
//pfam.xfam.org/) was used to survey all grapevine proteins in the 12X coverage assembly of the
V. vinifera PN40024 genome to identify B3 genes [58]. The sequence integrity of the B3 domain (PFAM
02362) was assessed using SMART (http://smart.embl-heidelberg.de) with default parameters and
genes with incomplete domains or with non-significant E-value were omitted from consideration [66].
All non redundant protein sequences with a conserved B3 domain were identified as grapevine B3
family members. Additionally, manual annotation was performed to resolve any discrepancy between
incorrectly predicted genes and the actual chromosomal locations of involved genes in question.

4.2. Multiple Sequence Alignment and Phylogenetic Analysis

Multiple sequence alignments of 50 grapevine B3 sequences, 91 Arabidopsis B3 sequences
and 82 tomato B3 sequences were performed using ClustalX 2.1 with default parameters [67]. The
corresponding phylogenetic tree was constructed using the neighbor-joining (NJ) method and MEGA
6.0 software, using 1000 bootstrap replicates with the following parameters; “p-distance”, “Complete
Deletion”, and gap setting [34]. Phylogeny among grapevine B3 sequences shown in Figure 2A was
determined using MEGA 6 software by the neighbor-joining method with 1000 iterations and sequence
alignments were performed using the ‘W’ approach.

4.3. Analyses of Exon–Intron Structure, Distribution of Conserved Motifs and Characteristic
Domain Architecture

Exon–intron structures of the grapevine B3 genes were analyzed using aligned transcribed
sequences and corresponding genomic sequences, and diagrams were created using the online Gene
Structure Display Server 2.071 [62]. Conserved motifs and domains of proteins were analyzed using
MEME 4.11.2 (http://meme-suite.org/tools/meme), searching up to 20 conserved motifs, and SMART
(http://smart.embl-heidelberg.de). Protein domains were identified using the NCBI Conserved Domain
Database (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).

4.4. Synteny Analysis of Grape, Tomato and Arabidopsis B3 Genes

Tandem and segmental duplications of B3 genes in the grapevine genome were identified based
on chromosomal locations. For synteny analysis, adjacent homologous grape B3 genes on a single
chromosome without the presence of intervening genes was considered as a tandem duplication,
whereas gene duplication events occurring on different chromosomes were defined as segmental
duplications [68]. The list of grape B3 genes in duplicated genomic regions and a comparison
of grape and Arabidopsis as well as grape and tomato genomes were retrieved from the Plant
Genome Duplication Database [34]. Diagrams were generated using the program Circos version 0.63
(http://circos.ca/).
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4.5. Analysis of Cis-Acting Elements and Gene Ontology

To examine the possible regulatory mechanisms of B3 genes, a 1.5-kb promoter region upstream of
the start codon of each gene was retrieved from the Grape Genome Database (http://www.genoscope.
cns.fr) and analyzed through the PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/

html/) online server. Gene ontology analysis of B3 protein sequences was acquired from Blast2GO
(http://www.blast2go.com).

4.6. Plant Materials

This study used one seeded cultivar, Red Globe, and one seedless cultivar, Thompson Seedless
(both V. vinifera). Plants were maintained in the grape germplasm resource orchard of Northwest A&F
University, Yangling, China (34◦20′ N 108◦24′ E). The obtained plant structures were young roots,
stems, leaves, tendrils, and fruits (42 days after full bloom, DAF). All samples were collected from
plants under natural conditions. Developing seeds were dissected from fruits at 28, 31, 34, 37, 40,
and 43 DAF. All samples were immediately frozen in liquid nitrogen and stored at −80 ◦C for RNA
extraction and expression analysis.

4.7. RNA Extraction and Expression Analysis by PCR

Total RNA was extracted from samples using an EZNA Plant RNA Kit (R6827-01, OMEGA
Biotek, Norcross, GA, USA), according to the manufacturer’s guidelines. First-strand cDNA was
synthesized by reverse transcription of 500 ng total RNA using Prime Script RTase (Trans Gen Biotech,
Beijing, China). After this, cDNA was diluted six-fold and preserved at −40 ◦C for further analysis.
The grapevine ACTIN1 gene (Genbank Accession NC_012010) and EF1-α gene (Genbank Accession
NC_012012) were used as internal controls; ACTIN1 was amplified with the oligonucleotide primers
(5′-GAT TCT GGT GAT GGT GTG AGT-3′) and (5′-GAC AAT TTC CCG TTC AGC AGT-3′), and
EF1-αwas amplified using (5′-AGG AGG CAG CCA ACT TCA CC-3′) and (5′-CAA ACC CTG CAT
CAC CAT TC-3′). Gene-specific primers were designed for selected B3 genes using Primer Premier
6.0 (Table S5). The specificity of primers was checked in the NCBI (https://www.ncbi.nlm.nih.gov/)
database, using the Primer-BLAST program. Semiquantitative RT-PCR assays were carried out in a
volume of 20 µL per reaction containing 1 µL of cDNA template, 2 µL of gene-specific primers (1.0 µM),
7 µL sterile distilled water, and 10 µL PCR Master Mix (BIOSCI BIOTECH CO. LTD, Hangzhou, China).
PCR conditions were 94 ◦C for 2 min, 35–38 cycles of 94 ◦C for 30 s, 51–63 ◦C for 30 s (depending on
the specific gene), and 72 ◦C for 30 s, with a final extension of 72 ◦C for 7 min. In each case, 10 µL of
the resulting product was resolved on a 1.5% (w/v) agarose gel and visualized using ethidium bromide
and then imaged under ultraviolet light using GeneSnap software. Each assay was performed with
three biological replicates. Semiquantitative RT-PCR expression data were visualized using GeneTools
software. The mean expression value for each gene was determined in all tissues or seed developmental
stages in all cultivars, and was then log2-transformed to generate heat maps using Multi Experiment
Viewer software (Mev 4.8.1). Quantitative real-time PCR was performed for selected genes using SYBR
Green (Trans Gen Biotech, Beijing, China) on an IQ5 real-time PCR machine (Bio-Rad, Hercules, CA,
USA). ACTIN1 was used as the internal reference gene and each reaction was performed with triplicate
technical and biological repeats. The reaction mixture was 1 µL of cDNA template, 0.8 µL each primer
(1.0 µM), 0.4 µL Rox reference dye, 7 µL sterile distilled water, and 10 µL of SYBR green. PCR was
performed following the parameters 95 ◦C for 30 s, followed by 42 cycles of 95 ◦C for 5 s and 60 ◦C
for 30 s. Relative expression levels were determined by the comparative CT method also referred to
as 2−∆∆CT method, where ∆∆CT = [(CT target gene–CT control gene) Sample A–(CT target gene–CT

control gene) Sample B] [69]. After this, the RT-PCR values were used to create graphs using Sigma
Plot 10.0 [33].
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5. Conclusions

Bioinformatics analyses of 50 B3 genes in grapevine revealed that gene duplication played a role
in the expansion of the B3 family in grapes. It was also found that B3 genes from grapevine and
Arabidopsis shared some common ancestor. Studies of phylogeny, gene structure, and conserved
motifs of the B3 genes have further provided insights on the evolutionary history of the grapevine
B3 genes. Taken together, these results underscore the potential importance for B3 genes grapevine
growth and development, particularly for seed development. Therefore, our systematic study of these
genes will help in identifying candidate genes for functional studies. It will also serve as a foundation
and reference for future research regarding the molecular mechanisms controlling the seedlessness
trait of grapes.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/18/4553/
s1. Data Figure S1. Conserved motifs analysis of grape B3 proteins according to the phylogenetic relationship. Box
length corresponds to motif length. Each motif is represented by a number in a colored box. Table S1. Tandem
duplication events in grapevine B3 genes. Table S2. Synteny blocks of B3 genes within grape genomes Table S3.
Synteny blocks of B3 genes between grape and Arabidopsis Table S4. Segmental duplication pairs of B3 genes
between grape and tomato. Table S5. Primer sequences used in expression analysis of B3 genes in grape. Table S6.
Expression values of 25 grape B3 genes during different stages of ovule development in semiquantitative PCR.
Red Globe is represented by ‘RG’ and Thompson Seedless is represented by ‘TS’. Table S7. Expression values
of 25 grape B3 genes in different plant organs in semiquantitative PCR. Red Globe is represented by ‘RG’ and
Thompson Seedless is represented by ‘TS’.
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Abstract: Purple turnip Brassica rapa ssp. rapa is highly appreciated by consumers but the metabolites
and molecular mechanisms underlying the root skin pigmentation remain open to study. Herein,
we analyzed the anthocyanin composition in purple turnip (PT) and green turnip (GT) at five
developmental stages. A total of 21 anthocyanins were detected and classified into the six major
anthocynanin aglycones. Distinctly, PT contains 20 times higher levels of anthocyanins than GT,
which explain the difference in the root skin pigmentation. We further sequenced the transcriptomes
and analyzed the differentially expressed genes between the two turnips. We found that PT
essentially diverts dihydroflavonols to the biosynthesis of anthocyanins over flavonols biosynthesis by
strongly down-regulating one flavonol synthase gene, while strikingly up-regulating dihydroflavonol
4-reductase (DFR), anthocyanidin synthase and UDP-glucose: flavonoid-3-O-glucosyltransferase
genes as compared to GT. Moreover, a nonsense mutation identified in the coding sequence of the DFR
gene may lead to a nonfunctional protein, adding another hurdle to the accumulation of anthocyanin
in GT. We also uncovered several key members of MYB, bHLH and WRKY families as the putative
main drivers of transcriptional changes between the two turnips. Overall, this study provides new
tools for modifying anthocyanin content and improving turnip nutritional quality.

Keywords: pigment; turnip; gene expression; antioxidant; nutritional quality

1. Introduction

Turnip (Brassica rapa ssp. rapa), belongs to the Cruciferae family and represents one of the
most important leaf and root vegetable crops for human consumption and animal fodder in China
and throughout East Asia. Turnip vegetables provide dietary fiber, vitamin C, high amounts of
glucosinolates [1–3], and are also an important source of dietary phenolic and other bioactive
compounds [4,5]. There are several turnip varieties with purple colored root skin, which are highly
appreciated by consumers. Similar to turnip, there are various B. rapa subspecies enriched with purple
pigments previously characterized as anthocyanins [6].

Anthocyanins are secondary metabolites with health-promoting virtues, such as anti-oxidation,
anti-mutation, prevention of cardiovascular disease, liver protection, and inhibiting the metastasis of
tumor cells [7–12]. Besides, they also play important fundamental physiological functions in plants,
including UV protection, pigmentation of flowers and fruits to attract pollinators and for seed dispersal,
and responses to biotic and environmental stresses [13–20]. Therefore, the identification, analysis and
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genetic manipulation of anthocyanin metabolites have become an important topic in plant secondary
metabolite research [21].

The biosynthesis and accumulation of anthocyanins are determined by metabolic networks
correlated with the expression of several genes and regulatory factors [22]. During the past decades,
extensive studies have been conducted to elucidate the biosynthetic pathway of anthocyanins in
plants. Progressively, it has become evident that the anthocyanin biosynthetic pathway is a very well
conserved network in plant species [23]. It starts with the chalcone synthase (CHS) mediated synthesis of
naringenin chalcone from 4-coumaroyl-CoA and malonyl-CoA. Then, naringenin chalcone is isomerized
by chalcone isomerase (CHI) to naringenin. Flavanone 3-hydroxylase (F3H) converts naringenin into
dihydrokaempferol which can be further hydroxylated by flavonoid 3′-hydroxylase (F3′H) or flavonoid
3′,5′-hydroxylase (F3′5′H) into two other dihydroflavonols, dihydroquercetin and dihydrotricetin,
respectively. Then, the three dihydroflavonols are converted into colorless leucoanthocyanidins by
dihydroflavonol 4-reductase (DFR) and subsequently to colored anthocyanidins by anthocyanidin
synthase (ANS). Anthocyanidins are glycolsylated to facilitate their accumulation in cells by the enzyme
flavonoid 3-O-glucosyltransferase (UFGT) and might be further acylated with aromatic acyl groups by
acyltransferases [18,22]. Although a well conserved biosynthetic pathway in plants, several studies
have shown the species-specific peculiarity of anthocyanin regulation. For example, the numbers of
structural genes (CHS, F3H, F3′H, CHI, DFR, ANS, UFGT, F3′5′H, etc.) vary considerably across species
as do their expression levels [24–27]. Also, genetic mutations, microRNAs, transcription factors such as
MYB, bHLH, WD40, WRKY, NAC, etc., have been linked to the regulation of anthocyanin biosynthetic
structural genes through varying complex mechanisms among plants [14,26–41]. Therefore, in order to
pinpoint the major players associated with quantitative and qualitative variations of anthocyanins in
plant, a thorough investigation is necessary.

Herein, we investigated the anthocyanin compositions at different developmental stages in root
skin of two turnip varieties (purple turnip and green turnip) widely grown in Xinjiang (China).
In addition, we generated extensive transcriptome data and profiled the key genes involved in
the differential pigmentation. The goal of this work was to elucidate the molecular and metabolic
mechanisms underlying the differential pigmentation in turnips, as a foundation for the development
of turnip varieties that are rich in anthocyanin compounds to meet the increasing demand for
health-promoting components in our daily diet.

2. Results

2.1. De Novo Transcriptome Assembly and Gene Expression Profiles in the Two Turnips at Five
Developmental Stages

In this work, two widely grown Brassica rapa ssp. rapa varieties in Xinjiang (China) including GT
with green-colored root skin and PT with purple-colored root skin were studied. Skin samples were
collected at five different developmental stages, namely seedling stage (S1, 15 days after sowing (DAS)),
early stage of fleshy root expansion (S2, 30 DAS), full expansion stage of fleshy root (S3, 45 DAS),
maturity stage of fleshy root (S4, 55 DAS) and harvest stage of fleshy root (S5, 65 DAS). The phenotypes
of young and mature turnip roots for GT and PT are presented in Figure 1. The objective of the work
was to elucidate the mechanisms underlying the differential skin coloration in these turnips with
respect to the accumulation of anthocyanin compounds. First, we de novo sequenced and assembled
the transcriptome from 30 samples of the two turnips.

The RNA-seq yielded a total of 232.22 Gb clean data, on average 6.20Gb for each sample with
90.74% of bases scoring Q30 and above (Table 1). A total of 76,152 unigenes were obtained after
assembly using the Trinity software and 17,594 unigenes have length of more than 1 kb. The N50
length obtained was approximately 1443 bp (Table 2). The detected gene number in this study was
much higher than the reported gene number (41,174 genes) in Brassica rapa ssp. pekinensis variety
Chiifu-401-42 [42] or (40,708 genes) in Brassica rapa ssp. rapa [43]. We performed the functional
annotation of the unigenes in various database, including NR, Swiss-Prot, KEGG, COG, KOG, GO and
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Pfam databases, which resulted in 52,449 unigenes successfully annotated (Table 3). The clean data of
each sample was serialized with the assembled unigene libraries and the mapping result statistics are
presented in Table S1. Gene expression levels were estimated with the fragments per kilobase of exon
per million fragments mapped (FPKM) values ranging from 0.04 to 5,566,185 (Figure 2A).
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Table 1. Overview of the transcriptome sequencing dataset and quality check.

Samples ID Read Number Base Number GC Content % ≥ Q30

GT1 29,185,016 8,726,667,568 47.42% 91.63%
GT2 20,717,765 6,196,426,170 47.42% 91.70%
GT3 21,156,763 6,319,382,840 47.27% 91.95%
GT4 27,588,012 8,249,989,480 47.55% 93.05%
GT5 21,971,588 6,574,089,374 47.05% 92.05%
GT6 23,582,547 7,053,356,366 46.92% 91.97%
GT7 37,452,770 11,183,417,788 46.90% 90.76%
GT8 32,252,399 9,647,120,456 47.09% 91.89%
GT9 20,867,338 6,235,980,998 47.36% 90.74%

GT10 32,765,445 9,782,653,688 47.16% 91.39%
GT11 23,201,289 6,937,494,090 47.56% 91.16%
GT12 31,341,050 9,370,066,168 47.21% 91.70%
GT13 20,754,387 6,205,716,562 47.56% 92.23%
GT14 24,312,743 7,274,160,626 47.35% 92.91%
GT15 26,794,514 8,013,487,372 47.48% 92.74%
PT1 24,145,033 7,223,733,604 47.23% 92.31%
PT2 27,681,645 8,273,851,708 47.04% 92.79%
PT3 26,077,522 7,801,143,252 47.51% 92.07%
PT4 25,070,137 7,501,916,476 47.29% 92.08%
PT5 24,021,197 7,187,109,432 47.42% 92.39%
PT6 22,053,479 6,589,934,434 47.30% 92.60%
PT7 24,707,235 7,377,482,668 47.25% 92.60%
PT8 25,937,942 7,760,138,900 47.43% 92.87%
PT9 21,983,093 6,562,135,072 47.19% 91.87%

PT10 28,772,133 8,603,239,086 47.33% 92.59%
PT11 24,124,411 7,219,966,492 47.46% 92.28%
PT12 25,846,725 7,730,236,716 47.35% 92.39%
PT13 26,784,282 8,007,970,564 47.24% 91.47%
PT14 26,748,564 7,995,602,902 47.50% 92.14%
PT15 28,865,986 8,619,275,022 47.07% 92.08%

Table 2. Statistics of the unigene assembly results.

Length Range (bp) Transcript Number Unigene Number

200–300 35,501 (12.87%) 27,206 (35.73%)
300–500 33,539 (12.15%) 17,833 (23.42%)

500–1000 55,072 (19.96%) 13,519 (17.75%)
1000–2000 93,093 (33.74%) 10,680 (14.02%)

2000+ 58,724 (21.28%) 6914 (9.08%)
Total Number 275,929 76,152
Total Length 376,323,528 59,450,389
N50 Length 1921 1443

Mean Length 1363.84 780.68

Table 3. Functional annotation statistics of the unigenes.

Annotation Database Annotated Number 300 ≤ Length < 1000 Length ≥ 1000

COG_Annotation 12,979 4215 6007
GO_Annotation 34,789 13,243 13,960

KEGG_Annotation 17,096 6870 5729
KOG_Annotation 28,073 11,024 9424
Pfam_Annotation 30,231 10,820 13,789

Swissprot_Annotation 29,952 11,517 11,893
eggNOG_Annotation 46,472 18,520 15,908

nr_Annotation 48,834 19,848 16,761
All_Annotated 52,449 21,373 16,967
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Hierarchical clustering of the samples based on FPKM displayed 3 Clusters of samples. We did
not observe a clear separation according to the developmental stages but to some extent, Clusters were
related to the turnip variety. For example, Cluster 1 gathered mostly samples of GT, Cluster 2 grouped
samples of PT, and Cluster 3 had two subgroups each mostly made of samples from a unique variety
(Figure 2B). These results indicate that the global gene expression profile is quite uniform regardless of
the developmental stages and only few differentially expressed genes between the two varieties may
be associated with the difference in the turnip skin coloration.

2.2. Differentially Expressed Genes Between the Two Turnips and Analysis of Major Regulator Genes

To identify the differentially expressed genes (DEG) related to turnip skin coloration, we compared
the FPKM values of each gene in PT to GT at the different developmental stages and retained DEGs
with fold change > 2 and a false discovery rate (FDR) correction set at p < 0.01 [44]. We detected 242,
194, 807, 459 and 199 DEGs at S1, S2, S3, S4 and S5, respectively (Figure 3A). The marked change in
gene expression between the two turnips observed at the S3, implies that S3 may represent a key stage
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Figure 3. Transcription factors (TF) regulating the gene expression between the two turnips. (A) Number
of up- and down-regulated genes between PT and GT at different developmental stages S1-S5. PT
represents the purple turnip while GT represents the green turnip; (B) overview of the enriched TF
family. The combined histograms showed the number of occurrence of genes belonging to each TF
family or at each developmental stage; (C) Heatmap displaying the expression fold change (Log2 fold
change) between PT and GT for the gene encoding transcription factors.

Transcription factors (TF) are the major regulators of gene expression profiles [45]. We therefore
extended the study on the major transcription factor families differentially expressed between the two
turnips. Our analysis showed that nine main TF families modulate the global gene expression levels
among the two turnips (Figure 3B,C). In addition, the highest number of TF could be noticed at S3,
which correlates well with the observed significant DEGs at this developmental stage (Figure 3A,B),
showing that TFs are the main drivers of gene expression changes leading to the differential turnip skin
coloration. Among the detected TF families, MYB, bHLH and WRKY families showed more active
members involved in gene regulation (Figure 3B,C), therefore we deduce that these TF families may be
crucial for the regulation of structural genes involved in turnip skin coloration. Distinctly, the genes
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c42189.graph_c1 (WRKY) was strongly down-regulated over most of the developmental stages in PT
while the genes c33188.graph_c0 (MYB), c44079.graph_c0 (MYB) and c37493.graph_c0 (bHLH) exhibited
the opposite trend. Given the role of WRKY, MYB and bHLH TFs in the regulation of structural genes
involved in pigment (flavonoid-anthocyanin) biosynthesis in plants [33], it is tempting to speculate
that these four key genes are the major regulators during turnip skin color formation.

2.3. Detection of Anthocyanin Compounds in the Two Turnips

Anthocyanins are the most important flavonoid colorants in plants [46]. We detected and
determined 18, 18, 18 and 19 diverse anthocyanins at S1, S3, S4 and S5, respectively, resulting in
21 unique anthocyanin compounds in skin of the two turnips using the targeted-metabolomics approach
(Table 4, Table S2). It is worth mentioning that the skin samples collected at the S2 from GT were
deteriorated, so have not been used for this analysis. We did not detect procyanidin A1 and procyanidin
A2 in PT, while GT did contain four anthocyanins: pelargonin and pelargonidin 3-O-beta-D-glucoside,
pelargonidin O-acetylhexoside and cyanidin O-acetylhexoside (Table 4). With the determined quantities
of all anthocyanins combined together, PT skin contained 20 times higher level of anthocyanins as
compared to GT (Table S2). Also, the highest difference in total anthocyanin content between PT and GT
during the developmental stages was observed at S3 (Figure 4A), which further supports the premise
that S3 is the key for stage for turnip skin coloration. We investigated the differential accumulated
metabolites (DAM) between the two turnips based on the variable importance in projection (VIP) ≥ 1
and fold change ≥ 2 or fold change ≤ 0.5 [47]). A total of 14, 14, 17 and 17 DAMs were recorded at
S1, S3, S4 and S5, respectively (Figure 4A–E), resulting in all the 21 unique anthocyanin compounds
differentially accumulated at least at one developmental stage between the two turnips. In addition,
nine anthocyanins were constantly differentially accumulated in skin of the two turnips at all the four
developmental stages (Figure 4F, Table S3). For most of these anthocyanin compounds, they showed
presence/absence patterns among the two turnips skins, indicating that they are the key components
conferring the differential pigmentation.

Table 4. Anthocyanins detected in two turnip varieties.

Index KEGG ID Compounds Class

Bra18 - Peonidin O-hexoside Anthocyanins
Bra23 - Rosinidin O-hexoside Anthocyanins
Bra1 - Delphinidin O-malonylhexoside Anthocyanins
Bra8 C08604 Cyanidin 3-O-glucoside Anthocyanins

Bra22 - Delphinidin O-malonyl-malonylhexoside Anthocyanins
Bra28 C08726 Peonidin Anthocyanins
Bra32 - Cyanidin O-acetylhexoside Anthocyanins
Bra35 - Pelargonidin O-acetylhexoside Anthocyanins
Bra26 - Procyanidin A1 Proanthocyanidins
Bra29 C10237 Procyanidin A2 Proanthocyanidins
Bra20 - Procyanidin B2 Proanthocyanidins
Bra34 - Procyanidin B3 Proanthocyanidins
Bra17 C05908 Delphinidin Anthocyanins
Bra27 C05904 Pelargonidin Anthocyanins
Bra5 C12138 Delphinidin 3-O-glucoside Anthocyanins

Bra12 C08620 Cyanidin 3-O-rutinoside Anthocyanins
Bra9 C08718 Malvidin 3,5-diglucoside Anthocyanins

Bra10 C08725 Pelargonin Anthocyanins
Bra7 C12139 Petunidin 3-O-glucoside Anthocyanins

Bra11 - Pelargonidin 3-O-beta-D-glucoside Anthocyanins
Bra25 C05905 Cyanidin Anthocyanins
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Figure 4. Temporal changes of anthocyanin content in two turnips. (A) Number of increased and
decreased anthocyanins between PT and GT at different developmental stages S1–S5. The yellow
line shows the difference in total anthocyanin content between PT and GT. PT represents the purple
turnip while GT represents the green turnip; (B–E) differentially accumulated anthocyanins at S1, S3,
S4, and S5 and their log2 fold change values between PT and GT. The asterisks mark the metabolites
constantly differentially accumulated at the 4 developmental stages between PT and GT. (F) Venn
diagram depicting the number of shared and unique differential accumulated anthocyanins between
PT and GT at the 4 developmental stages.

2.4. Mapping of Differential Genes and Metabolites Related to Flavonoid-Anthocyanin Biosynthesis Pathway

The biosynthetic pathway of anthocyanins has been well-characterized in plants [22]. In order
to predict the molecular mechanisms leading to the differential skin coloration in the two turnips,
we have reconstructed the flavonoid-anthocyanin biosynthesis pathways (Figures 5 and 6). First, we
searched among the DEGs, those coding for enzymes involved in the flavonoid-anthocyanin biosynthesis
pathways. We obtained four genes namely, flavonol synthase [EC:1.14.11.23] (c43941.graph_c0, FLS),
dihydroflavonol-4-reductase [EC:1.1.1.234] (c39842.graph_c0, DFR), anthocyanidin synthase [EC:1.14.11.19]
(c45741.graph_c0, ANS), and UDP-flavonoid glucosyl transferase [EC:2.4.1.91] (c48211.graph_c0, UFGT).
All these enzymes mainly participate in the late steps of the flavonoid-anthocyanin biosynthesis pathways.
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Figure 5. Proposed model of the molecular mechanism leading to the high anthocyanin content in the
the purple turnip (PT). Naringenin chalcone is isomerized by chalcone isomerase (CHI) to naringenin.
Flavanone 3-hydroxylase (F3H) converts naringenin into dihydroflavonols (dihydrokaempferol,
dihydroquercetin or dihydrotricetin). Then, the three dihydroflavonols are converted into colorless
leucoanthocyanidins by dihydroflavonol 4-reductase (DFR) and subsequently to colored anthocyanidins
by anthocyanidin synthase (ANS). Anthocyanidins are glycolsylated to facilitate their accumulation in
cells by the enzyme flavonoid 3-O-glucosyltransferase (UFGT). Proanthocyanidins are generated by the
action of leucoanthocyanidin reductase (LAR) from leucoanthocyanidins. DFR, ANS and UFGT were
found significantly up-regulated in PT leading to a high content of 17 anthocyanins compounds (more
than 20 times compared to the green turnip). In contrast, FLS was found significantly down-regulated
and may lead to a weak accumulation of flavonols. PT tends to prioritize anthocyanins accumulation
by diverting dihydroflavonols to the anthocyanins biosynthesis pathway.

The flavonoid-anthocyanin biosynthesis pathways start from the key amino acid phenylalanine
to produce 4-coumaroyl CoA by phenylalanine ammonia-lyase, cinnamic acid 4-hydroxylase and
4-coumarate CoA ligase [48]. The main precursors for flavonoids are 4-coumaroyl CoA and three
molecules of malonyl CoA that produce chalcone by chalcone synthase (Dixon and Steele, 1999).
Then, the pathway is catalyzed by a number of enzymes to yield flavanones (via chalcone isomerase),
dihydroflavonols (via flavanone 3-hydroxylase) [49]. Dihydroflavonols are the keystone substrates
for the biosynthesis of flavonols (via FLS) and anthocyanins (via DFR). In this study, we observed a
constant down-regulation of one FLS in PT while a significant up-regulation of the expression level of
one DFR during all the five developmental stages (Figures 5 and 6), indicating that PT tends to prioritize
the anthocyanins biosynthesis over flavonols. Next, leucoanthocyanidins which are generated from
DFR are converted into anthocyanidins (via ANS) [48]. Similar to DFR, we noticed a stout up-regulation
of one ANS throughout PT growth pointing to high accumulation of anthocyanidins (Figures 5 and 6).
Finally, anthocyanidins are converted into anthocyanins via UFGT [49]. We identified one UFGT
significantly and constantly up-regulated in PT, showing a mechanism towards a strong accumulation
of anthocyanins (Figures 5 and 6). Based on the metabolite detection and quantification, we confirm
that the accumulated anthocyanins conferring the purple pigmentation in PT are mainly peonidin
O-hexoside, cyanidin 3-O-glucoside (kuromanin), pelargonidin, malvidin 3,5-diglucoside (calvin),
pelargonin, pelargonidin 3-O-beta-D-glucoside (callistephin chloride) and cyanidin (Figures 5 and 6).
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On the opposite, delphinidin and petunidin 3-O-glucoside are enriched in the skin of GT and may
confer the greenish coloration (Figures 5 and 6).

To confirm the differential expression levels of the four candidate structural genes together with the
four key transcription factors detected by the RNA-seq analysis, we performed a quantitative real-time
PCR (Table S4). The results showed that the genes c43941.graph_c0 (FLS) and c42189.graph_c1 (WRKY)
were obviously down-regulated over the developmental stages in PT while the genes c39842.graph_c0
(DFR), c45741.graph_c0 (ANS), c48211.graph_c0 (UFGT), c33188.graph_c0 (MYB), c44079.graph_c0 (MYB)
and c37493.graph_c0 (bHLH) were all found clearly up-regulated over the developmental stages in PT
(Figure 7A–H). The qRT-PCR results were therefore in perfect concordance with the RNA-seq report.
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Figure 6. Proposed model of the mechanism leading to the low anthocyanin content in the green
turnip (GT). Naringenin chalcone is isomerized by chalcone isomerase (CHI) to naringenin. Flavanone
3-hydroxylase (F3H) converts naringenin into dihydroflavonols (dihydrokaempferol, dihydroquercetin
or dihydrotricetin). Then, the three dihydroflavonols are converted into colorless leucoanthocyanidins
by dihydroflavonol 4-reductase (DFR) and subsequently to colored anthocyanidins by anthocyanidin
synthase (ANS). Anthocyanidins are glycolsylated to facilitate their accumulation in cells by the
enzyme flavonoid 3-O-glucosyltransferase (UFGT). Proanthocyanidins are generated by the action of
leucoanthocyanidin reductase (LAR) from leucoanthocyanidins. DFR, ANS and UFGT were found
significantly down-regulated in GT leading to a low content of 13 anthocyanins compounds (less than
20 times compared to the purple turnip). In contrast, FLS was found significantly up-regulated and
may lead to a high accumulation of flavonols. PT tends to prioritize flavonol accumulation by diverting
dihydroflavonols to the flavonols biosynthesis pathway.
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for normalization; (I) identification of a non-sense mutation in the gene c39842.graph_c0 (DFR) by 
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and transcription orientation. 

2.5. Detection of SNPs within the Four Candidate Structural Genes Regulating the Differential Skin 
Coloration in Turnips 

Differential gene expression among individuals is not only caused by the modulation of 
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Figure 7. Quantitative real time PCR validation of selected candidate genes predicted to differentially
affect the anthocyanin profiles in the two turnips. (A–H) Relative expression level of c33188.graph_c0
(MYB), c44079.graph_c0 (MYB), c37493.graph_c0 (bHLH), c42189.graph_c1 (WRKY), c43941.graph_c0
(FLS), c39842.graph_c0 (DFR), c45741.graph_c0 (ANS) and c48211.graph_c0 (UFGT) between PT and
GT at five developmental stages (S1–S5). PT represents the purple turnip while GT represents the
green turnip and are represented by the grey and white bars, respectively. The error bar represents the
SD of biological replicates. The Actin gene was used as the internal reference gene for normalization;
(I) identification of a non-sense mutation in the gene c39842.graph_c0 (DFR) by comparing the sequences
between PT and GT. The single nucleotide polymorphism (C/T) is located at the position 679 within
the coding sequence of the gene and is predicted to generate an amino acid (aa) Q in PT while a stop
codon in GT. The white box represents the exon while the black and gray boxes represent the UTR5′and
UTR3′, respectively. The arrow indicates the transcription start site and transcription orientation.

2.5. Detection of SNPs within the Four Candidate Structural Genes Regulating the Differential Skin Coloration
in Turnips

Differential gene expression among individuals is not only caused by the modulation of
transcription factors but could result from variations in the nucleotide sequences [50]. Herein,
we investigated the single nucleotide polymorphisms (SNP) within the sequences of the four
differentially expressed candidate structural genes (c43941.graph_c0, c39842.graph_c0, c45741.graph_c0
and c48211.graph_c0) associated with the anthocyanin biosynthesis pathways, which were predicted to
modulate the pigment formation in turnip skin. Sequence comparison of the unigenes between the
two turnips unveiled a putative SNP in c39842.graph_c0 (DFR). In the DFR gene which has a single
coding sequence (CDS) of 1,158 nucleotides (nt), a point-nonsense mutation (C/T) at the position 679 nt
was detected in the CDS. The SNP has an allele depth (number of reads) of 0/51 for GT and 113,774/0
for PT. This indicates that the allele T which induces a stop codon in the resulting protein is likely to be
present only in GT while the allele C is apparently only present in PT (Figure 7I).

3. Discussion

Anthocyanin containing fruits and vegetables are an integral part of human diet without any known
adverse effect [51]. In this study, we profiled the anthocyanin composition of two widely grown turnips
(Brassica rapa ssp. rapa) in Xinjiang (China), with purple- (PT) and green-colored (GT) skins (Figure 1)
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and investigated the underlying genetic basis. Common aglycones of anthocyanin are pelargonidin,
cyanidin, delphinidin, peonidin, petunidin, and malvidin [52]. Using the ultra-performance liquid
chromatography and tandem mass spectrometry technologies, we determined 17 anthocyanin
compounds in the turnip skins, classified into the common six aglycones of anthocynanins (Table 4,
Table S2). In addition, we also detected four proanthocyanidins compounds, including procyanidin A1,
procyanidin A2, procyanidin B2 and procyanidin B3 (Table 4, Table S2). There were no formal studies
on the anthocyanins composition in Brassica rapa ssp. rapa, however, according to previous studies,
cyanin glycosides are the major anthocyanin substances accumulated in Brassica crops [53–56]. Nine
cyanidin anthocyanins were detected in purple cauliflower and purple cabbage [53]. Li [54] analyzed
anthocyanin extracts of ′violet′ purple cabbage and obtained eight different anthocyanin components,
whose basic component is cyanidin-malonyl-glucoside. Later on, Guo et al. [55] examined purple
seaweed sprouts, purple turnips, and purple cabbage and identified 23 anthocyanins compounds,
composed of 17 cyanidins and six pelargonidin. Recently, Park et al. [56] also found 11 anthocyanins,
predominantly cyanindin in purple Kohlrabi (Brassica oleracea var. gongylodes). We deduce that there
is a large variation of the anthocyanin profiles among purple Brassica vegetables but Brassica rapa ssp.
rapa has one of the most diversified anthocyanin metabolites in root, which may confer a superior
health-promoting attribute. Moreover, comparative analysis of the anthocyanin contents in PT and GT
turnip skins in this study showed that they have differential profiles (Figure 4, Table S2) but PT had 20
times more anthocyanin levels than GT, which may explain the difference in their skin coloration.

Variation in anthocyanin content in plants has been linked to the differential expression of
key genes encoding structural enzymes involved in the anthocyanin biosynthesis pathways [57,58].
These genes have been classified as early biosynthesis genes and include chalcone synthase (CHS),
chalcone isomerase (CHI), and flavanone-3-hydroxylase (F3H), while others are classified as late
biosynthesis genes, including dihydroflavonol-4-reductase (DFR), anthocyanidin synthase (ANS), and
UDP-flavonoid glucosyl transferase (UFGT) [22]. To uncover the key structural genes modulating
the differential pigmentation in skin of PT and GT, we de novo sequenced and assembled the whole
transcriptome from skin samples collected at five developmental stages by the RNA-sequencing
technology (Tables 1–3). Although Lin et al. [43] reported the full sequencing of the genome of Brassica
rapa ssp. rapa, the sequence is not publicly available and has propelled us for the de novo transcript
assembly. A very high number of unigenes was identified in this study (~76,000 genes) as compared
to previous reports in Brassica rapa genotypes (~40,000 genes) [42,43]. Our results will fuel further
investigations on the genetic variation underlying the diverse morphotypes found in this species.
Based on the differential gene expression (DEG) analysis and gene annotation, we searched for all
DEGs related to the flavonoid-anthocyanin biosynthesis. Our results revealed four DEGs between PT
and GT, all classified as late biosynthesis genes. Dihydroflavonols are at the halfway of anthocyanin
biosynthesis from the end of the activity of early biosynthesis enzymes and the beginning of the activity
of the late biosynthesis enzymes and represent the same substrate for both anthocyanin biosynthesis
and flavonols biosynthesis. In various plants, it has been documented that the up-regulation of
early biosynthesis genes increases the formation of dihydroflavonols, which later facilitates the high
anthocyanin accumulation [30,34,35,37,40]. However, in turnip, we uncovered a different mechanism
leading to the differential anthocyanin content (Figures 5 and 6). In fact, the purple turnip (PT) tends to
prioritize the anthocyanins biosynthesis over the flavonols biosynthesis by strongly down-regulating
one flavonol synthase (c43941.graph_c0, FLS) gene, which normally converts dihydroflavonols into
flavonols. Then, we predicted that the dihydroflavonols are mainly diverted to the anthocyanins
biosynthesis through a strong up-regulation of one DFR gene (c39842.graph_c0). This will result in a
high accumulation of leucoanthocyanidins in PT. A similar mechanism has been recently discovered in
Mimulus lewisii [39]. They demonstrated that the gene LAR1, encoding an R2R3-MYB transcription
factor positively regulates FLS, essentially eliminating anthocyanin biosynthesis in the white region
around the corolla throat of M. lewisii flowers by diverting dihydroflavonol into flavonol biosynthesis
from the anthocyanin pigment pathway [39]. Interestingly, the putative nonsense mutation identified in

119



Int. J. Mol. Sci. 2019, 20, 4387

the coding sequence of the DFR gene could lead to a nonfunctional protein in GT (Figure 7I), which may
impair the accumulation of anthocyanins in GT skin. Moreover, PT strongly activated one ANS gene
(c45741.graph_c0) which will likely generate high level of anthocyanidins. All these genes (DFR, ANS)
are essential for the formation of the higher content of anthocyanins in PT but without glucosylation,
anthocyanins are unstable and do not accumulate in the cells to give the purple pigmentation [59].
In this regard, we detected one UFGT gene (c48211.graph_c0) strongly up-regulated in PT and will
likely favor the high accumulation of purple anthocyanin pigments in PT (Figure 5). Analogically, we
deduced that the green turnip (GT) prioritizes flavonols biosynthesis through a high activity of the
FLS gene and strongly reduces anthocyanin accumulation by down-regulating DFR, ANS and UFGT
genes (Figure 6). Nonetheless, it is still unclear how the different anthocyanin profiles were generated
in both varieties. For example, how delphinidin and petunidin 3-O-glucoside accumulates to higher
levels in GT or why pelargonin and pelargonidin 3-O-beta-D-glucoside, pelargonidin O-acetylhexoside,
cyanidin O-acetylhexoside are only detected in PT, will require additional investigations.

The activities of the structural genes in the flavonoid-anthocyanin biosynthetic pathways are
regulated by other genes, predominantly transcription factors (TF) from the families of MYB, bHLH
and WD40, which form ternary complexes called MBW [28,29,31,33]. Accordingly, in this study we also
uncovered several members of MYB and bHLH families as the main drivers of transcriptional changes
between the two turnips (Figure 3). However, we did not find any annotated gene corresponding to the
WD40 within the DEGs. An et al. [32] have shown that the ternary complexes MBW is not indispensable
for the regulation of anthocyanin genes in apple, therefore, with pending in-depth investigation, we
are tempted to speculate that MYB and bHLH may be sufficient for the regulation of anthocyanin
structural genes in turnips. Many WRKY genes were also differentially expressed between the two
turnips (Figure 3), suggesting that they may play key roles. Lei et al. [60] demonstrated that WRKY2
and WRKY34 negatively regulate the expression of certain MYBs during plant male gametogenesis.
Similarly, AtWRKY40 binds to the W-box in promoters AtMYB2 to inhibit its expression [61]. Later on,
Verweij et al. [38] also showed in two different species how a WRKY gene negatively regulates the
complex MYB-bHLH-WD40. In our study, the MYB and bHLH genes were mostly up-regulated while
WRKY genes were mainly down-regulated in TP, implying that WRKYs may repress the expression
levels of MYB and bHLH members. Among others, we propose four candidate TFs, including
c42189.graph_c1 (WRKY) c33188.graph_c0 (MYB), c44079.graph_c0 (MYB) and c37493.graph_c0 (bHLH)
for future thorough functional characterizations in turnip skin pigmentation.

4. Materials and Methods

4.1. Plant Materials

Two Brassica rapa ssp. rapa varieties with different root skin colors (purple turnip ‘PT’ and green
turnip ‘GT’) were used as plant materials. We collected healthy and consistent purple and green
turnips during five consecutive developmental stages, including seedling stage (S1, 15 days after
sowing (DAS)), early stage of fleshy root expansion (S2, 30 DAS), full expansion stage of fleshy root
(S3, 45 DAS), maturity stage of fleshy root (S4, 55 DAS) and harvest stage of fleshy root (S5, 65 DAS),
at the Anningqu experimental site, Xinjiang, China. Plants were grown in natural environment
conditions in July 2017 and skin samples were collected from three different plants of each variety
(three biological replicates). In total, 30 samples were quickly frozen in liquid nitrogen and stored at
−80 ◦C in a refrigerator until further use.

4.2. Metabolic Profiling

The sample preparation, extract analysis, metabolite identification and quantification were
performed at Wuhan MetWare Biotechnology Co., Ltd. (www.metware.cn) following their standard
procedures and previously described by Zhang et al. [48]
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4.3. Metabolite Data Analysis

Before the data analysis, quality control (QC) analysis was conducted to confirm the reliability of
the data. The QC sample was prepared by the mixture of sample extracts and inserted into every five
samples to monitor the changes in repeated analyses. Data matrices with the intensity of the metabolite
features from the 30 samples were uploaded to the Analyst 1.6.1 software (AB SCIEX, Ontario, Canada)
for statistical analyses. The supervised multivariate method, partial least squares-discriminant analysis
(PLS-DA), was used to maximize the metabolome differences between the pair of samples. The relative
importance of each metabolite to the PLS-DA model was checked using the parameter called variable
importance in projection (VIP). Metabolites with VIP ≥ 1 and fold change ≥ 2 or fold change ≤ 0.5 were
considered as differential metabolites for group discrimination [48].

4.4. RNA Extraction, cDNA Library Construction, and Transcriptome Sequencing

Total RNAs were extracted using Spin Column Plant total RNA Purification Kit following the
manufacturer′s protocol (Sangon Biotech, Shanghai, China). Purity of the extracted RNAs was assessed
on 1% agarose gels followed by NanoPhotometer spectrophotometer (IMPLEN, Los Angeles, CA,
USA). RNA quantification was performed using Qubit RNA Assay Kit in Qubit 2.0 Flurometer (Life
Technologies, Carlsbad, CA, USA). Next, RNA integrity was checked by the RNA Nano 6000 Assay Kit
of the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA).

Sequencing libraries was created using NEB Next Ultra RNA Library Prep Kit following
manufacturer′s instructions. The index codes were added to each sample. Briefly, the mRNA
was purified from 3 µg total RNA of each of three replicate using poly-T oligo-attached magnetic
beads and then broken into short fragments to synthesize first strand cDNA. The second strand cDNA
synthesis was subsequently performed using DNA Polymerase I and RNase H. PCR was carried out
with Phusion High Fidelity DNA polymerase using universal PCR primers and index (×) primer.
Finally, six paired-end cDNA libraries with an insert size of 300 bp were constructed for transcriptome
sequencing and sequenced on Illumina HiSeq 2500 platform (Illumina Inc., San Diego, USA) by
Biomarker Technology Corporation (www.biomarker.com.cn). The raw RNAseq data are submitted at:
www.ncbi.nlm.nih.gov/bioproject/PRJNA558197.

4.5. De novo Assembly, Functional Annotation, Classification and Metabolic Pathway Analysis

The clean reads were retrieved after trimming adapter sequences, removal of low quality
(containing > 50% bases with a Phred quality score < 15) and reads with unknown nucleotides (more
than 1% ambiguous residues N) using the FastQC tool (http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/). The high quality reads from all the 30 libraries were de novo assembled into transcripts
using Trinity (Version r20140717, [62]) by employing paired-end method [63]. Next, the transcripts were
realigned to construct unigenes. The assembled unigenes were then annotated by searching against
various databases such as Kyoto Encyclopedia of Genes and Genomes (KEGG) [64], Gene Ontology
(GO) [65], Clusters of Orthologous Groups (COG) [66], PfAM, Swissprot [67], egNOG [68], NR [69],
euKaryotic Orthologous Groups (KOG) [70] using BLAST [71] with a threshold of E-value < 1.0 × 10−5.

The software KOBAS2.0 [72] was employed to get the unigene KEGG orthology. The analogs
of the unigene amino acid sequences were searched against the Pfam database [73] using HMMER
tool [74] with a threshold of E-value < 1.0 × 10−10. The sequenced reads were compared with the
unigene library using Bowtie [75], and the level of expression was estimated in combination with
RSEM [76]. The gene expression level was determined according to the fragments per kilobase of exon
per million fragments mapped (FPKM).

4.6. Differential Expression and Enrichment Analysis

The read count was normalized and EdgeR Bioconductor package [77] was used to determine
the differential expression genes (DEGs) between the two varieties at each developmental stage with
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the fold change > 2 [44] and false discovery rate (FDR) correction set at p < 0.01. GO enrichment
analysis was performed using the topGO method based on the wallenius noncentral hypergeometric
distribution with p < 0.05 [78]. KEGG pathway enrichment analysis of the DEGs was done using
KOBAS2.0 [72]. The FDR correction was employed (p < 0.05) to reduce false positive prediction of
enriched GO terms and KEGG pathways.

4.7. SNP Analysis

The reads and unigene sequences of each sample were compared using the software STAR [79]
and the single nucleotide polymorphism (SNP) was identified through the pipeline (SNP Calling) for
RNA-Seq by GATK2 [80]. Raw vcf files were filtered with GATK standard filter method and other
parameters (clusterWindowSize: 35; MQ0 ≥ 4 and (MQ0/(1.0*DP)) > 0.1; QUAL < 10; QUAL < 30.0 or
QD < 5.0 or HRun > 5), and only SNPs with distance > 5 were retained.

4.8. Gene Expression Using Quantitative Real Time-PCR

The qRT-PCR was performed on RNA extracted from root samples of both varieties at the five
developmental stages as described by Dossa et al. [81] using the Actin gene as the internal control.
Specific primer pairs of 15 selected genes were designed using the Primer Premier 5.0 [82] (Table S4).
The qRT-PCR was conducted on a Roche Lightcyler® 480 instrument using the SYBR Green Master
Mix (Vazyme), according to the manufacturer’s protocol. Each reaction was performed using a 20 µL
mixture containing 10 µL of 2 × ChamQ SYBR qPCR Master Mix, 6 µL of nuclease-free water, 1 µL of
each primer (10 mM), and 2 µL of 4-fold diluted cDNA. All of the reactions were run in 96-well plates
and each cDNA was analyzed in triplicate. The following cycling profile was used: 95 ◦C for 30 s,
followed by 40 cycles of 95 ◦C/10 s, 60 ◦C/30 s. Data are presented as relative transcript level based on
the 2−∆∆Ct method [83].

5. Conclusions

In summary, this study generated tremendous genomic and metabolic resources and elucidated
the mechanisms of the differential anthocyanin accumulation in purple and green turnips. It provides
an important theoretical basis for further in-depth analysis of the candidate structural genes along
with the key transcription factors predicted to modulate anthocyanins in turnip towards developing
new turnip varieties with improved nutritional quality.
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different developmental stages S1–S5; Table S4. The primer sequences of genes used for quantitative real time PCR.
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Abstract: Avocado (Persea americana Mill.) is an economically important crop because of its
high nutritional value. However, the absence of a sequenced avocado reference genome has
hindered investigations of secondary metabolism. For next-generation high-throughput transcriptome
sequencing, we obtained 365,615,152 and 348,623,402 clean reads as well as 109.13 and 104.10 Gb
of sequencing data for avocado mesocarp and seed, respectively, during five developmental stages.
High-quality reads were assembled into 100,837 unigenes with an average length of 847.40 bp
(N50 = 1725 bp). Additionally, 16,903 differentially expressed genes (DEGs) were detected, 17 of
which were related to carotenoid biosynthesis. The expression levels of most of these 17 DEGs were
higher in the mesocarp than in the seed during five developmental stages. In this study, the avocado
mesocarp and seed transcriptome were also sequenced using single-molecule long-read sequencing
to acquired 25.79 and 17.67 Gb clean data, respectively. We identified 233,014 and 238,219 consensus
isoforms in avocado mesocarp and seed, respectively. Furthermore, 104 and 59 isoforms were found
to correspond to the putative 11 carotenoid biosynthetic-related genes in the avocado mesocarp
and seed, respectively. The isoform numbers of 10 out of the putative 11 genes involved in the
carotenoid biosynthetic pathway were higher in the mesocarp than those in the seed. Besides, alpha-
and beta-carotene contents in the avocado mesocarp and seed during five developmental stages were
also measured, and they were higher in the mesocarp than in the seed, which validated the results of
transcriptome profiling. Gene expression changes and the associated variations in gene dosage could
influence carotenoid biosynthesis. These results will help to further elucidate carotenoid biosynthesis
in avocado.

Keywords: avocado; carotenoid biosynthesis; mesocarp; seed; de novo assembly from short read
sequencing; full-length transcript sequencing; differentially expressed genes; gene dosage

1. Introduction

Avocado (Persea americana Mill.) is a member of the family Lauraceae of the order Laurales,
and widely grown in countries and regions with a tropical-to-cool climate [1–3]. Avocado is among the
most economically important subtropical/tropical fruit crops worldwide, with considerable increases
in yield reported in several countries, including Mexico, the USA, Indonesia, Chile, Spain, Israel,
Colombia, South Africa, and Australia [4]. Certain avocado constituents, such as carotenoids, lipids,
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sugars, proteins, minerals, vitamins, and other nutrients and active ingredients, provide nutritional
and health benefits [5–7].

Carotenoids in fruits have been extensively studied because of their nutritional benefits for
humans [5,8]. Moreover, some carotenoids serve as precursors of vitamin A, strigolactones, and abscisic
acid, and some apocarotenoids are also potent antioxidants and colorants [9]. Additionally, carotenoid
derivatives substantially affect the aromatic flavor of fruits, thereby making the fruits more desirable
to consumers and seed dispersers [10,11]. Carotenoids are natural yellow-to-red pigments that
are mainly a type of C40 terpenoid distributed in most photosynthetic organisms as well as in
some non-photosynthetic fungi and bacteria [12]. In plants, carotenoids primarily contribute to
photosynthesis, photomorphogenesis, photoprotection, light-harvesting processes, and growth and
development [12–14]. The plant carotenoid metabolic pathway has been well elucidated. This pathway
consists of a series of chemical reactions, including condensations, dehydrogenations, cyclizations,
hydroxylations, and epoxidations [12].

Next-generation high-throughput sequencing technology (NGST) have recently become popular
options for transcriptome sequencing experiments because they enable high-throughput, efficient,
accurate, and reproducible analyses [15–20]. Previous studies suggested that changes in carotenoid
biosynthesis and accumulation are correlated with changes to the expression of genes encoding
carotenoid metabolic pathway enzymes [8,12]. Transcriptome sequencing methods have been
used to investigate the carotenoid biosynthetic mechanism in many species, including Momordica
cochinchinensis [21], Brassica campestris [22], green alga [23], celery [9], carrot [24,25], and Euscaphi
skonishii [26]. However, few reports have focused on transcriptome sequencing to investigate the
carotenoid biosynthetic mechanism in avocado.

Among the third-generation sequencing platforms, PacBio RS II, which is regarded as the
first commercialized third-generation sequencer, is based on single-molecule real-time (SMRT)
technology [27]. The PacBio RS II system can produce much longer reads than second-generation
sequencing platforms, and has been applied to effectively capture full-length transcript sequences [28].
Single-molecule real-time technology has the following three main advantages over second-generation
sequencing options: it generates longer reads, it has a higher consensus accuracy, and it is less biased [29].
A previous study revealed that SMRT technology can precisely ascertain alternative polyadenylation
sites and full-length splice isoforms, and also detect a higher isoform density than that for the
reference genome [30]. The application of SMRT technology for nearly 3 years has helped to elucidate
the complexity of the transcriptome and molecular mechanism underlying metabolite synthesis in
safflower [27], Zanthoxylum bungeanum [28], Trifolium pretense [30], sugarcane [31], switchgrass [32],
Medicago sativa [33], Zanthoxylum planispinum [34], bermudagrass [35], Camellia sinensis [36], and Cassia
obtusifolia [37]. So far, no report has been found about the application of SMRT technology in a plant
species from the family Lauraceae.

In this study, Illumina HiSeq 2000 next-generation sequencing technology and PacBio RS II
third-generation sequencing platform were integrated to generate transcriptome data for exploring the
carotenoid biosynthetic pathways in the avocado mesocarp and seed. We integrated the gene dosage
variation and the associated changes in gene expression to identify genes that are likely important for
carotenoid accumulation. Additionally, metabolite profiling (alpha- and beta-carotene contents) via
high-performance liquid chromatography (HPLC) was used to auxiliarily validate the transcriptomic
analyses. The data obtained in this comprehensive study involving the full-length transcript sequences
and de novo transcriptome assembly from short read sequencing will be useful for investigating
the main physiological and biochemical molecular metabolic mechanisms in the avocado mesocarp
and seed.
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2. Results

2.1. Overview of the Morphology and NGST Profiling

Morphological measurements, including mesocarp weight, seed weight, fruit length, and fruit
width, gradually increased from 75 to 215 days after full bloom (DAFB), peaking at 114.74 g FW,
11.81 g FW, 83.07 mm, and 62.42 mm, respectively (Table S1). The photos of the tested avocado
samples per fruit developmental stage are also presented in Figure S1. The RNA extracted from 15
mesocarp and seed samples were analyzed by RNA sequencing (RNA-seq), with three replicates per
avocado fruit developmental stage. The sequencing of 30 cDNA libraries resulted in 20–26 million
clean reads and 6.03–8.28 Gb of sequence data (Table S2). The generated avocado transcriptome data
were deposited in the GenBank database (accession number PRJNA541745). The default parameters
of the Trinity program were used to assemble the high-quality reads into 205,415 transcripts with
a mean length of 1199.57 bp (N50 = 2063 bp) as well as 100,837 unigenes with a mean length of
847.40 bp (N50 = 1725 bp). Of these 100,837 unigenes, 59,969 (59.47%) were short (i.e., up to 500 bp),
16,511 (16.37%) were 501–1000 bp long, and 24,357 (24.16%) were longer than 1000 bp. The length
distributions of all transcripts and unigenes are presented in Figure S2. These results demonstrated
that the sequencing quality was sufficient for subsequent analyses.

2.2. Annotation and Identification of Unigenes

Regarding the gene annotations, the BLASTX program revealed that 14,565 (37.05%), 20,712
(52.69%), 12,638 (32.15%), 19,065 (48.50%), 23,009 (58.54%), 22,403 (56.99%), 34,394 (87.50%), and 35,021
(89.09%) of the 39,309 avocado unigenes had significant matches with sequences in the Clusters of
Orthologous Groups (COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG),
Eukaryotic Orthologous Groups (KOG), Pfam, Swiss-Prot, eggNOG, and the NCBI non-redundant
protein sequence (Nr) databases, respectively. To further predict and classify functions, the annotated
unigenes were analyzed according to GO assignments, COG classifications, and KEGG pathway
assignments. A total of 20,712 unigenes were assigned to 49 sub-categories of the three main GO
functional categories (cellular component, biological process, and molecular function) (Figure 1;
Table S3). The molecular function category comprised the most unigenes, followed by the biological
process and cellular component categories. The most common molecular function GO terms were
catalytic activity (10,855 unigenes, GO: 0003824) and binding (10,148 unigenes, GO: 0005488). The top
three biological process GO terms were metabolic process (10,654 unigenes, GO: 0008152), cellular
process (9833 unigenes, GO: 0009987), and single-organism process (6516 unigenes, GO: 0044699).
The most frequently observed cellular component GO terms were cell (8781 unigenes, GO: 0005623)
and cell part (8769 unigenes, GO: 0044464) (Figure 1).

2.3. Screening of Differentially Expressed Genes during Avocado Mesocarp and Seed Development

An analysis of differentially expressed genes (DEGs) in the avocado mesocarp and seed during
five fruit developmental stages revealed 16,903 DEGs (Table S5). There were 4013–4828 DEGs between
the mesocarp and seed at five time-points, with some minor variability in the number of DEGs among
the five fruit developmental stages. The number of DEGs increased considerably during mesocarp
development. The largest number of DEGs (1516) was detected between 75 and 215 DAFB. Similarly,
the number of DEGs sharply increased during the whole seed development stage, with a 4.40-fold
increase from 75 vs. 110 DAFB to 75 vs. 215 DAFB. These results indicated that the fifth mesocarp and
seed developmental stages may be associated with the most dramatic changes in enzyme contents and
multiple metabolic pathways.
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Figure 1. Gene Ontology functional annotations of avocado unigenes. The unigenes were divided
into three categories (biological process, cellular component, and molecular function). A total of
19,065 unigenes were functionally characterized based on 26 Eukaryotic Orthologous Groups (KOG)
categories (Figure 2). Among the 26 categories, ‘General function prediction only’ represented the
largest group (5557 unigenes, 26.38%), followed by ‘Posttranslational modification, protein turnover,
chaperones’ (1959 unigenes, 9.30%), and ‘Signal transduction mechanisms’ (1729 unigenes, 8.19%).
‘Extracellular structures’ and ‘Cell motility’ were the two smallest groups. Additionally, 12,638 unigenes
were assigned to 130 pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(Table S4), with carbon metabolism (571 unigenes), biosynthesis of amino acids (516 unigenes),
and ribosome (465 unigenes) representing the three most common pathways.
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2.4. Differentially Expressed Carotenoid Biosynthetic Genes between the Avocado Mesocarp and Seed

A comparison of the avocado mesocarp and seed at five developmental stages based on the KEGG
pathway enrichment among all DEGs resulted in the identification of the carotenoid biosynthetic
pathway in four of the five developmental stages (Figure 3). The DEGs detected in the avocado
mesocarp and seed transcriptomes included 17 unigenes that putatively encode 11 enzymes in the
carotenoid biosynthetic pathway (Table 1).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 5 of 19 
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Figure 3. Results of the KEGG enrichment analysis of differentially expressed genes (DEGs) between 
the avocado mesocarp and seed at five developmental stages. 
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Figure 3. Results of the KEGG enrichment analysis of differentially expressed genes (DEGs) between
the avocado mesocarp and seed at five developmental stages.
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Table 1. Unigenes related to carotenoid biosynthesis.

Gene Name Functional Protein Name Enzyme Commission Number Unigene ID

PaPSY 15-cis-phytoene synthase 2.5.1.32 c103350.graph_c0,
c113873.graph_c5

PaPDS Phytoene desaturase 1.3.5.5 c103201.graph_c0,
c104826.graph_c4

PaZ-ISO 15-cis-ζ-carotene
isomerase 5.2.1.12 c109620.graph_c1

PaZDS ζ-carotene desaturase 1.3.5.6 c108741.graph_c1,
c115069.graph_c3

PaCRTISO Carotenoid isomerase 5.2.1.13 c108133.graph_c1

PaLCY-E Lycopene ε-cyclase 5.5.1.18 c117627.graph_c3

PaLCY-B Lycopene β-cyclase 5.5.1.19 c92930.graph_c0,
c110018.graph_c0

PaCYP97A P450 β-ring carotene
hydroxylase 1.14.13.129 c106779.graph_c0

PaCYP97C P450 ε-ring carotene
hydroxylase 1.14.99.45 c110544.graph_c0

PaZEP Zeaxanthin epoxidase 1.14.15.21 c109893.graph_c0,
c116714.graph_c5

PaNSY Neoxanthin synthase 5.3.99.9 c106233.graph_c1,
c92501.graph_c0

An analysis of the unigenes related to carotenoid biosynthesis that were differentially expressed
during five mesocarp and seed developmental stages (Figure 4) revealed that the following
15 unigenes were more highly expressed in the mesocarp than in the seed at each of the five
examined time-points: PaPSY (c103350.graph_c0 and c113873.graph_c5), PaPDS (c103201.graph_c0
and c104826.graph_c4), PaZ-ISO (c109620.graph_c1), PaZDS (c108741.graph_c1 and c115069.graph_c3),
PaCRTISO (c108133.graph_c1), PaLCY-E (c117627.graph_c3), PaLCY-B (c92930.graph_c0 and
c110018.graph_c0), PaCYP97C (c110544.graph_c0), PaZEP (c109893.graph_c0 and c116714.graph_c5),
and PaNSY (c92501.graph_c0). In contrast, the PaNSY (c106233.graph_c1) expression level was
considerably lower in the mesocarp than in the seed at each of the five time-points (Figure 4; Table S6).
Additionally, PaCYP97A (c106779.graph_c0) was expressed at lower levels in the mesocarp than in the
seed from 75 to 180 DAFB, but the opposite pattern was observed at 215 DAFB (Figure 4; Table S6).
The PaPSY, PaPDS, PaZ-ISO, PaZDS, PaCRTISO, PaLCY-E, and PaLCY-B expression levels were higher
in the mesocarp than in the seed at each of the five time-points, and increased by 1.09 to 22.41 fold
(Table S6). To confirm the accuracy of the high-throughput sequencing results, the expression levels of
ten unigenes involved in the carotenoid biosynthetic pathway (i.e., PaPSY, PaPDS, PaZ-ISO, PaLCY-E,
PaCYP97C, PaZEP, and PaNSY) were analyzed by a quantitative real-time polymerase chain reaction
(qRT-PCR) assay (Figure 5). The resulting expression patterns of these genes during the five mesocarp
and seed developmental stages were consistent with the RNA-seq data.
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developmental stages. FPKM: fragments per kilobase of transcript sequence per million base pairs
sequenced; gene expression levels at 75, 110, 145, 180, and 215 days after full bloom (DAFB) are indicated
with colored bars; the top and bottom barfor eachunigene demonstrates avocado mosocarp and seed,
respectively; PSY: 15-cis-phytoene synthase; PDS: phytoene desaturase; Z-ISO: 15-cis-ζ-carotene
isomerase; ZDS: ζ-carotene desaturase; CRTISO: carotenoid isomerase; LCY-E: lycopene ε-cyclase;
LCY-B: lycopene β-cyclase; CYP97A: P450 β-ring carotene hydroxylase; CYP97C: P450 ε-ring carotene
hydroxylase; ZEP: zeaxanthin epoxidase; NSY: neoxanthin synthase.
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further classified into 495,245 and 403,108 full-length nonchimeric in avocado mesocarp and seed, 
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Figure 5. The FPKM values and relative expression levels of 10 carotenoid biosynthesis unigenes in
avocado mesocarp (a) and seed (b). Error bars are standard errors of the mean from three biological
replicates and two technical replicates.

2.5. General Properties of Single-Molecule Long-Reads

Full-length cDNA sequences derived from poly-A-tailed RNA samples were normalized and
subjected to SMRT sequencing with the PacBio RS II platform. A total of 25.79 and 17.67 Gb clean data
were generated for the library in avocado mesocarp and seed, respectively. Each SMRT cell produced
651,260 and 586,430 reads of inserts (ROIs) from the library (1–6 kb) in avocado mesocarp and seed,
respectively. These ROIs were successfully extracted in avocado mesocarp and seed, respectively,
with a mean length of 2200 and 2239 bp, a quality score of 0.96 and 0.94. All ROIs were further
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classified into 495,245 and 403,108 full-length nonchimeric in avocado mesocarp and seed, respectively.
On the basis of the iterative isoform-clustering algorithm, 233,014 and 238,219consensus isoforms were
acquired in avocado mesocarp and seed, respectively, with a mean length of 2170 and 2027 bp (Table S7).
After removing the redundant sequences for all high-quality transcripts and corrected low-quality
transcripts with CD-HIT (c = 0.90), 76,345 and 68,618 nonredundant transcripts remained. The SMRT
and Illumina HiSeq 2000 sequencing data were deposited in the GenBank database (accession numbers
PRJNA551932 and PRJNA559779).

2.6. Isoforms in Carotenoid Biosynthetic Pathway between the Avocado Mesocarp and Seed

KEGG analysis in the avocado mesocarp and seed indicated that a total of 104 and 59 isoforms
were found to correspond to the putative 11 genes in the carotenoid biosynthetic pathway, respectively
(Figure 6). Two to 23 isoforms were found in the putative 11 genes in avocado mesocarp, and one to
15 isoforms were generated from the putative 11 genes in avocado seed. PaPSY possessed the most
isoform number in avocado mesocarp and seed, respectively. The number of isoforms correspond
to the putative 10 genes in the carotenoid biosynthetic pathway were higher in the mesocarp than
those in the seed, and increased by 1.33–5.50 fold. However, the number of isoforms corresponding to
PaCYP97A was lower in the mesocarp than those in the seed.
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in the carotenoid biosynthetic pathway.

2.7. Verification of Transcriptome Profiling in Carotenoid Biosynthetic Pathway between the Avocado Mesocarp
and Seed by Metabolite Profiling via HPLC

At last, in order to validate transcriptome profiling via NGST and SMRT sequencing in carotenoid
biosynthetic pathway between the avocado mesocarp and seed, alpha- and beta-carotene were selected
to measure contents during five avocado mesocarp and seed developmental stages by HPLC (Figure
S3). The mesocarp alpha- and beta-carotene contents increased slightly from 75 days after full bloom
(DAFB) (0.21 and 0.13 µg/g fresh weight (FW), respectively) to 110 DAFB (0.24 and 0.19 µg/g FW,
respectively). They then decreased to their lowest levels (0.18 and 0.12 µg/g FW, respectively) at
145 DAFB, but then increased again up to 210 DAFB, peaking at 0.27 and 0.28 µg/g FW, respectively
(Figure 7). Trace amounts of alpha- and beta-carotenes were detected in developing seeds, with the
contents fluctuating between 0.01 and 0.02 µg/g FW from 75 to 215 DAFB (Figure 7).
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3. Discussion

As it is inexpensive and can be completed rapidly, the transcriptome sequencing technique is
useful for obtaining a large number of unigene sequences for an organism that lacks an available
reference sequence [38]. To the best of our knowledge, for avocado, NGST transcriptome sequencing
has been used to investigate fatty acid biosynthesis [39–41], but not any other metabolic biosynthetic
pathway. Within our transcriptome assembly, 109.13 and 104.10 Gb of sequence data were respectively
generated for the avocado mesocarp and seed during five developmental stages. Additionally,
the 100,837 identified unigenes may be useful for subsequent analyses of metabolic biosynthetic
pathways in avocado or related species. The N50 and mean lengths of avocado unigenes in our
study were 1725 and 847.40 bp, respectively, which implies that our sequence assembly was accurate
and effective. The N50 value in this study was higher than those obtained for avocado samples
generated from mesocarp during four developmental stages (1050 bp) [41] and our previous avocado
samples from five mixed organs sampled (1283 bp) [42], while the mean length in this study was
lower than those obtained for both studies (987 and 922 bp) [41,42]. Recently, one of the advances in
transcriptome sequencing technology has been the development of the long-read SMRT sequencing
technique, which enables researchers to obtain a substantial number of full-length sequences from a
cDNA library [28]. In the current study, PacBio SMRT system was applied to generate the full-length
transcriptome of avocado mesocarp and seed. The 25.79 and 17.67 Gb SMRT data produced in this
study provide the comprehensive insights into the avocado mesocarp and seed, respectively, and might
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serve as the genetic basis for future research on avocado. Interestingly, the full-length transcriptome
sequence described herein is also the first such sequence for a plant species from the family Lauraceae.

Carotenoids are widely distributed isoprenoid pigments with very diverse biological functions
in plants [12]. Carotenoids accumulate as secondary metabolites in leaves [9,22], fruits [21,26,43],
and roots [24,25]. The carotenoid biosynthetic pathway has been extensively studied in many
photosynthetic and non-photosynthetic organisms, and some researchers confirmed that in most
plant species, carotenoid accumulation is mainly controlled by regulating the transcription of genes
related to carotenoid biosynthesis [12]. However, the transcript profiles of genes related to carotenoid
biosynthesis in avocado fruit remained unclear. In our avocado NGST transcriptome database,
we identified 17 unigenes encoding 11 putative enzymes involved in the carotenoid biosynthetic
pathway in avocado fruit. The 15 out of 17 unigenes were more highly expressed in the mesocarp
than in the seed at each of the five examined time-points. Meanwhile, SMRT transcriptome database
in our study indicated that the number of isoforms correspond to the putative 10 genes in the
carotenoid biosynthetic pathway were higher in the mesocarp than those in the seed. Furthermore,
the metabolite (alpha- and beta-carotene) profiling via HPLC in the avocado mesocarp and seed during
five developmental stages in this study validated the results of our NGST and SMRT transcriptome
profiling. These results clearly showed that the upregulated expression levels of most unigenes
encoding 11 putative enzymes involved in the carotenoid biosynthetic pathway might contribute to
the higher carotenoid pathway flux in the avocado mesocarp than in the seed. Besides, gene dosage
(isoform number) increase of most carotenoid biosynthetic-related genes could also accelerate the
carotenoid accumulation. Previous studies revealed gene dosage balance impacts on agronomic
traits in plants, and defined the linkage between quantitative trait and gene dosage variation [44–46].
Consequently, we might imply that the gene dosage variation and the associated changes in gene
expression of these unigenes might be important for controlling the carotenoid contents in avocado
during the mesocarp and seed developmental stage.

An earlier investigation proved that upregulated PSY and PDS expression levels are correlated
with the total carotenoid content during the tomato fruit maturation stage [47]. Similarly, PSY, ZDS,
CRTISO, and LCY-E might be key genes for controlling carotenoid contents in M. cochinchinensis
ripening fruits [21]. Additionally, LCY-B expression contributes to the accumulation of carotenoids
in papaya [48], kiwifruit [49], and citrus [50] fruits. Another study indicated that PSY expression
is also related to the alpha- and beta-carotene as well as total carotenoid contents in red pepper
fruits [51]. In B. campestris L. subsp. chinensis var. rosularis Tsen and Lee leaves, LCY-E and ZDS
expression may be vital for carotenoid biosynthesis [22]. In celery, PSY and LCY-E expression
may be important for promoting beta-carotene biosynthesis. In the potato tuber, PSY expression is
considered to increase the beta-carotene content [52]. Welsch [53] also suggested that PSY expression
mediates the beta-carotene accumulation in cassava roots. Thus, analyses of the differences in gene
expression profiles may yield new insights into carotenoid biosynthetic mechanisms and identify
diverse carotenogenic genes expressed in various developmental stages, tissues, and species as well as
in response to specific treatments.

The identification of genes encoding enzymes related to the carotenoid biosynthetic pathway
not only facilitates the characterization of physiological functions in higher plants, it also provides
useful information relevant for metabolic engineering. On the basis of NGST and SMRT transcriptome
sequencing in this study, we investigated the differences in carotenoid biosynthesis between the
avocado mesocarp and seed. However, carotenoid biosynthesis involves complex biological processes
regulated by many biological pathways (i.e., the MVA, MEP, and carotenoid biosynthetic pathways)
and genes. The NGST and SMRT transcriptome database described herein may represent a useful
resource for clarifying carotenoid biosynthesis in various avocado tissues. Additionally, to the best of
our knowledge, this study is the first to integrate Illumina with PacBio SMRT sequencing platforms
for investigating avocado mesocarp and seed developmental stages via transcriptome sequencing
and assembly without a reference genome. We believe that the transcriptome dataset will provide a
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solid foundation for future functional and genomics-based analyses of avocado, and will be useful for
elucidating metabolic biosynthetic mechanisms.

4. Materials and Methods

4.1. Plant Materials

Avocado fruits (cultivar ‘Hass’) were harvested from six 10-year-old trees grafted onto Zutano
clonal rootstock (two trees were used as a unit for each biological replicate) from April 2018 to
September 2018 at the Chinese Academy of Tropical Agricultural Sciences (Danzhou, Hainan, China:
19.52◦N, 109.57◦E; altitude = 200 m above sea level). In these trees, fruits that developed during
the main flowering season (i.e., February 2018) were marked, after which samples were collected
at five time-points (75, 110, 145, 180, and 215 DAFB) until the fruits reached physiological maturity
(defined as the ability to ripen after harvest). Two sets of fruits were randomly collected for each
biological replicate during each developmental stage. The first set of nine fruits was used to measure
fruit, mesocarp, and seed phenotypic traits. The second set of nine fruits was used for transcript and
carotenoid analyses. Fruits were quickly brought to the laboratory, after which their phenotypic traits
were measured as previously described [7] or they were immediately frozen at −80 ◦C for transcript
and carotenoid analyses.

4.2. NGST Sequencing

Total RNA was extracted using a Plant RNA Kit (OMEGA Bio-Tek, Norcross, GA, USA).
RNA concentration was measured using NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA).
RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, USA).mRNA was purified from total RNA with
poly-T oligo-attached magnetic beads. Samples underwent an RNA-seq analysis involving three
biological replicates per sample. The fragmentation step was completed with divalent cations in the
NEBNext First Strand Synthesis Reaction Buffer (5×) at an elevated temperature. First-strand cDNA
was synthesized with a series of random hexamer primers and reverse transcriptase, and second-strand
cDNA was subsequently produced with DNA Polymerase I and RNase H. The cDNA libraries were
constructed by ligating cDNA fragments to sequencing adapters and amplifying fragments by PCR.
The libraries were then sequenced with the Illumina HiSeq 2000 platform (Nanxin Bioinformatics
Technology Co., Ltd., Guangzhou, China).

4.3. Transcriptome Assembly, Annotation, and Coding Sequence Prediction

Clean data (clean reads) were obtained by discarding reads with adapters, reads with ambiguous
poly-N sequences, and low-quality reads in which more than 50% of the bases had a Q-value ≤ 20.
The two read files that were independently established for the libraries/samples were used for
assembling the transcriptome with the Trinity program (version 2.5.1) [54]; the min_kmer_cov was set
to 2 and all other parameters were set to default values. The assembled transcripts were hierarchically
clustered to unigenes through shared reads and expression by the Corset program [55].

Unigenes were functionally annotated with a BLASTX alignment algorithm (E-value threshold
of 10−5) and the following databases: KOG/COG, Swiss-Prot (manually annotated and reviewed
protein sequence database), Pfam (along with the HMMER3.0 package), Nr, and Nt (comprising
non-redundant nucleotide sequences). The KEGG Automatic Annotation Server [56] was used to
map these genes according to the KEGG metabolic pathway database. Rich factor = (the number of
DEGs/the number of all DEGs)/(the number of all unigenes in pathways/the number of all unigenes
in KEGG). Additionally, Blast2GO (version 2.5) [57] was used for the annotation of unigenes with
GO terms based on the BLASTX hits against the Pfam and Nr databases, with a cut-off E-value of
10−6. To predict the coding sequences, the unigenes were first used to screen the Nr and Swiss-Prot
databases with a BLAST algorithm, after which the open reading frame data for sequence matches
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were acquired directly. The coding sequences for the remaining unigenes were predicted with ESTScan
(version 3.0.3) (https://sourceforge.net/projects/estscan/).

4.4. Identification of Differentially Expressed Genes

To identify DEGs between two samples, the gene expression levels were quantified with
the FPKM method. The read counts were adjusted with the edgeR program package, with one
scaling-normalized factor for each sequenced library. The DEGs between two samples were analyzed
with the DEGSeq R package (version 1.20.0). The p-values were adjusted according to the Benjamini
and Hochberg method. A corrected p-value of 0.005 and a log2 (fold-change) of 1 were set as the
threshold for identifying significant DEGs. Significantly enriched GO terms and KEGG pathways were
determined based on a corrected p-value ≤ 0.05. The GO functional enrichment and KEGG pathway
enrichment analyses of the DEGs were completed with GOseq R packages and KOBAS (version 2.0)
(http://kobas.cbi.pku.edu.cn/home.do), respectively.

4.5. Validation of Transcripts by Quantitative Real-Time PCR

The expression levels of 10 unigenes related to carotenoid biosynthesis in the avocado mesocarp
and seed were validated by a qRT-PCR assay, which was completed with a 96-well plate and the
QuantStudio 7 Flex Real Time PCR System (Applied Biosystems, Foster City, CA, USA). Details
regarding the qRT-PCR primers are presented in Table S8. Total RNA was extracted from the mesocarp
and seed at the five developmental stages using RNAiso Plus Reagent (TaKaRa Bio Inc., Kusatsu, Japan)
based on the manufacturer’s protocol, then treated with RNase-free DNase I (New England Biolabs,
Ipswich, MA, USA) to eliminate all contaminating DNA. The resulting RNA was applied for first strand
synthesis by the PrimeScriptRT reagent Kit with gDNA Eraser (TaKaRa Bio Inc.). The concentration of
cDNA was determined and diluted to 12.5 ng/µL. PCR was performed using QuantStudio7 Flex Real
Time PCR System (Applied Biosystems, Foster City, CA, USA).The 20-µL reaction volumes comprised
2 µL cDNA, 10 µL SYBR Premix Ex Taq™ II (TliRNaseH Plus) (TaKaRa Bio Inc.), 1.0 µL each 10 µM
primer, and 6 µL distilled water. The PCR program was as follows: 95 ◦C for 30 s; 40 cycles of 95 ◦C
for 5 s, melting temperature of each primer for 30 s. The PaActin7 gene was used as an endogenous
control for normalizing data and 2−∆CT method was used for PCR data analysis. For each sample, the
qRT-PCR analysis involved three biological replicates and two technical replicates.

4.6. SMRT Sequencing

Poly-T oligo-attached magnetic beads were used to purify mRNA from the total RNA extracted
from mesocarp and seed samples collected at each analyzed developmental stage. The mRNA from
all five developmental stages was combined to serve as the template to synthesize cDNA with the
SMARTer PCR cDNA Synthesis Kit (Clontech, Mountain View, CA, USA). After a PCR amplification,
quality control check, and purification, full-length cDNA fragments were acquired according to
the BluePippin Size Selection System protocol, ultimately resulting in the construction of a cDNA
library (1–6 kb). Selected full-length cDNA sequences were ligated to the SMRT bell hairpin loop.
The concentration of the cDNA library was then determined with the Qubit 2.0 fluorometer, whereas
the quality of the cDNA library was assessed with the 2100 Bioanalyzer (Agilent). Finally, one SMRT
cell each was sequenced respectively with the PacBio RSII system (Pacific Biosciences, Menlo Park, CA,
USA) for avocado mesocarp and seed.

4.7. Quality Filtering and Correction of PacBio Long-Reads

Raw reads were processed into error-corrected reads of insert (ROIs) using an isoform sequencing
pipeline, with minimum full pass = 0.00 and minimum predicted accuracy = 0.80. Next, full-length,
non-chimeric transcripts were detected by searching for the poly-A tail signal and the 5′ and 3′ cDNA
primer sequences in the ROIs. Iterative clustering for error correction was used to obtain high-quality
consensus isoforms, which were then polished with Quiver. The low-quality full-length transcript
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isoforms were corrected based on Illumina short-reads with the default setting of the Proovread
program. High-quality and corrected low-quality transcript isoforms were confirmed as nonredundant
with the CD-HIT (version 1) (http://weizhongli-lab.org/cd-hit/).

4.8. Analysis of Alpha- and Beta-Carotenes by HPLC

Avocado mesocarp and seed extracts were prepared as previously described [58], with minor
modifications. Briefly, fresh avocado mesocarp and seed samples were separately ground in a mortar
containing liquid nitrogen. Samples (approximately 2 g) were added to centrifuge tubes, after which
they were treated with 4 mL acetone and homogenized (intermediate speed) for 1.5 min at 4 ◦C.
The supernatant was then transferred to a new centrifuge tube, and the extraction of the residue was
repeated twice. The extracts were mixed with 5 mL methanolic potassium hydroxide (15%, w/v),
and then saponified for 2 h in the presence of nitrogen. A 3-mL aliquot of the mixture was diluted with
1 mL 10% sodium chloride and then added to a 2-mL solution comprising methylene chloride and
water. The supernatant was washed three times with water, evaporated to dryness in the presence
of nitrogen, and reconstituted in methanol/methyl tert-butyl ether (85:15). The subsequent HPLC
analysis of carotenoids was completed with the 1290 HPLC system (Agilent, Santa Clara, CA, USA)
and a YMC carotenoid C30 column (250 × 4.6 mm, 5 µm; Waters, Santa Clara, CA, USA) analyzed
at 445 nm. The HPLC mobile phase consisted of methanol/water (96:4, v/v) and tert-butyl ether at
a flow rate of 1.0 mL/min and the column temperature was maintained at 30 ◦C. The alpha- and
beta-carotenes were identified by comparing the retention times of the peaks with those of commercial
standards purchased from Sigma-Aldrich (Shanghai, China). Carotenoid contents were quantified
based on external calibration curves (R2 ≥ 0.999). Alpha- and beta-carotene contents were expressed as
microgram per gram of fresh weight (µg/g FW). Samples were analyzed with three biological replicates
and two technical replicates.

5. Conclusions

This study provides a comprehensive overview of the NGST transcriptomes of the avocado
mesocarp and seed at five developmental stages. NGST and SMRT transcriptomes results implied
that the gene dosage variation and the associated changes in gene expression of most carotenoid
biosynthetic-related genes might contribute to the higher carotenoid pathway flux in the avocado
mesocarp than in the seed, and accelerate the carotenoid accumulation. The metabolite (alpha- and
beta-carotene) profiling via HPLC in the avocado mesocarp and seed during five developmental
stages in this study validated the results of our NGST and SMRT transcriptome profiling. Our study
results provide new insights into the carotenoid contents and the molecular mechanisms underlying
carotenoid accumulation in avocado.
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Abstract: Increasing agricultural productivity via modern breeding strategies is of prime interest
to attain global food security. An array of biotic and abiotic stressors affect productivity as well as
the quality of crop plants, and it is a primary need to develop crops with improved adaptability,
high productivity, and resilience against these biotic/abiotic stressors. Conventional approaches to
genetic engineering involve tedious procedures. State-of-the-art OMICS approaches reinforced with
next-generation sequencing and the latest developments in genome editing tools have paved the way
for targeted mutagenesis, opening new horizons for precise genome engineering. Various genome
editing tools such as transcription activator-like effector nucleases (TALENs), zinc-finger nucleases
(ZFNs), and meganucleases (MNs) have enabled plant scientists to manipulate desired genes in
crop plants. However, these approaches are expensive and laborious involving complex procedures
for successful editing. Conversely, CRISPR/Cas9 is an entrancing, easy-to-design, cost-effective,
and versatile tool for precise and efficient plant genome editing. In recent years, the CRISPR/Cas9
system has emerged as a powerful tool for targeted mutagenesis, including single base substitution,
multiplex gene editing, gene knockouts, and regulation of gene transcription in plants. Thus,
CRISPR/Cas9-based genome editing has demonstrated great potential for crop improvement but
regulation of genome-edited crops is still in its infancy. Here, we extensively reviewed the availability
of CRISPR/Cas9 genome editing tools for plant biotechnologists to target desired genes and its vast
applications in crop breeding research.

Keywords: CRISPR/Cas9; genome editing; plant breeding; multiplex genome editing; crop improvement;
TALEN; ZFN; biotic stress; abiotic stress

1. Introduction

Food security is the most crucial challenge in the current scenario of a rapidly growing global
population. According to cautious estimates, the global population will escalate to ten billion by
the end of 2050 and a 60–100% rise in global food production will be necessary [1]. Besides extreme
weather, increasing biotic and abiotic stressors, a growing population, and shrinking availability of
agricultural land and water resources are important constraints for food production and farming.
Over the past few decades, improvements in crop plants have contributed by deciphering numerous
biological mechanisms and elucidating the role of genetic and epigenetics factors [2]. Crop breeders
and plant scientist are striving hard to understand mainly the genetic mechanism underlying unique
plant responses towards environmental stressors. Recently, numerous novel genes and their regulatory
pathways have been identified in plants [3,4]. For crop improvement and development of elite cultivars
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with increased productivity, a breeding strategy of “cross the elite with the elite and wait for the best”
has been applied, concentrating on the genes linked with vital agronomic traits [5]. Classical plant
breeding strategies for crop improvement are more challenging which take a long time for germplasm
selection. On the other hand, modern tools for genome editing (GE) exhibit the capability of integrating
a foreign gene into a predetermined site of the genome precisely, allowing for accurate substitution of
an existing allele with an alternative one [6,7]. Genome editing has emerged as a tremendous strategy
for efficient and targeted genome manipulations, especially for crops which have complex genomes
and which are difficult to improve through conventional breeding approaches [6].

For basic as well as applied plant biology, the unstable and non-specific transgene incorporation in
the host genome has been a matter of concern for edible crop species [8]. The discovery of programmed
sequence-specific nucleases (SSNs) has facilitated precise gene editing. In both plant and animal
systems, application of SSNs for accurate GE has been recognized as a breakthrough in genome
engineering. The SSNs can be applied to produce several kinds of mutations, such as insertions,
deletions, replacement, substitutions, integration of specific sequence of DNA at a desired locus,
and site-directed substitutions across many organisms and cell types. Though all types of SSNs have
unique features, the mechanism for producing double-strand breaks (DSBs) in the target DNA is
similar for all. The DSBs created by SSNs are reconstructed via non-homologous end joining (NHEJ)
or homology-directed recombination (HDR). Non-homologous end joining is an error-prone DNA
repair mechanism that facilitates direct end-joining of DSBs without involving a homologous template
and can generate insertions or deletions at target sites to develop gene knockouts. Additionally,
NHEJ can also be applied to introduce insertions at the point of the DSB during operation of the repair
mechanism. On the other hand, the HDR repair pathway is a highly accurate mechanism that needs a
homologous template to mediate repair and can be used to attain precise changes like gene insertion
and gene replacement [6,9,10]. As compared to transgenic strategies, which result in inadvertent
gene insertions and sometimes random phenotypical characters, GE approaches produce well-defined
mutants, proving GE as a powerful technique for plant breeding and functional genomics. In contrast
to transgenic plants, genome-edited plants have the added benefit of site specificity [11]. In breeding
programs, these improved plants can be proven useful and subsequent species can be employed
reliably with less concerns and comparatively minor monitoring methods are needed in contrast to
traditional genetically engineered plants [12].

2. Modern Trends in Plant Genome Editing

In recent years, many fascinating GE approaches have been established because of the
advancements in molecular biology, which have permitted site-specific and accurate editing in
many genomes [8]. In GE, engineered nucleases are composed of a sequence-specific DNA binding
domain merged with a non-specific nucleases domain. Targeted genes can be precisely cleaved by
such fused nucleases and nicks can be repaired with the help of HDR or NHEJ [13,14]. A vital strategy
to execute targeted GE through SSNs is to generate DSBs at targeted sites; these nicks prompt the
activation of the DNA repair mechanism through the HDR or NHEJ pathway [15]. The DNA repair
system of the HDR pathways requires a homologous template to repair the DSB, whereas the two
ends of DSBs are directly ligated in the NHEJ pathway [15]. Though NHEJ is more common, there
are some flaws which make it undesirable in many studies. The major disadvantage of this process
is that it produces insertions or deletions of different sizes during the repair mechanism, which may
produce off-targets. In contrast to NHEJ, the repair mechanism via HDR is more accurate and reliable,
which depends on homologous DNA to repair the DSB [16]. Thus, SSNs can be applied to manipulate
the genomic sequences by targeted addition or deletion of specific nucleotides in the targeted locus [10].

Recently, great achievements have been made in the era of genome engineering with the
development of meganulceases (MNs), zinc-finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENs), and clustered regularly interspaced short palindromic repeats/ CRISPR-associated
protein 9 (CRISPR/Cas9). Experimental proofs gradually showed that these SSNs were not only used
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for gene insertion or inactivation, but also significantly enhanced the effectiveness of homologous
recombination and, thus, allowed more precise gene replacement events. In 1993, Puchta and
co-workers [17] provided the first evidence of homologous recombination in plant cells by using SSNs.
After the discovery of ZFNs in 1996 by Kim and colleagues [18], extensive efforts have been made
for progressive advancement with this tool, which offered a significant breakthrough in plant GE.
In 2003, scientists were able to inactivate genes using ZFNs for the first time [19]. In 2005, the first
SSN-based mutagenesis via ZFNs was carried out successfully in plants [20]. Therefore, ZFNs have
the ability to produce site-specific DSBs and have many applications in genome engineering [21].
Later TALENs were included to the toolbox of SSNs for programmed genome engineering [22].
Genome manipulation through engineered nucleases had gained much importance by the end of
2011, and Nature Methods crowned it as the “Method of the Year”. In 2012, Science chose it as the
“Breakthrough of the Year” due to the significant progress achieved in GE using TALENs. Recently,
an emerging GE nuclease, “CRISPR/Cas9”, was added to the toolbox for editing nucleases. In 2013,
the first CRISPR/Cas9-based GE event was reported in eukaryotes [23]. In 2015, Ma’s group [24]
developed the multiplex genome editing mechanism in monocots and dicots. In 2013 and 2015, it was
selected by Science as the “Breakthrough of the Year”. Furthermore, advancements in the CRISPR/Cas
system introduced a more precise technique of base editing, which was heralded again by Science in
2017 as the “Breakthrough of the Year”. CRISPR/Cas9-based GE has tremendously revolutionized
genome engineering since the initial few research articles were published in Nature Biotechnology [25,26].
All the above mentioned approaches have been extensively employed for GE and caused mutations via
site-directed substitutions, replacement, deletions, and insertions at specific sites in the genome [10].

TALENs, ZFNs, and MNs are the first-generation editing tools for genome manipulation as,
illustrated in Figure 1. However, they are time consuming and require lengthy protocols to attain
target specificity. As compared to first-generation GE approaches, second-generation GE tools such as
the CRISPR-Cas9 technique are easier to design, cost effective, and robust [26–28]. The CRISPR/Cas9
toolkit is very simple to design, as it involves only single-guided RNA (sgRNA) and the Cas9 protein
in contrast to TALENs and ZFNs. Additionally, the procedure involved in TALENs and ZFNs are
complex because they require protein engineering for their construction. Due to the presence of these
constraints, applications of TALENs and ZFNs in plants have been limited [9]. Continuous innovation
for efficient GE has expanded the applications of the CRISPR/Cas9 system in several fields of plant
science and is quickly becoming a highly promising GE tool [6,11,23–26]. The plant GE tools and their
corresponding applications are depicted in Figure 2, while successive steps involving the GE strategies
are shown in Figure 3.

In the present review, we discuss fascinating GE tools for crop improvement. We briefly describe
first-generation genome editing tools such as TALENs, ZFNs, and MNs and comprehensively
elaborate on second-generation genome editing strategies with special focus on the applications
of the CRISPR/Cas9 system in plant breeding for crop improvement. We briefly outline historical
background, structural organization, and mode of action of the CRISPR/Cas9 toolbox. We describe
the workflow of CRISPR/Cas9 from vector design to mutant screening. We also highlight recent
breakthrough events in technology improvement in the CRISPR/Cas9 system. Furthermore, we discuss
the recent role of CRISPR/Cas9 technology in crop breeding to develop the best performing cultivars
with biotic and abiotic stress resilience, improving yield-related traits and production of high-quality
crops. Finally, we outline the future outlook of CRISPR/Cas9 and pinpoint the current challenges with
respect to the regulation of edited crops and their safe use.
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Figure 1. Structural illustration of first-generation genome editing tools: (A) meganucleases (MNs) 
have multifunctional domains with the ability to bind double-stranded target DNA and generate 
DSBs. The meganuclease is demonstrated to bind a target spacer sequence of 14–40 bp (yellow). The 
FokI nuclease cuts the target sequence (color). (B) Representation of ZFN bound to the target sequence 
of 18–36 bp long. Each monomer of ZFN (blue) is made by ZFP. There are two basic domains: the 
DNA binding domain at N-terminus and the catalytic domain with FokI nuclease (white) present at 
the C-terminus. The connection among these domains is indicated with a pink line. The ZFN modules 
are merged with Fok1 (white) and dimerized to cut the target sequence at a spacer 5–7 bp (pink) to 
produce DSBs. (C) Two TALEN dimers bound to the target sequence (pink) site. Each module of 
TALENs are composed of TALE that contain 33–35 amino acid repeats. The pair of TALENs are 
separated by a spacer region of 12–21 bp (pink). There are specific RVD modules (green NN, grey 
NH, red HD, dark blue NI, orange NG, and yellow N) that can recognize only one single nucleotide. 
TALE modules are dimerized to fuse with FokI (at C-terminus) to produce DSBs in the spacer region. 

Figure 1. Structural illustration of first-generation genome editing tools: (A) meganucleases (MNs)
have multifunctional domains with the ability to bind double-stranded target DNA and generate DSBs.
The meganuclease is demonstrated to bind a target spacer sequence of 14–40 bp (yellow). The FokI
nuclease cuts the target sequence (color). (B) Representation of ZFN bound to the target sequence of
18–36 bp long. Each monomer of ZFN (blue) is made by ZFP. There are two basic domains: the DNA
binding domain at N-terminus and the catalytic domain with FokI nuclease (white) present at the
C-terminus. The connection among these domains is indicated with a pink line. The ZFN modules are
merged with Fok1 (white) and dimerized to cut the target sequence at a spacer 5–7 bp (pink) to produce
DSBs. (C) Two TALEN dimers bound to the target sequence (pink) site. Each module of TALENs
are composed of TALE that contain 33–35 amino acid repeats. The pair of TALENs are separated by
a spacer region of 12–21 bp (pink). There are specific RVD modules (green NN, grey NH, red HD,
dark blue NI, orange NG, and yellow N) that can recognize only one single nucleotide. TALE modules
are dimerized to fuse with FokI (at C-terminus) to produce DSBs in the spacer region.
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Figure 3. A general description of the GE mechanism in plants. Plant GE typically consists of the following
steps: designing and construction of vectors, targeted delivery of vectors via Agrobacterium-mediated
transformation or biolistic for transformation, callus induction and regeneration, mutation screening
and analysis, and phenotypic characterization for the desired trait.

2.1. Meganulceases

In SSNs, MNs were the pioneering class of nucleases (Figure 1A), extensively applied for plant
GE [29,30]. Meganulceases were also termed as homing endonucleases. Later, they were utilized for
generating DSBs in several genomes [31]. Meganulceases have the ability to recognize target DNA
sequences of about ~12–40 bp, that make MNs the most efficient delivery approach for all vectors
including plant RNA viruses [32]. As compared to different SSNs, MNs are difficult to re-design for
target sequences different than their natural ones. Non-modular properties of the specific proteins are
the main reason for hindrance in re-designing MNs. So, for plants, the applications of MNs have been
restricted to only naturally existing MNs such as I-SceI and I-CreI nucleases [29].

2.2. Zinc-Finger Nucleases

In plants, ZFNs are extensively being applied for plant GE [33]. Zinc-finger nucleases are one of
the main techniques for genome manipulations which are very beneficial in various GE applications.
Zinc-finger nucleases have been widely used for target specific mutagenesis to disrupt the gene
function and produce several gene knockouts [34]. GE with ZFNs has demonstrated the production
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of herbicide-resistant plants, and various kinds of targeted and specific gene insertion have also
been unveiled [35]. In plant biotechnology, zinc-finger proteins (ZFPs) can be exploited in two ways:
ZFNs and ZFN-TFs. Due to the flexible nature of ZFPs, it provides a striking basis for modeling
ZFNs with desired sequence-specific domains to produce DSBs and facilitate GE [36,37]. In 1996,
ZFNs were reported for the first time and named as chimeric restriction enzymes. According to this
research, chimeric restriction enzymes were developed by associating the non-specific FokI with the
DNA binding domain of two dissimilar ZFPs. The ZFNs were constructed by the fusion of chimeric
proteins that were composed of DNA cleavage and a DNA binding domain. A set of 3–6 Cys2His 2 ZFs
constructed the DNA binding domain, while a Fok1 restriction enzyme was generated by the DNA
cleavage domain [18]. FokI is homodimeric in nature and belongs to the type IIS class of restriction
enzymes isolated from Flavobacterium okeanokoites [18]. The domain of FokI nuclease needs to dimerize
in order to cut DNA [38]. Two ZFN monomers are required having FokI dimerization and C-terminal
fusion for active cleavage when binding to DNA. Target DNA with 9–18 bp has been recognized by
each monomer containing 3–6 ZFs (Figure 1B). Consequently, each monomer of ZFN targets the spacer
region of 5–7 bp located in the adjacent half-site and dimerize to perform the cleavage activity for
targeted DNA [10]. ZFNs, as compared to MNs, are small in size (about 300 aa in one monomer and
600 aa in a pair of nucleases), enabling them responsive to many delivery procedures. In the last two
decades, ZFNs have been applied for site-specific mutations in plants such as Arabidopsis thaliana,
soybean, maize, tobacco, and petunia [36,39,40]. However, modular association of ZFs has gained
partial achievement [41]. Currently, ZFNs are not recommended in several cases due to the lower target
specificity, limited amount of specific target domains, and large number of non-targeted editing [42].

2.3. TALENs

Another interesting tool for GE is termed as transcription activator-like effector nucleases (TALENs).
These are modern inclusions to the SSNs resources and have been extensively applied for GE in
plants [43]. In 1989, TALENs were first discovered when a pathogenic bacterium called Xanthomonas
was studied for many plant varieties [44]. Xanthomonas is responsible for uncontrolled growth of plant
cells due to the synthesis of a novel protein termed as transcription activator-like effectors (TALEs) that
target specific DNA sequences and greatly influence gene expression [45]. For targeted GE, TALENs
are manipulated by changing the TALE repeated domains required for specific target identification
and are successively linked to Fok1 nuclease to obtain suitable TALEN. The TALENs that recognize
12–21 bp extend, likewise to ZFNs, and require a spacer region of 14–20 bp for Fok1 dimerization with
a pair of TALENs (Figure 1C) [10].

TALENs have the advantage over other SSNs such as MNs and ZFNs because of their modular
domain. The domain for TALENs contains 33–35 aa in direct sequence repeats and two amino acids are
called repeat variable di-residues (RVDs) in these repeats. The RVDs are responsible for recognition of
specific nucleotides which includes thymine; NI, HD, cytosine; NG and adenine; and NN. A single
RVD associated with every single nucleotide in combined mechanisms was identified that has the
ability to design specific DNA binding motifs and remove the remodeling issues faced in the case of
ZFNs and MNs [22,46–48]. Target specificity is another advantage of TALENs over other nucleases.
Typically, 15–20 RVDs are used in order to design TALEN monomers with more than a 30 bp target site.
As compared to ZFNs, TALENs reduce the toxicity and are more specific having large target sites [49].
A large size of about ~950 aa to ~1900 aa is the only drawback of TALENs for use as an accurate
tool for GE. TALENs are usually carried to cells via direct integration of DNA or by integration of a
construct-harboring TALEN-encoding unit into the genome. TALENs have been successfully applied
in plants such as rice [43], Arabidopsis [22], tobacco [42], and Brachypodium [26] for GE. TALENs are
more extensively exploited for targeted GE as compared to ZFNs, but they still need an efficient way to
assemble tandem repeats for binding to the targeted DNA region. Furthermore, the repetitive nature
and large size pose as big hurdles for the successful delivery of TALENs [45]. Some reported events of
MN-, TALEN-, and ZFN-mediated mutagenesis in plants are described in Table 1.
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3. CRISPR/Cas9 System

Recently, a fascinating GE tool CRISPR/Cas9 was identified for targeted genome manipulations
and to express desired genes in numerous organisms [6,65]. The CRISPR/Cas9 system has emerged
as the most powerful tool for GE in many species including plants [26]. The latest ground-breaking
technology of CRISPR/Cas9 is basically present as an adaptive immune system of type II prokaryotes
and protects them against invading organisms during phage infection by spacer acquisition, biogenesis,
and target degradation [9]. The toolbox of CRISPR/Cas9 was adapted from bacteria as well as Archaea
and in included in the toolbox of engineered nucleases [23,66]. There are two main components of
the CRISPR/Cas9 system: a single guide RNA (sgRNA) that identifies a specific DNA sequence and
the Cas9 protein which produces DSBs at a targeted site [9]. Therefore, when changing the design of
sgRNA, numerous desired sites can be targeted, which makes it simpler to handle than TALENs and
ZFNs [10].

3.1. Discovery of CRISPR/Cas9 Wonder

The discovery of the CRISPR/Cas9 system dates back to 1987 when Ishino and his colleagues
first identified CRISPR while studying the iap gene in the genome of E. coli. During the cloning of
the iap gene, they unexpectedly cloned a specific portion of CRISPR, and at the conclusion of their
experiment, revealed that the bacterial genome consisted of a successive array of repeats [67]. After this
discovery, an Archaea (Haloferax mediteranii) was also found to contain the CRISPR sequences [68].
Mojica et al. (2000) reported a similar type of regularly spaced repeats in Haloferax mediterranei and
Haloferax volcanii, having interrelated functions [69]. Only prokaryotes were considered to have such
repetitive sequences, which were named as CRISPR but were not present in eukaryotes and viruses [70].
These short repeats have an average length of 32 bp but are of different sizes from 21 to 47 bp in
different organisms. Every repeat has a unique sequence of nucleotides that are extremely conserved in
specific species [71]. It was unveiled that the short regular repeats are transcribed into small RNAs [72].

Four Cas genes (Cas1–4) were discovered in prokaryotes having CRISPR DNA sequences during
that period [70]. From then on, many CRISPR/Cas sequences and multiple Cas proteins were
identified [72]. In 2005, CRISPR spacers were discovered in plasmids and phages by three independent
research groups by applying computational and sequencing technologies [73–75]. The function of
CRISPR/Cas was still ambiguous before Barrangou et al. (2007) successfully demonstrated for the
first time that CRISPR protected Streptococcus thermophilus from viral attack [76]. It was revealed that
the CRISPR defense mechanism prevents the horizontal gene flow in Staphylococci [77]. In another
study, it was observed that CRISPR RNAs regulate the CRISPR interference [78]. The presence of the
CRISPR/Cas system in the bacterial genome was identified to cut specific sites in plasmid DNA and
bacteriophages [79]. In 2011, the CRISPR/Cas machinery of S. thermophilus was exploited to confer
immunity in E. coli [80]. Some of these important events are highlighted in Figure 4.
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Figure 4. Historical chart illuminating key developments in the CRISPR/Cas9 system.

3.2. Architectural Organization of CRISPR/Cas9 System and Its Functions

Prokaryotic organisms such as bacteria and Archaea have a special type of defense machinery
called CRISPR/Cas [81] in their adaptive immune network to protect them against the attack of viruses
and phages [82].

All the natural CRSIPR/Cas networks are composed of many Cas genes, which are encoded
by homologous palindromic repeated units, RNA-mediated endonucleases, and novel short RNAs,
termed as “spacers” produced by the introduction of short mobile sequences called protospacers.
The protospacers are derived from the unique spacers which move among the homologous palindromic
sequences repeats when the cell is attacked by invaders. These spacers work as identifying units for
the invaded cell and allow the CRISPR-Cas system to cut foreign DNA sequences. There are three
steps to the CRISPR/Cas-mediated immune system, including adaptation, expression, and interference.
The first step in this mechanism is adaptation, which is associated with the sequential layout of the
CRISPR-array via a new spacer’s procurement. Precursor CRISPR-RNA (pre-crRNA) and Cas genes
are expressed in the expression stage. Mature cr-RNAs are produced from precursor CRISPR-RNA
using RNase III and Cas proteins in the interference event-specific targeted portion memorized by the
combinative properties of both Cas proteins and cr-RNA [83]. The CRISPR motif, termed as protospacer
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adjacent motif (PAM), is connected with each protospacer and closely situated in the target portion of
the sequence. The PAM was found to be a highly specific part of the foreign phage or virus genome
but is not present on the CRISPR locus in bacterial genome [78].

The PAM sequence consisting of conserved dinucleotides is required upstream of the binding
sites of crRNA for Cas proteins to recognize the target sequence [9]. The Cas proteins are unable to
detect target DNA for effective cleavage during PAM site recognition. The PAM is also exceptionally
crucial to distinguish between the bacteria’s own DNA and invader DNA sequences. Such features
enable bacteria to defend their own DNA from nucleases [84]. In several kinds of CRISPR networks,
PAM sequences are essential for Cas proteins functions, such as PAM sequence 5′-NNNNGATT which
is targeted by Cas proteins in Neissseria meningiditis [85]. Similarly, Cas9 proteins target the PAM
sequence 5′-NGGNG or 5′-NNAGAA in S. thermophiles [79,86] and 5′-NGG in S. pyogenes [9].

Two independent groups of scientists discovered the CRISPR/Cas9 machinery with three major
kinds (type I–II–III) and two classes in host cells [87]. In 2015, Markarova and coworkers executed
the comparative genomic analysis of existing data and found two further reputed types and five
subtypes [88]. During the defense mechanism of CRISPR/Cas9 against invader DNA, these two classes
behave differently, such as class 1 which consists of subtypes (I, III, IV) and uses many Cas proteins,
while only a large Cas protein is used by the class 2 system, which has the subtypes (II, V) [89]. In the
adaptation phase of the CRISPR/Cas mechanism, spacers are added by Cas1 and Cas2 proteins and
pre-crRNA develop involving Cas5 or Cas6 in the type I system. The Cas6 protein is also used in
the type III system for a similar process but stimulation of 3′ end is accomplished by an uncertain
element. For crRNA maturation, trans-activating crRNA (tracrRNA) and RNase are utilized in the type
II mechanism [90], as shown in (Figure 5A). Currently, the immune system of S. pyogenes operates as a
type II system, which is a well-established GE technique known as CRISPR. This CRISPR/Cas9 system is
modified by two major units: a non-coding chimeric RNA and Cas9 endonucleases for double-stranded
(dsDNA) breaks in DNA (Figure 5B) [9]. The Cas9 protein is directed by the guide RNA (gRNA) and
Cas9 proteins recognize targeted DNA in the presence of the “seed” sequence, which is produced by
spacers derived from crRNA and the S. pyogenses Cas9 (SpCas9) 5′ NGG ′3 sequence lying closely
to the target region [9]. The crRNA and tracrRNA are complementary to each other and it directs
pre-crRNA to mature crRNA by means of RNase III. After the maturation of crRNA, it guides Cas9
proteins to break specific DNA sequences [91]. In 2014, Nishimasu et al. (2014) demonstrated that the
SpCas9 and gRNA DNA endonuclease has unique lobes, such as an assembly composed of a target
detection lobe which is attached to the heteroduplex of sgRNA: a DNA molecule and a nuclease lobe
which nicked the target DNA sequence [92], as illustrated in (Figure 5C).

3.3. Genome Editing Mechanism of CRISPR/Cas9 System

The mode of GE is established by the healing process of the genome. After the identification of
the target site, Cas9 allows sgRNA to pair with the target DNA sequence. The Cas9 endonuclease
is composed of the HNH and RucV-like domain, which cuts the target DNA strands three to four
bases upstream of the PAM site. The HNH domain cuts the complementary DNA strands while the
RuvC domain cleaves the non-complementary to gRNA. The blunt-ended DSBs can be repaired by the
HDR and NHEJ repair pathways (Figure 5D). The NHEJ is error prone and causes DNA insertion or
deletion at the target sequence [23]. The expression of sgRNA as pair, NHEJ mechanism came up with
large deletions. The large deletions in chromosomes were attained by the NHEJ mechanism utilizing
co-expressed sgRNAs. The HDR repair mechanism is only operational when a specific homologous
target site is available with respect to the DSB site. In plants, through GE, many outstanding repairs
were achieved via HDR, such as gene replacement, DNA correction, and targeted knock-in [93,94].
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Figure 5. Illustration of CRISPR/Cas9-mediated GE. The CRISPR/Cas9 system is composed of sgRNA
and Cas9. (A) sgRNA with a guide sequence (colored pink) is developed by the combination of
protospacer with crRNA and tracrRNA. (B) Cas9 machinery combines with sgRNA to form a complex
to trigger CRISPR/Cas9 editing. The Cas9 nuclease consists of two parts, depending on its function and
structure. The recognition site identifies the target DNA and interacts with sgRNA. The nuclease site
contains two domains RuvC-like and HNH which cleave the target DNA site non-complementary by
the RuvC domain and complementary by the HNH domain to the gRNA. (C) The Cas9 nuclease detects
the genomic target site (indicated with blue color) having a 20 bp target sequence that is homologous to
seed or guide sequence (indicated with pink color), which is crucial for Cas9 activity and specificity.
The specific PAM sequence (indicated with red color) is detected by Cas9: sgRNA complex and
DSBs created by the Cas9 endonuclease three base pairs upstream of the PAM sequence. (D) Targeted
mutagenesis of a desired gene is achieved by filling the DSB (indicated with black color) by means of the
HDR or NHEJ mechanism. The NHEJ repair mechanism generally produces insertion (indicated with
yellow color), deletion (indicated with brown color) or indels (indicated with black line) at the break
point, generating targeted mutants. The HDR repair mechanism uses a template DNA sequence for
homologous recombination to produce gene replacement or gene insertion (indicated with green color).

Biolistic and Agrobacterium-mediated transformation can be applied to transfer the sgRNA and
Cas9 protein into desired cells [95]. GE by CRISPR/Cas9 is heavily dependent on the choice of sgRNA
promoters and ubiquitous expression of the Cas9 enzyme. Universal CaMV35S RNA polymerase II
promoters have been extensively used for Cas9 expression in plants. Similarly, for sgRNA expression,
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U3 or U6 RNA pol III promoters are applied [96]. The expression level of sgRNAs is significantly greater
in endogenous promoters as compared to exogenous promoters [97]. Moreover, sgRNA expression is
guided by U6 promoters which were derived from monocotyledonous or dicotyledonous varieties and
can only be used in monocot or dicot plants [98]. For successful integration of CRISPR/Cas9 machinery
in plant nuclei, Cas9 proteins must join with nuclear localization signals [96].

To bind the target DNA by synthetically developed short gRNA sequences of approximately
20 nucleotides, the mechanism of CRISPR/Cas editing demands the PAM 5′ NGG motif for the Cas9
enzyme to cleave 3–4 bases in the target DNA sequence after the generation of the protospacer [9].
There are two domains of Cas nucleases which have the ability to cut one strand of DNA like the HNH
domain and RuvC-like domain. Simple steps involving the execution of the CRISPR mechanism are
recognition of the PAM sequence; sgRNA development; cloning of sgRNA; transformation into the
host cell; selection of transformed individual organisms; and edited lines confirmation, as described in
Figure 6.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 19 of 49 
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4. CRISPR/Cas9-Mediated GE in Plants

To date, numerous efforts have been successfully employed for targeted gene editing in model
as well as in major crop plants via the CRISPR/Cas9-based GE toolbox. Many factors have been
reported that affect the editing ability of the CRISPR/Cas9 system including targeted DNA, GC contents,
Cas9 codons, sgRNA structure, and expression of cas9 and sgRNA. All these factors must be highly
optimized to achieve greater efficiency of CRISPR/Cas9 system [24].

4.1. Designing the CRISPR/Cas9 Delivery System

In the past, numerous attempts have been made at gene editing in plants, but the efficiency of
CRIPSR/Cas9 was low [25,26]. With the improvements in technology, many highly efficient vector
delivery systems for CRISPR/Cas9 have been designed for plant GE, such as supersession of viral
infection, gene disruption of cis-elements, genomic deletion, gene knockout, and multiplex genome
editing. Continuous progress in this editing toolkit has allowed more precise, accurate, and targeted
delivery of the Cas9 system into plant cells, which include discovery of new Cas9 variants, efficient
screening methods for knockout mutants, vector selection, and construction and employment of the
most appropriate delivery system for the Cas9 expression cassette. In this section, we describe the
construction, screening, and delivery of the CRISPR/Cas9 system into plant cells.

4.2. Cargo-Vectors for the CRISPR/Cas9 System

Two kinds of vector systems are used in CRISPR/Cas9-mediated GE, such as a single-vector
system and a binary-vector system. A binary-vector system has been utilized for many years because
of its ability for fast primary testing. Any specific vector having several gRNAs and a Cas9 protein
expression cassette already constructed in it can be applied for plant transformation. Different
structural construct of gRNAs can be utilized for numerous Cas9 proteins to design a unique gRNA:
Cas9 nuclease, which allows more accuracy and easiness in experimental design. A single vector
harboring both expression cassettes of gRNA and Cas9 protein is becoming more promising. Generally,
in a single-vector system, RNA polymerase III-driven promoters (U6/U3) are designed for gRNA
expression, whereas ubiquitin and CaMV35S promoters based on RNA polymerase II are exploited
for Cas9 gene expression. Continuous advancements in CRISPR/Cas9 permit researchers to develop
smarter vector systems to regulate expression of gRNA and the Cas9 gene. Recently, some new
adjustments were made in the single-vector system, such as single polymerase II and dual polymerase
II promoters. Single polymerase II vectors are applied to govern the expression of gRNA and the
Cas9 gene at the same time, while the dual polymerase II vectors exploit two different promoters to
drive the expression of gRNA and the Cas9 gene. The addition of all these latest technologies in the
CRISPR/Cas9 delivery system assists to decrease the vector length, which eventually, improves the
transformation efficiencies [99].

4.3. Bioinformatics Tools for Designing the CRISPR/Cas9 Construct

One of the most crucial steps for highly precise GE is to design an sgRNA construct for CRISPR/Cas9.
To date, numerous bioinformatics tools have been developed and are available online for sgRNA
designing. There are many accessible online tools with plant databases and which permit the design of
sgRNA for identification of new target sites [100], as shown in Table 2. For example CRISPR Design (http:
//www.genome-engineering.org) was developed by Zhang and colleagues for designing sgRNA and it
also assists in assessing off-target mutation [101]. In 2014, Xie and coworkers successfully developed a
web tool named CRISPR-PLANT (http://www.genome.arizona.edu/CRISPR) in order to design efficient
sgRNA constructs for CRISPR/Cas9-based GE [102]. For example, a novel web tool was developed
by Michano and colleagues for rapid detection of target loci in soybean for CRISPR/Cas9-mediated
GE [103]. Similarly, CRISPR-P (http://cbi.hzau.edu.cn/crispr/) eases the designing of sgRNA for every
plant having an available sequenced genome and also helps to evaluate off-targets [104].
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4.4. Construction of the sgRNA Expression Cassette

Construction of a unique sgRNA expression cassette is the most important step in
CRISPR/Cas9-mediated gene editing, and it works as a guide system for the Cas9/sgRNA complex
consisting of 98 nucleotides with a 20 nucleotide target sequence [92]. In plants, RNA polymerase III is
used to transcribe sgRNA and its expression is mostly governed by U3 or U6 promoters [93]. As the
expression cassettes of sgRNA:U3/U6 promoters are very small in length, approximately ~300–600
bp, overlapping PCR or adaptor ligation can be applied to construct these expression cassettes [123].
In 2015, Ma and colleagues developed a robust cloning-free approach for sgRNA expression cassette
development based on the PCR technique. Gibson assembly or the Golden Gate cloning strategy
was used for direct cloning of sgRNA expression cassette into binary vectors for the CRISPR/Cas9
system [24]. In another approach, Gao and Zhao utilized a ribozyme mechanism to generate sgRNA
by transcription of pre-RNA through RNA polymerase II, whereby inducible or constitutive promoters
can be ligated to obtain the desired function of sgRNA [124].

4.5. Construction of Cas9 Expression Cassettes

Cas9 is composed of 4107 bp of coding sequence. For Cas9 nuclear localization in eukaryotes,
the Cas9 coding sequence must be fused with the nuclear localization signal. Plant usage–bias codons
have been used to design highly efficient and optimized Cas9 expression cassettes for improved GE
in plants [125]. For example, utilization of codon-optimized Cas9p in rice and Gramineae family
has been improved by enhancing GC contents [24], which imitate the genes from the Gramineae
family [126]. Commonly, constitutive promoters like 35S Cauliflower mosaic virus (CaMV) and ubiquitin
from A. thaliana, rice, and maize can govern the expression of Cas9 in dicots and monocots for highly
targeted gene editing using callus-based transformation approaches.

4.6. Transformation Approaches for CRISPR/Cas9-Based Vector Delivery into Plants

For CRISPR/Cas9-mediated GE, cargo–vector harboring the expression cassettes of both sgRNA and
the Cas9 gene must be carried to targeted sites in plant cells. For cargo–vector transformation, floral dip
and biolistic approaches are generally executed. Nowadays, advanced strategies like ribonucleo-protein
complex, plasmid delivery, and virus-mediated delivery systems are applied for plant transformation.
There are certain limitations in using the virus-mediated delivery system, but several studies have
been carried out in plants using the virus delivery system [127,128]. A transient expression system is
commonly used by researchers to transfer the vector into protoplast for analyzing the efficiency and
feasibility of the CRISPR/Cas9 toolkit [129]. Biolistic and PEG-mediated transformation techniques can
be used for direct delivery of Cas9 gene expression cassettes [130]. However, it is difficult to regenerate
plants from protoplast due to the heritable targeted mutations, which poses a major drawback associated
with this approach in many plant species. Agrobacterium-mediated transformation is a highly efficient
approach for stable transformation of the CRISPR/Cas9 system in dicot and monocots [131,132].

4.7. Strategies for Mutant Screening

The CRISPR/Cas9 system is a groundbreaking innovation in GE technology for developing desired
mutants and numerous mutant libraries have been created by the CRISPR/Cas9 system so far, such as
the genomic-scale mutant library for tomato [133] and rice [134,135]. As the applications for GE
approaches are increasing day by day, scientists are required to screen huge numbers of mutants,
using a strategy that includes the detection of off-target and on-target edits and which later removes
the transgenes in edited plant off-springs.

To overcome the limitations associated with mutant screening, different techniques have been
developed, including annealing at critical temperature polymerase chain reaction (ACT-PCR) [136],
high-resolution melting analysis (HRMA) [137], polyacrylamide gel electrophoresis (PAGE)-mediated
genotyping [138], T7 endonuclease I (T7EI) approach [139], and restriction enzyme site loss technique [140].
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There are certain pros and cons for each technique and they are centered on genotyping differences.
A mutant can be detected rapidly when it has a clear evident phenotype. For example, a visible albino
phenotype was observed when a gene phytoen desaturase mutated via the CRISPR/Cas9 system.
It was applied as a phenotypic marker to detect rice- and tobacco-edited plants [141,142]. Additionally,
transgenic plants can also be screened using some herbicide/antibiotic selectable markers [141,143].
But making a connection among visual phenotypes and targeted genes is the only challenge associated
with phenotyping-mediated screening [135]. In other approaches, high-throughput sequencing is
highly efficient and precise strategy to screen all the mutants generated by the CRISPR/Cas9 system [144].
For the detection of DNA-free plants edited by CRISPR/Cas9, whole genome sequencing is quite
beneficial and helpful [145].

5. Recent Breakthroughs in CRISPR/Cas9-Mediated Genome Editing in Plants

The GE tool of the CRISPR/Cas9 system has gained remarkable importance in agriculture; however,
there are some drawbacks which limit its application in plant GE. The major concerns related to this
technology are non-specific off-targets; HR inefficiency; PAM sequences constriction; cargo-vector
inefficiency; and many others. With the advancement of plant biotechnology many unique innovative
steps are regularly incorporated into the GE network to tackle these challenges.

5.1. CRISPR/Cas DNA as Cargo-Delivery Vector

The conventional cargo-vectors for GE have certain limitations which hinder the accurate editing
mechanism in plants. The CRISPR/Cas DNA-based cargo-vector is now extensively used to overcome
the drawbacks in plant GE.

5.1.1. Stable Expression

The abovementioned approaches of vector delivery into plant cells, such as biolistic and
Agrobacterium-mediated transformation, are used to deliver the CRISPR/Cas DNA, and by screening
the mutants, the DNA is inserted into the target location in the plant genome and carry out the editing
phenomena. Currently, there are numerous applications of this system in plant GE. In 2016, Gao and
colleagues incorporated a fluorescent gene in the expression cassette of CRISPR/Cas9 [146]. Recently,
an interesting strategy was developed in which BARNASE and CMS were used as suicide genes to kill
embryos and pollens containing the transgene of T0 plant progeny [147].

5.1.2. Transient Expression

Another delivery strategy that can be employed to obtain transgene-free edited plant is the
CRISPR transient expression system. In this technique, the screening of mutants using selectable
markers (antibiotic/herbicide) is omitted to regenerate the edited progeny without the incorporation
of foreign genes into the plant genome. In 2016, Zhang and co-workers successfully executed this
strategy for the first time in wheat to obtain transgene-free plants [148]. Furthermore, DNA base
editors such as adenine and cytidine base editors have also been transferred by the transient
expression approach for attaining DNA-free base substitutions [149,150]. Agrobacterium-mediated
transformation-based transient expression has also been successfully developed in tobacco [142],
and protoplast transformation-based transgenes-free expression can also be achieved in tobacco and
potato protoplasts [151,152].

5.2. DNA-Free Genome Editing Through Ribonucleoproteins (RNPs)

Foreign DNA-free GE is another approach in the CRSIPR/Cas9 toolkit to produced transgene-free
plants [153]. In conventional approaches to genetic engineering, the foreign DNA with editing
components is incorporated into the host organism. Due to the random incorporation, the genetic
modifications can be unpredictable. Even if the expression cassettes are abolished, the fragments of
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foreign DNA can still be integrated into the host genome and cause mutations [154]. Furthermore,
the introduction of genetically modified organisms has increased globally [155]. So, there is an
increased demand to produce transgene-free plants. To develop DNA-free genome-edited plants,
particle bombardment and protoplast transformation techniques have been employed.

Transgene integration may be reduced by using the CRISPR/Cas DNA transient expression
system, but it does not entirely eliminate it; additionally, the discarded DNA portion may still get
incorporated into different non-targeted locations within the plant genome. To escape the shortcomings
of mRNA and plasmid-based expression system of sgRNA/Cas9, a most competent transgene-free
editing strategy was established by designing the RNPs sgRNA/Cas9 system in plants [156–158].
Hence, sgRNA/Cas9 RNPs have a greater ability to produce DNA-free edited plants with low off-target
frequency and is more efficient than a plasmid-mediated editing system. The RNP-based system
does not need transcriptional and translational apparatuses for creating nicks in the target sites and,
after cleaving, it is then disintegrates itself. In 2015, Woo and colleagues performed DNA-free GE for
the first time in rice, tobacco, lettuce, and Arabidopsis using the RNPs system [156]. Potato, apple, and
grape explants were subjected to targeted mutations carrying CRISPR/Cas9-mediated RNPs [159–161].
In addition, DNA-free GE in maize and wheat has been developed by particle bombardment-mediated
transformation of RNPs and Cas9 proteins into cells [58,148,162]. Recently, a new CRISPR/Cas variant
Cpf1 has been added to the RNP-based GE toolkit, carrying AsCpf1/crRNA and LbCpf1/crRNA RNPs
into tobacco and soybean [163]. However, in several cereal crops protoplast regeneration is a bigger
task, hence, the biolistic-mediated RNP editing system is the most appropriate technique for GE
in plants. The delivery of RNP-mediated CRISPR/Cas9 machinery has been demonstrated by two
different groups in wheat and maize [145,146]. The discovery of a DNA-free editing system will surely
simplify the GE of plants and helps to commercialize the edited plants in the future.

5.3. CRISPR/Cas9 Toolbox: Ways Toward Precise Editing

5.3.1. Base Editing

As compared to DSB-governed GE, single-nucleotide modification at a specific site of the genome
is called base editing, and is not based on donor DNA or an HDR mechanism and also does not
require DSB generation, which provides a simple, highly accurate, and universal mechanism for editing
a single base at a target site. Thus, base editing with the CRISPR/Cas9 tool is gaining interest for precise
targeted gene editing in plants [164]. Currently, the use of the HDR repair mechanism with donor DNA
for DSBs has been found to be less effective in contrast to NHEJ repair with a template-free system,
posing a great hurdle in plants for base substitution. Genome-wide association studies (GWAS) have
demonstrated that crop plants having a single nucleotide insertion/deletion are more significant for
screening the elite germplasm [16]. Therefore, powerful tools are required immediately for generating
accurate base editing in crop plants [165]. The CRISPR/Cas9 is an exceptional technique for precise
substitution of a single base in target DNA [166]. The CRISPR/Cas9-directed base editing strategy has
used the gRNA system, which is homologous to the natural CRISPR system. But in case of a cytosine
base-editor (CBE) system, modified Cas9 endonucleases called nickase (nCas9) are used as compared
to the natural CRISPR system. These nCas9 proteins, in addition to dead Cas9 proteins fused with
an enzyme having base cleaving activity such as cytidine, are converted to uridine by the cytidine
deaminase [149,167]. Recently, an effective base-editor 3 (BE3) platform was developed, which involves
the merger of APOBECI known as rat cytidine deaminase and which has been extensively employed
for GE in many organisms including plants [168]. In addition, several improvements in the BE3
system has allowed modifications in PAM sites to enhance its editing specificity and accuracy [168].
Likewise, three cytidine deaminase orthologs such as human APOBEC3A [150,169], human AID [170],
and lamprey PmCDA1 [167] have been fused with nCas9 to attain highly precise C-to-T substitution.
For example, a plant CBE system based on APOBEC3A has been widely applied for C-to-T substitution
in potato, rice, and wheat [150,171]. In rice and Arabidopsis, CBE has been used to create point mutations.
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In addition, CBE can also be applied to generate non-specific mutations that manipulate the desired
gene and disrupt its function. CBE was found to be precise and more accurate than SSN-mediated
editors, producing rare if any indels [172].

Similarly, adenine converts to inosine by adenine deaminase [168]. In wheat and watermelon, this
strategy has been adopted to develop herbicide-resistance plants [50,173]. Yan and colleagues identified
a fluorescence-tracking mechanism in rice which converts the adenine to guanine by a single-base
editing system [174]. An adenine base editor (ABE) was developed for multiplex base substitutions in
rice [175]. Similarly, ABE was applied to study the germline transmission and preferred phenotypic
changes in Arabidopsis [176]. Recently, Li et al. (2018) upgraded the ABE for generating base editing in
wheat and rice plants. They have also successfully developed an herbicide-resistant rice by producing
the point mutation [177]. So, GE has been provided novel dimensions by base-editing tools, widening
its prospective applications by manipulating desired nucleotides in the plant genome.

5.3.2. Multiplex Genome Editing

In plants, cellular processes are fine-tuned by several redundant genes. Sometimes, mutating
a single gene may not confer a desired phenotype because of the compensation effect produced by
other genes in same gene family. Hence, an upgraded editing system with improved efficiency is
needed for multiplex gene editing in plants. In CRISPR/Cas9-mediated multiplex GE, many sgRNA
cassettes can be designed by using single or multiple promoters into a single-vector system [108,178].
In 2013, Mao and coworkers designed two sgRNAs for two homologous of magnesium-chelatase subunit
I (CHLI) having function in the photosynthesis mechanism, and it successfully transformed the vector
in Arabidopsis thaliana. The result showed the albino phenotype in plants in which both genes were
disrupted [179]. In another study, four subunits of katanin p80 were mutated in A. thaliana using
multiplex genome editing. For this, three sgRNA expression cassettes were designed for simultaneous
gene editing and the results demonstrated the dwarf phenotype in quadruple-mutant plants [180].

The group of Xie reported the editing of eight genes simultaneously by designing multiple sgRNA
expression cassettes. An endogenous t-RNA-processing platform was used for the expression of multiple
sgRNAs. All the sgRNAs were released after the nick produced by endogenous t-RNA-processing-based
RNase [181]. Similarly, this t-RNA-based strategy has also been efficiently demonstrated in Zea
mays [182]. A multiplexing system was developed by Tang and colleagues in which hammerhead
self-cleaving ribozyme was applied. Additionally, the same promoter Po1II was used for the expression
of multiple sgRNAs that govern Cas9 activity. Ribozyme cleavages separated sgRNAs and Cas9
after transcription and released functional sgRNAs and Cas9 [183]. Furthermore, the ability of the
CRISPR-Cpf1 system was harnessed for multiplex GE in rice. A single promoter was applied to
produce a construct composed of numerous repeated units of crRNA attached with a target sequence.
A target repeat sequence was recognized by Cpf1 and produced cleavage, which resulted in releasing
of crRNAs [184]. Hence, CRISPR/Cas9-mediated multiplex GE is a convenient approach for knocking
out multiple genes at once and helping to decipher the function of a desired gene family that regulates
multiple biological networks. Moreover, it is also beneficial in finding out the epistatic association
among genes in numerous genetic processes.

5.4. Beyond Cas9: New Cas Variants Broadening the CRISPR Toolbox

The CRISPR/Cas9 system which originated from Streptococcus pyogenes has some drawbacks
which hinder its editing activity like multiple incompatible off-targets due to the gRNA mismatches.
Thus, several changes have been made to enhance the editing efficiency and to minimize the off-target
nicking of Cas9 enzymes including SpCas9n (Cas9n) [23], Dead cas9 (dcas9) [185], and FokI Cas9
(fCas9) [186,187]. Various bacterial species have been used for the extraction of Cas9 proteins having
novel- and stretched-PAM sequences that can help in enhancing the non-target cleavages. Neisseria
meningitides have unique a CRISPR/Cas machinery named Nmecas9 which is specific for 8-mer
(5′-NNNNGATT) PAM sequence targets that can minimize the chance of off-target cleavage and
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enhance specificity [188]. Besides, of the other identified orthologs of Cas9, SpCas9 has been most
commonly used for GE. SpCas9, derived from Staphylcoccus aureus, detects the 6-mer PAM sequence
(5′-NNGRRT) [189]. The modification of SpCas9 has been carried out which targets the PAM sequence
(5′NGA) and edits the target gene efficiently [190]. Besides SpCas9, the shorter length of SaCas9 permits
it to overcome the delivery challenges faced by SpCas9 in utilizing the multi-dimensional adeno-virus
cargo vectors [189]. The CRISPR/SaCas9 system has been efficiently used to edit many plant genomes
such as citrus, rice, tobacco, and A. thaliana [191]. Furthermore, Streptococcus thermophilus-derived
St1Cas9 and St3Cas9 have also been employed for CRISPR-mediated GE [191]. Different types of
tracrRNA and crRNA are used by these orthologs to identify different PAM sites [192].

CRISPR/Cpf1 System

Recently, Francisella novicida was studied to discover the Class II type CRISPR-Cpfl system [193],
recently named Cas13 [194]. In comparison to Cas9 for cleavage and production of cohesive ends,
Cpfl needs a single RNA-guided complex having 4–5 nucleotides 5′-overhangs. The CRISPR-Cpfl
system has been used successfully with none or fewer off-targets in both animals and plants. In 2016,
the CRISPR/Cpf1 tool was effectively applied for GE in plants [195]. Due to the exceptional properties
of Cpf1, type V CRISPR/Cpf1 has been considered as another powerful technique for plant GE [196].
The CRISPR/Cpf1 machinery like the conventional CRISPR/Cas9 system is formed by the two major
elements: one Cpfl nuclease for target specificity and the other one for target sequence identification
called crRNA. Although, in contrast to the Cas9 network, which recognizes PAM sequences with G-rich
contents (5′-NGG-3′), the Cpf1 recognizes a PAM sequence (5′-TTN-3′) having T-rich contents [194].
Furthermore, CrRNA and tracrRNA interaction is not needed in the Cpfl system, although it is
necessary for the Cas9 technique. A size of about 42 to 44 crRNA is required in the CpfI system,
which is smaller than that of gRNA [194]. In rice and tobacco, targeted mutagenesis has been carried
out through the CRISPR/Cpf1 mechanism derived from Francisella novicida (FnCpf1) [195]. In rice,
Lachnospiraceae-derived Cpf1 (LbCpf1)-mediated targeted mutations have been reported [197,198].
Similarly, LbCpf1 and FnCpf1 nucleases have great potential for precise GE for specific gene addition
via HR mechanism [199].

6. Applications of CRISPR/Cas9 in Plant Breeding

Climate change and rapid increases in the world’s population are two major concerns that threaten
agriculture production and food security globally [200]. Several biotic stressors (bacteria, viruses, fungi,
insects, nematodes, etc.) and abiotic stresses (drought, salinity, heat, cold, waterlogging, etc.) hamper
crop production and compromise food security around the world. Crop breeders are striving hard
to develop climate-resilient, stress-tolerant crops with better quality and increased production [201].
Thus, the CRISPR/Cas9 system has numerous applications for the functional genomic research of plant
genes that play a crucial role in genetic improvement of many significant agronomic traits. Especially,
the knockout of some genes can encourage superior traits including disease resistance, adaptation to
various abiotic stressors, nutrient usage, and yield improvements. Thus, CRISPR/Cas9-mediated GE
has great potential in plant breeding for crop improvement.

6.1. CRISPR/Cas9 System for Plant Disease Resistance

Virus, bacteria, fungi, nematodes, and insects are the major causal agents inducing biotic
stressors and crop yield reduction. Moreover, the persistent upsurge in several new strains of lethal
pests make the battle very challenging against these pathogens [202]. Thus, to protect agriculture
from the devastating impact of biotic stressors, it is very crucial to understand the plant–pathogen
interaction [203]. GE strategies have been successfully applied to explore plant–pathogen interactions
and mechanisms underlying plant responses against pathogen attack.

CRISPR/Cas9-mediated GE can be employed directly to disrupt disease-causing genes, known as
“S-genes” and develop disease-resistant crops. For example, targeted knockout plants for the
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ethylene-responsive gene OsERF922 were generated via the CRISPR/Cas9 tool, which showed reduced
blast lesions and increased resistance against rice blast caused by Magnaporthe oryzae [204]. Likewise,
bacterial blight-resistant plants were produced by targeted mutagenesis of the SWEET13 gene [205].
CRISPR/Cas9-based mutagenesis was applied to the promoter region, and transcription factor (TF) of
canker CsLOB1 in Citrus paradise was identified. Due to the presence of such mutations, two mutant
lines DLOB10 and DLOB9 with high mutation rates have been produced. The frame-shift mutation
and disruption of the CsLOB1 gene improved resistance against Xanthomonas citri [206]. Peng and
colleagues reported the editing of effector binding elements (EBEs) by the CRISPR/Cas9 system in the
CsLOB1 gene promoter region to increase disease resistance in Citrus sinensis against Xanthomonas
citri [207].

In wheat protoplasts, the CRISPR/Cas9 technique was applied by Shan et al. to edit the TaMLO
gene [141] and produce wheat lines resistant to powdery mildew caused by Blumeria graminis f. sp.
Tritici [62]. In another study, CRISPR/Cas9-mediated multiplex GE was performed to mutate three
homologs of the EDR1 gene to develop resistance against powdery mildew in wheat [208]. Similarly,
CRISPR/Cas9-based mutants of MLO were produced in tomatoes which conferred resistance against
powdery mildew [209].

It has been estimated that about half of plant diseases are caused by virulent viruses, which result
in heavy crop losses globally [201]. Gene-targeting efficiencies were improved many folds by DNA
virus amplicons. Geminiviral-based DNA replicons of wheat was utilized for transient expression of
the CRISPR/Cas9 system against wheat dwarf virus (WDV), in hexaploid wheat and 12 fold upregulation
was observed in ubiquitin gene expression [210]. Stable over-expression of sgRNAs and Cas9 that
particularly target the genome of the Gemini-virus to prevent its growth has been applied for
virus-resistant crop breeding programs [211–213]. Furthermore, the CRISPR/Cas9 system can also be
used to mutate viral genomes in addition to tackling diseases caused by them [201]. The efficiency of
CRISPR/Cas9-mediated viral GE can be increased by using virus promoters to govern sgRNA/Cas9
expression cassettes [211]. Recently, a new ortholog of Cas9 has been discovered in Francisella novicida
(FnCas9) to edit RNA virus genomes. FnCas9 has successfully inhibited the replication of the tobacco
mosaic virus as well as the cucumber mosaic virus and provides immunity against them [214].
Therefore, CRISPR/Cas9-mediated GE is an exceptional tool to improve genetic make-up and enables
them to combat various pathogens. A list of recent studies indicating the significant success of the
CRISPR/Cas9 system against various plant diseases is compiled in Table 3.
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6.2. CRISPR/Cas9 for the Production of Climate Smart Crops

The CRISPR/Cas9 technology has been extensively applied in major crop plants such as wheat,
rice, maize, cotton, soybean, tomato, and potato to cope with various abiotic stressors. Development of
climate smart abiotic stress-tolerant crops via the CRISPR/Cas9 tool has modernized plant breeding
programs. Major events for crop improvement via CRISPR/Cas9 are described in Table 4.

For example, in wheat protoplast, two genes related to abiotic stress, TaDREB3 and TaDREB2,
have been studied using the CRISPR/Cas9 technique. With a T7 endonuclease assay, the expression of
mutated genes has been confirmed in approximately 70% of transfected protoplasts. The mutated plants
showed increased tolerance against drought as compared to wild cultivars [221]. Three rice genes named
mitogen-activated protein kinase (OsMPK2), phytoene desaturase (OsPDS), and betaine aldehyde
dehydrogenase (OsBADH2) have been edited using the CRISPR/Cas9 technique. For transformation of
CRISPR/Cas9 machinery, particle bombardment and protoplast transformation methods were used
and revealed that these genes are responsible for regulating many abiotic stressors [26].

To protect plants from abiotic stressors, plant annexins play a major role. The annexin OsAnn3
gene in rice has been studied under cold stress and its function was determined in edited knockouts
developed by the CRISPR/Cas9 system [222]. Similarly, the gene SAPK2 was mutated to study the
stress tolerance mechanism in rice. The results revealed that the expression level of SAPK2 was
enhanced under drought and salinity stress conditions [223]. Drought tolerance in transgenic maize
was enhanced by the overexpression of AGROS genes and they are of great prominence for maize
breeding. To identify new allelic variants, CRISPR/Cas9 was applied to mutate the ARGOS8 gene [224].
Curtin and colleagues carried out CRISPR/Cas9-based knockout mutagenesis of two genes Drb2a and
Drb2b and found that these genes regulate salt and drought tolerance in soybean [225]. In tomato,
important signaling molecules, i.e., mitogen-activated protein kinases (MAPKs) that respond against
drought stress by protecting the membrane of cells from oxidative destruction and regulating genes
transcription to tackle drought stress. The association of the SlMAPK3 gene in controlling the drought
tolerance mechanism has been reported in tomato by creating knockout mutants of the SlMAPK3 gene
under drought stress through the CRISPR/Cas9 system [226].

Many important traits like stress tolerance and crop yield are controlled by multiple genes.
Many studies have been carried out to locate the quantitative trait loci (QTLs) that are controlling
important traits in crop improvement programs. For the development of better performing varieties,
such QTLs have been transferred into the elite lines. But this introgression is laborious for closely
associated QTLs and if non-target regions are introduced into best performing varieties, it may
produce many deleterious effects. Conversely, CRISPR/Cas technology can be a fascinating approach
to generate and examine targeted mutagenesis. Using a CRISPR/Cas9-mediated QTL editing
approach, the functions of grain number QTLs (Gn1a) and grain size (GS3) in rice varieties were
examined [227]. Hence, the above studies revealed that CRISPR/Cas9-based GE has massive potential
for the development of climate-resilient crops.
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6.3. Crop Yield and Quality Improvements via CRISPR/Cas9

Two other important agricultural traits are crop yield and quality that need to be improved
through the CRISPR/Cas9 system to ensure food security worldwide (Table 5). Crop yield is a complex,
multi-genic, and quantitative trait that is influenced by several features. The CRISPR/Cas9 technology
has demonstrated its worth for quick yield improvement in crops.

In many studies, the CRISPR/Cas9 technique has been used to knockout the genes that negatively
regulate yield related-traits including tiller number (OsAAP3), panicle size (OsDEP1, TaDEP1),
grain weight (TaGW2, TaGASR7), grain size (OsGS3, OsGRF4), and grain number (OsGn1a). The results
demonstrated that CRISPR/Cas9 is an efficient technology for improving crop yield [236–240].
A multiplexing GE strategy has been employed to mutate three genes simultaneously including
GS3, GW2, and GW5, and TGW6 which headed towards trait pyramiding and enhancing grain size
and weight in rice [241]. Similarly, Li and coworkers applied the CRISPR/Cas9 system to knockout
three yield-related genes, Hd2, Hd 4 and Hd5, which resulted in early heading in rice [242]. It was
reported that the OsSWEET11 gene has a crucial role in grain filling and sucrose transportation. So,
the CRISPR/Cas9 system was applied to disrupt the OsSWEET11 gene, which led to decreased sucrose
concentration and reduced grain weight. This study suggested that the overexpression of this gene
may be beneficial for maximizing rice yield [243]. In wheat, CRISPR/Cas9-mediated GE knockout of
the GASR7 gene increased kernel weight [148]. Recently, a new approach has been established for gene
identification on a large-scale that assists in examining the complex quantitative traits, including yield,
by integrating the CRISPR/Cas9 tool, whole genome sequencing, and pedigree analysis. In a study,
30 varieties of “Green Revolution miracle rice” were subjected to genome sequencing and 57 genes
controlling yield-related traits were screened. Knockout mutants of those 57 genes were created
using the CRISPR/Cas9 technique. Phenotyping indicated that several genes are crucial for regulating
yield-related traits in rice [244].

There are also many applications of CRISPR/Cas9 technology for quality improvement in crops
such as storage quality, nutritional value, fragrance, and starch contents. For example, the cooking
and eating quality of rice has been improved by mutating the Waxy gene using CRISPR/Cas9 [245].
The nutritional value of rice has also been improved by knocking out the SBEIIb gene which resulted in
more amylose synthesis [246]. Similarly, the starch synthase gene GBSS was mutated via CRISPR/Cas9
in potato. The mutated lines showed decrease levels of amylose and enhanced the concentration of the
amylose/amylopectin ratio [152]. In 2018, Sanchez and colleagues, carried out CRISPR/Cas9-mediated
GE of the gluten-encoding gene family α–gliadin to produce low-gluten wheat [247]. To improve oil
composition of soybean, the CRISPR/Cpf1 system was employed to disrupt the FAD2-1B and FAD2-1A.
The results revealed high-yielding soybean plants with improved levels of oleic acid [163]. Moreover,
it was reported that the zein protein has been reduced by 12.5% in kernels by disrupting the PPR and
RPL genes in maize. The mutated plants indicate increased production levels of healthy tryptophan
and lysine in maize [182]. Sorghum nourishment quality has been improved by targeting k1C genes
which were responsible for poor digestibility and hindered production of important amino acids [248].
Recently, some other studies for quality improvement have been carried out via the CRISPR/Cas9
system, such as Brassica napus with high oleic acid concentration [249], long shelf life of tomatoes [250],
and increased lycopene levels in tomato [251].

In summary, the above described studies reveal that CRISPR/Cas9-mediated modern breeding
techniques can be utilized to attain valuable mutations for improving crop yield and quality.
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7. Regulatory Affairs of Genome-Edited Crops

Since the development of the first genetically modified organism (GMO) in 1995, firm rules and
sanctions have been imposed to regulate GM crops worldwide. In most European countries, GM crops
are still banned for commercial production and release of GM crops in the field and consumer market is
prohibited. Similarly, GE non-transgenic crops may also be banned if regulatory bodies consider them
as GMOs. GM crops continue to provoke extensive public misunderstanding and mistrust despite
22 years of commercialization and cultivation on 189.8 million hectares in 2017 with approximately
US$18.2 billion economic gains in 2016. Globally, 82% of the total crop area for soybeans, 68% for
cotton, 30% for maize, and 25% for oilseed rape were planted with GM varieties in 2014. Despite high
adoption rates by farmers, the cumbersome regulatory processes and delayed cultivation approval
procedures have reduced the value of innovation “the GM crops”.

Quick action may be needed for strict legislation to distinguish between GE and transgenic crop.
Modern breeding technologies, particularly GE, are highly feasible alternative options to GM crops and
involve a reduced degree of regulatory oversight. New discoveries in GE technology and continuous
progress in delivery systems that do not need to insert any specific foreign DNA in host cells for crop
improvement may strongly challenge the legislative laws regulating the transgenic crops [130].

Traditional plant breeding approaches mainly depend on chromosomal modification via
homologous recombination. Selection and crossbreeding have been applied for many years to screen
the best performing varieties. Conventional plant breeding techniques have been used for several
decades to detect novel traits and introduce them into individual plants for desired results. Traditional
breeding has successfully developed many new cultivars, but these approaches need rigorous and
continuous selection for many generations [256]. Genetic variability has significantly decreased due
to the progressive evolution of many major crops through traditional breeding [257]. Therefore,
modern plant breeding approaches have become essential to overcome the certain limitations of
traditional breeding such as self-incompatibility, long generation time, heterozygosity, polyploidy,
and time consuming.

Mutation breeding and engineering of transgenic plants are other crucial strategies used for
crop improvement [258]. Conventional mutagenesis has helped to produced genetic variations that
ultimately help in improving food quality and crop yield. For genetic analysis, natural or artificial
mutagenesis has been induced using chemical and physical mutagens like ethyl methanesulfonate
(EMS) and gamma rays [259]. Screening of large numbers of mutants is the biggest challenge.
Such laborious, time-consuming, and untargeted breeding platforms cannot maintain pace with
global food demands [258]. Foreign genes have been transferred into the elite crop lines to obtain
desired traits through transgenic breeding. As compared to traditional breeding, transgenic techniques
eliminate all crossing barriers and have increased genetic variability. Transgenic technology has
provided enormous opportunities for crop improvement but, at the same time, provoked public
concerns about its potential effect on human health and environment. Hence, commercialization
of genetically modified crops (GMOs) is under strict control and limited by lengthy and expensive
regulatory assessment procedures [260].

The advanced GE technology assists to produce precise and targeted mutations without the
integration of any DNA sequence in plant genomes. This permits the development of non-transgenic
crops with increased yield and improved quality and stress tolerance [261]. These approaches are
speedy in contrast to traditional breeding techniques and allow development of transgene-free
plants [156]. Plants produced via GE approaches are very similar to plants developed by conventional
breeding. Additionally, GE technology takes less time to incorporate desired traits into the plant
genome as compared to transgenic breeding, mutation breeding, and traditional breeding. It will
take approximately 4–6 years to develop a GE plant with desired trait as compared to the transgenic
breeding, which require 8–12 years for the creation of transgenic plant. On the other hand, mutation
breeding and conventional breeding need 8–10 years approximately to obtain a desired phenotype [258].
The emergence of advanced GE tools not only revolutionized the world of science, but its economics
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are also very spectacular as compared to genetically engineered plants. Generally, the total expenditure
required to execute a single transformation event would have been approximately a quarter of a million
US dollars [262], while the budget needed for GE could be $30 [263], which is astonishingly economical
and reliable. Consequently, large amounts of money can be saved on developing and approving
genome-edited crops, avoiding laborious and time-consuming field experiments which normally
demand many years to regulate a GM crop. In addition, it will eliminate the uncertainty and fear
regarding the use of GM crops [212]

There is a primary need to review the current rules and regulations regarding GMOs. In addition,
genome manipulation done via GE tools are quite different from a transgenic approach. For example,
mutations produced by CIRSPR/Cas9 are small indels as compared to large gene sequence insertion or
deletion [264]. Such small indels are most often produced in plants under normal growth environments
and can also be generated through conventional mutagens. Additionally, in contrast to GMOs which
need stable integration of foreign DNA in the genome, CRISPR/Cas9-mediated GE can be used to
develop DNA-free non-transgenic plants with improved traits. As far as the regulatory affairs of
these gene-edited plants are concerned, there is no international regulatory framework present at
the moment. Two major stakeholders, the USA and European Union (EU), have opposite policies
for the regulation of genome-edited plants. The United States Department of Agriculture (USDA)
has exempted GE crops from its strict rules and regulations [265], while the EU holds the position to
treat genome-edited plants as GMOs. Recently, the European Court of Justice has ordered the verdict
that GE plants should be subjected to similar regulatory procedures as in the case of GMOs [266].
This judicial ruling may impede investment in GE techniques and limit their use in modern plant
breeding platforms in European countries. In Germany, CIBUSTM canola cases are undecided and no
legitimate information has been issued by the European Commission (EC) [267]. In 2011, independent
legal experts at the EU suggested some legal categorization of modern plant breeding approaches,
including GE technology. A committee was formed by the EC, called the “New Techniques Working
Group”, to evaluate plants developed using different breeding techniques that fall under the category
of GMOs legislation. By the end of 2011, the assessment was completed and the report finalized but it
was never published [268]. Although, some important regulatory entities of the EU (including the
French High Council for Biotechnology, the European Plant Science Organization, German Academy
of Sciences, and the British Biotechnology and Biological Sciences Research Council) have already
proposed that the assessment of GE plants should be based on the specific trait improvement instead
of technology executed to develop them. However, a study was carried out by the German Federal
Agency for Nature Conservation about GE organisms and they decided that GE organisms must be
treated under the same regulations as GMOs, arguing that since GE is a strategy to manipulate the
genome to produce targeted modification linked with unfamiliar risks, regardless of genome alterations
that happen in nature [269].

In several countries, emerging crop editing tools like meganulcease, TALENs, ZFNs,
and CRISPR/Cas9 have been applied for the past decade and they do not come under the category
of GMO regulatory laws. The USA and Canada regard gene editing as equivalent to traditional
breeding. The United States Department of Agriculture (USDA) granted permission to regularize and
develop the CRISPR/Cas9-mediated genome-edited crops. Besides the USA, many other countries such
as Brazil, Chile, and Argentina have established advanced regulatory principles for genome-edited
crops. Every new discovery in biotechnology has been flawlessly approved due to the trait-based
scheme in Canada. A strong and authentic regulatory policy is required to distinguish between GMOs
and GE plants. Unfortunately, many countries have not established a clear regulatory policy for GE
plants. The extensive use of GE strategies brings many challenges for regulatory bodies, as it requires
great technical expertise and reliable evaluating procedures for the regulation of GE crops. Evidently,
science-based guidelines that judge genome edited plants in a similar way as plants developed by
conventional breeding programs are required to boost the applications of GE for crop improvement.
For this, many countries such as the United States, Argentina, Australia, Brazil, Canada, and Chile
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have issued legal interpretations of various omissions in regulatory rules and exempted GE crops
from the strict regulations of GMOs. However, this exemption may be dependent on some strict
requirements like absence of foreign gene (Australia), no signs of pest characteristics (USA), and type
of trait modification (Canada and other countries).

The USA is the main stakeholder in the world and several regulatory authorities govern the
regulation of GE crops including the Food and Drug Administration (FDA), Environmental Protection
Agency (EPA), Animal and Plant Health Inspection Service (APHIS), and the and United States
Department of Agriculture (USDA). The current policy of the USA regarding GE crops was developed
by the USDA and depends on the “Plant Protection Act”. Any GE plant that poses pest characteristics
and food safety issues is closely assessed and monitored by the regulatory bodies (USDA, EPA, and
FDA). The USDA does not treat GE plants under GMOs regulations (https://www.aphis.usda.gov/

aphis/ourfocus/biotechnology/brs-news-and-information/pbi-details). The APHIS has proposed many
verdicts regarding the risk assessment of DNA-free GE crops and suggested modifications to the rules
in order to eradicate the legislation application about pest and GE crops in 2017 [270]. The United States
Department of Agriculture (USDA) acknowledged gene editing as a much faster form of traditional
breeding. The USDA has allowed more than ten case-by-case studies of genome editing for cultivation
without regulatory permits. These included the development of a high level of amylopectin producing
Wax corn by applying the CRISPR/Cas9 tool which has been mutated for the Wx1 gene. Similarly,
a CRISPR/Cas9 strategy was applied to produce browning resistance to white button mushrooms by
mutating the polyphenol oxidase gene at the Pennsylvania State University [265]. Herbicide-resistant
rape seed was produced by the RTDS mechanism. In soybean, drought-resistant genes such as Drb2b
and Drb2a were knocked out using the CRIPSR/Cas9 system. Setaria viridis was subjected to the
CRISPR/Cas9 technique for delayed flowering by disrupting the ID1 gene and the Camelina genome
was edited by Yield10 Bioscience for enhanced oil production. In addition, low phytate level corn
has been established using Dow’s ZFN, and resistant wheat against powdery mildew, soybean with
a mutated FAD3 gene, and potato with PPO knockout using a TALENs approach were also approved.

Similarly, there is no difference in Canada’s approach towards the GE techniques from the
techniques that have foreshadowed it. Canadian plants with novel traits (PNTs) regulations are
activated only if the technique produces any specific trait, causing toxicity, allergenicity, and effects
on any other organism. All the plant cultivars with specific traits are subjected to PNT regulations,
irrespective of how they were produced, suggesting that the plant cultivar could be produced via
conventional breeding, conventional mutagenesis, genetic engineering or gene editing. It is anticipated
that some of GE techniques may produce novel cultivars that are PNTs, while many of them may not
be treated under the PNTs regulations. Thus, in Canada, plant cultivars that are carried through the
PNT regulations need open release approval from Health Canada and the Canadian Food Inspection
Agency (CFIA) in order to register as approved cultivars for commercial use by industry [271].

Argentina established a functional regulatory framework for regularization of modern plant
breeding products (Whelan 2015) [272]. Policy-makers and regulatory bodies have made flexible
assessment protocols that depend on case-by-case evaluations. Fundamentally, the regulatory
framework of Argentina determines the overall process of developing a GE plant. The plant developed
without any transgene integration has been designated as non-GMO. Moreover, if any transgene strategy
was applied but the final product is DNA-free, then this is also treated as non-GMO. A regulating body
in Argentina, CONABIA, assesses the genome-edited material before giving approval. Under the rule
No. 763/11, a simple deletion in genome is not regarded as a GM crop.

Most of the GE tools are introduced by industries, but the CRISPR/Cas technology was discovered
by academic research groups. These academic institutions and different companies are contesting to
establish intellectual property (IP) sets for speedy commercialization of CRISPR/Cas-based products.
Since 2005, a 15 fold increase has been reported in the number of patent applications and 42 patent
applications were registered in the USA in 2014. Over the last couple of years, investment in GE
bio-enterprise has increased fivefold [273]. It was estimated that the market value of GE technology
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was about $1.84 billion at the end of 2014, and it is predicted to grow with a 13.75% compound
annual growth rate of about $3.51 billion by 2019 [274]. Additionally, the private companies that use
CRISPR/Cas in the sector of agriculture, health, and industry have equally played a significant part in
the current growth of the GE market. Over $600 million has been received by major companies which
use CRISPR/Cas technology over the last decade [275].

To conclude, regulatory authorities need to develop comprehensive regulatory frameworks which
direct the utilization of GE tools without constraining research. Furthermore, issues of IP rights and
licensing policies need to be scrutinized for GE plants which can be used for commercial purposes.

8. Conclusion and Outlook

The production of safe, low-cost, and nutritive food by adopting sustainable agricultural practices
will be a huge task. In this regard, the availability of modern technologies to improve cultivars will be
a vital aspect. GE is a powerful tool which is expected to play a crucial role in meeting the increasing
demands of crop production to fulfill the needs of an exploding population under a climate change
scenario. As compared to conventional breeding methodologies, the molecular breeding strategies
aided by GE tools allow scientists to precisely target and edit for desired traits. GE can be used to
enhance crop productivity, nutritional value, and develop resistance against biotic as well as abiotic
stressors by improving the crop genome. The advanced tools in plant GE have been extensively
employed to edit crops for a specific agronomic trait and have been utilized in several breeding
platforms for carrying the desired trait for the development of an elite local variety. Thus, modern plant
breeding approaches will increase the performance of plant breeding, and gene-edited elite cultivars
can be approved for cultivation in specified locations without strict regulatory laws. For the last two
decades SSNs such as meganucleases, ZFNs, and TALENs have revolutionized plant GE. These SSNs
have many applications in plant GE and can be used for gene insertion, gene deletion, and increasing
the efficiency of homologous recombination which allows for more precise and accurate events of
gene replacement.

Beside other GE techniques, CRISPR/Cas9 is the most powerful tool for crop improvement.
In many plant systems it has been vigorously applied over the last five years for combating abiotic
and biotic stressors and to improve other agronomic traits. CRISPR/Cas9 as a GE technology for
site-direct mutagenesis has many excellent characteristics including great target specificity, easiness to
execute, and low cost, which are unachievable through conventional mutagenic strategies. Further,
CRISPR/Cas9 is superior to other first-generation SSNs because RNAs guide the Cas9 nuclease instead
of proteins. Several Cas9-mediated techniques are being employed in different plant varieties, and
these techniques will offer exceptional knowledge about plant biology and facilitate us to develop
improved cultivars with great accuracy and speed via modern plant breeding. Recently some striking
developments have been achieved in the CRISPR/Cas9 toolbox to increase the targeted mutagenesis
with increased efficiency via base editing, multiplex GE [276], and generation of DNA-free plants.
The CRSIPR/Cas9 is a versatile tool for plant GE, due to the fact of its sophisticated toolbox of Cas9
variants such as the CRISPR/Cpf1 system and online accessible bioinformatics tools for designing
highly precise delivery systems. The CRISPR/Cas9-based precise GE produces gene replacement, gene
insertion, and knockout mutations that are rapidly being used to increase yield, improve quality, and
enhance tolerance in crops to boost crop domestication and hybrid breeding. Moreover, CRISPR/Cas9
technology is gaining interest day by day and will be a fundamental GE approach to developing
improved plants with desired traits that will aid in accomplishing the goal of zero hunger in the world.

Although CRISPR/Cas9-mediated GE has gained remarkable achievements in crop improvement,
there are certain challenges that need to be addressed to develop a more efficient system for plant
GE. This includes assembling pangenomes for crop improvement, programmed identification of
candidate sites for gene editing via functional genomics, designing of highly efficient delivery systems
for GE, and reducing the frequency of off-target editing, deciphering novel pathways for this reduction,
and optimization of the Cas9 function. The major pitfalls of CRISPR/Cas9 is the inefficient delivery
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system for plant transformation because the current protocols are limited to certain tissues [277],
genotypes, and crop varieties. The packaging of Cas proteins into delivery vectors poses large
barriers for efficient delivery of CRISPR/Cas machinery. Recently, some novel cargo-vector systems
have been introduced which show promising potential for efficient delivery systems. For example,
carbon nanotubes have been utilized to transfer CRISPR/Cas9 editing constructs into plant leaves.
Some other nano-products such as mesoporous silica nanoparticles and layered double hydroxides also
have great potential to broaden the accessibility of delivery systems, as they have high transformation
efficiencies and little toxicity and cellular damage. Developing improved delivery systems will be vital
for efficient targeted and more precise GE for crop improvement. On the other hand, the frequency of
off-target effects needs to be addressed more comprehensively, as there are many safety issues linked
with CRISRP/Cas9-based bio-products. Luckily, off-target mutations are mostly bearable in plants and
mutants, and off-target effects can be detected and eliminated through segregation over successive
crosses. Selection of Cas9 requiring long PAMs and designing of sgRNA with close affinity for target
sequence, may help to reduce the off-target effects in the future. Therefore, continuous efforts are
required to overcome these hurdles in order to increase the experimental versatility and applied skills
of the CRISPR/Cas9 toolbox in the future.

The advancement in modern breeding approaches has been greatly acknowledged as an innovation
in our capacity to manipulate genomes and has subsequently challenged our understanding and
assessment of current regulatory policies. As GE tools are extensively employed in plants, the safety of
GE plants is the matter of debate around the globe. Development of regulatory policies for novel crop
innovations should be multidimensional, transparent, and be able to distinguish between GMOs and
GE events. Hence, to explore the large prospective of modern plant breeding approaches for improved
yield and food security, it is necessary to illuminate the clear status of these approaches, including
GE, and to fix current regulatory uncertainties. Harnessing the innovative ideas of system biology,
synthetic biology, next-generation sequencing, and the latest developments in functional genomic
approaches integrated with the advanced tools of CRISPR/Cas9 will permit the development of smart
crops with higher yields and improved qualities. In the near future, CRISPR/Cas9 technology can
be integrated with speed breeding programs to revolutionize the global agriculture and promise of
food security.
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Abbreviations

CRISPR Clustered regularly interspaced short palindromic repeats
Cas9 CRISPR-associated protein 9
GE Genome Editing
SSNs Site-specific nucleases
DSB Double-stranded breaks
NHEJ Non-homologous end joining
HDR Homology-directed recombination
MNs Meganulceases
ZFNs Zinc-finger nucleases
TALENs Transcription activator-like effector nucleases
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TALEs Transcription activator like effectors
RVD Repeat variable di-residues
sgRNA single guide RNA
Pre-crRNA Precursor CRISPR-RNA
PAM Protospacer adjacent motif
RNPs Ribonucleoproteins
GMO Genetically modified organism
CBE Cytosine base editor
ABE Adenine base editor
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Abstract: Over two decades ago, short oligodeoxynucleotides (ODNs) were proven to be an
effective and rapid technique for analysis of gene function without interference in the plant genome.
Our previous research has shown the successful regulation of chalcone synthase (CHS) gene expression
in flax by ODN technology. The CHS gene encodes a pivotal enzyme in flavonoid biosynthesis.
The manipulation of its transcript level was the result of the specific methylation status developed
after treatment with ODNs. In further analysis of the application of oligodeoxynucleotides in plants,
we will focus on maintaining the methylation status induced originally by ODNs homologous to
the regulatory regions of the CHS gene in flax. This article reports the latest investigation applied
to stabilization and inheritance of the epigenetic marks induced by plants’ treatment with ODNs.
The methylation status was analyzed in the particular CCGG motifs located in the CHS gene sequence.
Individual plants were able to maintain alterations induced by ODNs. In order to confirm the
impact of methylation marks on the nucleosome rearrangement, chromatin accessibility assay was
performed. The perpetuation of targeted plant modulation induced by ODNs exhibits strong potential
for improving crops and intensified application for medicine, nutrition and industry.

Keywords: chalcone synthase; chromatin accessibility; epigenetic inheritance; genetic engineering;
methylation; ODNs

1. Introduction

A considerable number of studies have confirmed that epigenetic mechanisms play a crucial
role in the ability of plants to adapt to the environment during stress conditions [1–3]. Heritable
epigenetic variability can lead to physiological, morphological and ecological changes. Alterations
of the epigenome can improve the plant features valuable for agronomical reasons [4]. Precise
manipulation of the DNA methylation status enables one to control chromatin condensation, and thus
gene expression. The assessment of detailed mechanisms that regulate the epigenetic changes under
particular stress factors could provide information about the characteristic epigenetic marks that lead
to adaptation in encountered stress conditions [5].

Epigenetic modifications induced under stress factors can be reversed and epigenomic status
can return to the initial state, when the stress conditions are no longer present. However, the latest
findings have shown that some of these changes can be preserved as stress memory leading to
inheritance of the epigenetic status and thus enhancement of the adaptable ability of the progeny to the
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environment [5]. In comparison to mammalian cells, in plant cells, massive erosion of the epigenetic
marks during gametogenesis occurs [6]. Particular short RNA molecules are assumed to crucially
contribute to the inheritance of the epigenetic changes. Due to the RNA-dependent DNA methylation,
the methylation implemented to the genome of parental cells can be maintained after cell division.
The maintenance of the DNA methylation after replication is the effect of the feed-forward maintenance
of de novo methylation in plants. The essence of this process is the establishment of two processes.
The first mechanism involves methylation in the CpG and CpHpG contexts (H indicates cytosine,
adenine or thymine) through methyltransferase 1 (MET1) and chromomethylase 3 (CMT3) in the newly
synthesized DNA strand. However, cytosine methylation is also maintained through RNA-dependent
DNA methylation by short RNA molecules stimulated by DNA methylation. The occurrence of these
two processes leads to independence of the DNA methylation mechanism in the plant cell [7].

The latest research has shown that apart from environmental stress, epigenetic changes may occur
as an effect of short oligodeoxynucleotides’ (ODNs/OLIGOs) activity. The mechanism of ODNs is based
on the development of particular short non-coding RNAs, which may lead to the elevated accumulation
(RNA activation—RNAa) or degradation (RNA interference—RNAi) of the gene transcript and the
RNA-directed DNA methylation (RdDM) [8,9].

In our previous work [9], we demonstrated the effectiveness of the short oligodeoxynucleotides
in the induction of epigenetic changes in flax. The plant infiltration with ODNs complementary to
the regulatory regions (ODN1 to 5’UTR, ODN6 to intron, ODN11 to 3’UTR) of the chalcone synthase
(CHS) genes LuCHS6 and LuCHS7 led to changes in the CHS genes’ expression. The alteration of
the CHS transcript levels was assumed to be triggered by the changes in the DNA methylation.
The identification of the 5-methylcytosine (5-mC) in the CCGG motifs located in the CHS genes
made it possible to distinguish the stably unmethylated motifs, independently of the analyzed plant
(LuCHS6/LuCHS7: −232/−, +217/−, +1606/+1156) and variable methylated motifs (LuCHS6/LuCHS7:
+996/+552, +1219/+775, +1273/+829). The in silico analysis of nucleosome formation energy also
indicates the alteration of nucleosome position upon the changes in the methylation status of LuCHS6.
The preliminary examination of this theoretical presumption suggests that the increased level of
methylation in the +1273 CCGG motif of the transgenic plants led to the visible changes in the
accessibility of DNA for the restriction enzymes. Thus, the obtained results suggested the variable
susceptibility of DNA upon methylation to the interaction with the particular effector proteins (e.g.,
transcription machinery) [9].

The subject of our research was the linseed variety of common flax Linum usitatissimum L.–Linola.
Linseed is widely known for its biomedical applications due to an appropriate ratio of unsaturated fatty
acids in the linseed-derived oil (theω-6:ω-3 ratio is 1:4) [10], as well as high content of phenylpropanoid
compounds (flavonoids, lignans and phenolic acids) [11,12] and fiber [13]. Flavonoids present in the
flaxseed are popular in the context of health-promoting properties, including antioxidative [14] and
antimicrobial activity [15]. Recent findings indicate a preventive or therapeutic role of flavonoids from
flax in metabolic disorders [16] and carcinogenesis [17,18].

Chalcone synthase (CHS) catalyzes the first step of flavonoid biosynthesis [19]. In many plant
species, there occur more than one gene encoding CHS (multigenomic family). It was demonstrated
that there are 5 CHS genes (Phytozome ID)—LuCHS3 (Lus10041508), LuCHS4 (Lus10023670), LuCHS5
(Lus10011746), LuCHS6 (Lus10033717), LuCHS7 (Lus10031622)—and 4 CHS-like genes (Phytozome
ID): LuCHS1 (Lus10039904), LuCHS2 (Lus10042388), LuCHS8 (Lus10026286), LuCHS9 (Lus10002187) in
the genome of Linum usitatissimum L. [20]. The transcripts derived from the 5 mentioned CHS genes
were also confirmed by our group [9,21]. Moreover, our findings indicated the presence of 2 additional
CHS genes, named in order: LuCHS10 and LuCHS11 (recognized fragment of LuCHS11 sequence is
presented in Supplemental Figure S3). Initially, they were only suspected to be transcriptional variants
of LuCHS3 and LuCHS4, respectively. However, the in silico analysis showed the diverse localization
of these genes on the chromosomes. The systematized names, numbers in databases and genomic
localization are presented in Table 1. Apart from the fact that CHS genes encode the key enzyme in
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flavonoid formation, they display a susceptibility to the response to stress factors and can be specifically
regulated under particular environmental conditions. The expression of the chalcone synthase genes
may also depend on the plant developmental stage and tissue specificity. In our research, we focused
on two CHS genes: LuCHS6 and LuCHS7. The genomic sequences of these genes are similar to the
CHS-A encoding gene from Petunia x hybrida, used for the generation of genetically modified (GM-CHS)
flax, which served as the model for changes in CHS gene expression in our initial research.

Table 1. Genes encoding CHS in flax.

Gene Gene ID (Phytozome) Gene Accession No
(GenBank) Chromosomal Localization

LuCHS3 a Lus10041508 a AFSQ01010505 b
CP027628.1 (Lu4)

Range 1: 14557172 to 14557366
Range 2: 14558491 to 14559582

LuCHS4 a Lus10023670 a AFSQ01007984 b

CP027629.1 (Lu5)
Range 1: 8911370 to 8911554
Range 2: 8911645 to 8912061
Range 3: 8912194 to 8912636

LuCHS5 a Lus10011746 a AFSQ01007986 b
CP027629.1 (Lu5)

Range 1: 8892102 to 8892257
Range 2: 8893137 to 8894143

LuCHS6 a Lus10033717 a AFSQ01005163 b
CP027630.1 (Lu6)

Range 1: 1398135 to 1398320
Range 2: 1396599 to 1397611

LuCHS7 a Lus10031622 a AFSQ01023955 b
CP027622.1 (Lu12)

Range 1: 19609154 to 19609339
Range 2: 19609419 to 19610428

LuCHS10 - AFSQ01010603 b
CP027619.1 (Lu1)

Range 1: 5753813 to 5754010
Range 2: 5753070 to 5752694

LuCHS11 - AFSQ01012744 c
CP027632.1 (Lu8)

Range 1: 14778517 to 14778701
Range 2: 14777435 to 14778426

a—indicates the CHS genes (sequences and names) published by [20]; b—indicates the CHS genes (sequences and
names) published by [21]; c—recently identified CHS gene.

The main purpose of our research was the monitoring of changes induced by the treatment with
ODNs after a time longer than 48 h since the beginning of incubation. The plants from subsequent
generations derived from ODN-treated flax were analyzed in the context of the LuCHS6 and LuCHS7
gene expression and methylation of CCGG motifs, in order to verify the perpetuation of the induced
changes. With a view to the relative susceptibility to ODNs’ degradation by nucleases, modification
of the oligodeoxynucleotide molecules was applied—by methylation of cytosines present in the
ODN sequence (met) and by the replacement of oxygen by a sulfur at the phosphodiester bond
(thiophosphate–pto). Stability of the epigenetic changes induced by the modified ODNs was also
analyzed in the next generation of plants. Moreover, the chromatin accessibility assay has shown
the differences between the control (Linola) and plants with stable epigenetic modification (W92.40).
Performed experiments contributed to the understanding of the processes involved in the introduction
of exogenous oligonucleotides into plant cells.

193



Int. J. Mol. Sci. 2019, 20, 3983

2. Results

2.1. Heredity of CHS Gene Expression in the F1, F2 and F3 Generations of ODN-Treated Flax.

The nomenclature of the CHS gene isoforms CHS1 (Phytozome database, Lus10031622) and CHS2
(Phytozome database, Lus10033717) published in our previous work [9] will be followed in the present
paper by the numbers used by [20], sc. LuCHS6 (Phytozome database, Lus10033717) and LuCHS7
(Phytozome database, Lus10031622).

The level of the mRNA derived from both studied isoforms, LuCHS6 and LuCHS7, was analyzed
in the F1 and F2 generation of plants treated with ODNs. In our previous study, the series of ODN
sequences homologous to CHS was investigated. The oligodeoxynucleotides directed to the regulatory
regions, 5’UTR-ODN1, intron-ODN6 and 3’UTR-ODN11 have shown significant modulation in the
CHS gene expression. For ODN1 and ODN11, overexpression of the endogenous CHS gene was
observed. Alternatively, for ODN6, the gene repression was noted for the studied gene. These three
ODNs were selected for further analyses. Table 2 presents the maintenance of the modulation of CHS
gene expression induced by ODNs in the next generations (F1–F3).

Table 2. Maintenance of gene expression modulation of CHS gene in F1, F2 and F3 generations of
plants treated with short oligodeoxynucleotides (ODNs).

Generation Type of Plant Percentage of Modulation
Maintenance (%)

F1
ODN1 71

ODN6 5

ODN11 86

F2
ODN1 33

ODN6 5

ODN11 75

F3
ODN1 38

ODN6 61

ODN11 6

A part of seeds obtained from the F0 plants treated with ODNs were introduced into the in vitro
culture in order to select the lines that maintained the initially induced changes in the CHS expression.
The percentage proportion of the plants that maintained the tendency of the initial modulation to
all analyzed plants was as follows: ODN1-71%, ODN6-5%, ODN11-86%, where the studied groups
varied between 7 to 20 individuals in the F1 plant generation. The most plants with the stable
modification in the CHS gene were noted for the ODN11, whereas the least for ODN6. Seeds of selected
plants that maintained the generated characteristics served to obtain the next generation (F1) under
field conditions.

Seeds collected from the F1 generation of plants were also partially introduced to the in vitro
conditions. The total gene expression of LuCHS6 and LuCHS7 (the sum) was determined in the F2
flax. Among the series of plants, individuals that presented a tendency of CHS expression similar
to the parental generation were selected. The most plants that perpetuated the alteration in the
CHS gene expression was observed according to the ODN11 treatment (75%—6 of 8 ODN11 treated
plants). A minor percentage (33%) of the ODN1 treated plants maintained in the F2 generation induced
primarily changes. The repression noted after ODN6 in the F0 and F1 plants was not observed in the
F2 generation and the massive overexpression in those plants was investigated.

The F3 field generation of plants treated with ODNs was also determined in the context of the
maintenance of the induced changes in the CHS transcript level. A decreased percentage of modulation
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maintenance was observed for ODN1 (38%) and ODN11 (6%) in relation to the previous generations.
In contrast, the number of plants that perpetuated repression of the CHS gene was the highest among
the F3 generation of ODN-treated plants and the maintenance of the induced changes reached 61%.

2.2. Heredity of Epigenetic Changes in the F1 Generation of ODN-Treated Flax Cultivated in the Field

It has been repeatedly demonstrated that CHS gene expression may be induced in plants under
stress conditions such as UV light, and bacterial or fungal infection; therefore it was decided to
check during plant growth, as the environmental stress present in the field will affect the presence of
induced epigenetic changes. The seeds from F0 generation plants treated with ODNs were cultivated
in the experimental field. During growth of F1 plants in natural conditions, individual young plants
(6-week-old plants in the middle of the vegetative growth period) were selected (and harvested) for
testing from a pool of plants in order to determine the maintenance of the induced features.

2.2.1. CHS Gene Expression in the Selected Plants

Among plants cultivated in the field, the highest percentage of the flax treated ODN1 presented
the primarily induced modulation of CHS expression (75%) Only 33% of the analyzed F1 generation
of plants incubated with ODN11 possessed overexpression of the CHS gene. For ODN6, none of
the analyzed plants presented expected repression of the studied gene. In Figure 1, the CHS gene
expression for selected individuals is presented.
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evaluated (Figure 2 A–D). In particular F1 individuals, methylation of CCGG motifs was mostly 
similar to the profiles observed in our previous study [9]. The methylation status of F1 control plants 
resembled the results for F0 control plants. However, at the +1273 site, a reduced percentage of 
demethylation (22.5%) for the F1 generation was noted (Figure 2A), while for the F0 generation, the 
relevant status measured 33.9%. For ODN1, the percentage of CCmGG methylation at the +996 site 
was similar to the methylation level observed in the plants after treatment. The methylation profile 
at the +1273 site for plants modified by ODN1 was corresponding between generations; hence, in the 
F1 generation an increased methylation status (by 15.8%) was observed (Figure 2B). According to 
ODN6, despite the observed reversal of the tendency of change in CHS gene expression, the 
percentage of CCmGG at the +996 motif was stable, as observed after 48 h after incubation. Also at 
the +1273 site, the tendency of change was maintained and a minor increase in demethylation was 
observed (Figure 2C). For ODN11, significant stable methylation of internal cytosine CCmGG was 

Figure 1. CHS gene expression in the F1 generation of plants that maintained modifications induced
by short oligodeoxynucleotides (ODNs), cultivated in the experimental field. The seeds obtained from
F0 plants were sown and plants were cultivated in the field. The total expression of both CHS genes,
LuCHS6 and LuCHS7, was determined by the real-time PCR reaction. The values are referred to the
reference gene expression actin. The relative quantity (RQ) presents the transcript level in comparison
to the control (set as 1, black). Plants treated with ODN6 met did not maintain in the F1 generation the
initially observed level of CHS gene expression (bar presented in diagonal stripes). Data represent
the mean value ± SD from at least three repeats of the experiment. The significance of the differences
between each mean and control was determined by Student’s t-test. Asterisk indicates * p < 0.05.

2.2.2. Pattern of DNA Methylation in Variable CCGG Motifs of the CHS Gene

For the plants presented in Figure 1, the methylation status of the variable CCGG sites was
evaluated (Figure 2A–D). In particular F1 individuals, methylation of CCGG motifs was mostly similar
to the profiles observed in our previous study [9]. The methylation status of F1 control plants resembled
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the results for F0 control plants. However, at the +1273 site, a reduced percentage of demethylation
(22.5%) for the F1 generation was noted (Figure 2A), while for the F0 generation, the relevant status
measured 33.9%. For ODN1, the percentage of CCmGG methylation at the +996 site was similar to the
methylation level observed in the plants after treatment. The methylation profile at the +1273 site for
plants modified by ODN1 was corresponding between generations; hence, in the F1 generation an
increased methylation status (by 15.8%) was observed (Figure 2B). According to ODN6, despite the
observed reversal of the tendency of change in CHS gene expression, the percentage of CCmGG at the
+996 motif was stable, as observed after 48 h after incubation. Also at the +1273 site, the tendency of
change was maintained and a minor increase in demethylation was observed (Figure 2C). For ODN11,
significant stable methylation of internal cytosine CCmGG was noted in the +996 and +1273 motifs,
which correlates with primarily induced ODN modifications (Figure 2D).
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of the nucleotides included in the sequences were performed: 1. methylation of all cytosines in the 
particular ODN (met) 2. substitution with a sulfur atom instead of one of the nonbridging oxygen 
atoms in the phosphate backbone (pto). 

2.3.1. CHS Gene Expression Studies 10 Days after ODN Incubation 

The impact of the unmodified, and modified 1. met and 2. pto ODNs on the gene expression of 
both studied isoforms is presented in Figure 3. In order to determine whether the effect obtained by 
modified ODNs lasts longer, the gene expression was investigated in the material harvested after at 
least 10 days after the incubation with oligodeoxynucleotides. The value of CHS expression after 
ODN1 and ODN11 treatments was at a similar level (RQ ~2), regardless of the sequence modification, 
in comparison to the control. However, the ODN6 modified by methylation and thiophosphate 

Figure 2. Methylation in the variable CCGG motifs identified in the CHS gene sequence in the F1
generation of control plants (A) and individuals that maintained modifications induced by ODNs
(B–D), cultivated in the experimental field. The seeds obtained from F0 plants were sown and plants
were cultivated in the field. The figure presents the percentage of cytosine methylation in the variable
CCGG sites (+996, +1219, +1273) located in the coding region of the CHS gene sequences. The genomic
DNA was digested by restriction enzymes HpaII and MspI. The amount of non-digested DNA was
determined by real-time PCR. The percentage of a particular modification is presented for studied
plants and control: CCGG—lack of methylation (dark grey), CCmGG—methylation of internal cytosine
(light grey) and CmCmGG—methylation of both cytosines (medium grey). The site positions were
presented according to the LuCHS6 sequence, due to the presence of all CCGG sites. Data represent
the mean value ± SD from at least three independent + experimental repeats. The significance of the
differences between each mean and control was determined by Student’s t-test. Asterisk indicates
* p < 0.05.

2.3. Activity of ODNs Modified by Methylation (Met) and Thiophosphate (Pto)

Susceptibility of the oligodeoxynucleotide sequences for the nucleolytic digestion limits the
lifetime of ODNs. In order to extend the time of action of short oligonucleotides, two modifications
of the nucleotides included in the sequences were performed: 1. methylation of all cytosines in the
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particular ODN (met) 2. substitution with a sulfur atom instead of one of the nonbridging oxygen
atoms in the phosphate backbone (pto).

2.3.1. CHS Gene Expression Studies 10 Days after ODN Incubation

The impact of the unmodified, and modified 1. met and 2. pto ODNs on the gene expression
of both studied isoforms is presented in Figure 3. In order to determine whether the effect obtained
by modified ODNs lasts longer, the gene expression was investigated in the material harvested after
at least 10 days after the incubation with oligodeoxynucleotides. The value of CHS expression after
ODN1 and ODN11 treatments was at a similar level (RQ ~2), regardless of the sequence modification,
in comparison to the control. However, the ODN6 modified by methylation and thiophosphate
triggered repression more prominently than unmodified ODN6, respectively by 41% and 63% in
comparison to the control.
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Figure 3. CHS gene expression in in vitro plants treated with modified ODNs after 10 days of incubation.
The 4-week-old plants cultured in vitro were incubated with particular sequences of previously analyzed
ODN 1, 6 and 11: unmodified ODN, ODN met (sequence with methylated cytosines) and ODN pto
(sequence with thiophosphate bonds). The total expression of the two CHS genes LuCHS6 and LuCHS7
was determined by the real-time PCR reaction in plants harvested 10 days after incubation. The values
are referred to the reference gene expression actin. The relative quantity (RQ) presents the transcript
level in comparison to the control (set as 1, black). Data represent the mean value ± SD from at least
three independent experiments. The significance of the differences between each mean and control was
determined by Student’s t-test. Asterisk indicates * p < 0.05.

2.3.2. Pattern of DNA Methylation in Variable CCGG Motifs of the CHS Gene after Treatment by
Unmodified and Modified Oligos

In order to determine a specific pattern of the CHS gene methylation, crucial -CCGG- motifs in
the CHS gene sequence were analyzed. As presented in the previous work, among the studied sites,
the stable demethylated and highly variable in methylation -CCGG- were observed. Stable lack of
cytosine methylation was observed in the following regions: 5’UTR (−232), non-coding (+217) and
exon 2 (+1606), which were basically unchanged in comparison to the control. Variable sites were
noted only in the coding region (+996, +1219, +1273). The figures show the percentage of lack of
methylation, methylation of single inner cytosine and both cytosines. Since the stable sites do not
differ in the cytosine methylation profile between studied plants, only results for variable CCGG sites
are presented.

The analysis of the CCGG sites for unmodified and modified sequences of ODN11 is presented in
Figure 3. Similarly as in Figure 4, the experiment was performed in the material harvested 10 days after
the moment of incubation with oligodeoxynucleotides. After 10 days, the original sequence ODN11
did not lead to maintaining the changes in the methylation profile. The data presented by [9], shown
in Figure 4D, indicate the potent increase in CmCGG methylation after 48 h in unmodified ODN11,
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in comparison to the control. However, at 10 days after the flax incubation with the ODN11, the
methylation profile became similar to that observed in the control. In case of ODN11 met and ODN11
pto, the perpetuation of initially induced cytosine methylation was observed (Figure 4). In ODN11 met,
a potent increase of CmCGG was observed in all three variable sites +996, +1219, +1273, respectively
by 19.3%, 23.0% and 13.8%, whereas for ODN11 pto in comparison to the control a higher percentage
was noted in the site +1219, by 15.0% of single cytosine methylation and 2.01% of double cytosines
methylation. An increase in CmCmGG methylation after ODN11 pto was also observed at the +996
site (by 8.1 %).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 17 
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modulation of CHS gene expression by modified oligodeoxynucleotides in the F1 generation of plants 
was investigated and the results are presented in Table 3. For ODN1 met, 4 out of 5 (80%) studied 
plants maintained the overexpression of CHS in comparison to the control (set as 1). 

Regarding ODN6, the modification of oligonucleotide sequences via methylation made it 
possible to select one individual (out of five analyzed plants) with a repressed level of CHS expression 
(other four plants demonstrate similar too control level of CHS expression). For ODN11, both met 
and pto modifications were investigated in the next generation. Out of 7 analyzed plants, 6 presented 
transmission of the primarily induced modification in the chalcone synthase gene expression (data 
not presented). 

The F2 generation plants obtained after treatment with modified ODNs were analyzed in order 
to assess maintenance of the induced changes in chalcone synthase gene expression. In comparison 
to the F1 generation, the number of analyzed plants was higher (25–30 individual plants for each 

Figure 4. Methylation profiles for variable CCGG motifs in control plants (A). Plants treated with
unmodified ODN11 (B) and modified ODN11 met (C) and ODN11 pto (D), 10 days after the treatment.
The figure presents the percentage of the cytosine methylation in the variable CCGG sites (+996,
+1219, +1273) located in the coding region of the CHS gene sequence. The genomic DNA was
digested by restriction enzymes HpaII and MspI. The amount of non-digested DNA was determined
by real-time PCR. The percentage of particular modification was presented for studied plants and
control: CCGG—lack of methylation (dark grey), CCmGG—methylation of internal cytosine (light
grey) and CmCmGG—methylation of both cytosines (medium grey). The site positions were presented
according to the LuCHS6 sequence, due to the presence of all CCGG sites. Data represent the mean
value ± SD from at least three independent experiments. The significance of the differences between
each mean and control was determined by Student’s t-test. Asterisk indicates * p < 0.05.

2.3.3. Heredity of CHS Gene Expression in the F1 and F2 Generations of Modified ODN-Treated Flax
Cultivated In Vitro

The flax plants treated with modified ODNs were cultivated in the experimental field. A part
of the seeds obtained were sterilized and introduced to the in vitro culture. The stabilization of the
modulation of CHS gene expression by modified oligodeoxynucleotides in the F1 generation of plants
was investigated and the results are presented in Table 3. For ODN1 met, 4 out of 5 (80%) studied
plants maintained the overexpression of CHS in comparison to the control (set as 1).
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Table 3. Maintenance of gene expression modulation of CHS gene in F1 and F2 generations of plants
treated with modified ODNs (met and pto).

Generation Type of Plant Percentage of Modulation Maintenance (%)

F1

ODN1 met 80

ODN6 met 50

ODN11 met 80

ODN11 pto 100

F2
ODN6 met 50

ODN11 met 38

ODN11 pto 47

Regarding ODN6, the modification of oligonucleotide sequences via methylation made it possible
to select one individual (out of five analyzed plants) with a repressed level of CHS expression (other
four plants demonstrate similar too control level of CHS expression). For ODN11, both met and
pto modifications were investigated in the next generation. Out of 7 analyzed plants, 6 presented
transmission of the primarily induced modification in the chalcone synthase gene expression (data
not presented).

The F2 generation plants obtained after treatment with modified ODNs were analyzed in order to
assess maintenance of the induced changes in chalcone synthase gene expression. In comparison to
the F1 generation, the number of analyzed plants was higher (25–30 individual plants for each ODN,
except ODN6 with 6 plants). Despite the percentage of maintaining induced changes being lower,
the results of F2 analysis were more significant.

2.4. Chromatin/DNA Accessibility Assay

For the Linola and genetically modified GM-CHS plants (W92.40), the chromatin/DNA accessibility
assay was conducted. The chromatin isolated from in vitro cultured plants was digested with particular
restriction enzymes: AatII and PvuI (particular sites for digestion were localized in the CHS gene,
around the +1273 CCGG motif). Subsequently, DNA derived from the isolated chromatin was also
incubated with restriction enzymes. The nucleic acid was purified and the effect of DNA digestion
was assessed by real-time PCR at the methylation CCGG site (+1273). Figure 5 presents the relative
quantity of the product obtained for the motif +1273 for undigested control, chromatin and DNA
digested with restriction enzymes for Linola and GM-CHS plants. The results of this study have shown
that between Linola and genetically modified plants, significant differences in the quantity of the
product were obtained. For the GM-CHS flax with the stable methylation in the +1273 CCGG motif an
increased level of the product was noted; thus, for transgenic plants, less accessibility of chromatin for
restriction enzymes in comparison to the non-transgenic Linola was assumed. No relevant changes
were observed in the +1273 motif for the DNA accessibility between the Linola and GM-CHS plants.
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(particular sites for digestion were localized in the CHS gene). After being cut, the DNA was purified 
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Figure 5. Chromatin/DNA accessibility assay. Chromatin from non-transgenic (Linola) and GM-CHS
flax (W92.40) was isolated using a dedicated technical kit. The chromatin and chromatin-derived DNA
(primarily treated with proteinase) were incubated with restriction enzymes AatII and PvuI (particular
sites for digestion were localized in the CHS gene). After being cut, the DNA was purified and the
effect of DNA digestion was assessed by real-time PCR at the methylation CCGG site (+1273). The
values are referred to the reference gene expression actin. The relative quantity (RQ) presents the
transcript level in comparison to the samples not incubated with the restriction enzymes (undigested,
set as 1 for each line). Data represent the mean value ± SD from at least three independent experiments.
The significance of the differences between the samples was determined by Student’s t-test: a—the
reference of the methylated motif to unmethylated, b—in reference to the undigested sample for
unmethylated motif, c—in reference to the undigested sample for methylated motif, d—the reference
of the DNA to chromatin, for the appropriate restriction enzyme. Asterisk indicates * p < 0.05.

3. Discussion

Genetic engineering methods allow precise modification of the phenotype by introducing changes
into the sequence of the plant genome. A well-known and commonly used method of plant genetic
modification is Agrobacterium-mediated plant transformation. An important aspect of this method is
the possibility to acquire stable transformants. Unfortunately, the practical application of transgenic
plants for industrial purposes is limited in most European countries, due to restrictive legal regulations.
The main reason is the lack of trust of potential GM plant consumers in relation to the harmless impact
on people and animals. Another issue would be the risk of the disturbance to the natural environment
by transgenic crops. The lack of public acceptance of GM crops encourages scientists to search for new
methods that enable induction of organism variability without the need to change the genome [22].

Recently, a lot of attention has been devoted to methods based on the use of site-specific nucleases
(SSNs), including TALENs, ZFNs and CRISPR/Cas9 [23]. Although the principle of SSN technology is
based only on the editing of endogenous genes, the legal regulations regarding this method are not
entirely resolved. Some genome editions can be considered as mutations and thus might be controlled
by legal restrictions that apply to GMO [24]. Methods that will allow the use of the natural cell genetic
repertoire are eagerly in demand. Epigenetic changes are modifications that take place in nature,
mainly during the plant adjustment to constantly changing environmental conditions. In addition,
the epigenetic DNA pattern can be maintained during cell division and be inherited [7,25]. Therefore,
epigenetic modifications have a large potential for application in the phenotype variability of plants
since they are naturally occurring changes.

Plants are considered as the best model for epigenetic regulation research. All the epigenetic
mechanisms described so far occur in plants. In the plant genome, methylation in the 5th position of the
cytosine in a DNA chain is a significant epigenetic modification. In plants, 5-methylcytosine can apply
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to three nucleotide contexts: CpG, CpHpG and CpHpH. The equilibrium of the methylation pattern
is obtained through the interaction of de novo methylation processes, maintenance of methylation
and demethylation. Recently, the methylation of adenine in the N6 position (N6-mA) has also been
demonstrated in the genome of Arabidopsis thaliana. It has been shown that this modification is
essential for plant development and occurs in actively expressed genes [26]. DNA methylation
plays an important role in many processes in plants, such as vegetative development, reproduction,
fertilization or gametogenesis. Additionally, DNA methylation specifically interacts with other
epigenetic mechanisms: posttranslational histone modifications and processes related to non-coding
RNA molecules. Due to the constant need to adapt to changing environmental conditions, the “plasticity”
of the plant epigenome enables phenotypic traits to be adjusted by specifically regulating gene
expression [6].

The use of short oligodeoxynucleotides (ODNs) proved to be a precise method of inducing
changes at the epigenomic level. The ODN technology is based on the introduction of short
oligodeoxynucleotides of size 12 to 25 nucleotides into cells, which are complementary to the
corresponding regions of the target gene. The technology has proven to be an effective method of
studying gene function and transformation in animal cells. The method has gained popularity due to
the fact that it may impact the modulation of the gene expression of a particular gene and does not
lead to modification of the genomic sequence. Currently, ODN technology is optimized to be used
in plant research. The favorable property of this method for plant research is the possibility of direct
introduction of ODNs to plant cells and limitation of the pleiotropic effects. Although the mechanism of
ODN action has not been fully explained yet, it was suggested that the following processes are involved:
RNA interference, RNA activation and RNA-dependent DNA methylation [8,9,27]. The majority
of reports indicate that the silencing of gene expression is probably the result of the degradation of
RNA:DNA duplexes by RNase H [28]. The formation of a triple complex consisting of a DNA double
helix and ODN sequence is also not excluded; hence the ability to form a transcript may be limited [29].

The main purpose of our research was to induce significant changes in the transcript level of the
CHS gene, which would be maintained after cell divisions. Previously [9], we indicated that the ODN
technology is effective in modulation of CHS gene expression and DNA methylation. The changes
triggered by the new technology were similar to those observed initially in genetically modified flax
(GM-CHS) [9].

Modified ODNs proved to be effective in prolonging the time of maintaining induced changes
in methylation of cytosines in the flax genome. Among the two used modifications, methylation of
cytosines present in the ODN sequence proved to be more effective than the unmodified version.
Analysis of subsequent generations of plants treated with ODNs confirmed the possibility of maintaining
induced epigenetic changes during cell division [5]. Due to the declining number of F2 generation
plants that maintained the changes induced by unmodified ODNs, F1 generation plants treated with
modified oligonucleotides were obtained. The changes induced through ODN6 were maintained
in the F1 and F2 generations with the lowest percentage of maintenance. In plants growing in vitro
after treatment with ODN6, the tendency of primarily induced changes remains despite subcultures
(Figure S1), which confirms the transmission of epigenetic changes during vegetative reproduction [30].
However, at the same time, we cannot exclude that the elevated level of genomic methylation, and
hence the reduced expression of the CHS gene, might be triggered by repeated in vitro sub-culturing
of plants [31]. More importantly, the modification of ODN 6 through cytosines’ methylation led to
improvement of the perpetuation of changes in subsequent generations.

Analysis of methylation of CCGG motifs in the F1 generation of plants treated with ODNs
showed the maintenance of the methylation pattern in two of the three analyzed motifs. Instability
of methylation status observed in motif +1219/+775 concerned not only plants treated with ODNs,
but also control plants. Thus, we presume that particular CCGG motifs may be more susceptible
to methylation/demethylation driven by environmental factors, just as the cytosines localized in the
transcription factor binding region can be more susceptible to methylation [32]. Despite the fact that in
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the F1 plants treated with ODN6, the repression of CHS gene was not observed, the methylation pattern
of these plants remained after cell divisions. The possible reason for not keeping the CHS expression
decreased after the action of ODN6 might be the compensation for effects driven by environmental
conditions, and hence increased expression of the CHS gene was observed.

In order to confirm the specific nature of the ODN action, we also determined whether modulation
of CHS gene expression displays any changes to the transcript level of the other genes encoding
enzymes related to the phenylpropanoid pathway (Figure S2). In plants treated with ODN1, there were
no significant changes in the expression of analyzed genes other than CHS involved in the synthesis of
phenylpropanoids. Only PAL and HCT showed a minor reduction in gene expression. In the Arabidopsis
thaliana model plant, HCT gene repression led to a decrease in lignin levels, which is associated with
increased CHS gene activity and redirection of metabolic changes to the flavonoid compound synthesis
pathway [33]. However, in the flax with CHS gene repression, decreased levels of lignin and HCT
gene repression were observed, which did not affect the flavonoid content [19]. Regarding the flax
treated with oligodeoxynucleotides modified by methylation, a positive relation was also observed
between expression of genes CHS and HCT, where an elevated transcript level of CHS gene was
accompanied by increased HCT gene expression. Despite the prolonged maintenance of changes in
DNA methylation induced by ODN with thiophosphate bonding, pleiotropic effects concerning the
genes related to the synthesis of flavonoids and lignin were observed. Analyzed genes displayed
elevated transcript levels. According to a research by [19], enzymes involved in the biosynthesis of
flavonoid compounds and lignin occur in the form of multienzyme complexes in which the main
regulating component is possibly CHS [19]. Therefore, modulation of CHS gene expression may lead
to control of the expression of other genes encoding the components of these complexes. Moreover, in
potato transgenic plants overexpressing the CHS gene, effects on other metabolic pathways were also
observed, which may be caused by competition for substrates or the effect of the synthesized flavonoids
on plant metabolism [34]. However, in plants treated with ODN1 met, no changes in the expression of
other genes encoding enzymes involved in the synthesis of phenylpropanoids (Supplemental Figure
S2) were observed, which may suggest that this modification not only stabilizes the modulation of
target gene expression, but also increases the specificity of ODN. The group of Khorova have proven
that methylation of oligonucleotides increases nucleic acid resistance to nuclease degradation and
increases binding strength when interacting with the complementary sequence [35].

DNA methylation is known to cooperate with the positioning of nucleosomes to regulate the
structure of chromatin, which leads to an appropriate modulation of gene expression [36]. We have
already presented the analysis of the nucleosome energy diagram, which showed that methylation of
variable motifs in the CpG island region results in the formation of less stable nucleosomes with higher
energy and their shift towards the 3′ end of the DNA [9]. In the vicinity of one of the methylated motifs,
sites recognized by AatII and PvuI endonucleases were identified; hence experimental verification of
the is silico analysis was performed. In the chromatin structure, DNA regions bound to the histone
proteins are less available for endonucleases [37]. Thus, DNA present in nucleosomes is protected
from degradation by restriction enzymes. Analysis of chromatin digestion and DNA showed that
there is probably a change in the positioning of nucleosomes as a result of the increase in the level of
methylation in CCGG +1273 sites.

The present results confirmed that ODN technology induces changes in the plant genome that can
be inherited. These data contribute to the statement that the use of natural genetic repertoire through
epigenetic variability can be a valuable alternative to improve crop quality.

4. Materials and Methods

4.1. Designing Short Oligodeoxynucleotide Sequences (ODN) Homologous to CHS Gene Regions

On the basis of our previous work [9], for this study, three ODNs homologues to the particular
CHS gene regions were selected: ODN1 (5′UTR), ODN6 (intron) and ODN11 (3′UTR). The ODN
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sequences were designed using Mfold software (version 3.2, Genetics Computer Group, Madison, WI,
USA) in the antisense orientation and correspond simultaneously to two CHS gene isoforms: LuCHS6
(Phytozome data base: Lus10033717) and LuCHS7 (Phytozome database: Lus10031622). Detailed
information about used ODN sequences were reported by [9] (Table 2, Supplementary Table S1).
In order to enhance the resistance of the sequences to the degradation by nucleases, the sequences
of the three mentioned oligonucleotides were modified by methylation (all cytosines occurred in the
sequences) and thiophosphate modification (at each phosphodiester bond). The oligodeoxynucleotides
were synthesized by Genomed S.A. (Warszawa, Poland).

4.2. Plant Material

Flax seeds (Linum usitatissimum L., cv. Linola) were obtained from the Flax and Hemp Collection
of the Institute of Natural Fibers (Poznań, Poland).

Flax Growing Conditions for ODN Technology

To investigate whether modified ODNs are more effective in the stability of the induced
epigenetic modulation, flax plants were cultured in in vitro conditions in the phytotron at 16 h
light (22 ◦C), 8 h darkness (16 ◦C). The seeds were first sterilized for 15 min with 50% PPM—a
broad-spectrum biocide/fungicide for plant tissue culture (Plant Preservative Mixture; Plant Cell
Technology, Washington, DC, USA) and then germinated on Murashige and Skoog (MS) basal medium
(Sigma-Aldrich, St. Louis, MO, USA), supplemented with 2% sucrose, pH = 5.8, solidified with 0.8%
agar on Petri dishes. Mature flax plants were cultured on the MS basal medium, supplemented with
2% sucrose, pH = 5.8, solidified with 0.8% agar in sterile glass jars. In order to minimize plant infection
by pathogens, the medium was complemented with 0.1% PPM™ (Plant Preservative Mixture) Plant
Cell Technology (Washington, USA).

In order to obtain seeds for raising the next generation of plants in the field, Linola flax seeds were
germinated in the soil in the phytotron conditions in 16 h light (22 ◦C), 8 h darkness (16 ◦C), before they
were treated with ODNs.

4.3. Identification of cDNA Sequences

The isolated mRNA from Linola flax was submitted to sequencing. Necessary sample preparations,
sequencing and data processing were performed by Genomed S.A. (Warszawa, Poland). Data from
three biological replicates were analyzed.

4.4. Flax Treatment with ODNs by Infiltration

Four-week-old Linola flax cultured in in vitro conditions were used for the treatment with modified
ODNs. The plants were cut above their roots and submerged in water solution of the particular ODN
in the 10 µM concentration. The incubation was carried out in the vacuum chamber for 20 min. After
the treatment, the plants were put into an MS medium. The material for the analysis was harvested
10 days after infiltration. The harvesting time was indicated by previous experiments [8] and enabled
determination of the ODNs’ activity in comparison to the unmodified sequences.

For the field cultivation, whole two-week-old seedlings germinated in the soil were treated with
the ODNs by the forced osmosis method. It was described in [38] that the sugar starvation method
of introducing ODNs is effective in the induction of changes in DNA methylation. First, the plants
were transferred from the soil into the water and kept in the darkness in the phytotron chamber
in order to deplete endogenous sucrose. Then seedlings were put in the water solution of 100 mM
sucrose in the presence of 10 µM antisense ODNs. After 24 h of incubation in the darkness with
particular oligodeoxynucleotides, plants were put into the soil and cultivated in the experimentation
field. The matured seed capsules were harvested approximately four months later. Collected seeds
were stored in dry, cool conditions. In order to determine the stability of induced modifications in the
subsequent generations, some of the seeds were sterilized and cultured in in vitro conditions.
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4.5. Flax cultivation in the Field

In general, the growing season for flax in a moderate climate is between April and July. Seeds
collected from plants treated with ODNs were sown in the subsequent season to obtain an F1 generation
of plants. For an F2 generation, plants were cultivated in the analogous manner.

4.6. Gene Expression Analysis

The expression of investigated genes was analyzed via real-time PCR. The total RNA was isolated
from freeze-ground green tissue of the transgenic plants. Isolation was performed using the Trizol
method (Invitrogen, Carlsbad, CA, USA), following the protocol of the manufacturer. The isolated
RNA was deprived of DNA contamination by DNase I (Invitrogen, Carlsbad, USA). The purified RNA
was used as a template for cDNA synthesis using reverse transcriptase—High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA).

Real-time PCR reactions were performed using a DyNAmo SYBR Green qPCR kit (Thermo
Scientific, Waltham, MA, USA). Primers used for the reaction are presented in the Supplementary data
Table S1. The used system was the Applied Biosystems StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, USA). The reaction was conducted according to the protocol provided by the
manufacturer. Each reaction was performed in three repeats. As the reference, the actin gene was used.
The results were presented as the relative quantification (RQ) to the reference gene.

4.7. DNA Methylation Patterns in Specific Regions of Chalcone Synthase Gene

The methylation patterns of the chalcone synthase gene sequence were established in the control
and ODN-treated plants. The DNA was incubated with restriction enzymes MspI and HpaII for at
least 3 h (New England Biolabs, Ipswich, MA, USA); it differs in sensitivity to cytosine methylation.
The genomic DNA digested by the restriction enzymes and undigested DNA were used as a templates
for the real-time PCR reaction. The reaction was performed similar to the gene expression analysis. The
primers for the reaction (Supplementary data Table S1) were designed for specific sites of methylation
predicted by the NEB cutter V2.0. In the chalcone synthase gene, six CCGG islands were analyzed.
The sites of analyzed -CCGG- motifs were indicated by their positions towards the ATG site (+1) as
follows: 5′UTR (site −232), non-coding region (+217) and coding region (+996, +1219, +1273, +1606).

The quantity of DNA measured by the real-time PCR was calculated in order to estimate the
methylation of cytosines. The “CCGG” non-methylated DNA was calculated as the difference between
undigested DNA and DNA incubated with HpaII. The single methylated cytosine “CCmGG” was
estimated as the difference between samples digested by HpaII and digested by MspI. The level of the
“CmCmGG” was equal to the DNA incubated with MspI. The values were presented as a percentage
referring to the undigested DNA, set as 100%.

4.8. Relative Accessibility of Chromatin and DNA

The chromatin was isolated from 1 g of freeze-ground green tissue by ChromaFlash Plant
Chromatin Extraction Kit (EpiGentek, Farmingdale, NY, USA) according to a protocol provided by
the manufacturer. The sonication stage was set for the QSonica 700 (QSonica, Newtown, CT, USA)
instrument and performed with the following parameters: Amplitude–25%, Process time–3 min
20 s, Pulse ON–20 s, Pulse OFF–30 s. Isolated chromatin was divided into portions (approximately
300–400 ng per aliquot), snap-frozen in liquid nitrogen, and stored at −80 ◦C.

Digestion of chromatin and DNA was performed. First, the chromatin was digested with the
following FastDigest enzymes: AatII and PvuI (Thermo Scientific, Waltham, MA, USA). The restriction
enzymes were defined by in silico analysis. Sites of digestion for AatII and PvuI are located in the
nucleosomes, where DNA wraps around nucleosomes. After digestion with restriction enzymes
(15 min, 37 ◦C) and enzymes’ inactivation (AatII, PvuI –80 ◦C, 5 min), the samples were incubated with
Proteinase K (Qiagen, Hilden, Germany) and RNase A (Qiagen, Hilden, Germany) at 37 ◦C for 1 h.
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Simultaneously, chromatin samples were incubated first with Proteinase K and RNase A, in order to
release the DNA from the nucleosome. The DNA was digested with restriction enzymes in an analogous
manner as chromatin was cut. Undigested control samples were also prepared. Total DNA was
purified from each sample with phenol/chloroform/isoamyl alcohol (PCI-25:24:1, v/v), mixed vigorously
and centrifuged (10,000× g, for 5 min, at room temperature (RT)). The upper phase was transferred
into a new tube and DNA was precipitated by adding 0.5 mL of cold isopropanol. In order to facilitate
precipitation, 2 µL (20 µg) of linear polyacrylamide was added (5 mg of acrylamide was dissolved in
200 µL of water, 1 µL of 10% APS and 1 µL of TEMED were added, left to polymerase overnight at RT,
2.5 volumes of ethanol were added, centrifuged at 12,000× g, 5 min, dried and re-suspended in 500 µL
of sterile water). After 10 min of incubation on ice, the samples were centrifuged 12,000× g, for 15 min,
at 4◦C. The DNA pellet was washed with 0.5 mL of cold 70% (v/v) ethanol and centrifuged at 12,000× g
for 10 min at 4 ◦C. The dry pellet was re-suspended in 40 µL of sterile water.

The relative accessibility of chromatin/DNA was assessed by the real-time PCR method. During
the reaction, the region surrounding motif CCGG located at +1273 was amplified. The selection of
this region was preferred due to the methylation status of the particular motif and the location of the
sites of cutting by AatII and PvuI restriction enzymes. The real-time PCR reaction was performed
similarly to the gene expression analysis. The quantity of measured DNA was calculated in order to
estimate the relative accessibility of chromatin/DNA to the restriction cut. The actin gene was used as
the reference. The results were presented as the relative chromatin/DNA accessibility in comparison to
the undigested control, set as 1.

4.9. In Silico Analysis

Chromosome Localization of CHS Genes from Flax

The genomic sequence of each CHS gene was aligned in BLASTn (Available online: https://blast.
ncbi.nlm.nih.gov/Blast.cgi) to whole genome sequencing of Linum usitatissimum [39]. The localization
(range) of exons in the chromosome was identified for the particular gene.

4.10. Statistical Analysis

Presented experiments were performed at least three times, independently (three technical repeats
of each of three biological samples). Data represent the mean value ± standard deviation (SD) from
at least three independent experiments. The significance of the differences between each mean and
control was determined by Student’s t-test. An asterisk above each bar indicates p < 0.05. The statistical
analysis was performed using STATISTICA (ver. 12, StatSoft Inc.—Dell, Round Rock, TX, USA).

5. Conclusions

In this article, we presented the latest research regarding ODN technology in flax, considering
two genes: LuCHS6 and LuCHS7. The main purpose was to demonstrate the potential maintenance of
induced epigenetic changes in CHS gene expression and methylation via short oligodeoxynucleotides
complementary to the gene of interest. Induced changes in the methylation status (5-methylcytosine)
and CHS gene expression can be perpetuated in the next generation. Modified ODNs (especially,
by methylation) were assumed to be successful in prolonging the ODN-triggered effect. Although the
mechanism of ODNs’ action and heredity of ODN-induced changes are not fully explained yet, the
processes involving the sRNAs (small non-coding RNAs) and RdDM (RNA-directed DNA methylation)
along with the rearrangement of nucleosome positioning are suspected to play a substantial role in
defining the epigenome [8,9]. Thus, we suggested the great potential of ODN technology in plant
research as a significant tool not only for genetic and epigenetic studies, but also crop improvement.
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Abstract: Agrobacterium-mediated transient expression and virus-induced gene silencing (VIGS)
are very useful in functional genomics in plants. However, whether these methods are effective in
cassava (Manihot esculenta), one of the most important tropical crops, remains elusive. In this study,
we used green fluorescent protein (GFP) and β-glucuronidase (GUS) as reporter genes in a transient
expression assay. GFP or GUS could be detected in the infiltrated leaves at 2 days postinfiltration
(dpi) and were evidenced by visual GFP and GUS assays, reverse-transcription PCR, and Western
blot. In addition, phytoene desaturase (PDS) was used to show the silencing effect in a VIGS system.
Both Agrobacterium GV3101 and AGL-1 with tobacco rattle virus (TRV)-MePDS-infiltrated distal
leaves showed an albino phenotype at 20 dpi; in particular, the AGL-1-infiltrated plants showed
an obvious albino area in the most distal leaves. Moreover, the silencing effect was validated by
molecular identification. Notably, compared with the obvious cassava mosaic disease symptom
infiltrated by African-cassava-mosaic-virus-based VIGS systems in previous studies, TRV-based
VIGS-system-infiltrated cassava plants did not show obvious virus-induced disease symptoms,
suggesting a significant advantage. Taken together, these methods could promote functional
genomics in cassava.

Keywords: agrobacterium; transient expression; virus-induced gene silencing (VIGS); tobacco rattle
virus (TRV); cassava (Manihot esculenta)

1. Introduction

Aiming at analyzing genomic sequences and functions, functional genomics has rapidly developed
as a result of sequencing projects of different species, especially of important crops. Cassava
(Manihot esculenta), a kind of tuber crop, is widely cultivated in the tropics and some subtropical areas.
Because of its low planting cost and high efficiency, it has become one of the most important industrial
crops in the world [1]. Although cassava sequencing and resequencing were accomplished years
ago, cassava functional genomics has developed slowly due to the time-consuming nature and low
transformation rate of obtaining stable transgenic cassava plants [2]. Therefore, it is necessary to find
another way to promote rapid gene function studies of cassava.

Agrobacterium-mediated transient overexpression is widely used in gene function studies in
plants [3]. The most important advantages of this method are its rapid and simple process and that it
does not require complex equipment, unlike other overexpression assays [4]. The simple protocol is
accomplished by creating an overexpression vector, transforming it into Agrobacterium, and infiltrating
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the Agrobacterium into plant culture [5]. Green fluorescent protein (GFP) and β-glucuronidase (GUS) are
two convenient reporter genes in biology which can be observed by fluorescent microscopy or direct
staining [6,7]. Normally, they can continue to express, reaching their peak at 3 days postinfiltration (dpi),
and exert obvious expression for at least one week [4,8]. In addition, they can be efficiently expressed
in a wide range of plant species. So far, transient overexpression assays have been successfully used in
many species, such as Arabidopsis spp. [4], tobacco [5], Mimulus lewisii [6], Piper colubrinum [7], rose [9],
soybean [10], Theobroma cacao L. [11], cotton [12], Brassica juncea [13], potato [14], tomato [15], and
lettuce [15]. However, its effectiveness in cassava requires further investigation.

Agrobacterium-mediated virus-induced gene silencing (VIGS) is a widely used, efficient technique
in gene function studies [16]. VIGS is mostly based on RNA viruses, such as tobacco mosaic virus (TMV),
potato virus X (PVX), barley stripe mosaic virus (BSMV), cucumber mosaic virus (CMV), and tobacco rattle
virus (TRV) [17–23]. Among these viruses, TRV is widely used because of its high silencing effect,
long silencing duration, wide range of infiltration host species, and the mild virus-induced disease
symptoms [24,25]. Presently, TRV has been used in Arabidopsis [26], tobacco [27], strawberry [27,28],
cotton [29], piper [30], wheat [31], maize [31], and so on. For the silencing effect, most of the
abovementioned infiltrated species show the phenotype at two weeks postinfiltration and the most
obvious changes around the third week [27,29,32].

In this study, Agrobacterium-mediated transient overexpression and VIGS were established in
cassava. The phenotype and examination of these assays illustrated the feasibility of the protocols,
which should help promote the rapid analysis of functional genomics in cassava.

2. Results

2.1. The Effect of the Transient Expression Assay in Cassava Leaves

To investigate the effect of GFP transient expression, the 35S::GFP vector [33] was transformed
into Agrobacterium AGL-1 and GV3101, and the transformed strains were infiltrated into cassava
leaves, respectively (Figure 1). At 2 dpi, the infiltrated leaves were harvested and examined by
confocal laser-scanning microscopy. Agrobacterium with 35S::GFP-infiltrated leaves showed clear green
fluorescence in both the cytoplasm and nucleus, while the empty Agrobacterium-infiltrated leaves
showed no fluorescence (Figure 2A). Reverse-transcription PCR was performed to clarify the effect
of transient expression. Agrobacterium with the 35S::GFP-infiltrated sample showed a bright band by
PCR, indicating that GFP was expressed in the cassava leaves (Figure 2B). Moreover, GFP was also
detected by Western blot, which was consistent with confocal observation (Figure 2C).

Figure 1. Schematic views of Agrobacterium-mediated gene transient expression and TRV based
gene silencing systems in cassava. (A) The schematic view of Agrobacterium-mediated gene transient
expression assay. (B) The schematic view of Agrobacterium-mediated TRV based VIGS assay. The white
arrows and circles pointed the axillary buds. The figure was drew by using ChemDraw (https:
//chemdrawdirect.perkinelmer.cloud/js/sample/index.html) and Microsoft Office PowerPoint 2003
(Microsoft, Redmond, WA, USA).

210



Int. J. Mol. Sci. 2019, 20, 3976

Figure 2. Analysis of transient expression of green fluorescent protein (GFP) in cassava leaves. (A) At 2
days postinfiltration (dpi), Agrobacterium with no plasmid was used as the mock, and Agrobacterium
containing 35S::GFP was used as the sample. Bar = 25 µm. (B) The relative transcript level of GFP is
shown by reverse-transcription PCR, and elongation factor 1 (EF1) was used as a reference gene. (C) GFP
was detected by Western blot assay, 10 µg total protein extracted from infiltrated leaves were loaded
onto SDS-PAGE gel, and Coomassie staining shows the equal protein content.

To further confirm the effect of transient expression, GUS was used as the second marker. After GUS
staining, Agrobacterium with the 35S::GUS-infiltrated area became light blue (Figure 3A), indicating
that GUS was expressed at the protein level. In addition, reverse-transcription PCR showed that the
expression of 35S::GUS could be examined at the transcript level (Figure 3B), with significant GUS
activity (Figure 3C). These results suggested that GFP and GUS were expressed with biological activity
in the transient expression assay.

Based on the above results of GFP and GUS overexpression, the effects of transient overexpression
showed no significant difference in GFP expression and GUS activity between AGL-1 and GV3101
(Figures 2 and 3, Table 1).

Table 1. Effects of Agrobacterium-mediated gene transient expression.

Report Gene Bacterial Strain Number The Positive Rate of Reporter Gene

GFP GV3101 20 60.00%
GUS GV3101 20 75.00%
GFP AGL-1 20 65.00%
GUS AGL-1 20 75.00%
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Figure 3. Analysis of transient expression of β-glucuronidase (GUS) in cassava leaves. (A) At 2 dpi,
Agrobacterium with no plasmid was used as the mock, and Agrobacterium containing 35S::GUS was
used as the sample. The leaves were stained using GUS staining solution. Bar = 1 cm. (B) The
relative transcript level of GUS is shown by reverse-transcription PCR, and EF1 was used as a reference
gene. (C) The GUS activities of infiltrated leaves. Statistical tests were performed using IBM SPSS
(v21). Briefly, the Kolmogorov–Smirnov test and Levene’s test were performed to check the normality
of the data distribution and the homogeneity of variance of the data, respectively. The statistical
analysis was performed using Student’s t-test and the Tukey–Kramer test. Asterisk symbol (*) indicates
significant difference at p < 0.05. n = 10 per group. All data are expressed as mean ± SD of three
independent experiments.

2.2. Silencing of MePDS in Cassava

To reveal the effect of TRV-based VIGS on cassava, phytoene desaturase (PDS) was selected as a
reporter gene. A 370 bp sequence of MePDS was amplified and inserted into the multiple cloning
site of the pTRV2 vector. The pTRV1, pTRV2, and pTRV2-MePDS vectors were transformed into
Agrobacterium, respectively. The cultivated Agrobacterium solution was infiltrated into cassava local
leaves and axillary buds (Figure 1). At 20 dpi, AGL-1-infiltrated cassava showed an obvious albino
area in the distal leaves, especially for the area around the main vein (Figure 4).
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Figure 4. Phenotypes of the infiltrated albino cassava plants. The cassava plants were infiltrated
with Agrobacterium strain AGL-1 containing the pTRV1 and pTRV2 vectors, which were used as the
mock, pTRV1 and pTRV2-MePDS, which were used to test the albino effect. In the photos, the upper
line shows the whole cassava plants and the underline shows the magnified leaves, both at 20 dpi.
Bar = 1 cm.

To further investigate the level of MePDS silencing, DNA was extracted from distal leaves and
sequences of pTRV1, pTRV2, or pTRV2-MePDS were detected by PCR. The result indicated that the
sequences of pTRV vectors could be detected in the distal leaves of all AGL-1-infitrated cassava plants
but not in the wild-type (WT) cassava (Figure 5A). In addition, the transcript levels of pTRV1 and
pTRV2 sequences in the distal leaves were analyzed. Both the transcripts of pTRV1 and pTRV2 could
be obviously examined in the pTRV and pTRV-MePDS cassava plants but showed no PCR band in WT
cassava (Figure 5B). Notably, the pTRV-MePDS cassava leaves showed an obvious albino area around
the main vein. The transcript level of MePDS in the distal leaves of MePDS-VIGS plants was 37.9%
and 53.1% of that in the mock (Figure 5C), displaying significantly lower chlorophyll content than the
mock (Figure 5D). Based on these results, we could conclude that the gene silencing of MePDS in the
distal leaves of MePDS-VIGS plants was caused by VIGS, and the albino phenotype in the distal leaves
was derived by VIGS but not the infection-induced effects, which resulted in no significant difference
in local leaves.

Compared with the phenotype of Agrobacterium AGL-1-infiltrated distal leaves, GV3101-infiltrated
distal leaves showed the albino phenotype in the part around the petiole (Supplementary Figure S1),
with slightly weaker PCR detection bands, a lower MePDS transcript level, and lower chlorophyll
content than the mock (Supplementary Figure S2). For AGL-1, 75.00% of cassava plants showed less
than 60% transcript level of MePDS in the distal leaves, and only 37.50% of the plants exhibited the
albino phenotype (Table 2). For GV3101, 62.50% of cassava plants showed a lower transcript level
of MePDS in the distal leaves, and only 12.50% of plants showed the albino phenotype (Table 2).
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These results suggested that both AGL-1 and GV3101 with TRV could induce MePDS silencing and
regulate the color of leaves in cassava, with better effects in AGL-1-transformed TRV-based VIGS.

Figure 5. Detection of VIGS cassava plants. (A) PCR detection of pTRV1 and pTRV2 sequences
from the genomic DNA of VIGS cassava plants. (B) Reverse-transcription PCR detection of pTRV1
and pTRV2 sequences from the cDNA of VIGS cassava plants. (C) The relative transcript levels of
MePDS of the infiltrated cassava plants. MeEF1 was used as internal control. (D) The chlorophyll
contents in the infiltrated cassava plants. Statistical tests were performed using IBM SPSS (v21). Briefly,
the Kolmogorov–Smirnov test and Levene’s test were performed to check the normality of the data
distribution and the homogeneity of variance of the data, respectively. The statistical analysis was
performed using Student’s t-test and the Tukey–Kramer test. Asterisk symbol (*) indicates significant
difference at p < 0.05. All data are expressed as mean ± SD of three independent experiments.
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Table 2. Effects of Agrobacterium-mediated TRV-based gene silencing systems in cassava.

Bacterial Strain Number The Positive Rate of Relative
Transcript Level (<60%)

The Positive Rate of
Albino Phenotype

AGL-1 8 75.00% 37.50%
GV3101 8 62.50% 12.50%

3. Discussion

Although genome sequencing of cassava has been completed for several years now, little progress
has been made in determining the functional genomics of cassava [34]. In order to address this question
and promote functional genomics in cassava, this study investigated Agrobacterium-mediated gene
transient overexpression and TRV-based VIGS.

The Agrobacterium-mediated transient overexpression assay is a powerful tool for analyzing gene
function in vivo [35]. In this study, Agrobacterium AGL-1 and GV3101 with GFP or GUS overexpressing
plasmids were used for transient overexpression. In a previous study, GV3101 containing the 35S::GUS
vector was used in MCOL2215 and 60,444 cassava varieties to test the transient expression effect, but
no GUS was detected. However, AGL with the 35S::GUS vector showed a positive result [36]. In this
study, both GFP and GUS were expressed by the GV3101 strain in SC124 and could be detected at the
transcript (Figures 2 and 3) and protein (Figures 2 and 3) levels, indicating that they could be efficiently
expressed in cassava leaves. Generally, the GV3101- and AGL-1-based transient overexpression assays
had relatively high success rates (Table 1), while the negative results might have been due to the RNA
cosilence process [37,38], the morphology, or the structure of the plants [39]. Therefore, whether the
target genes are overexpressed in the transient overexpression assay should be analyzed first.

In addition, Agrobacterium-mediated VIGS is another powerful tool to investigate gene function
in vivo. Different Agrobacterium strains (GV3101 and AGL-1) with pTRV vectors were used to silence
the MePDS gene. AGL-1 with the transformation of pTRV1 and pTRV2-MePDS vector-infiltrated distal
leaves showed obvious albino phenotypes at 20 dpi (Figure 4). Interestingly, the albino phenotype
only showed in distal leaves and the albino area was mainly located around the leaf vein, similar to the
results in California poppy [40] and Solanum pseudocapsicum [41]. From the albino leaf blade, we found
that the area near the petiole became white, while the area distant from the petiole was still green
(Figure 4), indicating that TRV-based MePDS silence might spread from the bottom to the tip of the
blade in cassava. Additionally, TRV-based Agrobacterium-mediated VIGS was examined by genome
DNA or cDNA to ensure the Agrobacterium-mediated transformation and expression of pTRV1 and
pTRV2 or pTRV2-X [41,42]. PCR results indicated that Agrobacterium-mediated pTRV1 and pTRV2 or
pTRV2-MePDS could be successfully transformed and expressed in the distal leaves of cassava plants,
with a 37.9%–53.1% transcript level of MePDS and 58%–76.5% of chlorophyll content in the distal
plant leaves (Figure 5). Because the relative transcript level of MePDS of the albino cassava plants
was 71% of the mock and the detected bands were weak, GV3101 with pTRV1 and pTRV2-MePDS
infiltrated cassava plants showed less obvious change, and only the part around the petiole became
albino (Supplementary Figures S1 and S2). VIGS is a post-transcriptional gene silencing method [24,25].
In a VIGS system, the expressed levels of silenced marker genes were 30%–40% of control in Solanum
pseudocapsicum L. [41], 37% of control in columbine [43], 41%–60% of control in barley [44], 28%–38%
of control in tomato [45], and 30%–70% of control in rose [27]. Although these genes could not
silenced completely, the albino phenotype was obvious. Consistently, the transcript level of MePDS in
MePDS-VIGS plants were 37.9%–53.1% of that in the mock, with an obvious albino phenotype and a
58%–76.5% level of chlorophyll. Compared with GV3101, Agrobacterium AGL-1 showed better effects
in the VIGS system (Table 2), which might have been due to the specific hypervirulence of AGL-1 [46].
AGL-1 is derived from pTiBo542, which has a high induction of the vir gene [47], which is necessary
for T-DNA transfer [48].
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In this study, an Agrobacterium-mediated transient overexpression system was established in
cassava. The successful examination of the transcription, translation, and biological activity of
expressed proteins suggests its application in subcellular localization experiments, bimolecular
fluorescence complementation (BIFC), co-immunoprecipitation (Co-IP), enzyme activity detection,
and so on. In addition, a TRV-based Agrobacterium-mediated VIGS system was also successfully
verified in cassava (Figure 1B), as shown by the expressions of pTRV and the corresponding gene,
as well as the albino phenotype. Previous studies have found that cassava could be silenced by an
African-cassava-mosaic-virus-based VIGS system; however, this could lead to serious malformation of
newly grown leaves, thereby resulting in interference in the assay of plant disease resistance [49–51].
On the contrary, TRV-based VIGS-system-infiltrated cassava plants only showed mild virus-induced
disease symptoms and might be more appropriate for gene function analysis. In conclusion, this study
provided two valid and efficient methods for the characterization of gene function, so as to promote
functional genomics in cassava.

4. Materials and Methods

4.1. Plant Materials

The cassava plants South China 124 (SC124) were kindly provided by Dr. Wei Hu (Institute of
Tropical Bioscience and Biotechnology, Haikou, China). Two-week-old tissue culture cassava plants
(SC124) were transferred to small pots and grown in a chamber for two weeks until the experiment at
25 °C under a 16 h light/8 h dark cycle.

4.2. Vectors and Vector Construction

The pEGAD and pBI121 vectors were used to express GFP and GUS, respectively. The full-length
sequences of GFP and GUS were driven by the 35S promoter. The VIGS assay used pTRV1 and pTRV2
vectors, which have been described previously [52]. The partial sequence of the MePDS gene was
cloned into the multiple cloning site of the pTRV2 vector, and the primers are listed in Supplementary
Table S1.

4.3. Agrobacterium Infiltration of Cassava

Agrobacterium strains GV3101 and AGL-1 were transformed by different plasmids: pEGAD,
pBI121, pTRV1, pTRV2, and pTRV2-MePDS, respectively. GV3101 was cultivated in liquid LB medium
containing 50 mg/L kanamycin, 20 mg/L rifampicin, and 50 mg/L gentamycin, while AGL-1 was
cultivated in LB medium with 50 mg/L kanamycin, 20 mg/L rifampicin, and 50 mg/L carbenicillin. Both
were then shook at 28 °C at 200 rpm for 2 days. The bacteria was centrifuged at 4000 rpm for 10 min,
then the supernatant was discarded. The remaining bacteria was washed with double-distilled water,
then centrifuged, and the supernatant was discarded again. The bacterial sediment was resuspended
in MMA solution (10 mM MgCl, 10 mM MES, and 150 µM acetosyringone), the OD600 was adjusted
to 1, and then the resuspended bacterial solution was placed in the dark for 3 h. For the transient
expression assay, the standing bacterial solution was infiltrated into the second and third leaves from
the top of the cassava by a 1 mL needle. For the VIGS assay, the bacterial solutions containing pTRV1
or pTRV2-MePDS were mixed with the same volume, and the mixture of pTRV1 or pTRV2 was used as
the mock. The mixed solution was infiltrated into both the leaves and axillary buds of cassava plants
to keep the silencing effect [48]. After infiltration, the cassava plants were removed to the chamber at
the same light and temperature.

4.4. DNA and RNA Extraction

DNA was extracted by the Plant Genomic DNA Extraction Kit (DP305, TIANGEN, Beijing, China).
Total RNA was extracted by the RNAprep Pure Plant Kit (Polysaccharides & Polyphenolics-rich)
(DP441, TIANGEN, Beijing, China). The remaining DNA from the extracted RNA was digested by
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RNase-free DNase I (EN0521, Thermo, Waltham, MA, USA). Then, the quality and concentration of
DNA and RNA were examined by Nano Drop 2000 (Thermo, Waltham, MA, USA).

4.5. Reverse-Transcription PCR and Quantitative Real-Time PCR

The first strand cDNA was synthesized by the RevertAid First Strand cDNA Synthesis Kit
(K1621, Thermo, Waltham, MA, USA). Then, the cDNA was adjusted to an equal concentration.
Reverse-transcription PCR was performed by EasyTaq PCR SuperMix (AS111, TRANS, Beijing, China)
with a PCR program of (1) 94 °C for 3 min; (2) 29 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
2 min; and (3) 72 °C for 10 min and 16 °C for storage.

Quantitative real-time PCR was performed using TransStart Tip Green qPCR SuperMix (AQ141,
TRANS, Beijing, China) in LightCycler®96 (Roche, Basel, Switzerland) with a PCR program of (1)
94 °C for 30 s; (2) 45 cycles of 94 °C for 5 s, 55 °C for 15 s, and 72 °C for 15 s; and (3) 95 °C for 10 s, 65 °C
for 60 s, and 97 °C for 1 s as the melting curve. Elongation factor 1 (EF1) was used as the reference
gene, and the primers used in reverse-transcription PCR and quantitative real-time PCR are listed in
Supplementary Tables S2 and S3.

4.6. Confocal Microscopy Scanning

At 2 dpi, the infiltrated area of cassava leaves was harvested, cut into small pieces, and then
observed by confocal laser-scanning microscopy (TCS SP8, Leica, Heidelberg, Germany).

4.7. Protein Extraction and Western Blot

Cassava leaves were harvested and ground by liquid nitrogen and phosphate buffer solution
(pH 7.4). The extracted solution was centrifuged at 12,000 rpm and 4 °C for 10 min. The supernatant
was boiled with SDS-PAGE sample loading buffer (P0015, Biyotime, Shanghai, China) for 5 min.
After centrifugation for 10 min, the supernatant could be used in Western blot. The Western blot
assay was performed according to a previous study [53]. Briefly, the protein samples were loaded into
12% polyacrylamide gel and separated by electrophoresis. The polyacrylamide gel was transferred
to a PVDF membrane (475855-1R, Millpore, Massachusetts, America) by a Trans-Blot SD Semi-Dry
Electrophoretic Transfer Cell (1703940, Bio-rad, Hercules, America). Then, the PVDF membrane was
blocked and incubated in 5% skim milk with anti-GFP antibody (AG281, Biyotime, Haimen, China).

4.8. GUS Staining and Activity Detection

GUS staining and GUS activity assay were carried out according to a previous study with slight
modifications [48]. The infiltrated cassava leaves were harvested and immersed into GUS staining
solution (50 mM NaH2PO4, 50 mM Na2HPO4, 10 mM EDTA-Na2, 0.5 mM K4[Fe(CN)6], 0.5 mM
K3[Fe(CN)6], 0.1% Triton-X100, and 2 mM X-Gluc; pH 7.0) with vacuum infiltration for 0.5 h in the
dark, and then the plant leaves were incubated in the dark at 37 °C for at least 12 h. After staining,
the leaves were immersed into 70% alcohol to remove chlorophyll.

The infiltrated leaves were harvested and ground by liquid nitrogen and phosphate buffer solution
(pH 7.4). The extracted solution was centrifuged (12,000 rpm, 10 min, 4 °C) and the supernatant was
used for further assay. The extraction was incubated in 1 mM 4-Methylumbelliferyl-b-D-glucuronide
(4-MUG) at 37 °C, the reaction mixture was taken out per 5 min, and Na2CO3 was added to stop the
reaction. The samples were detected by a microplate system (Infinite M200 Pro, TECAN, Hombrechtikon,
Switzerland) with 365 nm excitation and 455 nm emission. The GUS activity was calculated by the
standard curve made by different concentrations of 4-methylumbelliferone (4-MU).
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4.9. PCR Detection of Cassava Plants

The transient expressed cassava plants were detected by PCR using genomic DNA and cDNA,
with a PCR program of (1) 94 °C for 3 min; (2) 29 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
2 min; and (3) 72 °C for 10 min and 16 °C for storage. The primers are listed in Supplementary Table S4.

4.10. Chlorophyll Content of Cassava Leaves

The chlorophyll content of the cassava leaves was quantified as previously described [54].
The harvested leaves were ground in 80% acetone. After centrifugation, the absorbance of OD647 and
OD665 of the supernatant solution was detected by a microplate system (Infinite M200 Pro, TECAN,
Hombrechtikon, Switzerland). The total chlorophyll content was 17.90 × OD647 + 8.08 × OD665.

4.11. Statistical Analysis

All data are expressed as mean ± SD of three independent experiments. Statistical tests were
performed using IBM SPSS (v21). Briefly, the Kolmogorov–Smirnov test and Levene’s test were used to
check the normality of the data distribution and the homogeneity of variance of the data, respectively.
Then, Student’s t-test and the Tukey–Kramer test were used for statistical analysis. The asterisk symbol
(*) indicates significant difference at p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/16/
3976/s1.

Author Contributions: Conceptualization, H.Z.; Data curation, H.Z.; Formal analysis, H.Z.; Funding acquisition,
H.Z., Y.X., and H.S.; Investigation, H.Z., Y.X., G.L., and Y.W.; Methodology, H.Z.; Project administration, H.S.;
Supervision, W.H. and H.S.; Writing—original draft, H.Z.; Writing—review and editing, W.H. and H.S.

Funding: This research was supported by National Key R&D Program of China (No. 2018YFD1000500), the
National Natural Science Foundation of China (No. 31760067), the Startup Funding and Scientific Research
Foundation of Hainan University (No. kyqd1531), and the Crop Science Postgraduate Innovation Project of
Hainan University Tropical Agriculture and Forestry College (College of Tropical Crops) (Nos. ZWCX2018005
and ZWCX2018018).

Acknowledgments: We thank Chris R. Somerville and Jie Zhou for sharing the vectors.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Wilson, M.C.; Mutka, A.M.; Hummel, A.W.; Berry, J.; Chauhan, R.D.; Vijayaraghavan, A.; Taylor, N.J.;
Voytas, D.F.; Chitwood, D.H.; Bart, R.S. Gene expression atlas for the food security crop cassava. New Phytol.
2017, 213, 1632–1641.

2. Nyaboga, E.; Njiru, J.; Nguu, E.; Gruissem, W.; Vanderschuren, H. Unlocking the potential of tropical root
crop biotechnology in east Africa by establishing a genetic transformation platform for local farmer-preferred
cassava cultivars. Front. Plant SCI. 2013, 4, 526. [CrossRef]

3. Wydro, M.; Kozubek, E.; Lehmann, P. Optimization of transient Agrobacterium-mediated gene expression
system in leaves of Nicotiana benthamiana. Acta. Biochimica. Pol. 2006, 53, 289–298.

4. Kim, M.J.; Baek, K.; Park, C.M. Optimization of conditions for transient Agrobacterium-mediated gene
expression assays in Arabidopsis. Plant Cell Rep. 2009, 28, 1159–1167.

5. Ma, L.; Lukasik, E.; Gawehns, F.; Takken, F.L. The Use of Agroinfiltration for Transient Expression of Plant
Resistance and Fungal Effector Proteins in Nicotiana benthamiana Leaves. Methods Mol. Biol. 2012, 835, 61.

6. Ding, B.Q.; Yuan, Y.W. Testing the utility of fluorescent proteins in Mimulus lewisii by an
Agrobacterium-mediated transient assay. Plant Cell Rep. 2016, 35, 771–777.

7. Mani, T.; Manjula, S. Optimization of Agrobacterium-mediated transient gene expression and endogenous
gene silencing in Piper colubrinum by vacuum infiltration. Plant Cell Tiss. Org. 2011, 105, 113–119.
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Abstract: Sesame is a source of a healthy vegetable oil, attracting a growing interest worldwide.
Abiotic stresses have devastating effects on sesame yield; hence, studies have been performed to
understand sesame molecular responses to abiotic stresses, but the core abiotic stress-responsive
genes (CARG) that the plant reuses in response to an array of environmental stresses are unknown.
We performed a meta-analysis of 72 RNA-Seq datasets from drought, waterlogging, salt and osmotic
stresses and identified 543 genes constantly and differentially expressed in response to all stresses,
representing the sesame CARG. Weighted gene co-expression network analysis of the CARG revealed
three functional modules controlled by key transcription factors. Except for salt stress, the modules
were positively correlated with the abiotic stresses. Network topology of the modules showed
several hub genes predicted to play prominent functions. As proof of concept, we generated
over-expressing Arabidopsis lines with hub and non-hub genes. Transgenic plants performed better
under drought, waterlogging, and osmotic stresses than the wild-type plants but did not tolerate
the salt treatment. As expected, the hub gene was significantly more potent than the non-hub
gene. Overall, we discovered several novel candidate genes, which will fuel investigations on plant
responses to multiple abiotic stresses.

Keywords: stress marker genes; sesame; gene co-expression; abiotic stress tolerance; hub genes;
meta-analysis

1. Introduction

Climate change causes the rising of sea levels, a decrease of available land for farming, and
increased frequencies of severe droughts, intense precipitation events, elevated temperatures, as well
as salt and heavy metals contamination of soils. Crop productivity and survival is tightly linked
to its environment, which is being altered due to climate change [1], impairing crop yields and
leading to enhanced risks of famine worldwide [2]. Being a sessile organism, plants have evolved
an enormous capacity to adapt to environmental changes including heat, drought, salinity, osmotic
pressure, waterlogging, etc., by modulating their physiology, growth and development. Until recently,
numerous researches have focused on plant responses to individual abiotic stress [3–8]. Although these
studies have potential applications in crop improvement for abiotic stress tolerance, crops growing in
natural habitats are often exposed to multiple environmental stresses occurring simultaneously or at
different development stages, which inflicts a more severe reduction in yields as compared to a single
stress [9,10]. Hence, development of crops able to tolerate a wide range of abiotic stresses with high
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productivity is imperative in order to meet various socio-economic and agro-economic challenges in
the current climate change scenario [11,12]. However, the interactive improvement of multiple abiotic
stress tolerances is a challenge [13], since increasing tolerance to one stress may be at the expense
of tolerance to another [9,14]. Therefore, there is a need to investigate the metabolic pathways and
regulatory networks of multiple abiotic stress acclimations in plants and obtain candidate genes for
manipulation to improve tolerance to multiple abiotic stresses.

In recent years, it has become evident that a common battery of responses can be triggered by
various stresses. For example in yeasts, it has been discovered that a set of genes are constantly activated
upon exposure to various abiotic stresses and represent the core environmental stress responsive
genes [15–19]. Similarly, the core environmental stress responsive genes were unraveled in plants, first
in Arabidopsis thaliana through the AtGenExpress abiotic stress experiment [20–22] and later confirmed
in various plant species, such as rice, soybean, banana, Brachypodium distachyon or barley [13,23–27],
indicating the conservation of a core genome modulating various abiotic stresses responses between
species. Thus, it is critical to compare and analyze different kinds of abiotic stress responses to find the
common genes and understand how they regulate plant’s adaptations to the multiple environmental
stresses. This information will guide in strategies to enhance crop tolerance to multiple abiotic stresses.

Consumers become more and more health conscious, with a sharper focus on health-promoting
diets. Oils and fats are an important part of a balanced and healthy diet. Among the most nutritious
and healthy vegetable oils, sesame (Sesamum indicum L.) oil occupies a pro-eminent position because
of the low level of saturated fatty acids (less than 15%) and the presence of strong antioxidants,
reported to have health-promoting effects such as lowering cholesterol levels and hypertension [28,29],
neuroprotective effects against hypoxia or brain damage [30] and reducing the incidence of certain
cancers [31,32]. Therefore, demands for and world trade in sesame seeds have increased rapidly
during the last two decades [33]. Although the global sesame planting area is extending, particularly
in Africa, the productivity and yield are still very low, resulting in a huge gap between seed demand
and supply [34]. In fact, sesame is cultivated in harsh environments and its growth and development
are greatly affected by the adverse conditions [35]. Drought, waterlogging, heat and salt stresses
represent the leading abiotic factors impairing sesame yield and productivity [36] and several of these
environmental stressors often occur in combination at different growth stages. For example, in the
arid and semi-arid areas of Africa, America and Asia, extreme heat and drought stresses co-occur and
challenge sesame crop. In East and South Asia, waterlogging and salinity stress devastate sesame
field. Over the past five years, tremendous efforts have been made to decipher the molecular basis
of abiotic stress response and tolerance in sesame [6–8,37,38]. However, none of these studies has
performed a meta-analysis of diverse transcriptome data to elucidate the similarities and differences
among stress response pathways, and importantly, decode the core abiotic stress-responsive genes
(CARG) in sesame.

Within the CARG, understanding how specific transcriptional changes are linked to stress
adaptations and identifying central hubs controlling this interaction remain the main challenge.
Weighted Gene Co-expression Network Analysis (WGCNA) is one of the widely used computational
tools to detect co-expression modules in transcriptome data and identify hub genes playing
preponderant functions based on a network construction [39]. Using WGCNA analysis of the RNA-Seq
data, Shahan et al. [40] identified key regulators of flower and fruit development in strawberry.
WGCNA has also been utilized to detect coexpression modules and major players for multiple biotic
and abiotic stresses responses in various plant species, including Arabidopsis, rice, maize, soybean
and poplar [41–45].

In this study, we conducted a meta-analysis of 72 RNA-Seq data from drought, salt, osmotic and
waterlogging stresses aiming at identifying the CARGs modulating sesame responses to multiple
abiotic stresses. By applying WGCNA, we revealed for the first time the co-expressed functional
modules within these CARGs and highlighted the major genes to target for sesame improvement
towards tolerance to multiple abiotic stresses.
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2. Results

2.1. Overview of the Transcriptome Data and Gene Expression Profile under Various Stress Treatments

In this study, we analyzed the global gene expression profiles of sesame under various abiotic
stress treatments based on the RNA-Sequencing (RNA-Seq) technology. In total, four datasets from
salt stress [8], drought stress [7], waterlogging stress [6] and a newly generated RNA-Seq data under
osmotic stress, comprising of 30, 24, 6 and 12 samples, respectively, were investigated (Table 1). In the
selected studies, stress-sensitive and tolerant varieties were used. Additionally, all RNA-Seq datasets
had three replicates per treatment, untreated controls for each treatment, and the tissue type was
primarily the root. After cleaning and filtering the RNA-Seq datasets, we obtained clean reads ranging
from 13.5 to 230 Gb with a total of 25,319 uniquely expressed genes among the 72 samples (Table 1).

Table 1. Characteristics of the RNA-Seq datasets used in this study.

Characteristics Salt Drought Waterlogging Osmotic Total

Number of samples 30 24 6 12 72
Clean reads (Gb) 230 160 13.5 83.1 486.6

Total expressed genes 23,415 24,113 21,064 22,418 25,319

2.2. Identification of DEGs, Core Conserved DEGs in Response to Abiotic Stress

For each dataset, we compared the gene expression under control condition to the stress condition
in order to identify the differentially expressed genes (DEGs). We identified more DEGs under salt
stress treatment compared to the other stress treatments, indicating that salt stress triggers the most
intense gene regulation in sesame (Figure 1A). A total of 12,784 DEGs were identified among different
samples in the datasets. We cross-compared the identified DEGs among the four datasets aiming at
identifying the core conserved DEGs in response to all the four abiotic stresses. The result showed
that large numbers of DEGs were stress-specific; however, 543 genes constantly participate in sesame
responses to its major abiotic stresses and represent the core abiotic stress responsive genes (CARG)
(Figure 1B; Table S2; Figure S1). To confirm these CARGs, we selected 10 independent sesame genotypes
and evaluated the expression fold change (FC) of 50 randomly selected genes within the CARGs under
drought, salt, osmotic, heat and waterlogging stresses compared to the control. As shown in Figure S2,
the expression levels of all the tested genes were highly altered under stress (|FC|>2), showing that the
proposed CARGs are well conserved in sesame and may be functional under a more diverse arrays of
abiotic stresses.

We further searched for the enriched transcription factor (TF) families within these CARGs. As
shown in Figure 1C, 18 TF families were represented but the ERF, MYB, bHLH and WRKY were
overrepresented, denoting that these TF families are the major regulators of sesame responses to
multiple abiotic stresses.
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indexes showed that all the three modules respond differently to the abiotic stresses, except for salt 
stress. In fact, all the three modules were negatively correlated with salt stress (r = −0.47, −0.84, −0.74 
for Blue, Turquoise and Grey, respectively), suggesting that the CARGs should be down-regulated 
to allow sesame survive under salt stress (Figure 2C). In addition, with all modules taken together, 
we could observe that the CARGs engage distinct responses according to the stress, highlighting the 
key roles played by the regulator genes to shape the stress-specific responses.  

To explore the particular biological processes involving the three modules detected by 
WGCNA, we performed GO enrichment analysis. Blue module related genes represent the basal 
defense of sesame as evidenced by the enriched GO terms such as ‘defense response’ and ‘response 
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role (Figure S3B). Finally, in Turquoise module, ‘iron ion binding’ and ‘heme binding’ were detected 
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plants [46,47] (Figure S3C). These results further support the premise that the co-expressed gene 
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2.3. WGCNA and Detection of Functional Modules

Weighted gene co-expression network analysis (WGCNA) was conducted on the CARGs to
reveal the different modules of co-expressed genes. WGCNA divided the 543 core DEGs into three
different modules named as Blue, Turquoise and Grey, containing 113, 276 and 154, genes respectively
(Figure 2A,B; Table S3). Association of the detected modules and the abiotic stresses indexes showed
that all the three modules respond differently to the abiotic stresses, except for salt stress. In fact, all the
three modules were negatively correlated with salt stress (r = −0.47, −0.84, −0.74 for Blue, Turquoise
and Grey, respectively), suggesting that the CARGs should be down-regulated to allow sesame survive
under salt stress (Figure 2C). In addition, with all modules taken together, we could observe that the
CARGs engage distinct responses according to the stress, highlighting the key roles played by the
regulator genes to shape the stress-specific responses.

To explore the particular biological processes involving the three modules detected by WGCNA,
we performed GO enrichment analysis. Blue module related genes represent the basal defense of
sesame as evidenced by the enriched GO terms such as ‘defense response’ and ‘response to biotic
stimulus’ (Figure S3A). Grey module related genes were enriched in the transporter activity role (Figure
S3B). Finally, in Turquoise module, ‘iron ion binding’ and ‘heme binding’ were detected as the most
enriched GO terms, which are well known to be involved in abiotic stress responses in plants [46,47]
(Figure S3C). These results further support the premise that the co-expressed gene modules of the
sesame CARGs play different functions in response to abiotic stresses.
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Figure 2. Detection of co-expressed modules in the sesame core abiotic stress responsive genes based
on WGCNA. (A) Dendrogram showing the different genes clustered into co-expressed modules. (B)
Number of assigned DEGs to the different modules. (C) Association between co-expressed modules
and abiotic stresses in sesame. The numbers represent the Pearson correlation coefficients. Positive
correlation is colored in red while negative correlation is colored in green.

2.4. Networks Displaying Relationships among Genes within Co-Expressed Modules

To understand the gene interaction within each module, we constructed the gene network using
the Cytoscape software. Genes in the different modules were subsequently divided into different
clusters, each having network of different number of genes (Figure 3). TFs are represented with
different node colors except sky blue and the size of node circle is positively correlated with the number
of genes it interacts (Figure 3). Genes with biggest node sizes represent the hub genes. In Blue module,
we observed two clusters of genes connected by the gene SIN_1024285 (transmembrane protein
45B-like). We identified several hub genes, including SIN_1003530 (2-aminoethanethiol dioxygenase),
SIN_1011060 (pyruvate decarboxylase 1), SIN_1018022 (pentatricopeptide repeat-containing protein),
SIN_1003097 (NA), SIN_1003294 (NA), SIN_1006713 (cationic amino acid transporter 1-like),
SIN_1013309 (alcohol dehydrogenase 3), SIN_1014647 (squalene monooxygenase), SIN_1017721
(NA), SIN_1024789 (ATP-dependent 6-phosphofructokinase) etc. Furthermore, some key TFs were
also present SIN_1005329 (ERF) and SIN_1019627 (WRKY), which may play important regulation role
in this module (Figure 3). Turquoise module contains complex clusters of genes, implying diverse
biological functions within this module (Figure 3). The key hub genes detected are SIN_1017899 (NA),
SIN_1002615 (G-type lectin S-receptor-like serine/threonine-protein kinase), SIN_1005524 (exocyst
complex component EXO70A1-like), SIN_1017189 (NA), SIN_1007389 (NA), SIN_1016615 (NA),
SIN_1009465 (pectinesterase 1-like), SIN_1021953 (WRKY) and SIN_1013789 (MAPK). In the Grey
module, one main cluster surrounded by several small clusters of genes was detected (Figure S4).
Several hub genes, including SIN_1002211 (aspartic proteinase nepenthesin-1), SIN_1003190 (protein
ECERIFERUM 1), SIN_1019848 (GDSL esterase), SIN_1008670 (18.2 kDa class I heat shock protein),
SIN_1014764 (3-ketoacyl-CoA synthase 4) and SIN_1004965 (glucan endo-1,3-β-glucosidase 13), may
play preponderant roles in this module.
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Figure 3. Co-expressed network analysis of Blue module and Turquoise module. The size of node
circle is positively correlated with the number of the interacting gene partners. The gene names marked
in red are those selected for validation using transgenic Arabidopsis approach.

Next, we extended our analysis to unveil the major regulators of the different co-expressed gene
modules of the CARGs in sesame. First, we screened for overrepresented regulatory motifs in the 1 kb
promoter regions of genes within each module. Seven TF binding motifs were enriched in the analyzed
promoter regions (Table S4). Then, we constructed the gene regulatory networks predicting directional
interactions between CARG regulators and targets associated with the three modules using the TF
DNA binding motif information. Figure 4 presents the generated regulatory networks, in which the
circular nodes represent the key regulators connected by an edge to a module. The size of the nodes is
proportional to the number of the inferred regulated genes harboring the corresponding TF binding
motifs in the promoter region and the nodes are colored according to the appertaining module. Our
predicted networks showed the main TFs regulating gene expression within each module. An intense
transcriptional activity was predicted in the Turquoise module, having the highest number of predicted
regulators. The networks also highlighted the master players (SIN_1026747 (MYB), SIN_1012698
(bHLH) and SIN_1008018 (Dof)), which are predicted to regulate significant numbers of target genes in
their modules and represent potential genes to exploit for the enhancement of sesame tolerance to
various abiotic stresses. We infer that these regulators are the key genes that shape the sesame CARG
specific responses to the major abiotic stresses.
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while SiNAC104 is a non-hub gene from Turquoise module (Figure 3) and both were induced at 
different time points after stress treatments (Table S2). We hypothesized that the over-expression of 
SiERF5 will confer higher abiotic stress tolerance than the over-expression of SiNAC104 in 
Arabidopsis, given their contrasting importance in their respective modules. 

We generated several T3 homozygous over-expressing Arabidopsis lines for both genes, of 
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Figure 4. Predicted directional interactions of TFs and the co-expressed modules in the sesame CARGs.
Network plots of inferred connections between TF and genes in the three modules. The promoter
sequences of genes associated with each module were tested for overrepresentation of DNA motifs
shown to be bound to TFs that are differentially transcribed following stress treatments. Each TF
with a known motif is represented by a colored circle corresponding to its appertaining module. The
different modules are represented by a rectangle. An edge between a TF and a module indicates
significant enrichment of the corresponding binding motif in that module. The size of each TF node is
proportional to the number of predicted regulated downstream genes. Logos of the seven enriched
DNA binding motifs within the promoter regions of the genes belonging to each module detected by
WGCNA were added.

2.5. Validation of Hub and Non-Hub TFs from the Co-Expressed Modules of the Sesame CARGs in
Transgenic Arabidopsis

We selected two transcription factor encoding genes: SIN_1005329 (SiERF5) and SIN _1026079
(SiNAC104) to confirm their involvement in various abiotic stress responses using Arabidopsis system.
In fact, sesame resilience to the genetic manipulation is still significant enough to justify the use of
a heterologous system such as Arabidopsis thaliana. SiERF5 is a hub gene from Blue module while
SiNAC104 is a non-hub gene from Turquoise module (Figure 3) and both were induced at different
time points after stress treatments (Table S2). We hypothesized that the over-expression of SiERF5 will
confer higher abiotic stress tolerance than the over-expression of SiNAC104 in Arabidopsis, given their
contrasting importance in their respective modules.

We generated several T3 homozygous over-expressing Arabidopsis lines for both genes, of which
three independent lines for each gene (SiERF5-1, SiERF5-2, SiERF5-3 and SiNAC104-1, SiNAC104-2,
SiNAC104-3) were selected for stress applications. Overexpression of SiERF05 increased the leaf
biomass which may result from a pleiotropic effect as compared to SiNAC104-overexpressing plants
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and the vector control (VC) plants (Figure S5). qRT-PCR was used to confirm the integration and the
expression of the transgene (Figure S5). Under osmotic stress induced by 250 mM Mannitol addition
to the MS medium, the growth performance of all the transgenic lines was significantly better than
the VC plants (p < 0.001), indicating that the transgenes confer osmotic stress tolerance (Figure 5A,B).
Furthermore, we observed that the SiERF05-overexpressing lines maintained significantly better
relative root growth than the SiNAC104-overexpressing lines (Figure 5A,B). Next, we evaluated the
performance of the overexpressing lines and VC plants under drought (20 days), salinity (200 mM
NaCl) and waterlogging (18 days). As shown in Figure 6A, SiERF5 overexpression had pleiotropic
effect including delaying of flowering time and increase of the rosette biomass compared to the
SiNAC104-overexpressing lines and VC plants, showing that SiERF5 participates in plant growth
and development. This result hints that Blue and Turquoise modules related genes are functionally
different, as demonstrated by the GO enrichment analysis. Under stress treatments, all the plants were
affected, reflected by the reduced biomass (Figure 6A). However, similar to the osmotic stress treatment,
the transgenic lines significantly better sustained drought, salt and waterlogging stresses than the
VC plants as evidenced by their higher survival rate, relative rosette fresh weight and relative seed
yield (Figure 6B–D). In addition, the results indicated that the two transgenes were more potent under
drought and waterlogging stresses compared to the salt stress since we had a more pronounced biomass
reduction and no seed yield under salt. Furthermore, we observed a significantly higher tolerance to
the different abiotic stresses by SiERF5-overexpressing lines than the SiNAC104-overexpressing lines.
Overall, these findings support the argument that the proposed sesame CARGs are functionally active
under various abiotic stresses. In addition, this finding supports our formulated hypothesis, denoting
that the position of a gene in the co-expressed modules (hub genes or non-hub genes) may reflect the
importance of its function, which will guide the choice of high potential genes from the sesame CARGs
for germplasm enhancement.
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Figure 5. Functional characterization of SiERF5- and SiNAC104-overexpressing lines and their
counterparts vector control (VC) plants under osmotic stress induced by 250 mM Mannitol addition to
the MS medium. (A) Phenotypes of the transgenic and VC plants under stress. The bar represents 1 cm
(B) relative root length estimated as the ratio of the root length recorded after 10 days under stressed
and control MS mediums. Values are means ±SD from two independent measurements. Bars with
different letters are significantly different (p ≤ 0.05).
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Figure 6. Functional characterization of SiERF5- and SiNAC104-overexpressing lines and their
counterparts vector control (VC) plants under drought (20 days), salt (200 mM NaCl) and waterlogging
(18 days). (A) Phenotypes of the plants. The bar represents 8 cm (B) Survival rate of the plants.
(C) Relative rosette fresh weight. (D) Relative seed yield. The relative values are estimated as the ratio
of the data recorded after stress period in stressed and control plants. Values are means ± SD from two
independent measurements. For each treatment, bars with different letters are significantly different (p
≤ 0.05).

3. Discussion

Reinforcing crop’s tolerance to abiotic stress has become a hot issue in the current scenario of
climate change, which is boosting extreme weathers, posing a growing threat to sustainable agriculture.
Because of the multitude of environmental stresses affecting crop survival and productivity in the
field, the identification of potential genes conferring tolerance to multiple abiotic stresses is highly
desirable [9,48]. In this study, we employed various abiotic stresses RNA-Seq datasets (waterlogging,
drought, salt and osmotic stresses) from diverse sesame genotypes with contrasting levels of tolerance.
Our meta-analysis unveiled 543 genes as the core abiotic stress responsive genes (CARG) modulating
sesame responses to multiple abiotic stresses. We validated a subset of these CARGs in ten independent
sesame genotypes, showing that these CARGs are not genotype-dependent but are well conserved
in the sesame species. The alteration of the expression levels of selected CARGs under heat stress
further hints that the proposed CARGs may be functional under a more diverse set of environmental
stressors. Nonetheless, our studied transcriptome data were mainly from sesame root samples; hence,
additional analyses are needed to check how the proposed CARGs respond to stress in other tissues.
Very recently, Cohen and Leach [27] also demonstrated that meta-analysis of diverse transcriptomic
data sets in rice is a valid and robust approach to develop hypotheses for how plants respond to
various stress. They discovered a list of novel candidate genes for improving rice environmental stress
tolerance, which were not detected in studies focused on a single stress. Similarly, meta-analysis of
transcriptome data has been performed to find out key genes in responses to abiotic stresses in other
important plants [45,49–52].
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The proposed sesame CARGs are functionally diversified as evidenced by the various biological
pathways contributed by these genes (Figure S3). Several genes within the sesame CARGs are
universally known to be abiotic stress responsive genes. For example, we detected the gene SIN_1012768
predicted to be a member of the late embryogenesis abundant (LEA) family. Proteins encoded by the
LEA are demonstrated to play defensive roles in plants during abiotic stresses, including cold, drought,
salinity [53–57]. Other well-known abiotic stress marker genes are the alcohol dehydrogenase (ADH)
family members, which are key enzymes responsible for catalyzing the reduction of acetaldehyde to
ethanol using NADH as reductant, particularly during the periods of anaerobic stress [58,59]. ADH
genes are involved in various environmental stresses such as drought cold, salinity, hypoxia and
pathogen infection [60–64]. In the present study, we identified one ADH gene (SIN_1013309) in the
sesame CARGs. Besides, we also detected several important plant abiotic stress marker genes within
the sesame CARGs, including peroxidase (SIN_1026962 and SIN_1013457), DREB (SIN_1015595),
universal stress protein (SIN_1022749 and SIN_1012609), glutathione S-transferase (SIN_1017866 and
SIN_1002858), 1-aminocyclopropane-1-carboxylate oxidase (SIN_1024757, SIN_1007659, SIN_1023068,
SIN_1009668 and SIN_1026934), heat shock protein (SIN_1008669, SIN_1008679, SIN_1008672 and
SIN_1008670) [65–81] etc. In future abiotic stress treatment experiments in sesame, we propose to select
some of these well-known CARGs as abiotic stress marker genes in order to gauge the stress levels.
Noteworthy, several uncharacterized genes were present in the CARGs, providing an exciting gene
repertoire to further illuminate the complex mechanisms of plant responses to multiple abiotic stresses.

We employed the weighted gene co-expression network analysis (WGCNA) to break down the
sesame CARGs into three functional modules (Figure 2A,B). Interestingly, the functional characterization
of these three modules revealed that they are involved in distinct biological pathways in response to
abiotic stresses (Figure S3). With the WGCNA package, we correlated the different abiotic stressors
to the gene modules (Figure 2C). This analysis is cardinal because it allowed the identification of the
synergistic and antagonistic gene modules of abiotic stress response in sesame. We found that the
co-expressed modules of the sesame CARGs globally displayed positive correlations with waterlogging,
drought and osmotic stresses, but they were all negatively correlated with salinity stress. This suggests
that manipulation of master genes of these modules to simultaneously enhance tolerance to all the
four investigated abiotic stresses may not be possible in sesame, because enhancing tolerance to
waterlogging, drought and osmotic stresses will lead to an increase sensitivity to salinity stress. Our
findings are not surprising, since previous studies have also shown plant antagonistic responses to
some stresses [9,14].

Transcription factors (TF) are regulatory molecules that play central roles in gene transcription
and promote plant adaptation to various environmental conditions. The sesame CARGs contained
several TFs, with ERF, MYB, bHLH and WRKY being the more predominant families (Figure 1C). A
similar meta-analysis in cotton also underscored the important role of these TF families in abiotic
stress responses [52], indicating a conserved abiotic stress gene regulation mechanism in plants.
ERF family has been one the most studied genes in plants. Extensive studies have shown that ERF
genes are essential in responses to a wide range of abiotic stresses mediated by the plant hormone
ethylene [82–86]. It has been reported that MYB TFs also play prominent roles in triggering the right
response upon exposure of plants to abiotic stresses through the ABA-dependent and independent
pathways (reviewed by Li et al. [87]; Roy [88]). The WRKY genes are among the top four TF families
highly active in the transcriptional reprogramming during stress and act principally through the
ABA mediated pathways [73,89]. Conversely, the role and regulatory mechanisms of bHLH genes in
plant abiotic stresses responses are still elusive [90]. Therefore, the sesame bHLH genes detected as
key regulators of abiotic stress responsive genes in this study may represent candidate genes for the
elucidation of bHLH abiotic stress regulation mechanism in plants. Overall, the diversity of TFs within
the sesame CARGs highlights the complex network of interacting pathways which shape the responses
to multiple abiotic stresses. To further pinpoint the master players among the large number of detected
TFs, we identified in the promoter of genes within each module, the enriched putative cis-regulatory
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motifs. Previous works in yeast and human have demonstrated that genes with similar expression
patterns are regulated by the same set of TFs, and therefore are likely to have similar cis-regulatory
motifs in their upstream promoter regions [91,92]. Our study corroborated well these conclusions and
unraveled for each module the master TFs that may regulate the gene expression under specific abiotic
stress (Figure 4).

In gene networks, many genes only interact with a limited number of other genes, whereas a
smaller subset of genes (hub genes) interacts with many other genes and therefore has a more central
role [93]. Hub genes are expected to play preponderant and essential functions in organism’s fitness and
according to Jeong et al. [94], hub genes are three times more likely to be essential than genes with fewer
interaction partners. To test this hypothesis in our predicted gene networks (Figure 3), we selected a
hub gene (SiERF5) and a non-hub gene (SiNAC104), both being transcription factors. Over-expression
of these two genes in Arabidopsis thaliana resulted in an enhanced tolerance to drought, waterlogging
and osmotic stresses, but the over-expressing lines did not tolerate salinity stress (Figures 5 and 6).
Furthermore, we observed that the transgenic lines over-expressing the hub gene had a stronger
fitness and a higher performance under abiotic stresses compared to those transformed with the
non-hub gene. It is worth mentioning that the over-expression of the hub gene had clear pleiotropic
effects beyond abiotic stress responses in Arabidopsis thaliana, thus might play a central role in various
biological pathways. This experiment therefore highlighted three key findings: (1) perturbation of a
hub gene is likely to have a major fitness consequence than a non-hub gene; (2) proper manipulation
of sesame CARGs may confer tolerance to multiple abiotic stresses; (3) genetic manipulation for
generating sesame lines tolerant to all the four investigated abiotic stresses may be challenging due to
the antagonistic response of the sesame CARGs in the face of some abiotic stresses. Although the main
goal of this work was not to investigate the functional importance of hub genes versus non-hub genes,
the preliminary result obtained from the Arabidopsis mutants will fuel a future study based on both
sesame and Arabidopsis using over-expression and knock-out transgenic techniques and employing
more hub genes and non-hub genes to comprehensively elucidate this important scientific question.

4. Materials and Methods

4.1. RNA-Sequencing Datasets of Abiotic Stressed Sesame Samples

In order to decipher the core genome involved in abiotic stress responses in plants, our group
previously generated several RNA-Seq data of sesame under waterlogging [6], drought [7], salt [8] and
details of the experimental procedures could be found in the respective articles. In this study,
we collected the root RNA-Seq data of the waterlogging-tolerant genotype Zhongzhi13 under
3 h waterlogging stress and control condition (SRR2886790). Concerning the drought stress, we
collected the root RNA-Seq data from a drought-tolerant genotype ZZM0635 (SAMN06130606) and a
drought-sensitive genotype ZZM4782 (SAMN06130607) after 0, 3, 7 and 11 days drought stress. For the
salt stress experiment, two contrasting genotypes (salt-tolerant WZM3063 and salt-sensitive ZZM4028)
were treated with 150mM NaCl and whole seedling samples were collected at 0, 2, 6, 12 and 24 h
(PRJNA524278). In addition to these released datasets, we newly generated an RNA-Seq data from
root samples of osmotic stressed sesame (PRJNA552167). Two sesame genotypes (osmotic-tolerant
G546 and osmotic-sensitive G259) grown in a box containing 9 L of half-strength Hoagland solution for
21 days, were treated with 2% PEG6000 for 7 days. Samples were collected in triplicate from stress and
control conditions after the stress period, immediately placed in liquid nitrogen and stored at −80 ◦C
until use.

4.2. Total RNA Isolation and Sequencing from the PEG6000-Treated Seedlings

Total RNA of the 12 PEG6000-treated samples was extracted using an EASYspin Plus kit (Aidlab,
Beijing, China). The cDNA libraries generated from RNA samples were pair-end sequenced on an
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Illumina Hiseq 4000 platform (San Diego, California, CA, USA.) according to the methods described
by Dossa et al. [7].

4.3. RNA-Seq Data Analysis

A total of 72 RNA-Seq data, including 30, 24, 6 and 12 data from salt, drought, waterlogging and
osmotic stresses, respectively, were used in this study. The raw data were first processed with FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to filter out adapters and low-quality
sequences. The raw data was submitted to NCBI SRA (PRJNA552167). Then, the clean reads were
mapped to the sesame genome v.1.0 (https://www.ncbi.nlm.nih.gov/genome/?term=sesamum) [95]
using HISAT [96]. The RSEM package v1.3.0 [97] was used to calculate gene expression level for each
sample expressed as fragments per kilobase of transcript per million fragments mapped (FPKM). For
each treatment, the gene expression levels in the stressed samples were compared with those in the
control samples in order to identify the differentially expressed genes (DEG). The DEGs were detected
as described by Tarazona et al. [98] based on the parameters: Fold change ≥ 2 and Probability ≥ 0.8,
with a significant false discovery rate-adjusted p value (FDR) < 0.05 based on the three biological
replicates. Gene Ontology enrichment analysis for the DEGs was performed using the clusterProfiler
version 3.8.

4.4. Analysis of Co-Expression Modules Based on WGCNA

Weighted Gene Co-Expression Network Analysis (WGCNA) package version: 1.61 [39] in the
R software (http://www.r-project.org/) was used to construct the gene co-expression networks from
the normalized log2-transformed FPKM matrix as described by Wan et al. [99] and Yang et al. [100].
This analysis was based on the core conserved DEGs between the four abiotic stress treatments.
The gradient method was used to test the independence and the average connectivity degree of
different modules with different power value (the power value ranging from 1 to 20). The appropriate
power value was determined when the degree of independence was 0.8. Then, the adjacency was
transformed into a topological overlap matrix (TOM), which could measure the network connectivity
of a gene defined as the sum of its adjacency with all other genes for network generation, and the
corresponding dissimilarity (1-TOM) was calculated. To classify genes with similar expression profiles
into gene modules, average linkage hierarchical clustering was conducted according to the TOM-based
dissimilarity measure with a minimum size (gene group) of 50 for the genes’ dendrogram.

Module-trait associations were estimated using the correlation between the module eigengene
and the stress treatments. Network visualization for each module was performed using the Cytoscape
software version 3.6.1 [101] with a cut off of the weight parameter (obtained from the WGCNA) set
at 0.30.

4.5. Enrichment Analysis of Cis-Regulatory Motifs

To detect the enriched cis-regulatory motifs within the promoters of the genes belonging to each
module detected by WGCNA, first, all the sesame transcription factor binding motifs were downloaded
from the JASPAR website (http://jaspar.genereg.net/, [102]. Then, the sequences of 1 kb upstream from
the transcription start sites of the genes belonging to each module detected by WGCNA were retrieved
from the sesame genome v1.0 [95]. The promoter regions were scanned for presence/absence of the
DNA binding motifs using the FIMO tool v5.0.3 [103] with a threshold (p < 0.01). Finally, we performed
an enrichment analysis of each motif within the promoters of the genes belonging to each module
using the cumulative hypergeometric distribution (p ≤ 0.05).

4.6. Vector Construction and Arabidopsis Genetic Transformation

We selected two genes, including a hub gene (SiERF5, SIN_1005239) and a no-hub gene (SiNAC104,
SIN_1026079) to demonstrate their involvement in abiotic stress responses in Arabidopsis thaliana
following descriptions of Dossa et al. [38]. Briefly, the protein coding region were cloned by PCR
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from sesame root cDNA (SiERF5-F-GCTTTCGCGAGCTCGGTACCATGAGAATGATTCTCAAGAA,
SiERF5-R-CGACTCTAGAGGATCCTGTCAAGTGAGATGGTTTGA); (SiNAC104-F- GCTTTCGCG
AGCTCGGTACCATGGCTGAAGGGAGGAAATG, SiNAC104-R- CGACTCTAGAGGATCCAGAT
CAGCTTGCCTAACTAG) and inserted into a pCAMBIA 1301s vector (which is a modified form of
the pCAMBIA1301 vector) between KPnI (5′-end) and BamHI (3′-end) sites, driven by the CaMV 35S
promoter. The plasmids containing the 35S::SiERF5 and 35S::SiNAC104 constructs were transformed
first into Agrobacterium tumefaciens strain LBA4404 and then into Arabidopsis ecotype Col-0 cv.
Columbia by the floral dipping method [104]. Transgenic seeds were screened by sowing on MS
medium containing 1% agar, and 1% sucrose and 50 µg·ml−1 hygromicin. All the putative T1 transgenic
plants and vector control (VC) plants (containing an empty pCAMBIA1301 vector) were screened by
PCR with genomic DNA from leaves. Furthermore, qRT-PCR was performed to confirm the expression
of the transgene [105]. Three independent T3 transgenic homozygous lines were used for the stress
treatments, gene expression assay and phenotypic analyses.

4.7. Evaluation of Transgenic Lines Exposed to Osmotic, Salt, Waterlogging and Drought Stresses

First, to analyze the response of the transgenic plants to osmotic stress, seeds of VC and three
T3 lines for each transgene, were surface sterilized and plated on solid MS medium. The seeds
were stratified for 2 days in the dark at 4 ◦C and then transferred to a growth chamber under a 16-h
light period (long-day condition) provided by fluorescent light at 120 µM·m−2·s−1 and day/night
temperatures of 22/16 ◦C and 60/75% relative humidity. 10 days-old seedlings were transferred into
solid MS medium supplemented with 0/250 mM Mannitol. Plates were placed vertically and after
10 days, seedling root length was recorded.

Next, 10-day-old seedlings (transgenic lines and VC plants) were transferred into pots (two plants
per pot) containing organic potting mix and grown in normal conditions for 15 days. Then, 1/4 of
the pots were subjected to dehydration stress by withholding watering for 20 days and subsequently,
plants were allowed to recover for 1 week by supplementing water [38]. Another 1/4 of the pots were
watered with 200 mM NaCl solution every three days for four times and subsequently, plants were
allowed to recover for 1 week by supplementing water [38]. Another 1/4 of the pots were subjected to
waterlogging stress for 18 days. Pots were placed inside plastic tanks and filled with tap water up to
5 mm above the ground [106]. After waterlogging stress, plants were allowed to recover for 1 week
by drainage. The remaining plants (1/4) were kept under normal growth condition throughout the
experiment. Leaf samples were collected at the end of each stress treatment and in the control condition
for gene expression analysis. After recovery, the plant survival rate, the above-ground rosette biomass
fresh weights were recorded and pictures were captured to show visible phenotypes. We estimated
the relative rosette biomass as the ratio of the records under stress and control conditions. For each
treatment, eight survived plants (four pots) were kept until maturation to evaluate the seed yield. The
experiment was repeated twice with four replicates in each experiment for statistical analysis.

4.8. Sesame Materials and Stress Treatments

Ten cultivars of sesame were obtained from the China National Genebank, Oil Crops Research
Institute, Chinese Academy of Agricultural Sciences and used in this experiment. The genotypes
G059, G079, G207, G208, G209, G210, G212, G213, G214 and G215, all originating in China, were used
in this experiment. The sesame seeds were sterilized with 3% sodium hypochlorite for 7 min and
washed three times using sterile water. For the drought experiment, the seeds were sown in pots
containing loam soil mixed with 10% vermiculite and plants were regularly watered. After 6 weeks,
seedlings were submitted to a water stress for 7 days [7]. For the waterlogging treatment, seedlings
were flooded by standing in a plastic bucket filled with tap water to 3 cm above the soil surface and
maintained for 9 h according to the experimental descriptions of Dossa et al. [105]. Concerning the
salt, heat and osmotic stress treatments, seedlings were hydroponically grown in a box containing
half-strength Hoagland solution for 2 weeks under ambient temperature of 35 ◦C. Then, they were
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transferred to a new nutrient solution containing 200 mM NaCl for 48 h (salt stress treatment), in a
nutrient solution containing 2% PEG6000 for 5 days (osmotic stress treatment) or under 45 ◦C for 48 h
(heat stress treatment). Root samples of stressed and control plants were collected at the same periods.

4.9. Gene Expression Analysis in Arabidopsis

The qRT-PCR was performed on RNA extracted from leaf samples (Arabidopsis) and root samples
(sesame). The genes Actin 2 (AT3G18780) and Actin 7 (SIN_1006268) were used as the internal control
for Arabidopsis and sesame, respectively. Specific primer pairs of the assayed genes were designed
using the Primer5.0 software [107] (Table S1). Samples in the control condition (non-stress) were used
as reference and data are presented as relative transcript level based on the 2−∆∆Ct method [108].

4.10. Statistical Analysis

All the data were analyzed with the R software (www.r-project.org) using the one-way analysis of
variance for significant difference statistical analysis. The error bars were calculated with data from
two independent experiments.

5. Conclusions

Using the meta-analysis approach coupled with the weighted gene co-expression network analysis
on 72 RNA-Seq datasets from drought, salt, osmotic and waterlogging treatments, we decoded the
core abiotic stress responsive genes (CARG) in sesame. In total, 543 genes were detected as the sesame
CARGs, some of which were experimentally validated. The CARGs were further divided into three
distinct functional modules, which are involved a wide range of biological pathways. Module-traits
association analysis provided insights into the synergistic and antagonistic gene modules of abiotic
stress response mechanisms in sesame. The stress specific expression patterns of genes within the
different modules are tightly regulated by key transcription factors from the families of ERF, WRKY,
MYB and bHLH. Moreover, a set of hub genes and master regulators predicted to play prominent
functions for abiotic stresses responses in sesame was identified, representing useful resources of
molecular biomarkers and highly-anticipated potential candidate genes for engineering multiple
stresses tolerance in sesame.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/16/
3930/s1.
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Abstract: Many Salicaceae s.l. plants are recognized for their important role in the production of
products such as wood, oils, and medicines, and as a model organism in life studies. However, the
difference in plastid sequence, phylogenetic relationships, and lineage diversification of the family
Salicaceae s.l. remain poorly understood. In this study, we compare 24 species representing 18 genera
of the family. Simple sequence repeats (SSRs) are considered effective molecular markers for plant
species identification and population genetics. Among them, a total of 1798 SSRs were identified,
among which mononucleotide repeat was the most common with 1455 accounts representing 80.92%
of the total. Most of the SSRs are located in the non-coding region. We also identified five other types
of repeats, including 1750 tandems, 434 forward, 407 palindromic, 86 reverse, and 30 complementary
repeats. The species in Salicaceae s.l. have a conserved plastid genome. Each plastome presented a
typical quadripartite structure and varied in size due to the expansion and contraction of the inverted
repeat (IR) boundary, lacking major structural variations, but we identified six divergence hotspot
regions. We obtained phylogenetic relationships of 18 genera in Salicaceae s.l. and the 24 species
formed a highly supported lineage. Casearia was identified as the basal clade. The divergence time
between Salicaceae s.l. and the outgroup was estimated as ~93 Mya; Salix, and Populus diverged
around 34 Mya, consistent with the previously reported time. Our research will contribute to a better
understanding of the phylogenetic relationships among the members of the Salicaceae s.l.

Keywords: Salicaceae; phylogenetic relationship; plastid genome; comparative genomics; repeat
sequences

1. Introduction

The previously defined Salicaceae sensu stricto (s.s.) only included Salix and Populus [1], but
later more than 50 genera were classified into the Salicaceae sensu lato (s.l.) family, containing over
1000 species [2]. The family Salicaceae s.l. is a woody shrub plant, ranging in height from less than
a few centimeters to tens of meters. The species in Salicaceae s.l. are primarily distributed in cold,
tropical, and warm temperate regions and occupy extremely varied habitats [2,3]. This family’s sexual
systems are highly diverse. Most genera are dioecious, whereas, some are monoecious. Both XY and
ZW sex determination systems have been reported in the dioecious species, indicating an amazingly
diversified history of sex determination [4,5]. The species of this family have many uses. There are
varied chemicals produced by the family. An abundant oil containing unsaturated fatty acids can be
synthesized from Idesia fruits [6]. The early medicine, aspirin, was first isolated from willow and poplar
bark, and the willow species have been developed as bioenergy crops [7]. Populus species have become
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model organisms for basic research in molecular biology and genetics because of their small genome
size and fast growth rates. Moreover, they play important roles in the ecosystem, plant domestication,
and conservation, as well as being one of the most economically important groups of forest trees [8].

The plastid genome is widely used in plant genetic population and phylogeny analysis because of
its slow rate of nucleotide substitution in gene coding genes and relatively conservative gene structure
and content, which can also increase phylogenetic resolution at the lower taxonomic levels [9–14].
The plastid genome usually encodes about 80 unique proteins, 30 transfer RNAs (tRNAs), and four
ribosomal RNAs (rRNAs) [15,16]. For terrestrial plants with photosynthesis, the plastid genome is
120–220 kb in size and has the typical feature of two inverted repeats (IRs), 20–28 kb in size, separated
by small single copies (SSC) and large single copies ( LSC) with sizes of 16–27 kb and 80–90 kb,
respectively [17,18]. The size of IR in plastids varies widely for different groups, genus, family or
species [13,19,20]. The IR copies recombine themselves in order to maintain or confer stability in the
remaining plastome [17,18,21]. With the development of high-throughput sequencing technology in
recent years, the number of complete sequenced plastid genomes has increased rapidly [22]. The whole
plastid genome of 61 species in Salicaceae s.l. has been sequenced and stored in the GenBank.

In previous studies [23–26], their work mainly focused on the relationship of the main subclades in
the genera of Salix and Populus, because the delimitation of species in these genera remains controversial.
There are 29–70 species in the genus Populus and based on their morphological characteristics they
have been grouped into the following six sections: Abaso, Turanga, Populus, Leucoides, Aigeiros, and
Tacamahaca [27]. For the genus Salix, about 450 species have been published and two main subclades
have been identified [28–30]. The most recent study used 42 species from six genera based on the
complete plastomes in order to examine phylogenetic relationships of Salicaceae [31]. Although several
other genera in Salicaceae were mentioned in their research, their main purpose was to determine the
relationship of subclades in the genus of Salix and Populus. We know little about the phylogenetic
relationships of the other 48 genera in Salicaceae s.l.

In this study, we sequenced 20 plastid genomes in the family, and added the following four
previously published plastid genomes: Populus euphratica, Salix interior, Idesia polycarpa maxim, and
Poliothyrsis sinensis. In total, there were 24 species from 18 genera of Salicaceae s.l., as well as two
outgroups, Passiflora laurifolia and Passiflora ligularis. We mainly aimed to: (1) determine the repeat
sequence variations of plastid genomes, (2) examine structural changes in the plastomes of the
Salicaceae s.l., and (3) delimit intergeneric relationships within Salicaceae s.l.

2. Results

2.1. Characteristics of the Plastid Genomes

Twenty complete plastid genomes belonging to fourteen genera of the family Salicaceae s.l. were
newly generated in this study (Table 1). All of the genome sequences have been submitted to the
GenBank. In order to fully display the characteristics of the plastid genomes, we further collected four
sequences of other species in the Salicaceae s.l. from the NCBI GenBank. In total, our subsequent
comparative analysis included 24 species representing 18 genera of the family Salicaceae s.l. (Table 1).
The total length of the chloroplast genome sequences ranged from 155,144 bp in Flacourtia ramontchii to
158,605 bp in Bennettiodendron brevipes. The structure of the genomes displayed a typical quadripartite
structure, with a pair of inverted-repeat (IR) regions of 27,168–27,926 bp, separated by a large single
copy (LSC) of 83,391–86,350 bp and a small single copy (SSC) of 16,305–17,889 bp. The LSC regions
exhibited the greatest standard deviation in sequence length (s.d. = 872.58 bp), followed by the SSC
regions (s.d. = 470.12 bp) and the the IR regions (s.d. = 217.50 bp). Nucleotide composition with an
overall GC content of 36.8% was nearly identical in all plastid genomes.
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A total of 131 functional genes with the same order were annotated in each of the newly sequenced
plastomes, of which 102 were unique genes, including 78 protein-coding genes, 30 tRNA genes, and
four rRNA genes (Figure 1, Table 2). Most of these genes occurred as a single copy, while 19 genes
were duplicated in the IR regions (Table 1). The gene cemA contained premature termination codons in
Casearia decandra Jacq and Casearia velutina, while gene atpF contained premature termination codons in
Olmediella betschleriana.

Figure 1. Gene map of 20 Salicaceae s.l. chloroplast genomes. Functional categories of genes are
color-coded. Genes inside the circle are transcribed clockwise and genes outside the circle are transcribed
counter clockwise. The dashed area in the inner circle indicates the GC content of the plastid genome.

2.2. Repeat Sequence Analysis

We identified a total of 1798 simple sequence repeat (SSR) loci across the 24 Salicaceae s.l. plastids
(Figure 2a, Table S1). Of these, 1455 were mononucleotide repeats accounting for about 80.92% of the
total SSRs, while 180 (10.01%), 98 (5.45%), 41 (2.28%), 18 (1.00%), and six (0.33%) were tetra-, di-, tri-,
penta-, and hex-nucleotides repeats, respectively. The penta- and hex- nucleotides repeats were very
rare across the plastid genomes. Most (74.36%) SSR loci were located in the intergenic regions, whereas,
9.07% were in intron and 16.57% were in the protein-coding regions.

246



Int. J. Mol. Sci. 2019, 20, 3788

Ta
bl

e
2.

Li
st

of
ge

ne
s

pr
es

en
ti

n
th

e
pl

as
ti

d
ge

no
m

es
of

tw
en

ty
ne

w
ly

se
qu

en
ce

d
Sa

lic
ac

ea
e

s.
l.

sp
ec

ie
s.

C
at

eg
or

y
G

en
e

Ty
pe

G
en

e

Se
lf

-r
ep

li
ca

ti
on

R
ib

os
om

al
R

N
A

rr
n1

6
rr

n2
3

rr
n4

.5
rr

n5

Tr
an

sf
er

R
N

A

tr
nA

-U
G

C
*

tr
nf

M
-C

A
U

tr
nI

-G
A

U
*

tr
nM

-C
A

U
tr

nR
-A

C
G

tr
nS

-U
G

A
tr

nC
-G

C
A

tr
nG

-G
C

C
tr

nK
-U

U
U

*
tr

nN
-G

U
U

tr
nW

-C
C

A
tr

nT
-G

G
U

tr
nD

-G
U

C
tr

nG
-U

C
C

*
tr

nL
-C

A
A

tr
nY

-G
U

A
tr

nR
-U

C
U

tr
nT

-U
G

U
tr

nE
-U

U
C

tr
nH

-G
U

G
tr

nL
-U

A
A

*
tr

nP
-U

G
G

tr
nS

-G
C

U
tr

nV
-G

A
C

tr
nF

-G
A

A
tr

nI
-C

A
U

tr
nL

-U
A

G
tr

nQ
-U

U
G

tr
nS

-G
G

A
tr

nV
-U

A
C

*

Sm
al

lr
ib

os
om

al
un

it
s

rp
s1

1
rp

s1
2

*
rp

s1
4

rp
s1

5
rp

s1
8

rp
s1

9
rp

s2
rp

s3
rp

s4
rp

s7
rp

s8

La
rg

e
ri

bo
so

m
al

un
it

s
rp

l1
4

rp
l1

6
*

rp
l2

*
rp

l2
0

rp
l2

2
rp

l2
3

rp
l3

3
rp

l3
6

R
N

A
po

ly
m

er
as

e
su

bu
ni

ts
rp

oA
rp

oB
rp

oC
1

*
rp

oC
2

Ph
ot

os
yn

th
es

is
ge

ne
s

N
A

D
H

de
hy

dr
og

en
as

e
nd

hA
*

nd
hB

*
nd

hC
nd

hD
nd

hE
nd

hF
nd

hG
nd

hH
nd

hI
nd

hJ
nd

hK

ph
ot

os
ys

te
m

I
ps

aA
ps

aB
ps

aC
ps

aI
ps

aJ
yc

f3
*

yc
f4

ph
ot

os
ys

te
m

II
ps

bA
ps

bB
ps

bC
ps

bD
ps

bE
ps

bF
ps

bH
ps

bI
ps

bJ
ps

bK
ps

bL
ps

bM
ps

bN
ps

bT
ps

bZ

cy
to

ch
ro

m
e

b/
f

co
m

pl
ex

pe
tA

pe
tB

*
pe

tD
pe

tG
pe

tL
pe

tN

A
T

P
sy

nt
ha

se
at

pA
at

pB
at

pE
at

pF
*

at
pH

at
pI

La
rg

e
su

bu
ni

to
f

ru
bi

sc
o

rb
cL

O
th

er
ge

ne
s

M
at

ur
as

e
m

at
K

Pr
ot

ea
se

cl
pP

*

A
ce

ty
l-

C
oA

-c
ar

bo
xy

la
se

su
bu

ni
t

ac
cD

En
ve

lo
pe

m
em

br
an

e
pr

ot
ei

n
ce

m
A

C
om

po
ne

nt
of

T
IC

co
m

pl
ex

yc
f1

c-
ty

pe
cy

to
ch

ro
m

e
sy

nt
he

si
s

cc
sA

U
nk

no
w

n
hy

po
th

et
ic

al
ge

ne
s

re
ad

in
g

fr
am

es
yc

f2

N
ot

es
:t

he
*

sy
m

bo
ls

in
di

ca
te

ge
ne

s
w

it
h

in
tr

on
(s

).

247



Int. J. Mol. Sci. 2019, 20, 3788

Figure 2. Comparison of repeat sequences among 24 plastomes. The X-axis represents the species and
the Y-axis represents the number of repeats. (a) Frequency of selected motifs of simple sequence repeats
(SSRs) and (b) number of each repeat type: tandem repeats, forward repeats, palindromic repeats,
reverse repeats, and complement repeats.

We also identified 5 other types of repeats, including 1750 tandems, 434 forward, 407 palindromic,
86 reverse, and 30 complementary repeats (Figure 2b, Table S2, Table S3). Among these, tandem repeats
are the most frequent type of repeats (64.65%), while complementary repeats are the least. We found
that the tandem repeat sequences were mainly located in non-coding regions, whereas, only a few
were located in the coding regions (ycf2, rpl22, rpl14, rpoC2, ycf1, ndhD, ndhG, psbL, ndhF, rpoA, petD,
and ccsA). Most of the five types of repeats were concentrated in the intergenic regions (Table S3).

2.3. Inverted Repeats and Genome Comparison

Next, we conducted whole genome alignment using the program mVISTA (Populus euphratica as
reference), and the results showed that both the content and order of the genes were highly conserved
in the Salicaceae s.l. plastids (Figure S1). The IRa/SSC boundary positions for all species were located
in the ycf1 gene, while the border genes of IRa and LSC were Rps19 and trnH-GUG, respectively. Only
slight variations of the border structure were identified across these plastid genomes. For example, the
IRb/LSC junction was located within the rpl22 gene in all but six species (Scolopia chinensis, Homalium
racemosum, Homalium cochinchinense, Prockia crucis, Casearia velutina, and Casearia decandra Jacq). The
ndhF gene was located entirely in the SSC region of 16 species, while in the other eight species it
extended into the IRb region (Figure 3).
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Figure 3. Comparison of the border positions of large single copy (LSC), small single copy (SSC), and
inverted repeat (IR) region borders among plastid genomes of 24 Salicaceae s.l. species. Complete
genes and portions of genes adjacent to the junctions are depicted by differently colored blocks.
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2.4. Divergence Hotspots of Plastid Genomes

To evaluate the level of sequence divergence, we calculated the percentages of variation using
a sliding window approach (Figure 4). Across the 24 species, the values of nucleotide variability
ranged from 0 to 0.139, with an average of 0.023, suggesting a high conservation of plastid genomes
within Salicaceae s.l. Six relatively high variable regions (divergence hotspots) were identified, which
comprised one gene region (ycf1 + ndhF) and the following five intergenic regions: matK-trnQ-UUG,
trnS-GCU-trnG-UCC, psbZ-trnG-GCC, and ndhF-trnL-UAG, psbE-petL.
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2.5. Phylogenetic Analysis

To obtain an accurate phylogenetic relationship of Salicaceae s.l. species, we performed multiple
sequence alignments of these 24 complete plastid genomes, including an additional two species
from Passiflora as the outgroup. The final concatenated dataset, which included 63 protein-coding
genes (Table S4) and 51,780 nucleotides, after trimming poorly aligned regions, produced a highly
supported topology based on the maximum likelihood (ML) strategy (Figure 5). Two subfamilies in the
phylogenetic tree, Samydoideae and Salicoideae, formed a highly supported monophyletic. Casearia
(Casearia decandra Jacq and Casearia velutina) was the only genus from Samydoideae in this study and
was identified as the basal clade. The remaining species belonged to Salicoideae and were divided
into two main clades. Furthermore, we estimated divergence times from the plastome dataset using
an approximate likelihood method. The Salicaceae s.l. was estimated to diverge from the outgroup
around 93 Mya.
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Figure 5. Phylogenetic tree of the 26 species based on 63 protein-coding genes using maximum
likelihood (ML). Bootstrap values (1000 replications) between different genera are shown at the nodes.
The branches are drawn in proportion to the posterior means of divergence times estimated under the
GTR + I + G model with an independent relaxed clock and birth–death sampling, and the outgroup
divergence constraint of 87 to 97 Mya.

3. Discussion

3.1. Features of Plastid Genomes

We used the information from complete plastid genome sequencing to research and analyze
the plastomes of Salicaceae s.l. species. Generally, the plastids of angiosperms are considered to be
highly conserved, have a typical tetragonal structure, usually contain about 110–130 unique genes,
and the genome size, GC composition, as well as gene and intron content are identical in most
angiosperms [32–35]. The shift of IR-SC boundaries was a common evolutionary event and played an
important role in plastome size variation [36]. The IR regions of the Salicaceae s.l. species varied in
size from 27,168 bp to 27,926 bp and the total length ranged from 155,144 bp in Flacourtia ramontchii to
158,605 bp in Bennettiodendron brevipes, as a result of the expansion and contraction of the IR borders.

Previous studies have revealed that many chloroplast genes, such as infA, rpl22, rps19, rpl2 intron
and rpl23, are transferred to the nucleus or lost [37–39]. In our study, only infA was not found in the
plastid genome of Salicaceae s.l. cemA and contained premature termination codons in Casearia decandra
Jacq and Casearia velutina, whereas, atpF was a pseudogene in Olmediella betschleriana. Gene duplication
caused by IR is common in plastomes and is believed to be an important driving force in the evolution
of genomes, leading to the creation of new genes and new gene functions [40]. Gene duplication
has been previously reported in multiple angiosperm lineages and most of them are tRNAs [41–46].
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Duplication of protein-coding genes outside of the IR is rare. In our results, seven tRNA genes and
eight protein-coding genes were duplicated in the inverted-repeat region.

3.2. Repeat Sequence Variations

SSRs are a type one to seven nucleotide unit tandem repeat sequence frequently observed in plastid
genome and the changes in copy number are usually polymorphic [47–50]. The SSRs are considered
effective molecular markers for plant species identification and population genetics because they
exhibit codominant inheritance, high repeatability, and high variation within the same species [47–50].
In this study, the mononucleotide repeats were the most common, of which 822 were T type accounting
for about 57%, while 606 (41%), 16 (1%), 11 (0.7%), were A, C, and G type, respectively. Most of the SSR
loci were located in the non-coding region, and only 16% of the SSR loci were found in the gene-coding
region. These SSRs were located in 39 coding genes, and the genes with the highest SSR frequency
are ycf1, rpoc2, and ndhF, which are 95, 48, and 26 times, respectively (Table S1). The plastome size
variation was previously reported to contribute to tandem [36,51] and dispersed repeats [41,52–54].
We analyzed the direct repeats, inverted repeats, reverse repeats, complementary repeats, and tandem
repeats in 24 Salicaceae s.l. species. The analysis showed that the number of tandem repeats is more
than the other repeats, while complementary repeats are the least common in these species. Most
of the repeats are distributed in the intergenic and intron regions, similar to those reported in other
angiosperm lineages [55]. These repeat sequences and plastid SSRs provided molecular markers for
studying the genetic diversity, population structure, and phylogenetics of Salicaceae s.l.

3.3. Comparative Analyses

Comparing chloroplast genomics not only provides insight into chloroplast evolution patterns [56],
but also contributes to phylogenetic studies to understand the evolutionary relationships among taxa
and apply them to species breeding and conservation [57]. We compared the 24 complete plastid
genomes of 18 genera in Salicaceae s.l. The species in this family have a conserved plastid genome that
lack major structural variations. The main cause of genomic length variation in higher plant plastids is
the change in the position of the boundary between IR and SSC/LSC [58]. In this study, the location of
the boundary and length of the IR regions showed that variation among the 24 species and the plastid
genomes differed slightly in size, with Bennettiodendron leprosipes, Bennettiodendron brevipes, Olmediella
betschleriana, Carrierea calycina, and Ito orientalis larger than other species, which may be related to
their IR expansion. IR expansion/contraction also represents a highly variable region, which can be
used to study the phylogenetic classification of plants and achieve molecular improvement of plant
phenotypes. In addition, the position of the trnH gene, which was found in the LSC region of all 24
plastid genomes, was conserved. This result was consistent with the observation that the trnH gene is
usually located in the IR region in monocots but is found within the LSC region in dicots.

3.4. Divergence Hotspot Analysis

The whole aligned sequences revealed relatively low divergence, however, six (matK-trnQ-UUG,
trnS-GCU-trnG-UCC, psbZ-trnG-GCC, ndhF-trnL-UAG, psbE-petL, and ycf1+ndhF) displayed high
variation. Further work is still necessary to determine whether these six variable loci could be used in
phylogenetic analyses of related Salicaceae s.l. species or as potential molecular markers for population
genetics and phylogenetics.

3.5. Phylogenetic Relationships

The deep relationships of mimosoids were poorly resolved by phylogenetic studies applying a
few plastid markers [59,60]. Plastid phylogenomics has been proven to be efficient to resolve difficult
relationships at the family level such as Orchidaceae [61] and the lower taxonomic level such as
subfamilies Bambusoideae [62] and Chloridoideae of Poaceae. For the phylogenetic relationship
between the species of Salicaceae, earlier studies focused on Salicaceae s.s. Preliminary phylogenetic
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frameworks for Salix and Populus have previously been provided [23–26]. In addition, some studies
of angiosperm and Malpighiales also involve the phylogenetic relationships of several genera of
Salicaceae s.l. [63–66]. However, phylogenetic analyses focusing on Salicaceae s.l. have been limited
to the use of one or a few genes obtained from plastid or nuclear genomes [2,67]. In this study, we
obtained phylogenetic relationships of 18 genera in Salicaceae s.l. using 63 plastid genes from 26
species. According to the Angiosperm Phylogeny Group’s most recent phylogeny, APG IV [2,68],
the phylogenetic tree is divided into Salicoideae and Samydoideae. Casearia from Samydoideae was
identified as the basal clade. The genera in one of the two main clades of Salicoideae included Populus,
Salix, Bennettiodendron, Idesia, Olmediella, Carrierea, Itoa, and Poliothyrsis, all belonging to Saliceae. The
other clade was divided into two subclades, one subclade included five genera, Flacourtia, Xylosma,
and Dovyalis belonging to the Saliceae, Scolopia belonging to Scolopieae, and Homolium belonging to
Homalieae. The other subclade consisted of four species of three tribes, of which Banara and Prockia
belong to Prockieae, Abatia and Azara belong to Abatieae and Saliceae, respectively. The Saliceae with
the most species is not monophyletic.

We further estimated divergence timescales of the major clades within the Salicaceae s.l. according
to the calibrations of the species tree constructed on the basis of 63 protein-coding genes. The split
between Salicaceae s.l. and the outgroup was estimated as ~93 Mya, and the basal Casearia was
estimated to diverge from other clades around 87 Mya. The clade of Salicoideae is estimated to have
originated around 61 Mya. Salix and Populus diverged around 34 Mya, consistent with the previously
reported [26].

4. Materials and Methods

4.1. Sampling and Genome Sequencing

Fresh leaves and silica-gel dried materials were sampled from 20 species representing 14 genera
of the family Salicaceae s.l. The voucher specimens for the ten fresh sampled plants collected from
XiShuangBanNa Tropical Botanical Garden (Mengla, China) were deposited at the Key Laboratory of
Bio-Resource and Eco-Environment of the Ministry of Education (Chengdu, Sichuan, China). The ten
silica-gel-dried materials were obtained from Harvard University Herbaria and the Arnold Arboretum
of Harvard University. For each species, we used the modified CTAB method [69] to extract the total
genomic DNA from dry leaves. About 5 ug purified DNA was used to construct Illumina paired-end
libraries with an insert size of 500 bp and sequenced using the HiSeq X Ten System by Novogene
(Beijing, China). At least two gigabases (Gb) of 2 × 150 bp short reads data were generated for each
sample. Reads with a Phred quality score <7 and more than 10% ambiguous nucleotides were filtered.

4.2. Plastid Genome Assembly and Annotation

The filtered reads were assembled by NOVOPlasty v2.7.1 [70], and we used the complete plastid
genome Itoa orientalis and Flacourtia indica (NC_037411.1 and NC_037410.1) as the reference, and then
used Geneious v11.1.5 [71] to correct the assemble. Then, we annotated the assembled plastid genome
in Plann v1.1 [72]. The positions of starts, stops, introns, and exons were manually adjusted using
Sequin v15.50. In addition, the physical map of the plastid genome was generated using OGDRAW
v1.2 [73]. The complete plastid genome together with gene annotations was submitted to the GenBank.
The accession numbers are shown in Table 1.

4.3. Repeat Sequence Analysis

The SSRs were evaluated using the online software MISA (https://webblast.ipk-gatersleben.
de/misa/) [74] with thresholds: 10, 5, 4, 3, 3, 3 ten repeat units for mononucleotide SSRs, five
repeat units for dinucleotide SSRs, four repeat units for trinucleotide SSRs and three repeat units
for tetra-, penta-, and hexanucleotide SSRs. We used the web-based analysis tool REPuter (https:
//bibiserv.cebitec.uni-bielefeld.de/reputer) [75] to detect the repeat sequences, including reverse, forward
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(direct), complement, and palindromic (inverted), with a minimal repeat size of 30 bp and Hamming
distance less than or equal to 3 (90% or greater sequence identity). Tandem Repeats Finder v4.09
(http://tandem.bu.edu/trf/trf.submit.options.html) [76] was used to determine the trandem repeats,
alignment parameters match, mismatch. Indel were set as 2, 7, and 7.

4.4. Genome Comparative Analysis

Furter, mVISTA (http://genome.lbl.gov/vista/mvista/submit.shtml) [77], a web-based program,
was used to compare similarities and detect any rearrangements or inversions among different plastid
genomes. We used this software (Populus euphratica as reference) to discover any significant interspecific
and intergeneric variations among plastid genome sequences of Salicaceae s.l. Additionally, the IR
expansion/contraction regions were compared among the 24 Salicaceae s.l. species (20 newly generated
plastid genomes in this study and 4 previous published plastid genomes: Populus euphratica, Salix
interior, Idesia polycarpa Maxim, and Poliothyrsis sinensis).

4.5. Sequence Divergence Analysis

After aligning all sequences using Mafft v7.313 [78], we located and counted the SNP sites in the
plastid genomes using DnaSP v6.0 [79]. The nucleotide variability (Pi) and polymorphic sites (S) were
evaluated using a sliding window analysis with a step size of 200 bp and window length of 600 bp.

4.6. Phylogenetic Analyses

There were 26 plastid genomes used for phylogenetic analyses, including 2 outgroups (Passiflora
laurifolia and Passiflora ligularis) and 24 Salicaceae s.l. species (Table 1). We extracted 63 protein-coding
genes in all 26 species using a python script. All the genes aligned by MAFFT and used RAxML
v8.1.24 [80] to conduct maximum likelihood (ML) analyses with the GTR + I + G model. The best
scoring ML tree was obtained with 1000 bootstrap replicates. Then, we estimated divergence times of
the plastome dataset, using an approximate likelihood method as implemented in MCMCtree (in PAML
version 4) [81], with an independent relaxed clock and birth–death sampling [82]. The divergence
between Salicaceae s.l. species and the outgroup, Passiflora, was assigned an age constraint of 87 to
97 Mya, as has been previously used [83–86].

5. Conclusions

We compared 24 plastomes, 20 newly sequenced and four other species sequences were collected
from the NCBI GenBank, all representing 18 genera of the family Salicaceae s.l. The SSRs are considered
effective molecular markers for plant species identification and population genetics. A total of 1798
SSRs were identified. Mono-nucleotide repeats were the most common with 1455 repeats accounting
for about 80.92% of the total. Most of repeats were located in the non-coding region. We also identified
five other types of repeats, including 1750 tandems, 434 forward, 407 palindromic, 86 reverse, and 30
complementary repeats. The species in Salicaceae s.l. have a conserved plastid genome. Each plastome
presented a typical quadripartite structure and varied in size due to the expansion and contraction of
the IR boundary, lacking major structural variations, but we identified six divergence hotspot regions
(matK-trnQ-UUG, trnS-GCU-trnG-UCC, psbZ-trnG-GCC, ndhF-trnL-UAG, psbE-petL, and ycf1+ndhF). We
obtained phylogenetic relationships in 18 genera of Salicaceae s.l. and the 26 species formed a highly
supported lineage. Casearia was identified as the basal clade. The divergence time between Salicaceae
s.l. and the outgroup was estimated as ~93 Mya, and Salix and Populus diverged around 34 Mya,
consistent with previously reported times. This study demonstrates the potential of plastid genome to
address the genus relationship of Salicaceae s.l. This data will contribute to further understanding of
the phylogenetic relationships among Salicaceae s.l.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/15/
3788/s1.
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Abstract: The aquaporins (AQPs) are a family of integral membrane proteins involved in the
transcellular membrane transport of water and other small molecules. A scan of the apple
(Malus domestica) genome revealed the presence of 42 genes encoding putative AQPs. Based on
a phylogenetic analysis of the deduced peptide sequences of the AQPs generated by Arabidopsis
thaliana, poplar (Populus trichocarpa), and rubber (Hevea brasiliensis), the apple AQPs were each
assigned membership of the five established AQP subfamilies, namely the PIPs (eleven members),
the TIPs (thirteen members), the NIPs (eleven members), the SIPs (five members), and the XIPs (two
members). The apple AQPs included asparagine-proline-alanine (NPA) motifs, an aromatic/arginine
(ar/R) selectivity filter, and the Froger’s positions. The heterologous expression of MpPIP2;1 in
A. thaliana was shown to enhance the level of tolerance exhibited against both drought and salinity.

Keywords: apple; aquaporin; functional analysis; stress tolerance

1. Introduction

The aquaporins (AQPs) represent a family of integral membrane proteins, and form channels
which allow the transport of water and other small molecules across membranes [1]. These proteins
are produced by species across the phylogenetic spectrum, from microbes to plants and animals [2].
A typical aquaporin feature six transmembrane (TM1–TM6) helices (H1–H6) and five connecting loops
(LA–LE); both their carboxylic and amino terminals lie on the cytoplasmic side, while two half helices
formed the seventh TM helix by the opposite LB and LE dipping into the membrane. Given their general
conservation across many AQPs, the asparagines-proline-alanine (NPA) motifs, the aromatic/Arginine
(ar/R) selectivity filter formed by four residues (F58-H182-C191-R197 in AQP1) [3], and Froger’s
positions (P1–P5 residues, T116-S196-A200-F212-W213 in AQP1) [4], are considered to be important for
function. AQPs are tetrameric proteins and each monomer is functional independently as a channel.
Furthermore, the fifth channel, which forms through the middle of tetramer array, has been suggested
to conduct gases, like CO2 [5].

The survival and growth of a plant depends on its ability to maintain a sufficient level of tissue
hydration. Proteins referred to as AQPs are known to represent an important component of the
regulatory machinery used by plants for this purpose. AQPs have been shown to exert control
over germination, since pea seeds imbibed in the presence of the AQP inhibitor mercury do not
germinate [6]. The correlation established between the elongation of the Ricinus communis seedling
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hypocotyl and the abundance of the AQP-encoding gene PIP2-1 has been taken to imply that AQPs also
have a role in seedling growth [7]. The product of the tobacco gene NtAQP1 has been shown to facilitate
CO2 membrane transport, and to contribute both to photosynthesis and stomatal movement [8,9].
The products of the strawberry AQP-encoding genes FaPIP1;1 and FaNIP1;1 both appear to be involved
in the transport of water into the fruit [10,11]. A number of authors have reported that plant AQPs
respond to external stress, triggering physiological adjustments which act to maintain the plant’s
hydration status [12–16].

Plant genomes encode a substantial number of AQPs: There are 35 such genes in the Arabidopsis
thaliana genome [17], 72 in the soybean (Glycine max) genome [18], and 55 in the poplar (Populus
trichocarpa) genome [19]. Based on their peptide sequences, higher plant AQPs have been classified
into five subfamilies, namely the plasma membrane intrinsic proteins (PIPs), the tonoplast intrinsic
proteins (TIPs), the Nod26-like intrinsic proteins (NIPs), the small and basic intrinsic proteins (SIPs),
and the uncharacterized intrinsic proteins (XIPs). PIPs, TIPs, NIPs, and SIPs have been found in
most higher plants, while to date XIPs have not been identified in Brassicaceae and monocots [20,21].
The most abundant of the AQPs are the PIPs and TIPs, most of which are associated with, respectively,
the plasma membrane and the vacuolar membrane. Here, the family of apple (Malus domestica) AQPs
has been characterized at the phylogenetic level, at the level of the chromosomal distribution of their
encoding genes and with respect to the content of their functional domains. The effect on drought and
salinity tolerance of one of these genes was explored by heterologously expressing it in A. thaliana.

2. Results

2.1. The Family of AQPs Encoded by the Apple Genome

A set of 67 candidate apple AQPs were identified by a key word search of the NCBI protein
database. Several of these were discarded on the basis that they were either likely duplicates or
represented a truncated sequence. The sequences of previously identified apple AQPs were used
as queries of the whole apple genome sequence to identify additional members. The outcome was
the identification of 42 putativeAQPs (Table 1). The range in length of their products was 236–309
residues and in their molecular weight was 25.1–33.2 KDa. The pI (isoelectric point) value of the
presumptive AQPs varied from 4.86 to 9.97. Twenty nine of the forty two apple AQPs included six
transmembrane domains.

Table 1. The information of identified apple AQPs.

Name GeneBank accession no. Gene ID Size(aa) MW(Da) pI TMD Loc

MdNIP1;1 XP_008383590.1 271 28742.49 9.03 6 Plas
MdNIP1;2 XP_028954386.1 271 28743.38 8.99 6 Plas
MdNIP2;1 XP_008341577.1 290 30456.02 6.70 6 Plas
MdNIP2;2 XP_008341755.2 290 30513.07 6.70 6 Plas
MdNIP2;3 MD09G1051500 1 260 27306.65 6.65 6 Plas
MdNIP4;1 MD13G1025400 1 278 29945.16 8.97 7 Plas
MdNIP5;1 XP_008356814.1 298 30960.84 8.94 5 Vacu
MdNIP5;2 XP_008360732.1 298 31052.15 8.85 6 Vacu
MdNIP5;3 XP_008348330.2 266 27575.92 9.23 5 Plas
MdNIP6;1 XP_008343681.1 306 31641.74 8.90 6 Vacu
MdNIP7;1 XP_028952006.1 300 31457.78 8.05 6 Plas
MdPIP1;1 NP_001280914.1 289 30875.87 9.32 5 Plas
MdPIP1;2 NP_001280922.1 289 30849.79 9.30 6 Plas
MdPIP1;3 NP_001315794.1 286 30759.57 9.08 6 Plas
MdPIP1;4 NP_001280950.1 286 30660.58 9.15 6 Plas
MdPIP2;1 XP_008363507.1 281 30166.00 7.65 6 Plas
MdPIP2;2 XP_008385311.2 281 30179.06 8.25 6 Plas
MdPIP2;3 XP_008365039.2 287 30461.39 8.95 6 Plas
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Table 1. Cont.

Name GeneBank accession no. Gene ID Size(aa) MW(Da) pI TMD Loc

MdPIP2;4 XP_008367680.2 283 30050.96 8.68 6 Plas
MdPIP2;5 XP_008387595.1 285 30156.86 6.89 6 Plas
MdPIP2;6 XP_008382110.2 281 29856.60 9.08 6 Plas
MdPIP2;7 XP_008377729.1 281 29924.69 9.22 6 Plas
MdSIP1;1 XP_008357207.2 242 25827.57 9.55 6 Vacu
MdSIP1;2 XP_008348137.2 240 25347.21 9.96 5 Vacu/Plas
MdSIP1;3 XP_008342016.1 240 25427.44 9.97 5 Vacu
MdSIP2;1 XP_008354672.2 236 25496.16 9.17 5 Vacu
MdSIP2;2 XP_008338069.3 236 25364.97 9.48 6 Chlo
MdTIP1;1 XP_008387528.2 252 26029.00 5.18 6 Plas
MdTIP1;2 XP_008343557.2 252 26029.25 5.62 6 Plas
MdTIP1;3 XP_008357781.1 252 25944.08 4.96 6 Plas
MdTIP1;4 XP_008366336.1 252 25922.12 4.96 6 Plas
MdTIP2;1 XP_008342659.1 248 25234.34 5.76 7 Plas
MdTIP2;2 XP_008380900.2 248 25308.41 5.62 7 Plas
MdTIP2;3 XP_008373770.1 248 25109.15 4.86 6 Vacu
MdTIP3;1 XP_008351935.2 256 26996.43 7.10 6 Plas
MdTIP3;2 MDP0000868372 2 255 26710.01 7.06 5 Plas
MdTIP4;1 XP_008393878.2 248 25864.24 5.51 7 Plas
MdTIP4;2 MD08G1115300 1 239 25098.22 4.98 7 Plas
MdTIP5;1 XP_008354229.2 254 26270.51 7.74 6 E.R.
MdTIP5;2 XP_008376403.3 256 26196.42 6.24 6 Chlo/plas
MdXIP1;1 XP_017182198.2 304 32165.86 5.96 6 Plas
MdXIP2;12 XP_028965550.1 309 33249.21 8.21 7 Plas

1 Gene IDs with were based on Malus × domestica GDDH13 Whole Genome v1.1. 2 Gene IDs were based on
Malus × domestica Whole Genome v1.0. (AQPs, aquaporins; MW, molecular weight; pI, isoelectric point; TMD,
transmembrane domain; Loc, subcellular localization; Chlo, chloroplast; Plas, plasma membrane; Vacu, vacuolar
membrane; E. R., endoplasmic reticulum).

2.2. Phylogenetic Analysis

The phylogenetic relationships between the set of MdAQPs with homologous proteins encoded by
A. thaliana, poplar, and rubber (Hevea brasiliensis) is displayed in Figure 1. The analysis allowed the set
of apple AQPs to be each assigned membership of one of the five plant AQP subfamilies, namely the
MdPIPs (eleven members), the MdTIPs (thirteen members), the MdNIPs (eleven members), the MdSIPs
(five members), and the MdXIPs (two members). The MdPIP members were further classified into
the two subgroups, MdPIP1 and MdPIP2, the MdSIPs into the two subgroups, MdSIP1 and MdSIP2,
and the MdTIPs into the five subgroups, MdTIP1-MdTIP5. The two MdXIPs belonged into the two
subgroups MdXIP1 and MdXIP2, respectively, and the MdNIPs were divided into six subgroups,
MdNIP1, 2, 4, 5, 6 and 7. On the basis of sharing a level of >90% similarity at the peptide level, 14 pairs
of sequences were recognized, namely MdNIP1;1/MdNIP1;2, MdNIP2;1/MdNIP2;2, MdNIP5;1/MdNIP5;2,
MdTIP1;3/MdTIP1;4, MdTIP4;1/MdTIP4;2, MdTIP2;1/MdTIP2;2, MdTIP3;1/MdTIP3;2, MdTIP5;1/MdTIP5;2,
MdPIP1;1/MdPIP1;2, MdPIP2;1/MdPIP2;2, MdPIP2;3/MdPIP2;4, MdPIP2;6/MdPIP2;7, MdSIP1;2/MdSIP1;3,
and MdSIP2;1/MdSIP2;2.
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Figure 1. Phylogenetic tree of AQPs from Arabidopsis thaliana, Populus trichocarpa, Hevea brasiliensis, 
and Malus domestica. The protein sequences were aligned by ClustalX and the phylogenetic tree was 
constructed by the Neighbor-Joining method (1000 bootstrap replicates) in the MEGA6 software. 
The subgroups are marked by a colorful background(orange for TIPs, purple for PIPs, red for NIPs, 
blue for XIPs and gray for SIPs). 

2.3. Chromosomal Location and Gene Structure 

It was possible to map 40 of the 42 MdAQPs on 16 of the 17 apple chromosomes, but neither 
MdNIP1;2 nor MdTIP3;2 could be placed (Figure 2). The sequence of each of the eleven MdPIPs featured 
three introns; all but one of the thirteen MdTIPs featured two introns (the exception was MdTIP1;1 in 
which only one intron was present); eight of the eleven MdNIP sequences were interrupted by four 
introns, with three introns present in both MdNIP5;1 and MdNIP5;2, and five in MdNIP5;3; three of the 
five MdSIPs harbored two introns, while neither MdSIP1;2 nor MdSIP1;3 featured any introns; finally, 
MdXIP1;1 had one intron while MdXIP2;1 included two introns (Figure 3). 

Figure 1. Phylogenetic tree of AQPs from Arabidopsis thaliana, Populus trichocarpa, Hevea brasiliensis,
and Malus domestica. The protein sequences were aligned by ClustalX and the phylogenetic tree
was constructed by the Neighbor-Joining method (1000 bootstrap replicates) in the MEGA6 software.
The subgroups are marked by a colorful background (orange for TIPs, purple for PIPs, red for NIPs,
blue for XIPs and gray for SIPs).

2.3. Chromosomal Location and Gene Structure

It was possible to map 40 of the 42 MdAQPs on 16 of the 17 apple chromosomes, but neither
MdNIP1;2 nor MdTIP3;2 could be placed (Figure 2). The sequence of each of the eleven MdPIPs featured
three introns; all but one of the thirteen MdTIPs featured two introns (the exception was MdTIP1;1 in
which only one intron was present); eight of the eleven MdNIP sequences were interrupted by four
introns, with three introns present in both MdNIP5;1 and MdNIP5;2, and five in MdNIP5;3; three of the
five MdSIPs harbored two introns, while neither MdSIP1;2 nor MdSIP1;3 featured any introns; finally,
MdXIP1;1 had one intron while MdXIP2;1 included two introns (Figure 3).
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Figure 2. Distribution of AQP genes in apple chromosomes. Two genes (MdNIP1;2 and MdTIP3;2) 
could not be localized on any chromosome. The scale is in megabases (Mb). 
Figure 2. Distribution of AQP genes in apple chromosomes. Two genes (MdNIP1;2 and MdTIP3;2)
could not be localized on any chromosome. The scale is in megabases (Mb).
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Figure 3. The exon-intron structure of apple AQP genes. Upstream/downstream region, exon, and 
intron are represented by blue box, yellow box, and grey line using GSDS software, respectively. 

2.4. Conserved Residues in the Apple AQPs 

The NPA motifs, ar/R filter, and Froger’s positions were identified via a multiple alignment 
between the apple AQPs and other plant AQPs (Table 2). These conserved positions were critical 
for the substrate selectivity of AQPs. Both NPA domains were conserved in all MdPIP and MdTIP 
members, but the third residue of the first NPA in MdNIP5;1, MdNIP5;2, and MdNIP5;3 was serine 
rather than alanine, while in MdNIP5;1, MdNIP5;2, and MdNIP6;1, the third residue of the second 
NPA was valine rather than alanine; in MdNIP2;3 it was glutamate and in MdNIP5;3 it was 
isoleucine. The MdSIPs all carried a non-conserved third residue in the first NPA, while in addition, 
the first residue of the second NPA in MdSIP2;2 was serine rather than asparagine. Both the first 
and third residues of the first NPA of MdXIP1;1 were non-conserved and the third residues of the 
first NPA of MdXIP2;1 was valine. The ar/R filter sequence was well conserved within each 
subfamily, but varied between the subfamilies. Each of the PIPs carried the conserved sequence 
phenylalanine-histidine-threonine-arginine. The greatest diversity for this motif was present among 
the NIPs, where each of the tetrapeptides tryptophan-valine-alanine-arginine, 
glycine-serine-glycine-arginine, alanine-isoleucine-glycine-arginine, 

Figure 3. The exon-intron structure of apple AQP genes. Upstream/downstream region, exon, and intron
are represented by blue box, yellow box, and grey line using GSDS software, respectively.

2.4. Conserved Residues in the Apple AQPs

The NPA motifs, ar/R filter, and Froger’s positions were identified via a multiple alignment
between the apple AQPs and other plant AQPs (Table 2). These conserved positions were critical for the
substrate selectivity of AQPs. Both NPA domains were conserved in all MdPIP and MdTIP members,
but the third residue of the first NPA in MdNIP5;1, MdNIP5;2, and MdNIP5;3 was serine rather than
alanine, while in MdNIP5;1, MdNIP5;2, and MdNIP6;1, the third residue of the second NPA was valine
rather than alanine; in MdNIP2;3 it was glutamate and in MdNIP5;3 it was isoleucine. The MdSIPs all
carried a non-conserved third residue in the first NPA, while in addition, the first residue of the second
NPA in MdSIP2;2 was serine rather than asparagine. Both the first and third residues of the first NPA of
MdXIP1;1 were non-conserved and the third residues of the first NPA of MdXIP2;1 was valine. The ar/R
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filter sequence was well conserved within each subfamily, but varied between the subfamilies.
Each of the PIPs carried the conserved sequence phenylalanine-histidine-threonine-arginine.
The greatest diversity for this motif was present among the NIPs, where each of the tetrapeptides
tryptophan-valine-alanine-arginine, glycine-serine-glycine-arginine, alanine-isoleucine-glycine-arginine,
threonine-isoleucine-alanine-arginine, and alanine-valine-glycine-arginine was represented. With respect
to the Froger’s positions, there was also high conservation within each subfamily, but variability
between subfamilies. While the P1 position was the only variable residue within the PIP and XIP
subfamily members, both the P1 and P2 positions varied among members of TIP and SIP subfamilies,
and the P1, P2, and P5 positions were were all non-conserved for NIP subfamily members.

Table 2. NPA motifs, ar/R filter, and Froger’s positons of apple AQPs.

Name
NPA motifs Ar/R filter Froger’s Positions

LB LE H2 H5 LE1 LE2 P1 P2 P3 P4 P5

MdNIP1;1 NPA NPA W V A R F S A Y I
MdNIP1;2 NPA NPA W V A R F S A Y I
MdNIP2;1 NPA NPA G S G R L T A Y V
MdNIP2;2 NPA NPA G S G R L T A Y V
MdNIP2;3 NPA NPE G S - R L T A Y V
MdNIP4;1 NPA NPA W V A R L S A Y F
MdNIP5;1 NPS NPV A I G R F T A Y L
MdNIP5;2 NPS NPV A I G R L T A Y L
MdNIP5;3 NPS NPI A I G R F T A Y L
MdNIP6;1 NPA NPV T I A R F T A Y L
MdNIP7;1 NPA NPA A V G R Y S A Y I
MdPIP1;1 NPA NPA F H T R E S A F W
MdPIP1;2 NPA NPA F H T R E S A F W
MdPIP1;3 NPA NPA F H T R Q S A F W
MdPIP1;4 NPA NPA F H T R Q S A F W
MdPIP2;1 NPA NPA F H T R Q S A F W
MdPIP2;2 NPA NPA F H T R Q S A F W
MdPIP2;3 NPA NPA F H T R Q S A F W
MdPIP2;4 NPA NPA F H T R Q S A F W
MdPIP2;5 NPA NPA F H T R Q S A F W
MdPIP2;6 NPA NPA F H T R Q S A F W
MdPIP2;7 NPA NPA F H T R Q S A F W
MdSIP1;1 NPT NPA V L P N M A A Y W
MdSIP1;2 NPS NPA S L P N M A A Y W
MdSIP1;3 NPS NPA S L P N M A A Y W
MdSIP2;1 NPL NPA S L G S F V A Y W
MdSIP2;2 NPL SPA S L G S F V A Y W
MdTIP1;1 NPA NPA H I A V T S A Y W
MdTIP1;2 NPA NPA H I A V T S A Y W
MdTIP1;3 NPA NPA H I A V T S A Y W
MdTIP1;4 NPA NPA H I A V T S A Y W
MdTIP2;1 NPA NPA H I G R T S A Y W
MdTIP2;2 NPA NPA H I G R T S A Y W
MdTIP2;3 NPA NPA H I G R T S A Y W
MdTIP3;1 NPA NPA H I A R T A A Y W
MdTIP3;2 NPA NPA H I A R T A A Y W
MdTIP4;1 NPA NPA H I A R S S A Y W
MdTIP4;2 NPA NPA H I A R S S A Y W
MdTIP5;1 NPA NPA N V G C T A A Y W
MdTIP5;2 NPA NPA N V G C I A A Y W
MdXIP1;1 SPV NPA V V V R M C A F W
MdXIP2;1 NPV NPA I T V R V C A F W

NPA, Asparagine-Proline-Alanine; Ar/R, aromatic/arginine; LE, loop E; LB, Loop B; H2, transmembrane helix 2; H5,
transmembrane helix 5.
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2.5. The Site of Apple PIP2 Expression

A search of the set of apple ESTs deposited in GenBank resulted in 685 hits for seven MdPIP2s,
a subgroup of the M. domestica AQP gene family, the products of which are likely important regulators
of water transport across the plasma membrane. The distribution of these hits among each PIP2 gene
and the organ are shown in Figure 4. The most well represented gene was MdPIP2;4 (218 hits) and
the least well represented was MdPIP2;5 (seven hits). The site of transcription of these genes can be
inferred from the frequency of their transcripts’ occurrence in the 76 cDNA libraries assembled from
various organs. In the bud libraries, there were 116 such ESTs out of a total of 54,099 sequences; there
were 104 out of 54,120 in the leaf libraries; there were 73 out of 35,380 in the stem libraries; there was
94 out of 12,679 in the root libraries; there were 117 out of 44,772 in the flower libraries; there were
176 out of 104,341 in the fruit libraries; and finally out of libraries constructed from in vitro cultured
cells, there were 5 out of 5652. When the abundance of transcripts generated from seven of the PIP2
genes was evaluated by applying a quantitative real-time PCR (qRT-PCR) assay to RNA extracted
from M. hupehensis root tissue, PIP2;1 appeared to be the gene most strongly transcribed (Figure 5).
Since both drought and salinity stress are sensed by roots, PIP2;1 was chosen for a detailed functional
analysis. In particular, the copy present in Malus prunifolia was selected, as this species provides
a source of drought-tolerant rootstocks [22].
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The contrasting effect of drought stress on the transgenic and WT plants is illustrated in Figure 
7. Under well-watered conditions, the growth of the transgenic lines was indistinguishable from that 
of WT plants. However, when water was withheld for 30 days, none of the WT plants remained 
viable as they were unable to maintain a sufficient level of leaf hydration (their relative water 
content fell to 10.5%); in contrast, many of transgenic plants survived, maintaining a leaf relative 
water content of about 20%. The post-stress survival rate of these latter plants was between 10.3% 
and 23.5%. A comparison of the leaf malondialdehyde (MDA) content showed that less of this stress 
marker accumulated in the transgenic plants than in WT plants; similarly, it was established that the 
relative electrolyte leakage of leaves sampled from the transgenic plants was lower than that of WT 
leaves. The activity of each of the enzymes superoxide dismutase (SOD), catalase (CAT), and 
peroxidase (POD), as well as the content of glutathione (GSH), were all greater in the transgenic 
plants than in the WT ones. Consistent with this result, the detached leaves of transgenic lines lost 
water slower than that of WT leaves. After 5 h of dehydration, the water loss rate for transgenic 
lines OE1, OE2, and OE3 were 17.6%, 8.8%, and 4.13% lower than that of WT, respectively. 

Figure 5. Transcriptional profiling of seven PIP2 genes in the root of M. hupehensis. RNA was extracted
from the roots of hydroponically-raised M. hupehensis seedlings which had formed 7–8 true leaves.
Values show in the form mean ± SD (n = 3).

2.6. The Abiotic Stress Tolerance of A. thaliana Plants Heterologously Expressing MpPIP2;1

A set of ten independent A. thaliana transgenics heterologously expressing MpPIP2;1 was obtained,
and three of these were randomly selected to advance to the T3 generation (Figure 6). The performance
of the three transgenic lines was then compared with that of wild type (WT) Col-0 plants.
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Figure 6. Relative expression of MpPIP2;1 in three A. thaliana transgenic lines heterologously
expressing MpPIP2;1 using qRT-PCR with Col-0 as control. The value presented was the mean
± SD of three replicates.

The contrasting effect of drought stress on the transgenic and WT plants is illustrated in Figure 7.
Under well-watered conditions, the growth of the transgenic lines was indistinguishable from that of
WT plants. However, when water was withheld for 30 days, none of the WT plants remained viable
as they were unable to maintain a sufficient level of leaf hydration (their relative water content fell
to 10.5%); in contrast, many of transgenic plants survived, maintaining a leaf relative water content
of about 20%. The post-stress survival rate of these latter plants was between 10.3% and 23.5%.
A comparison of the leaf malondialdehyde (MDA) content showed that less of this stress marker
accumulated in the transgenic plants than in WT plants; similarly, it was established that the relative
electrolyte leakage of leaves sampled from the transgenic plants was lower than that of WT leaves.
The activity of each of the enzymes superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD), as well as the content of glutathione (GSH), were all greater in the transgenic plants than in the
WT ones. Consistent with this result, the detached leaves of transgenic lines lost water slower than
that of WT leaves. After 5 h of dehydration, the water loss rate for transgenic lines OE1, OE2, and OE3
were 17.6%, 8.8%, and 4.13% lower than that of WT, respectively.
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Figure 7. Heterologous expressing MpPIP2;1 enhanced drought tolerance in A. thaliana. (a) Phenotypes
of transgenic lines and wild type plants under drought stress; (b) survival rate after 30 days withholding
of water and 7 days after rewatering; (c) relative water content after 30 days withholding of water;
(d) water loss rate of detached leaves; (e) malondialdehyde (MDA) content; (f) relative electrolyte
leakage; (g) superoxide dismutase (SOD) activity; (h) catalase (CAT) activity; (i) peroxidase (POD)
activity; and (j) glutathione (GSH) content at 0, 15, and 30 days after water withheld. The value
presented was the mean ± SD of three replicates, and the bar with different letter was significantly
different between plants at p < 0.05.
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A series of experiments were conducted to establish whether the constitutive expression of
MpPIP2;1 in A. thaliana had any effect on the level of tolerance to salinity stress, as imposed by exposure
to 0.3 M NaCl for 14 days (Figure 8). The transgenic plants maintained a superior leaf hydration status
compared to the WT plants: Their respective relative water contents were >80% and 49%. While the
survival rate of WT plants was 46.4%, that of the transgenic plants was >90%. Compared to WT leaves,
those of the transgenic plants accumulated less MDA, developed a lower relative electrolyte leakage,
exhibited a higher activity of SOD, POD, and CAT, and their GSH content was greater.
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Figure 8. Heterologous expressing MpPIP2;1 enhanced salt tolerance in A. thaliana. (a) Phenotypes
of transgenic lines and wild type plants treated with 0.3 M NaCl for 14 days; (b) Survival rate and
(c) relative water content after exposure to NaCl; (d) MDA content; (e) relative electrolyte leakage;
(f) SOD activity; (g) CAT activity; (h) POD activity; and (i) GSH content at 0 and 14 days after NaCl
treatment. The value presented was the mean ± SD of three replicates, and the bar with different letter
was significantly different between plants at p < 0.05.

2.7. Germination and Root Elongation of MpPIP2;1 Transgenics Exposed to Either Salinity or Osmotic Stress

An experiment was conducted to establish whether the constitutive expression of MpPIP2;1 in
A. thaliana had any effect on germination and/or root elongation in the presence of either salinity
or osmotic stress (Figure 9). When the seed was imbibed in the absence of a stress agent (mannitol
or NaCl), the rate of germination of both the WT and transgenic seed was high, and there were no
significant differences between the germination rates of WT and transgenic seeds. However, in the
presence of either 0.25 M mannitol or 0.15 M NaCl, the rate of germination of the WT seeds fell to just
10%, while that of the transgenic seeds remained >60%. Similarly, the ability of roots to elongate was
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the same for the WT and transgenic seedlings under non-stressful conditions, but the extent of its
inhibition by the presence of either mannitol or NaCl differed between the transgenic and WT seedlings.
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Figure 9. Heterologous expressing MpPIP2;1 enhanced seeds germination and root elongation in
A. thaliana either under salinity or osmotic stress. (a) The phenotype and (b) the statistical analyses
of the root lengths of transgenic lines and wild type seedlings growing on MS medium (CK), or MS
medium with 0.15 M NaCl or 0.25 M mannitol for 14 days; (c) germination rate of transgenic and wild
type seeds on different mediums for 7 days. The value presented was the mean ± SD of three replicates,
and the bar with different letter was significantly different between plants at p < 0.05.

3. Discussion

The systematic scanning of the content of AQP-encoding genes in the apple genome reported
here resulted in the identification of 42 such genes. AQPs make an important contribution to the
way in which plants control their uptake of water, and hence represent a key component of their
response to drought and osmotic stress [23]. Thus, gaining a full understanding of how apple plants
regulate their water balance and adapt to drought and osmotic stress will likely involve revealing the
function of many of this set of genes. There is already some experimental evidence which supports the
participation of AQPs in the stress response of apple. According to Hu et al. (2003), the transcription of
both MdPIP1a and MdPIP1b (here renamed as, respectively, MdPIP1;2 and MdPIP1;1) are up-regulated
by osmotic stress [24]. The M. zumi homolog of MdPIP1;1 has been shown to be inducible by salinity (as
well as by low temperature) stress [25]. Meanwhile, the constitutive expression of MzPIP2;1 (homolog
of MdPIP2;4) in A. thaliana has a positive effect on drought tolerance and a small positive one on salinity
tolerance [26], and the expression of MzPIP1;3 (homolog of MdPIP1;3) in tomato has been shown to
enhance the plants’ drought tolerance [27].
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Both moisture and nutrient stress are initially sensed by a plant’s roots. Based on its relatively
high transcript abundance (inferred both indirectly from the frequency of its representation in EST
libraries and directly through a qRT-PCR analysis), PIP2;1 is the PIP2 gene most strongly transcribed
in the roots of the apple plant. This same gene has been shown, using a suppression subtractive
hybridization method, to be up-regulated in response to moisture deficit [28], while two MdPIP2;1
ESTs have been identified in cDNA libraries developed from the roots of plants from which water
had been withheld for a week (LIBEST_024527). Thus the evidence points to the conclusion that the
product of PIP2;1 is an important component of the apple plant’s response to moisture stress. This
evidence has been strengthened by the demonstration here that heterologously expressing the gene in
A. thaliana had a positive effect on the plant’s tolerance of both drought and salinity.

A commonly observed plant response to abiotic stress is to accumulate reactive oxygen species
(ROS), which become cytotoxic when present in excess [29]. When A. thaliana plants heterologously
expressing MpPIP2;1 were exposed to either drought or salinity stress, both the MDA content and the
relative electrolyte leakage of their leaves were below the levels shown by WT leaves; both of these
traits are correlated with ROS-mediated cellular damage [30]. The maintenance of a non-damaging
level of cellular ROS content is achieved both by the activity of a number of enzymes and the synthesis
of antioxidant compounds [31]. Both the activity of the enzymes SOD, CAT, and POD and the content
of the antioxidant compound GSH were higher in the transgenic than in the WT A. thaliana plants
subjected to stress. The conclusion is that the product of MpPIP2;1 likely contributes to protecting the
transgenic plants experiencing drought stress by enhancing their ability to control the accumulation of
ROS. Similar conclusions have been drawn with respect to AQPs in a number of plant systems [32],
so it is reasonable to propose that the product of MpPIP2;1, a gene which is strongly transcribed in the
root of M. prunifolia, is an important determinant of the drought stress response when expressed in its
native context.

4. Materials and Methods

4.1. Identification of the Set of AQP Genes in the Apple Genome

Apple AQP sequences were recovered from the NCBI Protein database (www.ncbi.nlm.nih.gov/

protein) by entering as a keyword search “(aquaporin OR MIP) AND Malus”. The resulting hits
were confirmed as genuine AQPs by submitting them to the NCBI Conserved Domain database
(www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The sequences of identified apple AQPs were
used as queries to search Malus x domestica Whole Genome v1.0 and GDDH13 Whole Genome v1.1
sequence for additional members with an E value less than 0.01. A phylogenetic analysis based on
the deduced peptide sequences of AQPs encoded by A. thaliana, poplar, and rubber [33] was used
assign the apple sequences to the five established AQP subfamilies. Multiple sequence alignments
were carried out using ClustalX software [34], and an unrooted phylogenetic tree was constructed
using MEGA6 software [35], applying the Neighbor-Joining method and 1000 bootstrap replicates.

4.2. Chromosomal Location, Gene Structure, and Protein Properties of Apple AQPs

The GDDH13 assembly was used to reveal the chromosomal location for each of the MdAQPs
and to determine the intron/exon structure of each gene. The latter was visualized using GSDS
software (bio.tools/GSDS) [36]. The pI and molecular weight of the deduced AQPs were predicted
using the ExPASY program (web.expasy.org/compute_pi/). Transmembrane regions were detected
using TMHMM software (www.cbs.dtu.dk/services/TMHMM/) [37], and subcellular localizations were
predicted using WoLF PSOR software (wolfpsort.hgc.jp/) [38]. Sequences representing conserved
domains, NPA motifs, the ar/R filter, and the Froger positions were manually identified, based on
multiple sequence alignments of apple AQPs with heterologous AQPs.
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4.3. The Sites of Apple PIP2 Expression

Apple ESTs were retrieved through a BLASTN search of the GeneBank database, using as search
terms each of the MdPIP2 transcripts in turn. RNA was extracted from the roots of hydroponically-raised
M. hupehensis seedlings (a triploid species characterized by facultative apomixis) which had formed
7–8 true leaves [39], and was processed for a series of qRT-PCR assays targeting seven PIP2 genes.
The relevant primers were designed using Beacon Designer 8 are shown in Table 3.

Table 3. Primers used in this study.

Gene Name 1 Sequence (5′-3′) Use Reference

MpPIP2;1

F: ATGGCAAAAGATATTGAGGG Gene cloning This study
R: TTAAGCATTGCTCCTGAAAG
F: CTTGGCTCGCAAGGTTTCAC qRT-PCR for MpPIP2;1 in

transgenic Arabidopsis
This study

R: GTAGCCATCAGCCAACTCGT

AtACTIN
F: CCTTCTACCACCAATACATTC qRT-PCR for reference gene [40]
R: TGTTCCATTGTCGCATAC

MhPIP2;1
F:CCTTCTACCACCAATACATTC qRT-PCR for MhPIP2;1 This study
R:TGATTATCTACAATTCCATAGCC

MhPIP2;2
F:GCGGTGGAACTGTAGATA qRT-PCR for MhPIP2;2 This study
R:GCTTTCTCTGGCATCAAT

MhPIP2;3
F:CAAGAGGAGTGCTAGAGAC qRT-PCR for MhPIP2;3 This study
R:GCCAAGTGGACAATGAAC

MhPIP2;4
F:CTTGGACCTGCTGTTATCT qRT-PCR for MhPIP2;4 This study
R:AATTGCTGCTCCGATGAA

MhPIP2;5
F:TGGATTATTCTGGAAGCAT qRT-PCR for MhPIP2;5 This study
R:GCAACATTAAGGCACATT

MhTIP2;6
F:GCAACCCGACCCACTAAA qRT-PCR for MhPIP2;6 This study
R:ACAACACTCTCAATACACACTACA

MhTIP2;7
F:CAGCAACCCAACCAACTAAA qRT-PCR for MhPIP2;7 This study
R:ATCATCATCCATCCTCTCTCAAT

MhACTIN
F:TTCGTTTTCGTTTTCGTTTT qRT-PCR for reference gene This study
R:TGTTCCATTGTCGCATAC

1 Primers were designed to target the seven MhPIP2 based on the sequences of their homologs in M. domestica.

4.4. Heterologous Expression of MpPIP2;1 in A. thaliana

A full length copy of MpPIP2;1 cDNA (JF834203.1) was PCR-amplified from an in-house
pMD19-T-MpPIP2;1 plasmid using a primer pair listed in Table 3 [41]. This was used to generate
the construct pCAMBIA2300-35S-MpPIP2;1, which was introduced into A. tumefaciens strain GV3101,
and from thence into A. thaliana (ecotype Col-0) using the floral dip method [42]. Selection for transgenic
products was carried out by culturing on a medium containing 50 mg·L−1 kanamycin. The abundance
of MpPIP2;1 transcript produced in transgene homozygous T3 lines was evaluated using a qRT-PCR
assay based on the primer pairs listed in Table 3.

4.5. Stress Tolerance Analysis

For the purpose of assaying in vitro germination, surface-sterilized WT and transgenic seeds were
laid on either solidified Murashige and Skoog (1962) medium (MS) [43], MS containing 0.25 M mannitol,
or MS containing 0.15 M NaCl, and held for seven days under a 16 h photoperiod at 23 ◦C. Root
elongation was assessed by culturing pre-germinated seedlings for two weeks on vertically oriented
plants containing MS, MS + 0.25 M mannitol, or MS + 0.15 M NaCl. To test for both drought and salinity
tolerances, seedlings were grown in pots containing equal amounts of soil after stratified and generated
in soil for 3 weeks. The water loss rate was measured by weighing the detached leaves at different time
points. The plants were then either subjected to drought by the withholding of water for 30 days, or
salinity stress by irrigation with 0.3 M NaCl solution [44,45]. The assays for relative leaf water content,
leaf electrolyte leakage, and MDA concentration have been described elsewhere. To assay for SOD,
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CAT, and POD activity and GSH content, leaves was homogenized in phosphate buffer (pH 7.5) and
the resulting supernatants recovered after centrifugation were tested using commercially available
kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The SOD Assay Kit
was based on hydroxylamine method, the CAT Assay Kit was based on the method of ammonium
molybdate, the POD Assay Kit was based on the hydrogen peroxide oxidation reaction, and the GSH
assay kit is based on reduced glutathione reacting with 5,5′-dithiobis-2-nitrobenoic acid.

4.6. Statistical Analysis

Data were statistically analyzed using routines implemented in SPSS v17.0. Means were compared
using Tukey’s test, applying a 0.05 probability threshold to declare significance.

5. Conclusions

The present experiment has identified that the apple genome harbors 42 genes encoding putative
AQPs. It is necessary for the future to comprehensively understand the process of water and small
solutes flues through the membrane and related molecular-regulating mechanisms in the apple tree.
In A. thaliana, plants were engineered to heterologously express one of these genes (MpPIP2;1), a gene
which is strongly transcribed in the root of M. prunifolia. The transgenic plants exhibited an improved
level of tolerance to both drought and salinity stress, which implies that in the apple, the product
of PIP2;1 is an important component of the plant’s response to moisture stress. This latter finding
suggests a strategy for enhancing the stress tolerance of the apple using a molecular approach.
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Abbreviations

AQP aquaporins
NPA asparagine-proline-alanine
ar/R aromatic/arginine
NIP Nod26-like intrinsic proteins
PIP plasma membrane intrinsic proteins
SIP small and basic intrinsic proteins
TIP tonoplast intrinsic proteins
XIP uncharacterized intrinsic proteins
MDA malondialdehyde
SOD superoxide dismutase
CAT catalase
POD peroxidase
GSH glutathione
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Abstract: Consecutive monoculture practice facilitates enrichment of rhizosphere pathogenic
microorganisms and eventually leads to the emergence of replant disease. However, little
is known about the interaction relationship among pathogens enriched in rhizosphere soils,
Nucleotide binding-leucine-rich repeats (NB-LRR) receptors that specifically recognize pathogens
in effector-triggered immunity (ETI) and physiological indicators under replant disease stress in
Rehmannia glutinosa. In this study, a controlled experiment was performed using different kinds of soils
from sites never planted R. glutinosa (NP), replanted R. glutinosa (TP) and mixed by different ration of
TP soils (1/3TP and 2/3TP), respectively. As a result, different levels of TP significantly promoted the
proliferation of Fusarium oxysporum f.sp. R. glutinosa (FO). Simultaneously, a comparison between
FO numbers and NB-LRR expressions indicated that NB-LRRs were not consecutively responsive
to the FO proliferation at transcriptional levels. Further analysis found that NB-LRRs responded
to FO invasion with a typical phenomenon of “promotion in low concentration and suppression in
high concentration”, and 6 NB-LRRs were identified as candidates for responding R. glutinosa replant
disease. Furthermore, four critical hormones of salicylic acid (SA), jasmonic acid (JA), ethylene (ET)
and abscisic acid (ABA) had higher levels in 1/3TP, 2/3TP and TP than those in NP. Additionally,
increasing extents of SA contents have significantly negative trends with FO changes, which implied
that SA might be inhibited by FO in replanted R. glutinosa. Concomitantly, the physiological indexes
reacted alters of cellular process regulated by NB-LRR were affected by complex replant disease
stresses and exhibited strong fluctuations, leading to the death of R. glutinosa. These findings provide
important insights and clues into further revealing the mechanism of R. glutinosa replant disease.

Keywords: Rehmannia glutinosa L.; replant disease; rhizosphere microbes; NB-LRR; plant hormone

1. Introduction

Replant diseases, also known as consecutive monoculture problems or sick soil syndrome, are
widespread in the production of different crops, especially in medicinal crops, fruit tree and vegetables,
such as Rehmannia glutinosa, Panax notoginseng, apples, peach, strawberry, soybean etc. [1–6], which
usually lead to disease aggravation, poor growth status, yield reduction and quality deterioration [7].
Rehmannia glutinosa Libosch, a perennial herbaceous plant, is one of the 50 traditional Chinese medicines
with high value [8]. However, consecutive monoculture of R. glutinosa results in its abnormal growth
and a significant decline in the yield and quality of tuberous roots. Moreover, it cannot be replanted on
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the same land for 8–10 years [9]. The causes of problems associated with consecutive monoculture of
R. glutinosa have become a research priority in China [10].

Allelochemicals, soil-borne diseases and soil quality deterioration are usually considered as
primary factors involved in the formation of replant disease [11]. Some studies concluded that the
effect of soil chemical properties is inconsistent with replant disease over time [12,13]. Furthermore,
allelochemicals, such as phenolic acid and flavonoids, are quickly metabolized by soil microorganisms
and shape the composition and diversity of microbial community in rhizosphere soils [14–19].
Recent studies have appointed that the healthy growth of plants is closely related to the balance
of the rhizosphere microbes [20–22]. There is mounting evidence that the biotic factors mediated
by rhizosphere allelochemicals is a causal agent of replant disease [10,23–25]. Previous studies
have discovered that the pathogenic microorganisms in replanted R. glutinosa rhizosphere soil were
selectively attracted by root exudates, and then colonized the root surface to proliferate, resulting in
rhizosphere micro-ecology catastrophe, mainly in the transformation of rhizosphere microorganisms
from “bacterial” to “fungal” types and a decline in rhizosphere microbial diversity [10,11,13,26,27].
The previous evidences have confirmed that the pathogenic Fusarium oxysporum f.sp. R. glutinosa
(FO) was enriched and beneficial Pseudomonas spp. (PS) specifically decreased in rhizosphere soil
of replanted R. glutinosa [28–30]. However, it remains largely unknown the mechanism of how
replanted R. glutinosa responded to the changes in composition and diversity of microbial community
in rhizosphere soil.

In natural environments, plants can regulate the rhizosphere micro-ecological status to preserve
healthy growth by constantly renewing the composition and diversity of microbiome [31]. Plant
immune response, containing recognition to pathogens and signal transduction, thus plays a key role
in coordinating microbial communities in rhizospheres [32–34]. As we know, plant innate immunity
co-evolving with pathogenic microbes have developed two strategies, including pathogen-associated
molecular patterns (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI) [35,36].
PTI is generally effective against non-adapted pathogens in a phenomenon called non-host resistance,
and the pattern recognition receptors (PRRs) of PTI systems can recognize conserved PAMP features of
different species or genera. ETI is active against adapted pathogens, and the receptors of ETI systems
specifically and robustly respond to pathogen effectors through nucleotide-binding-leucine-rich repeat
(NB-LRR) domain-mediated perception [37]. NB-LRRs are now believed to include the majority
of plant R proteins and recognize fast-evolving effectors [38,39]. Our previous studies found that
pathogenic FO was specifically enriched in the rhizosphere soil of replanted R. glutinosa [28], and PTI
of two plant innate immunity silently responded to replant disease [40], which suggested that PTI
was not sufficient to cope with fast-evolving effectors. However, some NB-LRR receptors in ETI were
upregulated [41]. It remains unclear why these upregulated NB-LRRs fail to prevent the death of
replant R. glutinosa.

Plant hormones are essential regulators for triggering plant immune resistance to cope with
various pathogens [42]. The salicylic acid (SA) and jasmonic acid-ethylene (JA-ET) are believed
to form the hormonal backbone of plant immune responses to pathogens, with SA involved in
resistance to biotrophic pathogens and JA–ET involved in responses to necrotrophic pathogens and
chewing insects [37,43]. The antagonism between SA and JA-ET often occurs through the regulatory
protein non-expressor of pathogenesis-related proteins 1 (NPR1), which mediates the SA-induced
expression of pathogenesis-related (PR) genes and systemic acquired resistance (SAR) [44]. Enhanced
disease susceptibility 1 (EDS1) acts as a SA-pathway inducer and a JA-ET pathways repressor, and
mitogen-activated protein kinase 4 (MPK4) acts as a negative regulator of systemic acquired resistance,
which is controlled by the SA pathway [37]. In addition, abscisic acid (ABA) can increase susceptibility
to pathogens to some extent, although it is mainly associated with responses to abiotic stresses [37,45].
Some studies have described that SA was involved in the defense against Fusarium oxysporum and
associated with acteoside accumulation, one of important pharmacodynamic component [46,47]. Our
recent study displayed that plant hormones involved in the formation mechanism of R. glutinosa
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replant disease and are closely related to immune resistance [48]. However, a comprehensive survey
on the relationship between plant hormones and replant disease in R. glutinosa is still unknown.

Given the interferences from complex field environment and vegetative propagation, such as
various pathogens, variable light and temperature conditions, maternal resistance, size of vegetative
mass, germination rate and site of shoot, pot experiment in controlled conditions with regenerated
plantlets is thus an ideal research method. Here, the soils from the sites in which R. glutinosa had never
been planted and had been consecutively planted R. glutinosa were proportionally mixed to control
the stress levels of replant disease. The regenerated plantlets of R. glutinosa with feeble immunity
were acclimatized and transplanted in a phytotron. The dynamic changes of pathogenic microbes in
the rhizosphere soils were investigated. At same time, NB-LRRs expression, plant hormone contents
and physiological index levels were examined in the roots of R. glutinosa. These research results will
provide important insights for further revealing the mechanism of formation of replant disease.

2. Results

2.1. Changes in the Numbers of Pseudomonas spp. and Fusarium oxysporum in Rhizosphere Soils of Replant
Disease R. glutinosa

To understand the changes in the beneficial PS and pathogenic FO in rhizospheres of replanted R.
glutinosa, the numbers of them were showed in Figure 1. The numbers of PS were 3.87 × 108~5.99 ×
108 (cell·g−1 soil), the numbers of FO were 0.71 × 108~2.68 × 108 (cell·g−1 soil), and the ratio of FO to PS
were 0.16~0.55. The maximum difference ranged between 0 DAP and 9 DAP, where PS was in TP soil
and FO was in NP soil (Figure 1A,B). Moreover, only the numbers of FO decreased significantly over
time in control NP (Figure 1E). The inhibiting effect of NP soil on FO proliferation was thus stronger
than the promoting effect of replanted soil on FO proliferation. During 0~9 DAP, the FO numbers and
ratio of FO to PS in TP soil were significantly lower than that in NP soil at 0 DAP, and the reversing
results with significant difference were at 9 DAP (Figure 1B,C). The PS numbers were significantly
lower only in NP soil than that in TP soil at 0 DAP, and the reversed trends with no significant difference
were at 9 DAP (Figure 1A). Furthermore, there were the significant positive correlations between the
addition level of replant soils and the changes of the FO numbers and the FO/PS values, and between
the FO numbers and the FO/PS values (Tables 1 and 2). The results evidenced that R. glutinosa replant
disease (1/3TP, 2/3TP and TP) could significantly promote the FO proliferation in rhizospheres soils.
Interestingly, at 0 DAP, the PS numbers in 1/3TP, 2/3TP and TP soil were 1.04, 1.11 and 1.21 times than
that in NP soil respectively, and the FO numbers in NP soil were 1.39, 1.44 and 1.83 times than that
in 1/3TP, 2/3TP and TP soil respectively. The changes were obviously different from that at 9 DAP.
The results suggested that the soil had a strong ability that could restore balances among microbial
communities, and this means that the appropriate ration between FO and PS in rhizosphere soil
presented in R. glutinosa grows healthly, during fallow stage.
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Figure 1. The influences of different replant disease stress levels on the numbers and ratio of FO to 
PS in R. glutinosa rhizosphere soils over time. NP, 1/3TP, 2/3TP and TP are the gradient treatments 
of replant disease stresses. Four samples in each group are compared with NP (A–C) and 0 DAP (D–
F) respectively, and different lower-case letters indicate significant differences (p < 0.05; LSD). Data 
represented as the mean ± SD (n = 3). DAP: Days after planting. PS: Pseudomonas spp. FO: Fusarium 
oxysporum. NP: Soil that was never planted with R. glutinosa for at least 10 years. TP: Soil that was 
consecutively planted with R. glutinosa in the same soils for three years. 

Table 1. Pearson correlations among the different replant disease stress levels and the changes in 
amplitude of FO/PS and the numbers of PS and FO within 3 DAP. 

 ∆FO/PS ∆PS ∆FO 
Levels of replant disease stresses 0.7918 ** −0.5611 0.6809 * 

* p < 0.05, ** p < 0.01; ∆ represents the change from 0 to 3 DAP. 

Table 2. Pearson correlations among the FO/PS and the numbers of PS and FO within 9 DAP. 
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FO/PS −0.2488 0.9208 ** 

PS  0.1331 
** p < 0.01. 

2.2. NB-LRR Lists Response to Replant Disease Stresses in R. glutinosa 

To reveal the responding mode of R. glutinosa NB-LRRs during replant disease formation, the 
expression levels of NB-LRRs were determined by qRT-PCR. Of 35 expressed NB-LRRs in 
acclimatization stage, seven were upregulated and 11 were downregulated (Figure 2). In contrast to 
NP, 22 NB-LRRs were upregulated and six NB-LRRs were downregulated in TP at 3 DAP, which 
accounted for 80% of the 35 NB-LRRs. The stage from 0 to 3 DAP was thus the key stage to NB-LRRs 

Figure 1. The influences of different replant disease stress levels on the numbers and ratio of FO to
PS in R. glutinosa rhizosphere soils over time. NP, 1/3TP, 2/3TP and TP are the gradient treatments
of replant disease stresses. Four samples in each group are compared with NP (A–C) and 0 DAP
(D–F) respectively, and different lower-case letters indicate significant differences (p < 0.05; LSD).
Data represented as the mean ± SD (n = 3). DAP: Days after planting. PS: Pseudomonas spp. FO:
Fusarium oxysporum. NP: Soil that was never planted with R. glutinosa for at least 10 years. TP: Soil that
was consecutively planted with R. glutinosa in the same soils for three years.

Table 1. Pearson correlations among the different replant disease stress levels and the changes in
amplitude of FO/PS and the numbers of PS and FO within 3 DAP.

∆FO/PS ∆PS ∆FO

Levels of replant disease stresses 0.7918 ** −0.5611 0.6809 *

* p < 0.05, ** p < 0.01; ∆ represents the change from 0 to 3 DAP.

Table 2. Pearson correlations among the FO/PS and the numbers of PS and FO within 9 DAP.

PS FO

FO/PS −0.2488 0.9208 **
PS 0.1331

** p < 0.01.

2.2. NB-LRR Lists Response to Replant Disease Stresses in R. glutinosa

To reveal the responding mode of R. glutinosa NB-LRRs during replant disease formation,
the expression levels of NB-LRRs were determined by qRT-PCR. Of 35 expressed NB-LRRs in
acclimatization stage, seven were upregulated and 11 were downregulated (Figure 2). In contrast
to NP, 22 NB-LRRs were upregulated and six NB-LRRs were downregulated in TP at 3 DAP, which
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accounted for 80% of the 35 NB-LRRs. The stage from 0 to 3 DAP was thus the key stage to NB-LRRs
that responded to replant disease stress. In addition, only 1 NB-LRR was upregulated and 29 NB-LRRs
were downregulated at 6 DAP, indicating that replant disease interference to the expression of NB-LRRs.
In 3 DAP, the Pearson correlation analyses displayed that 35 NB-LRRs had no significant correlation
with the PS numbers. The significant positive correlation was only between 12 NB-LRRs and the
FO numbers in NP, 1/3TP, 2/3TP (Table 3). However, these NB-LRRs that have significantly positive
correlation with the FO numbers, have ineffectively prevented the death of R. glutinosa plants at 6 DAP.
The results displayed that the 12 upregulated NB-LRRs might not respond to the pathogenic FO in
replanted R. glutinosa. Therefore, the six downregulated NB-LRRs (RgNB5, RgNB14, RgNB26, RgNB29,
RgNB34 and RgNB35) in TP at 3 DAP, were screened as candidates for responding to R. glutinosa
replant disease. In addition, RgNB14 and RgNB26 of the 6 NB-LRRs were upregulated expression, and
the remaining 4 NB-LRRs were downregulated or presented a decreasing trend at expression level in
acclimatization stage. The two groups of NB-LRRs represented whether they responded to abiotic stress
or not. Noticeably, the expression levels of RgNB5 and RgNB29 were continuously downregulated
with addition levels of replant soils at 3 DAP.

Table 3. Pearson correlations among the expression of 35 NB-LRRs and the variation of PS and FO
numbers from 0 DAP to 3 DAP.

RgNB1 RgNB2 RgNB3 RgNB4 RgNB5 RgNB6 RgNB7

PS −0.1156 0.0187 0.6833 −0.1978 0.5612 −0.0038 −0.3908
FO 0.9737 0.9344 0.4558 −0.3259 −0.4752 0.9219 0.9963 **

RgNB8 RgNB9 RgNB10 RgNB11 RgNB12 RgNB13 RgNB14

PS −0.2584 0.0342 −0.1756 0.1503 −0.4000 −0.2856 0.7931
FO 0.9950 ** 0.8935 0.5160 0.8193 0.9973 ** 0.9984 ** −0.7543

RgNB15 RgNB16 RgNB17 RgNB18 RgNB19 RgNB20 RgNB21

PS −0.3292 −0.1421 0.0665 −0.4500 −0.0412 −0.2643 −0.3687
FO 0.0526 0.9794 * −0.4775 0.8240 0.9452 0.9970 ** 0.2326

RgNB22 RgNB23 RgNB24 RgNB25 RgNB26 RgNB27 RgNB28

PS −0.4505 −0.4356 −0.1776 −0.3769 −0.1168 −0.0632 −0.2509
FO 0.5924 0.8712 0.9858 * 0.9845 * −0.6370 0.9564 * 0.9953 **

RgNB29 RgNB30 RgNB31 RgNB32 RgNB33 RgNB34 RgNB35

PS 0.4527 −0.3214 −0.3369 −0.0666 −0.4524 0.6505 0.3434
FO −0.8157 0.9787 * 0.9965 ** −0.3699 −0.5155 −0.7435 −0.6044

* p < 0.05; ** p < 0.01.
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Figure 2. Nucleotide binding-leucine-rich repeats (NB-LRRs) expression in R. glutinosa roots during
acclimatization and planting phase with different replant disease stress levels. The ratios of 0 DAA,
3 DAA (0 DAP), NP, 1/3TP, 2/3TP and TP gradient treatments to 3 DAA (0 DAP) are calculated and
shown. Two or four samples in each group are compared with 3 DAA and NP respectively, and different
lower-case letters indicate significant differences (p < 0.05; LSD). Data represented as the mean ± SD
(n = 3). DAA: Days after acclimatization. DAP: Days after planting. NP: Soil that was never planted
with R. glutinosa for at least 10 years. TP: Soil that was consecutively planted with R. glutinosa in the
same soils for three years.

2.3. Plant Hormones Response to Replant Disease Stresses in R. glutinosa

Four plant hormones including ABA, ET, JA and SA were measured, and their contents in 1/3 TP,
2/3TP and TP treatments fluctuated obviously from 0 DAA to 9 DAP (Figure 3). In the acclimatization
stage (from 0 DAA to 3 DAA), the contents of plant hormones decreased significantly except for SA.
The sensitive stages for rapid alteration of hormones was from 0 to 3 DAP based on the comparison
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between 3 DAP and 3 DAA (0 DAP). At 3 DAP, the four hormones were significantly activated under
replant disease stresses compared with the control NP by 0.56 to 1.53 times for ABA, 0.59 to 2.02
times for JA, 0.50 to 1.50 times for ET and 0.37 to 1.19 times for SA (p < 0.05), which showed that the
four plant hormones responded strongly to replant disease stress levels. From 0 to 3 DAP, the four
hormone contents in 1/3TP, 2/3TP and TP have significantly increased at 3 DAP compared with that at
0 DAP, excepting SA treated with TP soils. Of which, ABA contents increased by 65.26% to 173.64%,
JA by 60.19% to 203.50%, ET by 65.26% to 173.84% and SA by 3.91% to 66.39% under replant disease
stresses, but only increased by 8.50%, 0.33%, 9.73% and −24.72% in NP, respectively (p < 0.05). Notably,
there were significant negative correlations between FO and SA (p < 0.05) and significant positive
correlations among the four hormones (p < 0.01) (Table 4). The results showed that the FO in replant
disease rhizosphere soil inhibited the SA biosynthesis in root. Taking together these changes showed
that the complex replant disease stress, including biotic and abiotic stress, promoted the four hormones
release, but FO inhibited SA biosynthesis, resulting in R. glutinosa death at 6 DAP.Int. J. Mol. Sci. 2019, 20, x 7 of 20 
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were significantly increased, and the others that used to eliminate toxicity of H2O2 were decreased 
significantly. In contrast to 3 DAA (0 DAP), the root activities, SOD activities, POD activities and 
MDA contents in NP tended to increase consecutively from 3 DAP to 9 DAP, which reported the 
normal response of plantlets planted in healthy soil. In addition, root activity, SOD activity, CAT 
activity and H2O2 contents in NP, 1/3TP, 2/3TP and TP at 3 DAP were significantly different from 
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Figure 3. The four plant hormone contents in R. glutinosa roots during acclimatization stage and
planting stage with different replant disease stress levels. 0 DAA, 3 DAA (0 DAP), NP, 1/3TP, 2/3TP and
TP are gradient treatments. Two or four samples in each group are compared with 3 DAA (0 DAP) and
NP respectively, and different lower-case letters indicate significant differences (p < 0.05; LSD). 3 DAP
with NP, 1/3TP, 2/3TP and TP gradient treatments is compared with 3 DAA (0 DAP), and the asterisk
indicate significant differences (p < 0.05; LSD). Data represented as the mean ± SD (n = 3). DAA: Days
after acclimatization. DAP: Days after planting. NP: Soil that was never planted with R. glutinosa for at
least 10 years. TP: Soil that was consecutively planted with R. glutinosa in the same soils for three years.

Table 4. Pearson correlations among the variation of the PS, FO, jasmonic acid (JA), abscisic acid (ABA),
ethylene (ET) and salicylic acid (SA) contents under replant disease stresses from 0 to 3 DAP.

∆FO ∆JA ∆ABA ∆ET ∆SA

∆PS −0.7327 0.1328 0.0254 0.1123 0.2366
∆FO −0.6524 −0.5981 −0.6560 −0.7475 *
∆JA 0.9752 ** 0.9839 ** 0.9182 **

∆ABA 0.9650 ** 0.9543 **
∆ET 0.9009 **

* p < 0.05, ** p < 0.001; ∆ represents the variation in content.
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2.4. Physiological Response to Replant Disease Stresses in R. glutinosa

The physiological indexes including root activity; superoxide dismutase (SOD), peroxidase
(POD) and catalase (CAT) activities; and malondialdehyde (MDA) and hydrogen peroxide (H2O2)
contents were investigated in R. glutinosa with different replant disease stress levels (Figure 4). In the
acclimatization stage, there were no significant changes in the POD activities. The H2O2 contents
were significantly increased, and the others that used to eliminate toxicity of H2O2 were decreased
significantly. In contrast to 3 DAA (0 DAP), the root activities, SOD activities, POD activities and MDA
contents in NP tended to increase consecutively from 3 DAP to 9 DAP, which reported the normal
response of plantlets planted in healthy soil. In addition, root activity, SOD activity, CAT activity and
H2O2 contents in NP, 1/3TP, 2/3TP and TP at 3 DAP were significantly different from those at 3 DAA
(0 DAP). Of which H2O2 contents significantly decreased by 0.45 to 0.75 times, and root activity, SOD
activity and CAT activity significantly increased by 0.36 to 2.75 times, 3.12 to 7.33 times, 2.76 to 4.26
times at 3 DAP, respectively. However, there were no gradient changes for the four physiological
indexes at 3 DAP. Moreover, only the H2O2 contents showed a gradient change at 6 DAP. Furthermore,
there were significant positive correlations between the FO numbers and the CAT activity and the
MDA content only at 6 DAP (Table 5). Overall, these results displayed that these physiological indexes
acting downstream of life activities were affected by complex replant disease stresses and did not show
significant correlation with the FO numbers until 6 DAP.

Table 5. Pearson correlations among the variation of the two microorganisms and the six physiological
indexes under replant disease stresses during three and six days after transplanting.

∆Root Activity ∆SOD ∆POD ∆CAT ∆H2O2 ∆MDA

0~3 DAP
∆PS 0.0357 0.2189 0.3088 −0.1421 −0.3443 −0.3313
∆FO 0.4389 −0.1874 0.2671 0.4416 0.1959 −0.1724

0~6 DAP
∆PS 0.1759 −0.0713 −0.0387 −0.2458 0.1394 −0.2020
∆FO 0.2250 0.1574 0.2263 0.7464 * −0.5732 0.7316 *

* p < 0.05; ∆ represents the variation in content.
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Figure 4. The contents of physiological indexes in R. glutinosa roots during acclimatization stage and
planting stage with different replant disease stress levels. 0 DAA, 3 DAA (0 DAP), NP, 1/3TP, 2/3TP and
TP are gradient treatments. Two or four samples in each group are compared with 3 DAA (0 DAP) and
NP respectively, and different lower-case letters indicate significant differences (p < 0.05; LSD). 3 DAP
with NP, 1/3TP, 2/3TP and TP gradient treatments is compared with 3 DAA (0 DAP), and the asterisk
indicate significant differences (p < 0.05; LSD). Data represented as the mean ± SD (n = 3). DAA: Days
after acclimatization. DAP: Days after planting. NP: Soil that was never planted with R. glutinosa for at
least 10 years. TP: Soil that was consecutively planted with R. glutinosa in the same soils for three years.

3. Discussion

3.1. Replant Disease Promotes Proliferation of Fusarium oxysporum in R. glutinosa Rhizospheres Soil

Previous studies have revealed that R. glutinosa replant disease induced rhizosphere microbes’
adverse chemotaxis [49,50], resulting in the increase of pathogenic FO abundance and the decrease of
beneficial PS abundance, thus the identified PS and FO were usually used as a characteristic mark
in the R. glutinosa replant disease study [10,28]. In this study, the PS numbers decreased and the FO
numbers increased in 1/3TP, 2/3TP and TP soils from 0 to 9 DAP. Moreover, the significant positive
correlations were presented between the addition levels of replant soils and the changes of the FO
numbers and the FO/PS values. These results revealed that replant disease promoted FO proliferation
in rhizospheres soils. Interestingly, the focus on maximum difference between the PS and FO numbers
displayed that the inhibiting effect of NP soil on FO proliferation was stronger than the promoting
effect of replanted soil on FO proliferation. Furthermore, the number of PS in NP soil was significantly
lower than that in TP soil at 0 DAP, while the number of FO in NP soil was significantly greater than
that in 1/3TP, 2/3TP and TP soils at 0 DAP. The changes were obviously different from that at 9 DAP.
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These results are different from those in the field [10], which might be related to the difference between
the air-dried soil used in this experiment and the field soil after fallow cultivation in the literature [51].
A valuable clue was thus presented that soil may have a strong ability restored microbe balance in
rhizosphere soil during the fallow stage.

3.2. NB-LRRs Failed to Respond Timely and Effectively to Pathogenic Fusarium oxysporum in Replanted
R. glutinosa

Pathogens almost always occupy extracellular niches [37]. Early studies had unraveled that
Fusarium oxysporum could inhibit the release of ATP after invading the host plant [52], which is required
for NB-LRR activation [37], but low doses toxins secreted by FO could induce the biosynthesis of
phytoalexins in the host plants [53]. In this study, the upregulated expressions of NB-LRRs were mainly
appeared at 3 DAP in TP and at 6 DAP in NP, which were consistent with the changes of the FO relative
values (Figure 5). According to the original data associated with the relative values, we found that
the upregulated expression of NB-LRRs was the strongest when the number of FO was at the lowest
level (about 0.95 × 108 cell·g−1 soil), and gradually decreased with the increasing of FO number in six
days after transplanting. These results exhibited that NB-LRR expressions have a typical regulars with
“promotion in low concentration and suppression in high concentration” when countered FO invasion,
which was consistent with Scott et al. (2019) [54].
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Figure 5. The heatmaps of the 35 NB-LRR expressions in R. glutinosa roots and the numbers of FO
and PS and their ratios in R. glutinosa rhizosphere soils. (A) The expression profiles of 35 NB-LRRs in
R. glutinosa roots over time. 3 DAA (0 DAP) is the control; (B) the changes in relative values of FO,
PS and FO/PS over time. Calculation of the relative values: The cell numbers and the FO/PS values are
first compared with that at 0 DAP (3 DAA), and then normalized (Z-score) for each microorganism
respectively to display in the same color scale. DAA: Days after acclimatization. DAP: Days after
planting. NP: Soil that was never planted with R. glutinosa for at least 10 years. TP: Soil that was
consecutively planted with R. glutinosa in the same soils for three years.

In antagonistic associations with microbes, plants have evolved to form two strategies of PTI
and ETI for fighting microbial pathogens [37]. A well-known view is that immune receptor play a
vital role in the recognition to pathogens [55,56], and constitutive downstream proteins are tightly
controlled by both positive and negative regulators [39,57]. An integrated understanding for plant
immune response is thereby in both the immune receptor and downstream signal transduction. Based
on studies till date, there is mounting evidence that two possible interpretations were supported for the
relationships of immune response and plant death. (i) Plant immunity has not been triggered [37,38].
(ii) Excessive immunity response often leads to inhibition of normal plant growth and even death [57–59].
In this study, the majority of NB-LRRs identified in replanted R. glutinosa roots were upregulated
or downregulated in TP at 3 DAP in comparison to 0 DAP. At same time, there were significantly
positive correlations found between 12 NB-LRRs and the FO numbers in NP, 1/3TP, 2/3TP and TP
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during 0~3 DAP, but the FO numbers in 1/3TP, 2/3TP and TP were no different with those in NP
at 3 DAP even significantly lower at 0 DAP. In addition, accompanied by the death of replanted
R. glutinosa at 6 DAP, only 1 NB-LRR was upregulated (downregulated at 3 DAP) and 29 NB-LRRs were
downregulated. Taking together these data showed that the stage of 0~3 DAP was the key stage for
NB-LRRs to respond to replant disease stress, while the immune response was obviously inactivated
to FO rather than excessive responses of NB-LRRs. Therefore, it was one of important reasons that
NB-LRRs were not consecutively responsive to the FO proliferation at the transcriptional level in
replanted R. glutinosa roots. These new findings provide insights into the response mechanism of
R. glutinosa to replant disease.

One of the big gaps in our understanding of plant immunity is in the downstream signaling
pathways after receptor protein activation [37]. Only two identified downstream signaling proteins of
EDS1 and non-race-specific disease resistance 1 (NDR1) are required for signaling of all TIR-NB-LRRs
and some CC-NB-LRRs, respectively [37]. For NB-LRR, the protein structure consists of a
carboxy-terminal LRR domain for effector recognition, NB-ARC (nucleotide-binding adaptor shared
by APAF-1, R proteins, and CED-4) and amino-terminal Toll/interleukin-1 receptor (TIR) or Coiled-coil
(CC) domains for signal transduction to downstream proteins [41]. In this study, the six downregulated
NB-LRRs (RgNB5, RgNB14, RgNB26, RgNB29, RgNB34 and RgNB35) in TP at 3 DAP, were screened as
candidates for responding to R. glutinosa replant disease. According to their functional conservation in
these NB-LRRs, there were seven resistance in linkage group 1A (R1A), 2 resistance in linkage group 1B
(R1B), 1 resistance to Pseudomonas syringae (RPS2), 1 target of AvrB operation 1 (TAO1) and 2 resistance
to powdery mildew 8 (RPW8). Based on studies till date, EDS1 were required for downstream signaling
of these identified NB-LRRs except for RPS2 (RgNB32) [60–63]. The results provide valuable clues for
studying the signaling pathways that operate downstream of NB-LRR protein activation in replanted
R. glutinosa.

3.3. Lower Level of SA Biosynthesis Stimulated by Fusarium oxysporum Might Be Cloesly Related to the
Formation of R. glutinosa Replant Disease

Generally, the stress factors associated with replant disease were complex and multiple, including
pathogens, nematode and abiotic stress [7]. To resist these stress factors, plant hormones are widely
involved in resistance levels as important signaling molecules [64]. ABA is mainly associated with
abiotic environmental stresses [44]. SA is typically involved in the defense against biotrophs [65]. JA and
ET are generally thought to act together, and to play core roles in the defense against necrotrophs [66].
The relationship between the SA and JA-ET pathway is more antagonistic other than cooperative [44].
In this study, the four hormones were significantly activated under replant disease stresses compared
with the control NP at 3 DAP, and presented each other significant positive correlation (p < 0.001).
The cooperation for SA and JA-ET was consistent with some literatures, such as Wu et al. (2018) [67] and
Adie et al. (2007) [68], which was different from the antagonistic relationship between SA and JA-ET.
A reasonable explanation for the cooperation of ABA with SA was that ABA increased susceptibility
to pathogens in some plant-pathogen interactions [45]. However, these inferences need to be further
verified. Previous studies displayed that some plant hormones including ET and ABA involved in the
formation mechanism of R. glutinosa replant disease and closely related to immune resistance [48,69].
Some studies have demonstrated that SA was involved in the defense against Fusarium oxysporum and
associated with acteoside accumulation, one of the important pharmacodynamic component [46,47].
More importantly, there were significant negative correlations only between ∆FO and ∆SA with the
gradient changes in the stress level of replant disease (Table 4). The results revealed that the SA
synthesis, which may be inhibited by Fusarium oxysporum, was involved in the formation of replant
disease in R. glutinosa.

Based on the above results, a possible depiction of the immune response and its potential crosstalk
with microbes and plant hormones in replanted R. glutinosa was drawn, and it is shown in Figure 6.
These findings provide insights into the formation of replant disease.
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4. Materials and Methods

4.1. Plant Growth and Treatments

To obtain aseptic plantlets, tuberous roots of R. glutinosa “Wen 85-5” were surface sterilized with
0.1% mercuric chloride solution for 17–20 min, washed five times with the sterile water, and then
cultured in sterile bottles with two layers of damp gauze at the bottom. The shoots, approximately
1 cm long, were cut and cultured on hormone-free MS agar medium containing 30 g·L−1 sucrose and
10 g·L−1 agar [47]. The explants were cultured under controlled conditions (25 ◦C, 4000 lux, 14 h
light/10 h dark photoperiod) in a growth chamber for 30 days.

To enhance the quality of plantlets for transplantation, the aseptic plantlets of R. glutinosa with
seven to eight leaves were adapted in a phytotron (28 ◦C, 10,000 lux, 14 h light/10 h dark photoperiod)
for 12 h, followed by unscrewing the bottle caps with a small opening to adapt for 6 h, and then
removing the cap to adapt for 30 h (Figure 7A). After carefully washing away the adherent medium on
the roots, the plantlets were adapted in sterile water for one day and transplanted into plastic pots.

Pot experiments were performed under controlled conditions (28 ◦C, 10,000 lux, 14 h light/10 h
dark photoperiod) at the Institute of GAP for Chinese Medicinal Materials, Fujian Agriculture and
Forestry University. R. glutinosa plantlets after acclimatization were transplanted on 23 August 2018
and grown in plastic pots of 18 cm diameter and 15 cm height (1.38 kg soil per pot). Three plants
were planted as three replicate sub-samples in each pot. Four treatments of replant disease levels
were constructed by mixing two kinds of soils in different proportions. The soils were collected from
the site where R. glutinosa had not been planted for at least 10 years (NP) and where R. glutinosa had
been consecutively planted for three years (TP) in Wen County, Jiaozuo City, Henan Province, in the
“geo-authentic” zone of R. glutinosa cultivation (34◦56′ N, 112◦58′ E). The air-dried soil samples were
taken to the laboratory for this experiment. Four treatments thus included NP, 1/3TP (mixed by 2 NP
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soils and 1 TP soil), 2/3TP (mixed by 1 NP soil and 2 TP soils), and TP, NP of which was used as the
control (Figure 7B).
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Figure 7. The operation process for acclimatization and the phenotype changes of R. glutinosa in the
experiment. Obvious irreversible injury occurred at 6 DAP until death at 9 DAP. (A) The six main steps
of acclimatization and transplanting. Step 1: Closed adaptation for 12 h; Step 2: Small opening for 6 h;
Step 3: Completely open for 30 h; Step 4: Washing the culture medium carefully with sterile pure water;
Step 5: Plantlets were adjusted to sterile pure water for 24 h; Step 6: Transplanting three plants per pot;
(B) the phenotype changes of R. glutinosa under different replant disease stresses within 9 DAP. In the
pot stage, 1/3TP, 2/3TP and TP are compared with NP, and 3 DAP, 6 DAP and 9 DAP are compared with
0 DAP (3 DAA). DAP: Days after planting. NP: Soil that was never planted with R. glutinosa for at least
10 years. TP: Soil that was consecutively planted with R. glutinosa in the same soils for three years.

4.2. The Collection of Fresh Root and Rhizosphere Soil Samples

On day zero, three after acclimatization (DAA), the fresh roots were collected after carefully
washing with sterile water and drying with absorbent paper. The samples of 0 DAP and 3 DAA are the
same. At 3, 6 and 9 DAP, the fresh roots and their rhizosphere soil were carefully collected as described
in Wu et al. (2015) [10]. Briefly, the roots and the soil around the roots were carefully dug up using a
sterilized fork spade and slightly shaken to remove loosely attached soil. The rhizosphere soil that
was tightly attached to roots (1–3 mm zone around the root) was brushed off and collected. All of the
collected samples were immediately frozen in liquid nitrogen and then stored at −80 ◦C for further
experiments for soil DNA extraction, absolute quantification of PS and FO, qRT-PCR of NB-LRR and
measurement of plant hormones and physiological index.

4.3. The Extraction of Soil DNA and Its Method Comparison

Approximately 5 g of soil of each sample was weighed for the extraction of soil DNA. Three
extraction methods were compared according to the electrophoretic strips. Method I referred to the
conventional cetyltrimethylammonium bromide (CTAB) method [70]. Methods II and III used different
extraction methods based on the optimization for removing humic acid. PCR and gel electrophoresis
were used to evaluate the different DNA extraction methods for PS and FO. For PCR, specific primers
of PS (PS for: 5′-GGTCTGAGAGGATGATCAGT-3′, PS rev: 5′-TTAGCTCCACCTCGCGGC-3′) and
FO (ITS1-F: 5′-CTTGGTCATTTAGAGGAAGTAA-3′, AFP308R: 5′-CGAATTAACGCGAGTCCCAA-3′)
were synthesized with reference to Wu et al. (2015) [10] (SunYa Biotechnology Co., Ltd. Fuzhou,
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China). Conventional PCR was performed using a Thermo cycler instrument (ThermoFisher Scientific
A24812, Waltham, MA, USA) to detect transcript abundance. Each 20-µL reaction contained 0.4 µM
each primer, 0.5 U 2× Es taq MasterMix enzyme, cDNA and nuclease-free water. The amplification
procedure was 95 ◦C for 2 min, 95 ◦C for 5 s, and 58 ◦C to anneal for 30 s, for 30 cycles. Horizontal gel
electrophoresis (1% gel) was used to evaluate the effect of the extraction with a DL2000 DNA Marker
(Takara, Japan) in 130 V, 200 mA (Liuyi DYY-12, Beijing, China). The results showed that the extraction
effect of method III was relatively best (Supplementary Figure S1A).

4.4. Absolute Quantification of Pseudomonas spp. and Fusarium oxysporum

To accurately evaluate the shift of rhizosphere microorganisms to avoid the expression changes
of reference genes in different growth phases and soil samplings [71], the characteristic rhizosphere
microorganisms of beneficial PS and pathogenic FO were detected based on absolute quantification
PCR (AQ-PCR).

4.4.1. Construction of the Recombinant Plasmid

Amplifications of PS and FO specific primers were performed by conventional PCR (as mentioned
above) and touchdown PCR (the same 20-µL reaction; 95 ◦C for 2 min, 95 ◦C for 5 s, 50–60 ◦C to
anneal for 30 s, 72 ◦C for 30 s, for eight cycles; 95 ◦C for 2 min, 95 ◦C for 5 s, 58 ◦C to anneal for 30 s,
for 30 cycles), respectively (Supplementary Figure S1B). The bright electrophoretic strips were cut and
extracted using gel pure DNA kits following the manufacturer’s instructions (Magen D2111-02, China).
The gel extraction solutions were concentrated to over 50 ng·µL−1 of cDNA using a concentrator
for approximately 25 min at 1400 rpm (Eppendorf Concentrator Plus AG5305, V-AQ mode). DNA
fragments were inserted into a vector and ligated overnight at 16 ◦C using the pMD19-T vector cloning
kit following the manufacturer’s instructions (Takara 6013, Japan). Then, 5 µL of vector DNA solution
and 50 µL of E. coli DH 5α were blended and incubated in ice for 30 min. After heat shock at 42 ◦C for
60 s, the vectors were kept on ice for 3 min. The solution with 600 µL of liquid LB culture medium
was closed using Parafilm and the culture was shaken for 60 min (37 ◦C, 200 rpm). Then, 45 µL of
5-Bromo-4-chloro-3-indolyl β-d-galactoside (X-Gal), 10 µL of isopropyl-l-d-thiogalactopyranoside
(IPTG) and 200 µL of the culture solution were smeared evenly on solid LB culture medium containing
0.4% Ampicillin (Amp) and then incubated at 37 ◦C for 14 h. We selected 1–2 white single colonies and
added 300 µL of liquid LB culture medium containing 0.4% Amp for co-culture (37 ◦C, 200 rpm) for
approximately 14 h until the solutions were turbid. PCR and 1% gel electrophoresis as aforementioned
were used to identify the size of DNA fragment comparing with a DL2000 DNA Marker (Takara, Japan).
The solutions containing the appropriate size of DNA fragments were chosen to extract plasmids using
Hipure Plasmid Micro Kit following the manufacturer’s instructions (Magen, China). 10 µL solutions
of plasmids were used for sequencing in Biosune, China (987 bp for PS, 433 bp for FO; Supplementary
Table S1).

4.4.2. Establishment of Standard Curve

The plasmid solutions of s containing the right size of DNA fragments were amplified again using
plasmids primer RV-M/M13-47 by qRT-PCR (BIO-RAD CFX96, USA) (20-µL reaction contained 0.4 µM
each primer, 0.5 U SYBR Premix EX Taq II (2×), cDNA and nuclease-free water following the Takara
RR820A instructions; 95 ◦C for 2 min, 95 ◦C for 5 s, 55 ◦C to anneal for 30 s, 72 ◦C for 30 s, for 30
cycles). The DNA concentration of target genes were detected by a NanoDrop2000 spectrophotometer
(Thermo Scientifi, USA) and then diluted to 0, 1, 2, 3, 4 ng/µL. The standard curves were drawn based
on the DNA concentration of target genes and Ct values (Supplementary Figure S2). The calculation of
plasmid copy number was based on Shirima et al. (2017) [72].

Plasmid copy number =
6.02× 1023 ×

(
copies·mol−1

)
× plasmid amount(g)∗

MW
(1)
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MW = plasmid molecular weight, (=plasmid size (2692 bp) ×molar mass per base (660 g·mol−1·bp−1);
6.02 × 1023 molecules/mole = Avogadro’s constant; * Plasmid amount was calculated from the plasmid
concentration determined by a NanoDrop2000 spectrophotometer (Thermo Scientifi, USA).

4.4.3. Determination of AQ-PCR

Ct values of recombinant plasmid containing 5 gradient concentration (as control) and soil DNA
extracts were detected using specific primers of PS and FO by qRT-PCR (20-µL reaction was as
mentioned above). The copy numbers of PS and FO were calculated based on the standard curve.
All reactions were replicated three times.

4.5. qRT-PCR Analysis of NB-LRRs

For 35 previously identified NB-LRRs (Supplementary Table S2), RNA extraction of roots, reverse
transcription and qRT-PCR analysis (BIO-RAD CFX96, USA) were conducted as described by Chen et
al. (2018) [41]. All reactions were replicated three times. The data were normalized on the basis of the
18S rRNA threshold cycle (Ct) value. The samples with the NP treatments were used as the controls at
the same sampling time, and their normalized Ct values were set to 1. The relative gene expression of
the other treatments was calculated using the 2−∆∆CT method [73].

4.6. Measurement of ABA, SA, ET and JA

The contents of abscisic acid (ABA), salicylic acid (SA), ethylene (ET) and jasmonate (JA) were
determined using a one-step double-antibody sandwich enzyme-linked immunosorbent assay (ELISA).
Briefly, 1.0 g of fresh root was ground in 5 mL of phosphate-buffered saline (PBS) (0.01 M, pH 7.4) with
an ice-cooled mortar and centrifuged at 2500 rpm for 20 min at 4 ◦C to obtain a supernatant for the ELISA
analysis following the protocol described in Zhao et al. (2006) [74]. The mouse monoclonal antigen
and antibodies against free ABA, SA, ET and JA were provided by MLBIO Co. Ltd., Shanghai, China.
The hormone content was measured at 450 nm using a microplate reader (BIO-Tek ELX800, USA).
Calculations of the ELISA data were performed as described in Wang et al. (2012) [75]. The recovery
percentages obtained by using internal standards during extraction and analysis were all >90%.

4.7. Measurement of Root Activity and the Physiological Index

To determine root activity, the methodology described by Zhang et al. (2013) [76] was followed
with modifications. Approximately 0.5 g of fresh root was mixed with 10 mL of a half-and-half blend of
0.4% triphenyl tetrazolium chloride (TTC) and 1/15 M PBS (pH 7.4) and incubated at 37 ◦C for 1 h, and
then the reaction was stopped by 2 mL of 1 M H2SO4. The roots were homogenized in ethyl acetate with
a capacity of 10 mL. The absorbance of the final solution was measured at 415 nm (Pgeneral T6-1650E,
China). A standard curve was used to determine the concentration of root activity in the extract.

The determination of SOD, POD and CAT activities and MDA content were as described by Li et
al. (2017) [48] and Deenamo et al. (2018) [77], respectively. The pretreatment was the same, and then
0.5 g of roots was homogenized in 5 mL of precooled PBS (0.05 M, pH 7.8) with a small amount of
quartz sand. Extracts were centrifuged for 15 min at 13 000 rpm. The supernatant was used for the
measurement of the four indexes. The colorimetric wavelengths were 560 nm, 470 nm and 240 nm for
SOD, POD and CAT, and 600 nm, 532 nm, 450 nm for MDA (Pgeneral T6-1650E, China).

The H2O2 content was determined by the KI method [78]. In short, 0.2 g of roots was homogenized
in 0.8 mL of precooled 0.1% TCA (trichloroacetic acid) with liquid nitrogen. Extracts were centrifuged
for 20 min at 19,000 rpm. Then, 0.5 mL of supernatant was added to 2 mL of KI (1 M) and 0.5 mL of
PBS (100 M) for reaction at darkness for 1 h. The absorbance of the final solution was measured at
390 nm (Pgeneral T6-1650E, China). A standard curve was used to determine the concentration of
H2O2 in the extract.
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4.8. Statistical Analysis

Multiple comparisons (LSD) and Pearson correlation were analysed with SAS statistical software
(V9.1 SAS Institute Inc., Cary, NC, USA). Each value with three replicates represented as the mean ±
SD. p < 0.05 was considered as significant between any two groups. A heatmap was generated via the
hierarchical clustering method using the MeV 4.9.0 tool [79].

5. Conclusions

Our results indicated that R. glutinosa replant disease promoted Fusarium oxysporum proliferation
in rhizospheres soil, but NB-LRRs were not consecutively responsive to the FO proliferation at the
transcriptional level in R. glutinosa roots. The analysis on the relationships between Fusarium oxysporum
numbers and NB-LRRs expression showed that the NB-LRRs responded to the Fusarium oxysporum
invasion with a typical phenomenon of “promotion in low concentration and suppression in high
concentration”, and 6 NB-LRRs were identified as candidates for responding to R. glutinosa replant
disease. Salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) involved in
the formation mechanism of R. glutinosa replant disease. Importantly, salicylic acid, as an important
signaling molecule, which may be inhibited by Fusarium oxysporum, was involved in the formation of
replant disease in R. glutinosa. Concomitantly, the physiological indexes acting downstream of life
activities were affected by complex replant disease stresses and exhibited strong fluctuations, resulting
in the death of R. glutinosa. These findings provide important insights and clues into further revealing
the mechanism of replant disease.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/13/
3203/s1.
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Abbreviations

DAA Days after acclimatization
DAP Days after planting
NP Soil that was never planted with R. glutinosa for at least 10 years
TP Soil that was consecutively planted with R. glutinosa in the same soils for three years
FO Fusarium oxysporum f.sp. R. glutinosa
PS Pseudomonas spp.
PR Pathogenesis-related
PTI Pathogen-associated molecular patterns (PAMP)-triggered immunity
ETI Effector-triggered immunity
PRRs Pattern recognition receptors
NB-LRR Nucleotide-binding-leucine-rich repeat
NB-ARC Nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4
TIR Toll/interleukin-1 receptor
CC Coiled-coil
NPR1 Non-expressor of pathogenesis-related proteins 1
EDS1 Enhanced disease susceptibility 1
NDR1 Non-race-specific disease resistance 1
R1A Resistance in linkage group 1A
R1B Resistance in linkage group 1B
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RPS2 Resistance to Pseudomonas syringae 2
TAO1 Target of AvrB operation 1
RPW8 Resistance to Powdery mildew 8
MPK4 Mitogen-activated protein kinase 4
ELISA Enzyme-linked immunosorbent assay
SA Salicylic acid
JA Jasmonic acid
ET Ethylene
ABA Abscisic acid
SOD Superoxide dismutase
POD Peroxidase
CAT Catalase
MDA Malondialdehyde
H2O2 Hydrogen peroxide
AQ-PCR Absolute quantification PCR
IPTG Isopropyl-l-d-thiogalactopyranoside
X-Gal 5-Bromo-4-chloro-3-indolyl β-d-galactoside
Amp Ampicillin
PBS Phosphate-buffered saline
TTC Triphenyl tetrazolium chloride
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Abstract: In pectin regulation, polygalacturonases (PGs) and pectin methylesterases (PMEs) are critical
components in the transformation, disassembly network, and remodeling of plant primary cell walls.
In the current study, we identified 36 PG and 47 PME genes using the available genomic resources of
grapevine. Herein, we provide a comprehensive overview of PGs and PMEs, including phylogenetic
and collinearity relationships, motif and gene structure compositions, gene duplications, principal
component analysis, and expression profiling during developmental stages. Phylogenetic analysis
of PGs and PMEs revealed similar domain composition patterns with Arabidopsis. The collinearity
analysis showed high conservation and gene duplications with purifying selection. The type of
duplications also varied in terms of gene numbers in PGs (10 dispersed, 1 proximal, 12 tandem,
and 13 segmental, respectively) and PMEs (23 dispersed, 1 proximal, 16 tandem, and 7 segmental,
respectively). The tissue-specific response of PG and PME genes based on the reported transcriptomic
data exhibited diverged expression patterns in various organs during different developmental
stages. Among PGs, VvPG8, VvPG10, VvPG13, VvPG17, VvPG18, VvPG19, VvPG20, VvPG22, and
VvPG23 showed tissue- or organ-specific expression in majority of the tissues during development.
Similarly, in PMEs, VvPME3, VvPME4, VvPME5, VvPME6, VvPME19, VvPME21, VvPME23, VvPME29,
VvPME31, and VvPME32 suggested high tissue-specific response. The gene ontology (GO), Kyoto
Encyclopedia of Genes and Genomics (KEGG) enrichment, and cis-elements prediction analysis
also suggested the putative functions of PGs and PMEs in plant development, such as pectin and
carbohydrate metabolism, and stress activities. Moreover, qRT-PCR validation of 32 PG and PME
genes revealed their role in various organs of grapevines (i.e., root, stem, tendril, inflorescence, flesh,
skins, and leaves). Therefore, these findings will lead to novel insights and encourage cutting-edge
research on functional characterization of PGs and PMEs in fruit crop species.

Keywords: polygalacturonase (PGs), pectin methylesterase (PMEs), collinearity analysis; gene duplications;
expression profiling; grapevine
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1. Introduction

Plant cell walls are mainly composed of various interacting networks of carbohydrate polymers,
such as polymers of cellulose, hemicellulose, and pectins [1]. These are produced by the plant cells
before being systemically delivered to the apoplast tissues [2], providing support and mechanical
strength to the plants. However, the disruption of the cell wall structure exposes fruit crops to disorders,
such as softening and susceptibility to diseases [3]. Until now, several studies have shown multiple
associated roles linked to pectin degradation enzymes in plants. In particular, polygalacturonase
(PGs; EC 3.2.1.15) hydrolytic enzymes are involved in plant organ cell separation events, reproductive
developments, leaf morphology, and organ shedding [4–7]. Furthermore, expression profiling, both at
a temporal and spatial level, has revealed that transcript accumulations are also responsible for cell
wall softening during abscission, ripening, and dehiscence [8]. Moreover, these correlation analyses are
useful for identifying cell wall sites during disassembly and studying the transcriptional patterns of key
genes in cell-wall degrading enzymes [5]. In Arabidopsis, during different developmental stages, several
members of PGs can be detected by real-time PCR (RT-PCR) in various organs, such as roots, leaves,
pollen tubes, flowers, and siliques [9,10]. In addition, few members of PGs have been functionally
characterized in some fruit crop species, such as grapevine (VvPG1 and VvPG2), apple (MdPG36),
banana (MAPG1 to MAPG4), and pear (PcPGl and PcPG3) [11–14]. However, the silencing of FaPG1
gene in strawberries declines the halt of the middle lamella and reduces fruit softening [15]. In pears
and bananas, the softening of fruits is regulated by Pc-PG1 and Pc-PG2 as well as MaPG3 and MaPG4,
in an ethylene-dependent pattern [16,17].

Pectin methylesterases (PMEs; EC 3.1.1.11) are also hydrolytic enzymes present in plants,
which play a pivotal role in the firmness and softening of the cell walls, specifically through remodeling
and disassembly of pectin [18,19]. The PMEs also play a crucial role in plant development, including
fruit maturity, pollen development, pollen tube growth, and other growth-related factors [20,21].
However, the activity of both PGs and PMEs during fruit softening is largely unknown and various
studies have shown their contradictory actions [22,23]. PGs in plants contain three groups, namely
class A, B, and C, whereas the PMEs are categorized into two main types, namely type I and type
II [19,24]. PGs and PMEs are a major gene family and have extensively been studied in various crops,
including Brassica rapa, Gossypium species, Arabidopsis thaliana, Solanum lycopersicum, Malus domestica,
Cucumis sativus, and Citrullus lanatus [5,11,25–28].

Grapevine (Vitis vinifera L.) is one of the most important woody fruit crop resource in the world [29].
They have become widely popular due to their nutritional value and health benefits. Improving the
grapevine berry quality is a crucial issue, and the availability of the grapevine genome (Version 2.1)
provides an excellent opportunity for its genetic study, momentously facilitating research in grapevine
biology. In grapevine, the members of PGs and PMEs have not yet been comprehensively identified by
genome-wide analysis and their elucidation is largely unknown. In this study, we utilized genomic
resources to characterize PGs and PMEs in grapevine by various bioinformatic tools. In total, 36 PG
and 47 PME genes were identified in grapevine and compared with Arabidopsis in order to test their
domain composition. The expression patterns of genes provide valuable clues for understanding
their functions. We also tested 32 PG and PME genes for various organs of grapevine, and their
correlation factors were further compared. Overall, our study provides a brief understanding of the
pectin-related genes in grapevine, and their substantial role in regulating organs during different
developmental stages.

2. Results

2.1. Identification of PGs and PMEs in Grapevine

A total of 36 PG and 47 PME genes were identified from the grapevine genome through orthologues
analysis with Arabidopsis (Table S1). These genes were designated as VvPG1-VcPG36 for PGs and
VvPME1-VcPME46 for PMEs according to the previously reported nomenclature system with slight
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modification. The corresponding UNIPROT gene IDs are also listed in Table 1. A brief summary
of the basic information for both PGs and PMEs in grapevine, apple, peach, and citrus is shown
in Tables S1 and S2, where the basic features include the protein identifier, CDS length (bp), and
protein properties (i.e., protein length (aa), molecular weight (kDa), isoelectric point (PIs), and grand
average of hydropathicity (GRAVY)). Additionally, gene duplication types and subcellular predictions
were also explored for each protein of PGs and PMEs in grapevine. In general, the coding sequence
length of these genes varied from 999–3702 bp for PGs and 768–2463 bp for PMEs, while the protein
length ranged from 332–1233 aa for PGs and 255–820 aa for PMEs, respectively. Moreover, the kDa
ranged from 36.38–135.75 for PGs and 28.12–90.85 for PMEs, while the PIs varied from 4.73–9.74 for
PGs and 5.17–9.97 for PMEs. Additionally, the results of GRAVY reveal that both PGs and PMEs
are hydrophilic and hydrophobic in nature. Although most showed hydrophobic properties with
negative values, a limited number showed positive hydrophobic properties. Protein subcellular
predications also confirmed that the majority of PGs and PMEs occurred in the nucleus, endoplasmic
reticulum, cytoplasm, plasma membrane, and mitochondria among ohers, which are listed in Table S1.
Moreover, the types of duplications also varied in terms of gene numbers in PGs (10 dispersed,
1 proximal, 12 tandem, and 13 segmental, respectively) and PMEs (23 dispersed, 1 proximal, 16 tandem,
and 7 segmental, respectively). Hence, the observed variations in various properties among PGs and
PMEs implies that these genes may function contrarily in a variable environment.

Table 1. Duplications of the PG and PME genes in grapevine.

Gene 1 Gene 2 Ks Ka Ka/Ks Selection Pressure Gene Duplications

Between PG genes

VvPG1 VvPG2 0.029 0.022 0.77 Purifying Selection Tandem
VvPG3 VvPG4 0.034 0.016 0.47 Purifying Selection Tandem
VvPG6 VvPG25 0.852 0.579 0.68 Purifying Selection Tandem

VvPG28 VvPG31 0.738 0.693 0.94 Purifying Selection Tandem
VvPG33 VvPG34 0.663 0.197 0.30 Purifying Selection Tandem
VvPG8 VvPG9 0.5 0.458 0.92 Purifying Selection Dispersed

VvPG12 VvPG13 0.626 0.58 0.93 Purifying Selection Dispersed
VvPG16 VvPG17 0.879 0.472 0.54 Purifying Selection Dispersed
VvPG20 VvPG24 1.56 0.419 0.27 Purifying Selection Dispersed
VvPG29 VvPG30 0.522 0.628 1.20 Positive Selection Dispersed
VvPG5 VvPG7 0.376 0.409 1.09 Positive Selection WGD or Segmental

VvPG10 VvPG11 1.266 0.231 0.18 Purifying Selection WGD or Segmental
VvPG14 VvPG15 0.212 0.343 1.62 Positive Selection WGD or Segmental
VvPG18 VvPG21 0.515 0.522 1.01 Positive Selection WGD or Segmental
VvPG22 VvPG23 1.401 0.152 0.11 Purifying Selection WGD or Segmental

Between PME genes

VvPME2 VvPME3 1.312 0.421 0.32 Purifying Selection Dispersed
VvPME5 VvPME16 0.527 0.625 1.19 Positive Selection Dispersed
VvPME18 VvPME19 1.102 0.442 0.40 Purifying Selection Dispersed
VvPME20 VvPME21 0.881 0.464 0.53 Purifying Selection Dispersed
VvPME22 VvPME23 0.446 0.681 1.53 Positive Selection Dispersed
VvPME27 VvPME28 1.042 0.334 0.32 Purifying Selection Dispersed
VvPME35 VvPME36 0.565 0.697 1.23 Positive Selection Dispersed
VvPME1 VvPME4 0.798 0.438 0.55 Purifying Selection Tandem
VvPME8 VvPME10 0.18 0.019 0.11 Purifying Selection Tandem
VvPME11 VvPME12 0.879 0.086 0.10 Purifying Selection Tandem
VvPME13 VvPME15 1.035 0.171 0.17 Purifying Selection Tandem
VvPME17 VvPME25 0.64 0.631 0.99 Purifying Selection Tandem
VvPME6 VvPME7 0.271 0.41 1.51 Positive Selection WGD or Segmental
VvPME14 VvPME26 0.304 0.44 1.45 Positive Selection WGD or Segmental
VvPME33 VvPME34 1.284 0.209 0.16 Purifying Selection WGD or Segmental
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2.2. Phylogenetic and Collinearity Relationships, Motif Compositions and Genomic Structure of PGs and PMEs
in Grapevine

The phylogenetic relationships of 36 PGs and 47 PMEs of grapevine and Arabidopsis were obtained
using MEGA 7.0 with a maximum likelihood approach (ML). The phylogenetic tree revealed that PG
and PME genes can further be divided into six and five major clades (Figure 1a,b). In the phylogenetic
tree of both PGs and PMEs, we observed that clade two contained the most number of genes (15 and 14)
compared to other clades in grapevine. The phylogenetic analysis suggests that both PGs and PMEs
share high similarities and have close genetic relationships with Arabidopsis. The observed results of our
phylogenetic arrangement were also consistent with previously reported studies [25,27]. In addition,
we also constructed phylogenetic trees among PG and PME genes (Figures 2a and 3a). The results
showed consistency among the clades of PGs compared to PMEs, which may be due to variations in
tree topologies. We also analyzed the composition of motifs for both PGs and PMEs (Figures 2b and
3b). For PG and PME proteins, we obtained ten conserved motifs using the online server, Multiple Em
for Motif Elicitation (MEME). The results revealed that motifs five and two frequently occurred among
PG members. Similarly, for PME members, motifs six, five, four, and one were dominantly found in
grapevine (Figures 2b and 3b). Hence, these results suggest that most PG and PME protein members
carry unique features due to variation in their amino acid sequences. Additionally, we also obtained
their LOGOS by the same online server MEME. Ten consensus sequences were acquired for both PG
and PME protein members and their distribution patterns are shown in Figures S1 and S2.Int. J. Mol. Sci. 2019, 20, x; doi: www.mdpi.com/journal/ijms 

 

 

Figure 1. Phylogenetic relationship of PG (A) and PME (B) genes between grapevine and Arabidopsis. 
The phylogenetic tree was constructed by MEGA 7.0 using the Maximum Likelihood Method (1000 
bootstrap). 

 

Figure 1. Phylogenetic relationship of PG (A) and PME (B) genes between grapevine and Arabidopsis.
The phylogenetic tree was constructed by MEGA 7.0 using the Maximum Likelihood Method (1000 bootstrap).

Furthermore, based on coding sequence (CDS) and untranslated regions (UTR) of PG and PME
genes in grapevine, gene structures were also resolved using TBtools software (Figures 2c and 3c).
The results revealed that both PG and PME members exhibited high divergence and were largely
conserved compared to each other. On the other hand, the PG and PME genes displayed more or fewer
similarities among the same clades. This was also observed in a previously reported study focusing on
PGs and PMEs in Brassica rapa [25].

304



Int. J. Mol. Sci. 2019, 20, 3180

Int. J. Mol. Sci. 2019, 20, x; doi: www.mdpi.com/journal/ijms 

 

 

Figure 1. Phylogenetic relationship of PG (A) and PME (B) genes between grapevine and Arabidopsis. 
The phylogenetic tree was constructed by MEGA 7.0 using the Maximum Likelihood Method (1000 
bootstrap). 

 
Figure 2. Phylogenetic relationship of PGs (A). The phylogenetic tree was constructed by MEGA 7.0
using the Maximum Likelihood Method (1000 bootstrap). Motif structure and upstream/downstream
regions of PGs (B). The coding sequences (CDS) and untranslated regions (UTR) for PGs in grapevine
(C). CDS and UTR are represented by yellow and green boxes. The relative position is proportionally
displayed based on the kilobase scale at the bottom of the figures.
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regions of PMEs (B). The coding sequences (CDS) and untranslated regions (UTR) for PMEs in 
grapevine (C). CDS and UTR are represented by yellow and green boxes, respectively. The relative 
position is proportionally displayed based on the kilobase scale at the bottom of the figures. 

2.3. Chromosomal Localization and Gene Duplication Analysis of PG and PME Genes 

A total of 36 PG genes were distributed unevenly across different chromosomal locations of 
grapevine genomes (i.e., Chr01–Chr19). The majority of the chromosomes of PGs showed 
inconsistency in terms of genes. Both Chr05 and Chr08 exhibited the highest number (8) of genes, 
followed by Chr1 and Chr07 with five genes. The others varied in number (Figure 4a and Figure S3). 

Figure 3. Phylogenetic relationship of PMEs (A). The phylogenetic tree was constructed by MEGA 7.0
using the Maximum Likelihood Method (1000 bootstrap). Motif structure and upstream/downstream
regions of PMEs (B). The coding sequences (CDS) and untranslated regions (UTR) for PMEs in grapevine
(C). CDS and UTR are represented by yellow and green boxes, respectively. The relative position is
proportionally displayed based on the kilobase scale at the bottom of the figures.

2.3. Chromosomal Localization and Gene Duplication Analysis of PG and PME Genes

A total of 36 PG genes were distributed unevenly across different chromosomal locations of
grapevine genomes (i.e., Chr01–Chr19). The majority of the chromosomes of PGs showed inconsistency
in terms of genes. Both Chr05 and Chr08 exhibited the highest number (8) of genes, followed
by Chr1 and Chr07 with five genes. The others varied in number (Figure 4a and Figure S3).
Moreover, the chromosomal localization for PME members also displayed high variation in the
number of genes. The highest number of genes (seven) was found on both Chr11 and Chr16 each,
followed by Chr5 containing five genes. The others largely varied from 1–4 per chromosome (Figure 4b
and Figure S3). In majority, we observed non-random distribution patterns of PG and PME genes in
the grapevine genome. The 36 PG and 47 PME genes were also clustered for collinearity between
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grapevine and Arabidopsis using Circos (Figure 4a,b). The results illustrated high conservation among
PME members compared to PGs.
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Figure 4. The collinear correlation for all genes of PGs (A) and PMEs (B) is displayed between
grapevines and Arabidopsis. The localization of chromosomes was shown for grapevine and Arabidopsis
in different random colors.

To study evolutionary rates and types of duplications among PG and PME genes in grapevines,
we used MEGA7.0 and MCScanX. Among the 36 PGs, we identified 10 dispersed, 1 proximal, 12 tandem,
and 13 segmental genes. Furthermore, we determined 23 dispersed, 1 proximal, 16 tandem, and 7
segmental genes in the 47 PMEs (Table 1). As gene duplications are vital for discovering novel biological
functions, evolutions, and gene expansion [30], the segmental and dispersed duplications observed
may play a major role in the expansion of PG and PME members.

To estimate the selection pressure among various types of duplications for both PGs and
PMEs, we also intended their synonymous (Ks) and non-synonymous substitution rate (Ka) values.
During evolutionary implications, genes are typically exposed to different types of selection processes
(i.e., positive, neutral, and purifying selection). For understanding these selection pressures,
we selected 15 duplicated pairs of genes among PGs and PMEs (Table 1). The Ka/Ks ratios for
most PGs and PMEs were less than one, implicating a purifying selection and a reduction in
divergence after duplications. However, we also found four pairs of PGs (i.e., VvPG29-VvPG30,
VvPG5-VvPG7, VvPG14-VvPG15, and VvPG18-VvPG21) and five pairs of PMEs (VvPME5-VvPME16,
VvPME22-VvPME23, VvPME35-VvPME36, VvPME6-VvPME7, and VvPME14-VvPME26) that indicate
positive selection.

2.4. Gene Ontology Enrichment (GO) and Cis-Regulatory Elements in Grapevine

To study the regulatory functions of the 36 PGs and 47 PMEs, we performed GO annotation
and GO enrichment analyses. The GO terms were largely based on three groupings, including
molecular functions (MF), cellular component (CC), and biological process (BP). In brief, GO
enrichments validate that PGs are enriched in various MF terms, such as “polygalacturonase
activity” (GO:0004650), “hydrolase activity” (GO:0016787), and “hydrolyzing O-glycosyl compounds”
(GO:0016798). The term CC was enriched in the plant-type cell wall, such as “integral component
of membrane” (GO:0016021), and “extracellular region” (GO:0005576). The BP term was mainly
responsive, such as “carbohydrate metabolic processes” (GO:0005975) and various other “metabolic
processes” (GO:0008152), which are briefly listed in Table S3. Moreover, the PME results reveal that
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MF is enriched in “enzyme inhibitor activity” (GO:0004857) “pectinesterase activity” (GO:0030599),
“aspartyl esterase” (GO:0045330). The CC and BP were also found to be enriched in “membrane”
(GO:0016020), “proteolysis” (GO:0006508), and “cell wall modification” (GO:0042545). Our results
from the GO enrichment analysis further hinted the role of PG and PME members in grapevine.

The 36 PG and 47 PME genes were also tested for pathway enrichment analysis using the KEGG
database, where the results showed enrichment in three major pathways (Table S4). These pathways
include “carbohydrate metabolism” followed by “metabolism” and “pentose and glucuronate
interconversions” in grapevines.

In addition, we also observed cis-acting elements by utilizing the promoter regions of both PG
and PME members using the PlantCARE database. The various types of cis-regulatory elements were
analyzed and are described in Figure 5 and Table S5. In brief, the majority of the genes participated in
numerous signaling pathways, such as phytohormones, biotic-abiotic and other regulatory stress factors.
For instance, 27.61% of the genes of PGs and PMEs were responsive to light regulations (e.g., GTI-motif,
G-Box, GATA-motif, and others), followed by phytohormones (25.65%) (CGTCA, TGACG, ABRE).
Other observed key regulatory elements include TC-Rich repeats, and HD-ZIP 3, which were reactive
to defense stress and protein binding, respectively. These results inferred that the PG and PME genes
have diverse gene functions and are indirectly involved in various biotic-abiotic/hormone signaling.

Int. J. Mol. Sci. 2019, 20, x; doi: www.mdpi.com/journal/ijms 

 

the PG and PME genes have diverse gene functions and are indirectly involved in various biotic-
abiotic/hormone signaling.  

 

Figure 5. Various cis-elements identified in grapevine by using PlantCARE. 

2.5. Tanscriptional Profiling of PGs and PMEs in Different Organs and Developmental Stages in Grapevine  

To understand the spatiotemporal expression levels of PG and PME genes in grapevines, the 
global transcriptomic data of developmental phases of 19 different tissues and organs were retrieved 
from NCBI (GSE36128) [31]. Figures 6a and 6b represent the heat maps, indicating expression 
patterns of PGs and PMEs in grapevines. Among PGs, VvPG8, VvPG10, VvPG13, VvPG17, VvPG18, 
VvPG19, VvPG20, VvPG22, and VvPG23 showed tissue- or organ-specific expression across many 
tissues during development. In contrast, the remaining PGs demonstrated weak tissue-specific 
response in any of the selected grapevine organs. Likewise, in PMEs, VvPME3, VvPME4, VvPME5, 
VvPME6, VvPME19, VvPME21, VvPME23, VvPME29, VvPME31, and VvPME32 suggested higher 
tissue-specific response in all the tissues. In contrast, the others showed either moderate to weak 
expression or no expression in any of the grapevine tissues (Figure 6b). Overall the PG and PME 
genes showed enriched expression in flower (VvPG6-7, VvPG31-34, VvPME-28) and fruit ripening 
(VvPG4-5, VvPME7-8, and VvPME44-45), where the PGs suggested a more profound response than 
PMEs. 

Figure 5. Various cis-elements identified in grapevine by using PlantCARE.

2.5. Tanscriptional Profiling of PGs and PMEs in Different Organs and Developmental Stages in Grapevine

To understand the spatiotemporal expression levels of PG and PME genes in grapevines, the global
transcriptomic data of developmental phases of 19 different tissues and organs were retrieved from NCBI
(GSE36128) [31]. Figure 6a,b represent the heat maps, indicating expression patterns of PGs and PMEs
in grapevines. Among PGs, VvPG8, VvPG10, VvPG13, VvPG17, VvPG18, VvPG19, VvPG20, VvPG22,
and VvPG23 showed tissue- or organ-specific expression across many tissues during development.
In contrast, the remaining PGs demonstrated weak tissue-specific response in any of the selected
grapevine organs. Likewise, in PMEs, VvPME3, VvPME4, VvPME5, VvPME6, VvPME19, VvPME21,
VvPME23, VvPME29, VvPME31, and VvPME32 suggested higher tissue-specific response in all the
tissues. In contrast, the others showed either moderate to weak expression or no expression in any
of the grapevine tissues (Figure 6b). Overall the PG and PME genes showed enriched expression in
flower (VvPG6-7, VvPG31-34, VvPME-28) and fruit ripening (VvPG4-5, VvPME7-8, and VvPME44-45),
where the PGs suggested a more profound response than PMEs.
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Figure 6. Expression profiles of the PG (A) and PME (B) genes in different grapevine organs, tissues,
and, developmental stages. Data were normalized based on the mean expression values of each
gene in all analyzed tissues. BerryPericarp-FS: berry pericarp fruit set; BerryPericarp-PFS: berry
pericarp post-fruit set; BerryPericarp-V: Bud-S: bud swell; Bud-B: bud burst (green tip); Bud-AB: bud
after-burst (rosette of leaf tips visible); Bud-L: latent bud; Bud-W: winter bud; Flower-FB: flowering
begins (10% caps off); Flower-F: flowering (50% caps off); Leaf-Y: young leaf (pool of leaves from shoot
of 5 leaves); Leaf-FS: mature leaf (pool of leaves from shoot at fruit set); Rachis-FS: rachis fruit set;
Rachis-PFS: rachis post fruit set; Stem-G: green stem; Stem-W: woody stem; Tendril-Y: young tendril
(pool of tendrils from shoot of 7 leaves); Tendril-WD: well developed tendril (pool of tendrils from
shoot of 12 leaves); and Tendril-FS: mature tendril (pool of tendrils at fruit set).

2.6. qRT-PCR Analysis of the Candidate PG and PME Genes in Various Organs of Grapevine

To validate previous findings based on RNA-seq data, cis-element predications and gene
duplication analysis, we randomly selected 32 genes for qRT-PCR, which showed either positive or
purifying selection. The expression profiling of PG and PME genes was quantified in various organs,
such as root, stem, tendril, inflorescence, berry flesh, berry skin, and leaf of grapevines (Figure 7a,b).
The results suggest that PG and PME transcripts show distinct expression patterns, intimating that
both (PG and PME) gene families have positive regulatory roles in various physiological processes in
grapevine. Moreover, principal component analysis (PCA) analysis was performed to gain deeper
insight into their contribution to organ development. PCA analysis of PG transcripts suggested a
variation of 31.26% in PC1, 24.28% in PC2, and 15.36% in PC3, which accounted for 70.90% of the
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total variation in the first three axes (Figure 7c). Among PGs, VvPG31 (0.86) and VvPG5 (0.85) had
high positive loadings, while VvPG21 (−0.90) and VvPG8 (−0.77) had high negative loadings in PC1.
Moreover, PCA analysis of PME transcripts suggested 83.02% in first three axes (PC1, PC2, and PC3)
(Figure 7d). Among the PME transcripts, VvPME5 (0.73) and VvPME14 (0.61) had high positive
loadings in PC1, whereas the highest negative loadings were found in VvPME16 (−0.96), VvPME36
(−0.82) and VvPME1 (−0.79) (Table S6).
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3. Discussion

Realizing the significant role of PGs and PMEs in various plants observed in past studies,
it is essential to systematically investigate the potential functions of these genes in grapevine.
For instance, polygalacturonases (PGs) and pectin methylesterases (PMEs) have been hypothesized
to play an imperative part in plant life cycles, such as cell separation and expansion, dehiscence,
abscission, fruit maturity, and plant shedding [8,21,24]. In particular, PGs are a vital component of
pectin disassembly, whereas PMEs play a central role in both remodeling and pectin disassembly [19,32].
Thus far, PGs and PMEs have been identified in various crops species although there is a lack of
systemic analysis in grapevines. In this study, we comprehensively carried out various bioinformatics
analyses by utilizing the available genomic resources of grapevines. In total, 36 PG and 47 PME genes
were identified in grapevines and compared with Arabidopsis. For these genes, we also analyzed
physicochemical properties, phylogenetic and collinearity relationships, chromosomal localization,
motif and gene structure compositions, and duplication analysis. Additionally, the gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomics (KEGG) enrichment, cis-regulatory elements,
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and expression dynamics among various organs of grapevine have revealed extensive information
related to the gene functions and their role in plant development. Subcellular predictions for maximum
members of genes were largely found in diverse organelles, such as the nucleus, endoplasmic
reticulum, cytoplasm, plasma membrane, mitochondria, and others. The physicochemical and protein
properties (i.e., protein length (aa), molecular weight (kDa), isoelectric point (PIs), and grand average
of hydropathicity (GRAVY)) drastically varied among PGs and PMEs, suggesting their variable role in
micro and macro environments [33].

The selection pressure analysis (i.e., purifying, positive, and neutral selection) of gene pairs
provides valuable information using the rate of divergence [34]. During evolutionary events, the values
of Ka/Ks ratio that are less than 1.00 signify purifying selection; values equal to 1.00 specify neutral
selection; and values greater than 1.00 shows positive selection [35,36]. In this study, we observed a
strong selective pressure (purifying selection) among PGs compared to PMEs, which is in disagreement
with the previously reported study on Brassica rapa [25]. We infer that PGs might duplicate earlier for
their need and survival, intimating their diverse and variable functions.

In this study, we also intended Ka/Ks values among 15 pairs of both PGs and PMEs (i.e., tandem,
dispersed, and segmental) using the MEGA7.0 software [37]. Most of the pairs had Ka/Ks ratios that
were smaller than 1.00, inferring the purifying selection. Furthermore, only four and five pairs of
PGs and PMEs have values greater than 1.00, signifying positive selection. During evolutionary
processes, the higher plant underwent polyploidization events, while segmental duplications are
usually responsible for larger functional divergence [38,39]. Hence, studying gene duplication is vital
for understanding biological functions and expansion of gene families [30,40], Hence, the results from
our study highlight the importance of segmental and dispersed duplications in the two large families
of PGs and PMEs in grapevines.

Transcript expression patterns and abundance in particular organs at a given time provide clues
for understanding the function of genes [28]. Transcriptional profiling and functional characterization of
PGs and PMEs has been reported in several species. For example, the PG genes found in various species,
including Glycine max, Medicago truncatula, Zea mays, and O. sativa, showed higher expression levels [41]. In
strawberries, the downregulation of FaPG1 extended their post-harvest life by reducing fruit softening [15].
Previously, PG gene family transcription patterns were also observed in Arabidopsis and Populus [24,42].
In addition, the members of the PME gene family have been reported as key regulators in plant–microbe
interactions, cold acclimation, drought, and salt stress sensitivity [43–47]. Likewise, in grapevines, the
members of the PG and PME gene family regulate the development of numerous organs at varying
stages. In this study, 19 diverse tissue-specific expression patterns of PG and PME genes were examined.
The results revealed that most PGs and PMEs were highly expressed in berry, tendril, and inflorescence.
However, few PGs and PMEs reveal either more or similar expression patterns, signifying their unifying
need and importance in plant development. In addition, qRT-PCR validation of 16 PG and PME genes
revealed their vital role in various organs of grapevines (i.e., root, stem, tendril, inflorescence, flesh, skins,
and leaves). Transcriptional profiling of these genes in various tissues may consequently aid the study of
new adaptive functions regarding plant developmental processes in grapevine. Notably, among various
PG and PME genes, visible tissue-specific expression patterns were detected, which may be correlated
with their expansion, evolution and the complex nature in plant growth and development. However, their
underlying molecular and evolutionary mechanisms that lead to the measurable and abrupt structural
differences must be extensively investigated in the future.

Finally, GO and KEGG enrichment, and cis-element predictions in the promoter regions of PGs
and PMEs revealed their key role in pectin and carbohydrate metabolism, and various stress-related
activities in grapevine. Taken together, our results highlight the importance of PGs and PMEs in plants
and provides a comprehensive overview of their developmental role in grapevine.
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4. Materials and Methods

4.1. Mining of Grapevine PGs and PMEs

For identification of PG and PME genes in grapevine (genome version 2.1), we used BioEdit tools
to obtain PGs and PMEs from all the reference sequences of Arabidopsis. Grapevine and Arabidopsis
genomic sequences were retrieved from Ensembl (https://plants.ensembl.org/index.html) and TAIR
(http://www.arabidopsis.org/). The sequences of other species, including apple, peach, and citrus, were
downloaded from Phytozome v12.1.6 (https://phytozome.jgi.doe.gov/pz/portal.html) [48]. For domain
composition analysis, we used NCBI-Conserved Domain database (https://www.ncbi.nlm.nih.gov/

Structure/cdd/wrpsb.cgi) and SMART databases (http://smart.embl-heidelberg.de/) [49]. In cases
where PGs and PMEs domains were absent, the protein sequences were removed from the study and
sequences with errors in length or having <100 aa length were also removed before analysis.

4.2. Phylogenetic Analysis of PGs and PMEs

The amino acid sequences of PGs and PMEs were aligned using MUSCLE [50] implemented in
MEGA 7.0 software [51]. The phylogenetic trees were constructed using the maximum likelihood (ML)
method in MEGA 7.0. In order to determine the reliability of the resulting trees, bootstrap values of
1000 replications were performed with the Jones, Taylor, and Thornton amino acid substitution model
(JTT model).

4.3. Ratio of Synonymous (Ks) and Non-synonymous (Ka) for duplicated genes

The Ka/Ks ratios were calculated for duplicated pairs (i.e., tandem, dispersed, and segmental)
using MEGA 7.0 [51]. The Ka and Ks substitution rates were calculated with the standard genetic code
table by the Nei–Gojobori method (Jukes-Cantor model) in MEGA 7.0.

4.4. Gene Structure, Conserved Motifs Analysis, and Physicochemical Parameters of PG and PME Proteins

The gene structure was illustrated by TBtools software [52] by utilizing the GFF3 file of the
grapevine genome. The conserved motif scanning of PG and PME proteins was carried out through
local MEME Suite (Version 5.0.5) and was visualized by TBtools software. For this purpose, parameter
settings were calibrated as follows: a maximum number of motifs of 10, with a minimum and maximum
width of 50 and 100. The other parameters were set at default values [53]. The physicochemical
properties of the PG and PME proteins (i.e., molecular weight (MW), isoelectronic points (PIs),
aliphatic index and GRAVY values for each gene) were calculated using the ExPASY PROTPARAM
tools (http://web.expasy.org/protparam/). The subcellular localization was predicted using the WOLF
PSORT (https://wolfpsort.hgc.jp/) website.

4.5. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomics (KEGG) and Cis-Elements Predictions of
PGs and PMEs

The GO enrichment was carried using an online panther server (http://pantherdb.org/) and
TBtools software [52]. KEGG enrichment analysis was carried out by the online server (https:
//www.genome.jp/kegg/pathway.html) and their enriched pathways were further analyzed by TBtools
software [52]. The promoter sequences of PGs and PMEs (i.e., selected as 1500 bp) were imported in
Generic File Format (GFF) file from the grapevine genome. Subsequently, the PlantCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [54] was utilized for identifying various
cis-regulatory elements for each promoter sequence of PGs and PMEs.

4.6. Chromosomal Location and Collinearity Analysis

The chromosomal locations of PGs and PMEs were mapped based on information available at
the Grape Genome Database (CRIBI. Available online: http://genomes.cribi.unipd.it/grape/, V2.1).

312



Int. J. Mol. Sci. 2019, 20, 3180

and were illustrated using TBtools software [52]. For collinearity analysis, the relationships between
grapevine and Arabidopsis homologs were verified and visualized by the Circos tool in TBtools software.

4.7. Principal Component Analysis (PCA)

The principal component analysis was implemented using Rstudio (R program) for qRT-PCR at a
significance level of 0.05 (p-value) [37,55].

4.8. Plant Material and Methods

Six-year-old V. vinifera cv. Summer Black plants grown under standard field conditions were
selected from Jiangsu Academy of Agricultural Sciences (JAAS), Nanjing-China. In brief, the 4th
unfolded leaf was selected for tissue extraction. Various grapevine tissues/organs, such as the root, stem,
tendril, inflorescence, flesh, and skin, were collected at different developmental stages. Tissue samples
were immediately frozen in liquid nitrogen and stored at −80 ◦C for further use and RNA extraction.

4.9. RNA Isolation and Expression Profiling of PGs and PMEs in Grapevine

Total RNA was extracted from various organs using Trizol (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s instructions. RNA was reverse-transcribed into cDNA using the
Primer Script RT reagent kit (TAKARA, Dalian, China) according to the manufacturer’s instructions.
Specific primers were designed using Becan Designer 7.9, and are presented in Table S7. In order
to check the specificity of the primers, the BLAST tool was used against the grapevine genome
for confirmation. RT-PCR was performed according to the guidelines of previous studies [56,57].
The relative fold expression was calculated with the comparative Ct-method. The expression patterns
of all PG and PME genes were analyzed based on a previous study [58,59]. The housekeeping and
grapevine actin gene (AB073011 and XM_010659103) was used as the reference gene for qRT-PCR.

In brief, the RT-PCR amplification reactions were performed on an ABI 7500 RT-PCR System
(Applied Biosystems, CA, USA) using SYBR Green (Applied Biosystems, Carlsbad, CA, USA) with three
replicates. PCR was conducted as follows: denaturation at 95 ◦C for 2 min, 40 cycles of denaturation at
95 ◦C for 10 s, annealing at 60 ◦C for 40 s, and extension at 72 ◦C for 15 s, followed by melting curve
analysis (61 cycles at 65 ◦C for 10 s).

Transcriptomic data were utilized for various organs and developmental stages from NCBI GEO
server (https://www.ncbi.nlm.nih.gov/geo/) under the series entry GSE36128. Additionally, gene expression
levels were quantified by FPKM (fragments per kilobase of transcript per million fragments mapped),
and heat maps were visualized by using Rstudio (R program, Boston, MA, USA).

5. Conclusions

In conclusion, we systematically carried out a genome-wide exploration of grapevines through
various bioinformatic analyses, which include elucidating the physicochemical properties of PGs
and PMEs, phylogenetic characterization, collinearity of PGs and PMEs, gene structure and
motif composition, evolutionary rates, and gene duplications. The GO and KEGG enrichment,
and cis-elements prediction analysis extended our repositories on the putative functions of PGs and
PMEs in plant developments during pectin and carbohydrate metabolism, and various stress-related
activities in grapevine. Additionally, expression profiling of various organs during developmental
stages and their correlation by principal component analysis highlights the essential role of PGs and
PMEs for plant improvements in grapevines.
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Abstract: MADS-box family genes encode transcription factors that are involved in multiple
developmental processes in plants, especially in floral organ specification, fruit development,
and ripening. However, a comprehensive analysis of tomato MADS-box family genes, which is an
important model plant to study flower fruit development and ripening, remains obscure. To gain
insight into the MADS-box genes in tomato, 131 tomato MADS-box genes were identified. These
genes could be divided into five groups (Mα, Mβ, Mγ, Mδ, and MIKC) and were found to be located
on all 12 chromosomes. We further analyzed the phylogenetic relationships among Arabidopsis and
tomato, as well as the protein motif structure and exon–intron organization, to better understand the
tomato MADS-box gene family. Additionally, owing to the role of MADS-box genes in floral organ
identification and fruit development, the constitutive expression patterns of MADS-box genes at
different stages in tomato development were identified. We analyzed 15 tomato MADS-box genes
involved in floral organ identification and five tomato MADS-box genes related to fruit development
by qRT-PCR. Collectively, our study provides a comprehensive and systematic analysis of the tomato
MADS-box genes and would be valuable for the further functional characterization of some important
members of the MADS-box gene family.

Keywords: tomato; MADS-box; genome-wide analysis; floral organ; fruit development

1. Introduction

The MADS-box family genes encode transcription factors (TFs), which are widely distributed
in eukaryotes and play fundamental roles in diverse biological functions [1]. The name MADS-box
is derived from the initials of four transcription factors that were first discovered of this family:
MINICHROMOSOME MAINTENANCE 1 (MCM1), AGAMOUS (AG), DEFICIENS (DEF), and
SERUM RESPONSE FACTOR (SRF) [2]. Their N-terminal contains a highly conserved DNA-binding
MADS-domain containing 56–60 amino acids [2]. Thus, a protein encoding the MADS-domain is
referred to as a MADS-box protein. MADS-box genes are divided into two groups (type I and type
II) throughout the eukaryotes [3]. Type I MADS-box transcription factors can be further classified
into four subclasses (Mα, Mβ, Mγ, and Mδ) in view of the M domain of the encoded protein, while
only a few type I genes have been characterized for their biological function [4]. Type II MADS-box
transcription factors include the Myocyte Enhancer Factor 2-like (MEF2-like) group from animals and
yeast and the plant-specific MIKC-type group. The name of the MIKC-type protein is derived from their
four characteristic domains: MADS-box (M), intervening (I), keratin-like (K), and C-terminal (C) [5].
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The MIKC type has been further subdivided into MIKCC and MIKC* types based on phylogenetic
relationships and structural features [4]. The functions of the type II genes, especially the MIKCC type
MADS-box genes in plants, have been reported in more detail. To date, 39 MIKCC type MADS-box
genes were found in Arabidopsis thaliana [6], and 38 MIKCC type MADS-box genes were found in
rice [7].

MADS-box genes are known to play important roles in different aspects of plants growth and
development. The MADS-box genes AGAMOUS (AG) of Arabidopsis thaliana [8] as well as DEFICIENS
(DEF) of Antirrhinum majus [2] were found to regulate floral organ formation two decades ago.
The MADS-box genes were thought to be the main participants in floral organ specificity. With the
analysis of the specification of floral organ identity determination, a genetic model (ABC model) was
proposed in which the different steps of floral development were determined by three classes of genes
(A, B, and C) [9]. Class A genes are necessary for the formation of the sepal. The class A genes, together
with class B genes, determine the development of petals. The combination of class B and C genes is
necessary for stamen identity, and class C genes function alone to form carpels [10]. However, there are
many phenomena that this model cannot explain. For example, the constitutive co-expression of the B
class genes PISTILLATA (PI) and APETALA3 (AP3) in Arabidopsis thaliana [11], does not change the
identity of vegetative organs. Recent studies found that the ABC model is necessary but not sufficient
to provide the floral organ identity function. Therefore, the model was advanced by subdivision
into five different classes (A–E). Class D genes specify ovule development, while class E genes are
necessary for the specification of petals, stamens, and carpels. In addition, these five classes of genes
are mainly MADS-box genes [12]. In Arabidopsis thaliana, APETALA1 (AP1) is a typical class A gene [13],
APETALA3 (AP3) and PISTILLATA (PI) belong to the class B genes [14], and AGAMOUS (AG) is a
representative gene with class C function [15]. The SEPALLATA (SEP) genes are class E genes and
include SEP1, SEP2, SEP3, and SEP4 in Arabidopsis thaliana [16]. The class D gene was identified
by the mutant phenotype of petunia, and the sequence similarity analysis demonstrated that the
corresponding gene in Arabidopsis thaliana is AGAMOUS-LIKE11 (AGL11) [17,18].

In addition, considerable evidence has revealed that MADS-box TFs share a potent effect on the
regulation of fruit development and ripening [4]. There have been many studies on the function of
Solanum lycopersicum MADS-box genes in fruit development and ripening. The tomato MADS-box
gene RIPENING INHIBITOR (RIN) is an essential factor for fruit ripening that regulates many
ripening-associated processes, including both ethylene-dependent and ethylene-independent ripening
processes [19]. Moreover, the tomato MADS-box genes AGAMOUSLIKE1 (AGL1) [20,21], FRUITFULL1
(FUL1), and FRUITFULL2 (FUL2) are Arabidopsis SHATTERPROOF (SHP) and FRUITFUL (FULL)
homologues respectively [22,23], and their suppression results in a phenotype that is partially similar
to the ripening-defective phenotype of RIN mutant fruits. In addition to crucial roles in the regulation
of plant reproductive development, MADS-box genes have also been shown to take part in plant
vegetative growth processes and some stress responses in different plants such as Arabidopsis [24],
rice [7,25], wheat [26], and Chinese cabbage [27]. Thus, the MADS-box protein family is an important
TFs family for plant growth and development that almost affects the whole process of plant growth
and development, especially plant reproductive development.

The MADS-box family of model plant species has been widely studied, including snapdragon
(Antirrhinum majus) [28], rice (Oryza sativa) [7], Chinese cabbage (Brassica rapa) [27], poplar
(Populus trichocarpa) [29], bread wheat (Triticum aestivumL) [30], banana (Musa acuminata) [31], petunia
(Petunia hybrida) [32], apple (Malus domestica Borkh) [33], and so on. Tomato (Solanum lycopersicum) is
one of the most critical model plants for studying flower and fruit development, and the MADS-box
genes of tomato were among the earliest to be investigated [34]. It has been reported that 24 tomato
MIKCC-type MADS-box genes had been identified in 2006 [35]. However, there has been no report to
date concerning systematic information for the tomato MADS-box gene family, and confusion in the
names of these genes is problematic for future research.
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To obtain a genome-wide analysis of the tomato MAD-box gene family, we sorted 131 MADS-box
genes from tomato that are highly homologous to MADS-box proteins known in other plant species,
analyzed their phylogenetic relationships, gene structure, and conserved motifs, determined their
exon–intron organization, and predicted their chromosomal localization. Furthermore, we obtained
the predictions of the expression pattern of these tomato MADS-box genes in order to predict their
expression pattern. In addition, the expression pattern of some MADS-box genes related to tomato
flower organ identity, fruit development, and ripening were determined by qPCR analyses in different
stages of tomato development. These results provide details of the tomato MADS-box family and may
be useful for more comprehensive investigations of tomato MADS-box gene family members.

2. Results

2.1. Identification of MADS-Box Genes in Tomato

To extensively identify tomato MADS-box genes, a set of 131 tomato MADS-box genes that
are highly homologous to the MADS-box proteins reported in other plants was recovered using
BLAST searches against the NCBI and SGN databases. Redundant sequences were removed. Since
35 tomato MADS-box genes have been officially named, the newly identified 96 tomato MADS-box
genes were designated as SlMADS2–SlMADS98 (Table 1). Additionally, the molecular characteristics
of the 131 MADS-box genes in tomato were analyzed. The names of the tomato MADS-box genes, the
locus/gene names of SGN, the length of amino acid sequence, the molecular weight, and the isoelectric
point are shown in Table 1. The statistical results showed that the amino acid sequence length of the
131 predicted tomato MADS-box proteins varied from 54 (SlMBP19) to 417 (SlMADS52), the relative
molecular mass ranged from 6224.26 Da (SlMBP19) to 47275.1 Da (SlMADS52), and the isoelectric
point (pI) varied from 4.41 (SlMADS70) to 11.03 (SlMADS77 and SlMADS80). The homologous genes
of the tomato MADS-box family genes in Arabidopsis and the references for the study of the functions
in homologous genes are shown in Table S1. In addition, the functional reports of several genes that
have been studied previously were listed.

Table 1. Overview of MADS-box genes identified in tomato. List of predicted genes and related
information include gene name, gene locus, molecular details, classification of two types according to
the phylogenetic analysis shown in Figure S1, homologs in Arabidopsis, as well as the reference of the
gene function investigation. pI, isoelectric point; MW, molecular weight.

Gene Name Gene Locus
Protein

Type Reference
Length (aa) MW (Da) pI

SlMBP1/SlGLO1/PI/LePI-B Solyc08g067230.2.1 210 24740.2 8.69 Type II [36]
SlMBP2/SlGLO2/LePI/TPI Solyc06g059970.2.1 214 24867.4 9.49 Type II [37]

SlMBP3/ SlAGL11 Solyc06g064840.3.1 237 27469.6 9.25 Type II [38]
SlMBP6/SlAGL6 Solyc01g093960.2.1 252 28608.5 8.37 Type II [39–41]
SlMBP7/LeFUL2 Solyc03g114830.2.1 247 28614.3 9.31 Type II [22,40,42–44]

SlMBP8 Solyc12g087830.1.1 198 22643.3 8.97 Type II [45,46]
SlMBP10 Solyc02g065730.1.1 234 27368.1 10.12 Type II

SlMBP11/AGL15-like Solyc01g087990.2.1 271 30847 6.01 Type II [47]
SlMBP13 Solyc08g080100.2.1 224 25839 9.76 Type II
SlMBP14 Solyc12g056460.1.1 206 23968.4 6.57 Type II
SlMBP15 Solyc12g087830.2.1 204 23667.2 8.35 Type II

SlMBP18/SlFYFL Solyc03g006830.2.1 222 25369.2 9.46 Type II [48]
SlMBP19 Solyc06g035570.1.1 54 6224.26 11.29 Type I
SlMBP20 Solyc02g089210.2.1 250 28589.2 9.87 Type II [44]
SlMBP21 Solyc12g038510.1.1 250 28442.4 9.26 Type II [49–51]
SlMBP22 Solyc11g005120.1.1 238 27791.6 6.96 Type II

SlMBP23/TDR3 Solyc10g017630.2.1 166 19196.3 9.49 Type II
SlMBP24 Solyc04g076280.3.1 235 26483.6 7.67 Type I
SlMBP25 Solyc05g015730.1.1 80 9311.97 11.01 Type II

TAG1 Solyc02g071730.2.1 248 28723.6 9.97 Type II [52,53]

321



Int. J. Mol. Sci. 2019, 20, 2961

Table 1. Cont.

Gene Name Gene Locus
Protein

Type Reference
Length (aa) MW (Da) pI

TAGL1 Solyc07g055920.2.1 267 29940.5 9.56 Type II [20,21,52,54]
TAGL2 Solyc05g015750.2.1 241 27579.3 9.07 Type II [55,56]
TAGL11 Solyc11g028020.1.1 223 26051.7 9.76 Type II [38,56]
TAGL12 Solyc11g032100.1.1 201 23104.8 6.94 Type II [56]

TAP3/LeAP3/LeDEF Solyc04g081000.2.1 228 26478.2 9.76 Type II [54,57–59]
MADS-RIN Solyc05g012020.2.1 242 27968.4 8.00 Type II [19,60–63]
MADS-MC Solyc05g056620.1.1 244 28660.6 8.44 Type II [64]
JOINTLESS Solyc11g010570.1.1 265 30426.3 7.39 Type II [64–68]

LeAP1 Solyc05g012020.3.1 213 25077.3 5.47 Type II [40]
TM4/TDR4/LeFUL1 Solyc06g069430.2.1 245 28290 9.57 Type II [22,42,43,59]
TM5/TDR5/LeSEP3 Solyc05g015750.3.1 224 25999.3 9.79 Type II [40]

TM6/TDR6 Solyc02g084630.2.1 225 26092.7 9.71 Type II [69]
TM8/TDR8 Solyc03g019710.2.1 177 20703.9 10.44 Type II [70]
SlMADS1 Solyc03g114840.2.1 246 28398.2 8.88 Type II [55,71]
SlMADS2 Solyc01g060300.1.1 211 23122.6 9.36 Type I
SlMADS3 Solyc01g060310.1.1 139 15117.5 8.99 Type I
SlMADS4 Solyc01g060284.1.1 197 21565.5 8.63 Type I
SlMADS5 Solyc01g066500.1.1 309 34544.4 4.75 Type I

SlMADS6/TM29/LeSEP1 Solyc02g089200.2.1 246 28481.3 8.29 Type II [39,41]
SlMADS7 Solyc01g103870.1.1 125 14435.6 9.54 Type I
SlMADS8 Solyc06g071300.1.1 130 15009.1 5.14 Type I
SlMADS9 Solyc03g007020.1.1 215 24702 9.21 Type I
SlMADS10 Solyc04g064860.1.1 233 25871.3 7.92 Type I
SlMADS11 Solyc04g054517.1.1 138 15663.1 7.75 Type I
SlMADS12 Solyc04g056550.1.1 182 20838.7 5.14 Type I
SlMADS13 Solyc04g056740.1.1 180 20521.5 7.44 Type I
SlMADS14 Solyc06g054680.1.1 180 21152.8 7.19 Type I
SlMADS15 Solyc06g059780.1.1 180 21057.6 6.37 Type I
SlMADS16 Solyc10g050950.1.1 161 18602.2 6.80 Type I
SlMADS17 Solyc10g050900.1.1 169 19796.5 7.83 Type I
SlMADS18 Solyc10g050940.1.1 169 19623.3 7.77 Type I
SlMADS19 Solyc01g097850.1.1 172 20073.9 7.35 Type I
SlMADS20 Solyc03g034260.1.1 184 21441 6.29 Type I
SlMADS21 Solyc10g018070.1.1 119 13063.9 10.14 Type I
SlMADS22 Solyc10g018080.1.1 151 17218.5 7.04 Type I
SlMADS23 Solyc10g018110.1.1 184 20762.4 6.55 Type I
SlMADS24 Solyc04g025970.1.1 117 13333.4 10.16 Type I
SlMADS25 Solyc01g010300.1.1 88 10052.7 10.79 Type I
SlMADS26 Solyc02g032000.1.1 97 10944.7 10.32 Type I
SlMADS27 Solyc03g119680.1.1 177 20293.2 7.26 Type I
SlMADS28 Solyc09g061950.1.1 173 20138.1 9.33 Type I
SlMADS29 Solyc01g106710.1.1 221 25105.7 10.23 Type I
SlMADS30 Solyc04g025030.1.1 135 15411 10.37 Type I
SlMADS31 Solyc04g025110.1.1 130 14313.7 10.26 Type I
SlMADS32 Solyc01g106720.1.1 211 23531.2 10.35 Type I
SlMADS33 Solyc01g106730.1.1 221 23888.6 10.14 Type I
SlMADS34 Solyc04g047870.1.1 190 21695.2 10.70 Type I
SlMADS35 Solyc10g012180.1.1 167 18824.5 5.38 Type I
SlMADS36 Solyc10g012200.1.1 167 19113.1 8.98 Type I
SlMADS37 Solyc11g067163.1.1 166 18919.9 7.67 Type I
SlMADS38 Solyc01g066730.2.1 300 33023.4 5.04 Type I
SlMADS39 Solyc01g098070.1.1 155 17200.8 10.09 Type I
SlMADS40 Solyc01g098060.1.1 152 17191.5 9.84 Type I
SlMADS41 Solyc03g062820.1.1 145 16350.8 9.23 Type I
SlMADS42 Solyc01g098050.1.1 160 18178 10.45 Type I
SlMADS43 Solyc05g013370.1.1 232 26476.7 5.46 Type I
SlMADS44 Solyc05g046345.1.1 250 28489.8 5.47 Type I
SlMADS45 Solyc04g025050.1.1 56 6259.52 11.07 Type I
SlMADS46 Solyc07g017343.1.1 226 26532.7 5.2 Type I
SlMADS47 Solyc00g179240.1.1 55 6310.11 11.16 Type I
SlMADS48 Solyc07g052707.1.1 195 21878.8 4.86 Type I
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Table 1. Cont.

Gene Name Gene Locus
Protein

Type Reference
Length (aa) MW (Da) pI

SlMADS49 Solyc07g052700.2.1 190 21334.2 7.41 Type I
SlMADS50 Solyc11g069770.2.1 175 20171.9 5.45 Type I
SlMADS51 Solyc01g106700.2.1 213 24279.5 7.35 Type I
SlMADS52 Solyc03g115910.1.1 417 47275.1 5.82 Type I
SlMADS53 Solyc10g012380.1.1 149 17086.7 5.29 Type I
SlMADS54 Solyc10g012390.1.1 149 17086.7 5.29 Type I
SlMADS55 Solyc11g069770.1.1 181 20857.8 5.20 Type I
SlMADS56 Solyc12g042967.1.1 225 25552.3 9.05 Type I
SlMADS57 Solyc11g020620.1.1 342 38747.9 5.42 Type I
SlMADS58 Solyc11g020660.1.1 312 35558.7 4.61 Type I
SlMADS59 Solyc11g020320.1.1 275 31757.7 6.68 Type I
SlMADS60 Solyc01g103550.1.1 311 35839.7 7.87 Type I
SlMADS61 Solyc01g060310.2.1 136 15230.6 6.16 Type I
SlMADS62 Solyc12g016170.1.1 219 25087.7 6.57 Type I
SlMADS63 Solyc12g016180.1.1 219 25207.8 6.57 Type I
SlMADS64 Solyc12g016150.1.1 154 17645.1 5.38 Type I
SlMADS65 Solyc12g017300.1.1 154 17740.1 5.11 Type I
SlMADS66 Solyc12g005210.1.1 88 9985.65 10.41 Type I
SlMADS67 Solyc01g102260.2.1 249 27882.8 9.66 Type I
SlMADS68 Solyc05g047712.1.1 156 18199.1 8.89 Type I
SlMADS69 Solyc07g043080.1.1 215 24384.8 6.86 Type I
SlMADS70 Solyc06g034317.1.1 153 16949.3 4.41 Type I
SlMADS71 Solyc06g048380.1.1 176 20038.6 4.90 Type I
SlMADS72 Solyc06g048380.2.1 132 15027 4.82 Type I
SlMADS73 Solyc06g033820.1.1 196 22657.4 7.25 Type I
SlMADS74 Solyc06g033830.1.1 113 13058.8 8.44 Type I
SlMADS75 Solyc07g052700.3.1 197 22133.2 8.44 Type I
SlMADS76 Solyc03g115910.2.1 434 49552.6 5.6 Type I
SlMADS77 Solyc12g087820.1.1 106 11969.2 11.03 Type I
SlMADS78 Solyc05g051830.2.1 389 44560 5.91 Type I
SlMADS79 Solyc10g017640.1.1 61 7032.22 11.24 Type I
SlMADS80 Solyc04g076680.2.1 63 70492.3 11.03 Type I
SlMADS81 Solyc12g088080.1.1 97 11295.2 10.59 Type I
SlMADS82 Solyc01g105800.2.1 279 32104.7 9.11 Type II
SlMADS83 Solyc01g106170.2.1 148 17032.2 10.98 Type II
SlMADS84 Solyc10g080030.1.1 229 25791.3 6.37 Type II
SlMADS85 Solyc01g105810.3.1 215 24518.2 9.22 Type II
SlMADS86 Solyc04g078300.3.1 145 16547.2 9.9 Type II
SlMADS87 Solyc04g078300.2.1 334 38130.7 5.96 Type II
SlMADS88 Solyc03g006830.3.1 209 24310.2 9.43 Type II
SlMADS89 Solyc10g044967.1.1 226 26172 6.14 Type II
SlMADS90 Solyc11g032100.2.1 201 23104.8 6.45 Type II
SlMADS91 Solyc05g015720.2.1 204 23433.5 5.36 Type II
SlMADS92 Solyc01g093960.3.1 242 27359.1 8.19 Type II
SlMADS93 Solyc02g091550.2.1 249 28342.2 9.07 Type II
SlMADS94 Solyc02g091550.1.1 235 27198.1 9.65 Type II
SlMADS95 Solyc04g076700.3.1 226 25933.3 8.59 Type II
SlMADS96 Solyc03g019720.3.1 193 22631.1 9.88 Type II
SlMADS97 Solyc12g088090.2.1 239 27695.8 9.84 Type II

SlMADS98/SlCMB1 Solyc04g005320.2.1 238 27522.1 8.60 Type II [72]

2.2. Classification and Phylogenetic Analysis of Tomato MADS-Box Genes

To study the phylogenetic relationships among MADS-box genes in tomato and Arabidopsis [6],
a phylogenetic tree was drawn by the neighbor-joining (NJ) method using MEGA 5.02 (Figure S1A).
Based on previous reports on Arabidopsis, the 131 tomato MADS-box genes were classified into two
types: type I (81) and type II (50). Based on the phylogenetic tree, type I and type II tomato MADS-box
genes were subdivided into more detailed subgroups. Then, type I could be further divided into four
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groups (Mα, Mβ, Mγ, and Mδ), while Type II (MIKC) could be further divided into MIKC* and MIKCC.
The MIKCC-type genes included the AP3/PI, SVP, AGL15, SEPALLATA (SEP), AGL6, AP1, FLOWERING
LOCUS C (FLC) SOC1, AGAMOUS (AG), TM8, and DEFICIENS (DEF)/GLOBOSA (GLO) subfamilies,
similar to the MADS-box genes in other plants species. In addition, the phylogenetic tree of type I and
type II MADS-box protein in tomato plants were constructed to identify the phylogenetic relationships
of gene numbers in the two types of tomato MADS-box family more clearly (Figure S1B,C).

2.3. Conserved Motif and Gene Structure Analysis of Tomato MADS-Box Genes

The intron–exon organization was analyzed to investigate the structural diversity and evolution
of the 131 tomato MADS-box genes. As shown in Figure 1, we obtained each gene’s intron/exon
arrangement by comparing their CDS with their genomic sequences using the program Gene Structure
Display Server (GSDS). The number of introns in tomato MADS-box genes ranged from one to 11.
Similar to Arabidopsis, the distribution of introns in tomato was different in type I and type II genes [6].
In our study, we found that the Mα, Mβ, and Mγ groups of the type I genes usually had no introns
or one intron, which might be explained by the diversity of the reverse-transcribed origin or the
differences in acquisition or loss introns by the ancestors of these three groups of genes [6]. Based on
the genomic data, the Mδ group of type I and the type II genes contained multiple introns. Among
the Mδ clade and the type II genes, 52 of 56 (92.9%) genes had more than five introns. Additionally,
the gene structures of closely related genes in tomato MADS-box genes were more similar, and the
differences were only in the lengths of introns and exons. However, some close gene pairs showed
different intron/exon arrangements. For instance, SlMBP61 has one exon, whereas its close homologs
SlMBP51 and SlMBP10 both have two, although their phylogenetic relationship displayed a high
bootstrap value (Figure S1B).
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Figure 1. Gene structure analysis of MADS-box genes in tomato. The Gene Structure Display Server 
(GSDS) database was used to perform the exon–intron structure analyses. Lengths of exons and 
introns of each MADS-box gene were displayed proportionally. The blue boxes represent 
upstream/downstream, the yellow boxes represent exons, and the black lines represent introns. 

To better analyze conserved motifs in tomato MADS-box proteins, we constructed a conserved 
motif figure using the Multiple EM for Motif Elicitation (MEME) program and annotated them using 
SMART. A total of 10 conserved motifs, named 1 to 10, were identified (Figure 2). The details of the 

Figure 1. Gene structure analysis of MADS-box genes in tomato. The Gene Structure Display Server
(GSDS) database was used to perform the exon–intron structure analyses. Lengths of exons and introns
of each MADS-box gene were displayed proportionally. The blue boxes represent upstream/downstream,
the yellow boxes represent exons, and the black lines represent introns.
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To better analyze conserved motifs in tomato MADS-box proteins, we constructed a conserved
motif figure using the Multiple EM for Motif Elicitation (MEME) program and annotated them using
SMART. A total of 10 conserved motifs, named 1 to 10, were identified (Figure 2). The details of
the motifs are shown in Figure S2. As expected, the same types of genes tend to possess the same
motifs. Motif 1—one of the most typical MADS-box domains—comprised 42 amino acids was found
in the majority of tomato MADS-box proteins. Motif 3 was also conserved across most of the tomato
MADS-box proteins, including type I and type II genes. Motifs 2 and 4 represent the K domain, which
plays an important role in protein–protein interactions among MADS-box proteins, and they were
found only in type II MADS-box proteins. Motif 2 was identified in almost all the type II proteins
except for TM8/TDR8, SlMADS86, SlMADS87, and SlMADS83. In the type II proteins, a large number
of proteins had motif 4, with seven exceptions (SlGLO2, SlGLO1, SlMBP11, SlMADS84, SlMADS86,
SlMADS87, and SlMADS83). Motif 9 is also a MADS-box domain that is present in a small number
of tomato MADS-box proteins. However, some motifs (6, 7, 8, and 10) were shown to be weakly
conserved in tomato MADS-box proteins, and they were found only in type I MADS-box proteins.
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Figure 2. Conserved motif analyses of MADS-box genes in tomato. All the conserved motifs were 
identified by the Multiple EM for Motif Elicitation (MEME) database using the complete amino acid 
sequences of tomato MADS-box genes. Ten conserved different motifs were indicated by different 
colors. The details of motifs refer to the Supplementary Figure S2. 

Figure 2. Conserved motif analyses of MADS-box genes in tomato. All the conserved motifs were
identified by the Multiple EM for Motif Elicitation (MEME) database using the complete amino acid
sequences of tomato MADS-box genes. Ten conserved different motifs were indicated by different
colors. The details of motifs refer to the Supplementary Figure S2.
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2.4. Chromosomal Locations of Tomato MADS-Box Genes

According to physical genome annotation files that were obtained by using genomic sequences
from the SGN and NCBI databases, 131 members of the MADS-box genes were located on all 12 tomato
chromosomes, implying that the MADS-box transcription factor family may have multiple functions
in tomato plants.

As shown in Figure 3, the tomato MADS-box genes are distributed unevenly on each chromosome.
Chromosome 1 contains the most MADS-box genes (24), while chromosome 8 and 9 contain the fewest
(two). Gene duplication events have a significant function in amplifying gene family numbers and
genome complexity in eukaryotes [73,74]. The tandem amplification or segmental duplication of
chromosomal regions can increase gene families. In this study, the results showed that chromosomes
1, 3, 4, 10, and 12 contain gene clusters or gene hotspots; in particular, chromosome 1 contains
eight MADS-box genes within a short region. Additionally, we confirmed that internal chromosome
duplication (tandem duplication) occurred in these genes.
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position of tomato MADS-box genes on the chromosome was based on the Sol Genomics Network 
(SGN) and National Center for Biotechnology Information (NCBI) database and the Tomato-EXPEN 
2000 was used to draw the physical map of the tomato MADS-box genes. 

2.5. Predictions of Expression Profiles of Tomato MADS-Box Genes in Different Organs 

To investigate the tomato MADS-box genes expression patterns in different tissues of tomato 
plants, we analyzed tomato transcript expression (RNA-seq) data in nine different tomato tissues at 
different developmental stages. This included the expression in the whole root (RT), young leaf (YL), 
mature leaves (ML), young flower buds (YFB), fully open flowers (F), and at the immature green 
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Figure 3. Chromosomal locations of tomato MADS-box genes. A total of 12 chromosomes of tomato
were labeled with their names, chromosomes 1 to 12, which are indicated at the top of each bar. The
position of tomato MADS-box genes on the chromosome was based on the Sol Genomics Network
(SGN) and National Center for Biotechnology Information (NCBI) database and the Tomato-EXPEN
2000 was used to draw the physical map of the tomato MADS-box genes.

2.5. Predictions of Expression Profiles of Tomato MADS-Box Genes in Different Organs

To investigate the tomato MADS-box genes expression patterns in different tissues of tomato plants,
we analyzed tomato transcript expression (RNA-seq) data in nine different tomato tissues at different
developmental stages. This included the expression in the whole root (RT), young leaf (YL), mature
leaves (ML), young flower buds (YFB), fully open flowers (F), and at the immature green (IMG), mature
green (MG), break (B), and mature (MF) stages of fruit development and ripening. These datasets were
searched using the locus/gene names in SGN of 124 tomato MADS-box gene sequences, except for
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SlMADS4, SlMADS11, SlMADS37, SlMADS44, SlMADS46, SlMADS56, SlMADS68, SlMADS70 and
SlMADS89, which were not accurately found in TFGD. Then, we constructed a hierarchical clustering
heat map using these datasets (Figure 4).

SlMADS68, SlMADS70 and SlMADS89, which were not accurately found in TFGD. Then, we 
constructed a hierarchical clustering heat map using these datasets (Figure 4). 

 
Figure 4. Heat map representation of tomato MADS-box genes in various tissues. The tissues included 
the whole root (Rt), young leaf (YL), mature leaves (ML), young flower buds (YFB), and fully open 
flowers (F), which were at the immature green (IMG), mature green (MG), break (B), and mature (MF) 
stages of fruit development and ripening. The bar at the bottom of the heat map represents relative 
gene expression values. 

The expression profiles revealed that 117 genes were expressed in at least one tomato plant 
organ, while the other seven genes (SlMADS24, SlMADS25, SlMADS26, SlMADS33, SlMADS45, 
SlMADS61, and SlMADS74) were expressed at levels that were too low to be identified, or they had 
temporal and spatial specific expression patterns that showed no expression in the organs tested. 
Most tomato MADS-box genes displayed a broad expression range across all the organs and 
developmental stages, which is consistent with previous reports that the MADS-box genes may play 
multiple roles in plant growth and development [75,76]. However, some genes exhibited tissue-
specific expression. For example, the expression of SlMADS12, SlMADS20, SlMADS21, SlMADS22, 
and SlMADS23 were restricted in whole root, and the SlMADS16, SlMADS17, and SlMADS132 
transcripts were observed only during flower development. These results illustrate that these genes 
may be involved in the regulation of some biological process of the tomato root or in flower growth 
and development. Eight genes (SlMBP2, SlMBP6, SlMBP10, SlMBP21, TAP3, SlMADS78, SlMADS92, 
and SlMADS98) showed especially high expression in young flower buds (YFB) and fully open 
flowers (F), indicating that these genes may play important roles in floral organ development. We 
further discovered that most type II genes (SlMBP3, SlMBP7, SlMBP11, SlMBP15, MADS-RIN, 
MADS-MC, TAGL1, and LeAP1) were highly expressed during flower or fruit development; 
especially, the expression values of MADS-RIN and MADS-MC in fruits were more than 1000, 
suggesting that these genes may be associated with the reproductive growth of tomato. However, the 
expression of most type II genes showed no significant difference among tissues. 

In short, these results indicate that the MADS-box genes had different expression levels in 
various tomato organs, and the predictions of the organ expression profiles of the tomato MADS-box 
gene family may provide insight for future studies on the functions of MADS-box genes in tomato 
plant growth and development. 

Figure 4. Heat map representation of tomato MADS-box genes in various tissues. The tissues included
the whole root (Rt), young leaf (YL), mature leaves (ML), young flower buds (YFB), and fully open
flowers (F), which were at the immature green (IMG), mature green (MG), break (B), and mature (MF)
stages of fruit development and ripening. The bar at the bottom of the heat map represents relative
gene expression values.

The expression profiles revealed that 117 genes were expressed in at least one tomato plant
organ, while the other seven genes (SlMADS24, SlMADS25, SlMADS26, SlMADS33, SlMADS45,
SlMADS61, and SlMADS74) were expressed at levels that were too low to be identified, or they had
temporal and spatial specific expression patterns that showed no expression in the organs tested. Most
tomato MADS-box genes displayed a broad expression range across all the organs and developmental
stages, which is consistent with previous reports that the MADS-box genes may play multiple roles
in plant growth and development [75,76]. However, some genes exhibited tissue-specific expression.
For example, the expression of SlMADS12, SlMADS20, SlMADS21, SlMADS22, and SlMADS23 were
restricted in whole root, and the SlMADS16, SlMADS17, and SlMADS132 transcripts were observed
only during flower development. These results illustrate that these genes may be involved in the
regulation of some biological process of the tomato root or in flower growth and development. Eight
genes (SlMBP2, SlMBP6, SlMBP10, SlMBP21, TAP3, SlMADS78, SlMADS92, and SlMADS98) showed
especially high expression in young flower buds (YFB) and fully open flowers (F), indicating that these
genes may play important roles in floral organ development. We further discovered that most type II
genes (SlMBP3, SlMBP7, SlMBP11, SlMBP15, MADS-RIN, MADS-MC, TAGL1, and LeAP1) were highly
expressed during flower or fruit development; especially, the expression values of MADS-RIN and
MADS-MC in fruits were more than 1000, suggesting that these genes may be associated with the
reproductive growth of tomato. However, the expression of most type II genes showed no significant
difference among tissues.

In short, these results indicate that the MADS-box genes had different expression levels in various
tomato organs, and the predictions of the organ expression profiles of the tomato MADS-box gene
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family may provide insight for future studies on the functions of MADS-box genes in tomato plant
growth and development.

2.6. The Critical Tomato MADS-Box Genes Involved in Floral Organ Development

Based on the phylogenetic analysis of the MADS-box genes that participated in floral organ
development in petunia, which has been reported previously [32,77] (Figure S3), 15 tomato MADS-box
genes that are possibly involved in floral organ development were screened out, including tow class A
genes (MADS-MC and SlMBP20), four class B genes (TAP3, TM6, SlMBP1, and SlMBP2, two class C
genes (TAG1 and TAGL1), two class D genes (SlMBP3 and SlMBP22), and five class E genes (TAGL2,
TM5, SlMADS1, SlMBP21, and SlMBP6), as shown in Table S2.

According to the expression profile predictions shown in Figure 4, among the 15 MADS-box genes,
nine genes (MADS-MC, TAP3, TM6, SlMBP1, SlMBP2, TAG1, SlMBP22, SlMBP21, and SlMBP6) were
extremely highly expressed in flowers. However, TAGL1, SlMBP3, TAGL2, TM5, and SlMADS1 were
mainly expressed during the stages of fruit development and ripening, and the expression of SlMBP20
was particularly high in leaves.

To further investigate the potential role of these MADS-box genes in floral organ development,
a comparison of the expression patterns of 15 tomato MADS-box genes in four whorls of floral organs
(sepal, petal, stamen, and carpel) were analyzed by qPCR. As shown in Figure 5A,B, the class A genes
MADS-MC and SlMBP20 were highly expressed in sepals. The expression levels of class B genes
(TAP3, SlMBP2, and SlMBP1) were notably high in the petal and stamen (Figure 5C–E), whereas the
transcription of TM6 was found to be markedly higher in carpel and stamen compared with other floral
organs (Figure 5F). Two class C genes, TAG1 and TAGL1, were found to be mainly expressed in stamens
and carpels (Figure 5G,H). Moreover, the class D genes, SlMBP3 and SlMBP22, showed organ-specific
expression patterns that were exclusively expressed in carpel (Figure 5I,J). The expression patterns of
class E genes indicated that the expression of TAGL2 and TM5 were significantly higher expressed in
the petal, stamen, and carpel than in the sepal (Figure 5K,L), and SlMBP6 was highly expressed in
petals and carpels (Figure 5M). In comparison, the other class E genes (SlMADS1 and SlMBP21) were
shown to exhibit higher expression levels in the sepal and carpel (Figure 5N,O).

In addition, the interaction networks of these 15 tomato MADS-box proteins were predicted
by STRING software (Figure S4). The results showed that they established interactions with other
proteins, directly or indirectly. The TAGL2, SlMBP3, TAGL1, and SlMBP22 proteins can interact directly
with each other. Apart from that, the TAGL1 protein showed complex interactions with several other
proteins, including the SlMBP3 and TAP3 proteins. The TM5 protein was also shown to directly interact
with the TAP3 and TM6 proteins.
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2.7. Differential Expression Analysis of Tomato MADS-Box Genes at Different Stages of Fruit Development
and Ripening

According to the expression profiles predictions, we selected five tomato MADS-box genes
(SlMBP3, MADS-RIN, TAGL1, TM4, and SlMBP7) that may take part in fruit development and ripening.
We analyzed their expression patterns by qPCR at five different stages of fruit development and
ripening, including the immature green (IMG), mature green (MG), and break (B) stages, as well
as at four days after break (B+4) and seven days after break (B+7). SlMBP3 exhibited a strikingly
high expression level at the IMG stage, and showed extremely low expression at the other stages
(Figure 6A). The expression levels of MADS-RIN and TAGL1 exhibited an increasing tendency from the
MG to the B+4 stage, and then decreased at B+7 (Figure 6B,C). TM4 expression increased continuously
during the process of fruit development and exhibited its maximum expression level at the B+7 stage
(Figure 6D). Compared with the other three stages, the expression of SlMBP7 was slightly higher
at B (Figure 6E). These results indicated that the qPCR data were consistent with the predictions of
expression profiles and that our predictions are suitable for investigating the expression patterns of
tomato MADS-box genes.

In addition, the interaction networks of these 15 tomato MADS-box proteins were predicted by 
STRING software (Figure S4). The results showed that they established interactions with other 
proteins, directly or indirectly. The TAGL2, SlMBP3, TAGL1, and SlMBP22 proteins can interact 
directly with each other. Apart from that, the TAGL1 protein showed complex interactions with 
several other proteins, including the SlMBP3 and TAP3 proteins. The TM5 protein was also shown 
to directly interact with the TAP3 and TM6 proteins. 
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Figure 6. Relative expression of tomato MADS-box genes in difference stages of fruit development and
ripening by qPCR analysis. Expression patterns of SlMBP3 (A), MADS-RIN (B), TAGL1 (C), TM4 (D),
and SlMBP7(E) in different organs, including mature green (MG), break (B), four days after break (B+4),
and seven days after break (B+7). Each value represents the mean ± SE of three technical replicates of a
single biological sample. The SlCAC gene of tomato was used as the internal standard.

3. Discussion

3.1. Characterization of MADS-Box Genes in Tomato

The MADS-box genes control diverse biological processes in plants, including vegetative growth
and reproductive development. They mainly play key roles in the developmental processes of
inflorescences, flowers, and fruits [78,79]. 24 MIKCC-type MADS-box transcription factors have
been identified, and their functions and evolutions in tomatoes were thoroughly studied in 2006 [35].
However, the MIKCC-type MADS-box members are only part of the MADS-box transcription factor
family, and to date, there has been no comparative report on the tomato MADS-box genes. It is well
known that genome-wide analysis of gene families is a major and necessary approach to analyze
the structure, evolution, and function of genes. In this study, 131 tomato MADS-box proteins were
identified, and 96 new tomato MADS-box proteins with unknown functions were systemically named
(Table 1). This study is the first comparative analysis of the tomato MADS-box gene family, and we
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believe that the resolving confusion in naming the genes will facilitate further functional analysis of
the tomato MADS-box genes.

First, we presented the phylogenetic relationships of 131 tomato MADS-box proteins with
Arabidopsis MADS-box proteins to classify the tomato MADS-box proteins into five subfamilies
(MIKC, Mα, Mβ, Mγ, and Mδ), as shown Figure S1A. Compared with Arabidopsis, a larger number of
MADS-box proteins were found in tomato. In total, 81 tomato MADS-box genes were determined to
be type I genes, including the Mα, Mβ, Mγ, and Mδ groups, which is more than that in Arabidopsis.
We speculate that tomato type I MADS-box genes may have a higher duplication rate and/or a lower
gene loss rate after duplication. Nevertheless, 50 tomato MADS-box genes were classified as type
II genes, including MIKCc and MIKC*, which is comparable to that in Arabidopsis. These results
indicate that the genes’ retention duplication have been different in various species, leading to different
numbers of MAD-box genes among different species, with different evolutionary constraints [80]. Then,
in order to investigate the phylogenetic relationships of MADS-box genes in tomato, a phylogenetic
tree for two types of tomato MADS-box genes was constructed (Figure S1B,C). This showed that tomato
MADS-box genes are conservative in subfamilies.

To obtain insight into the structural diversity of the tomato MADS-box genes, the intron–exon
organization was analyzed (Figure 1). Previous studies have postulated that an intron-rich gene would
lose multiple introns simultaneously by retrotransposition, thereby producing intron-less ancestral
genes. In this study, we found that the Mα, Mβ and Mγ groups of the type I genes usually have
no introns or one intron, which may experience the loss of multiple introns during MADS-box gene
family diversification. In addition, the distribution of introns in tomato type I and type II genes were
different, and the Mδ group of the type I and type II genes had more introns than the Mα, Mβ, and
Mγ groups genes. Similar cases have also been detected in Arabidopsis and rice [7,13], suggesting
the evolutionary conservation among plants. However, some close gene pairs showed different
intron/exon arrangements, indicating that a more complicated gene structural evolution may exist in
tomato MADS-box genes. The conserved motif analysis indicated that the same group contained most
conserved motifs (Figure 2). The results suggested that these conserved motifs play important roles
in group-specific functions. However, high structural divergence was found between the different
groups. An analysis of the gene structures and conserved motifs could provide more clues about the
evolutionary relationships of the MADS-box family in tomato.

Gene duplication (segmental duplication and tandem duplication) as well as transposition events
were prevalent forces that result in the expansion of family members and genome complexity in
eukaryotes [74]. The duplication of more than two genes located on one chromosome is confirmed
as a tandem duplication event, whereas gene duplication that occurs on different chromosomes is
identified as segmental duplication [73,81]. Both tandem and segmental duplication can play crucial
roles in MADS-box gene expansion the tomato genome. In our study, a chromosomal location analysis
of the tomato MADS-box genes showed that the MADS-box genes are distributed on 12 chromosomes
(Figure 3). The tomato MADS-box genes had a high-density distribution on chromosome 1, which had
24 genes, suggesting that they might be caused by tandem duplications. The closely related tomato
MADS-box genes formed tandem arrays on chromosomes 1, 3, 4, 10, and 12, which may help the
tomato evolve distinct characterizations from other plants.

Since gene expression profiles can provide significant clues about gene function, the expression of
tomato MADS-box genes in whole root (Rt), young leaf (YL), mature leaves (ML), young flower buds
(YFB), fully open flowers (F), and five different fruit tissues were examined by transcription expression
(RNA-seq) data. All the tested 124 tomato MAD-box genes that were expected to contain SlMADS4,
SlMADS11, SlMADS37, SlMADS44, SlMADS46, SlMADS56, SlMADS68, SlMADS70, and SlMADS89
showed distinct expression patterns (Figure 4). This finding may supply insight for future studies
on the functions of MADS-box genes in tomato plant growth and development. For example, we
found that the SlMADS23 gene was only expressed in the root, so we speculate that the SlMADS23
gene may play a key role in root growth and development. The roots of plants determined the
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capacity of plants to acquire and distribute nutrients and water, as well as provide a means to suit the
environmental conditions. Thus, the root architecture is extremely important for plant development and
breeding. In the future, we will verify whether SlMADS23 is related to root growth by constructing a
SlMADS23 overexpression vector and generating transgenic overexpression tomato plants to study the
regulation of SlMADS23 gene on root growth and development. In addition, performing SlMADS23
gene mutagenesis with the CRISPR/Cas9 system transformation method may also prove to be a
helpful strategy.

3.2. Prediction of MADS-Box Genes Involved in the Regulation of Flower Development and Floral Organ
Identity

An investigation of the genetic and molecular basis of flower development and floral organ
identity in Arabidopsis and petunia suggested that MADS-box genes play fundamental roles in floral
organ identity and flower development [82]. It has been confirmed that five classes of MADS-box
genes (A–E) were involved in specifying floral organ identity [83–85]. In Arabidopsis, the class A genes
(AP1 and AP2), the class B genes (AP3 and PI), the class C gene (AG), the class D gene (AGL11), and
the class E gene (SEP1, SEP2, SEP3, and SEP4) were MADS-box genes, which have been reported to be
involved in the regulation of floral organ development [83,86]. In petunia, lots of MADS-box genes,
including the class A genes PETUNIA FLOWERING GENE (PFG), FLORAL BINDING PROTEIN
26 (FBP26), and FBP29, the class B genes TM6, PMADS1/GP, PMADS2, and FBP1, the class C genes
PMADS3, FBP6, and FBP24, the class D genes FBP11 and FBP7, as well as FBP2, FBP4, FBP5, FBP9, and
the class E genes FBP23, PMADS4, and PMADS12 played important roles in flower development [17,87].

In this paper, we investigated the tomato MADS-box genes’ phylogenetic relationships with the
petunia hybrid to select 15 tomato MADS-box genes that may play specific roles in flower development
(Table S2). According to the expression profile predictions shown in Figure 4, the highest expression
values for most of the genes (MADS-MC TAP3, TM6, SlMBP1, SlMBP2, TAG1, SlMBP22, SlMBP21,
and SlMBP6) were observed in flower development stages. Furthermore, qPCR was used to study the
expression patterns of four whorls of floral organs (sepal, petal, stamen, and carpel) in these 15 tomato
MADS-box genes.

AP1 is an Arabidopsis A class gene, which conferred sepal identity in the first floral [88]. In petunia,
the three genes PFG, FBP26, and FBP29 have been identified, which were orthologs of AP1/SQUA in
Arabidopsis [17]. Our phylogenetic analysis showed that MADS-MC and SlMBP20 belonged to this
clade (Figure S3) and their expression were particularly high in sepal, suggesting that they might play
a similar role to AP1 (Figure 5A,B). The class B genes were involved in the identification of petal and
stamen in angiosperms [89]. Regarding the class B genes, five close homologs of petunia—TOMATO
MADS-BOX GENE6 (TM6), GREEN PETAL (GP)/ PETUNIA MADS BOX GENE 1 (PMADS1), PMADS2,
and FBP1—were found in tomato [77]. The qPCR analysis showed that TAP3, SlMBP2, and SlMBP1
have petal and stamen specific expression, while the TM6/TDR6 transcripts were mainly detected
in the petal and carpel (Figure 5C–F). These results were similar to the homologous genes of that in
petunia [77]. Two tomato MADS-box genes TAG1 and TAGL1, which were involved in C functions,
were from the monophyletic AGAMOUS (AG) subfamily. These two genes were mainly expressed in
stamens and carpels (Figure 5G,H), which is consistent with their function in specifying stamen and
carpel development [52]. SlMBP3 and SlMBP22, which are highly homologous to two petunia class D
MADS-box genes, FBP11 and FBP7, were shown to be separately and exclusively expressed in carpel
(Figure 5L,I). The result suggested that SlMBP3 and SlMBP22 may have similar functions to the petunia
FBP7 and FBP11 genes, which are related to the establishment of real ovules or carpel-like structures [90].
Arabidopsis SEP genes, the typical class E genes, were necessary for the specification of sepal, petal,
stamen, and carpel identity with interaction with the class A, B, C, and D genes [16]. In petunia,
seven class E genes (FBP2, FBP4, FBP23, FBP5, FBP9, pMADS12, and pMADS4) have been determined
that belong to the SEPALLATA (SEP) clade [32]. The tomato TAGL2, TM5, SlMADS1, SlMBP21, and
SlMBP6 genes were homologous to these petunia class E genes (Figure S3), and some differences in
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expression patterns have been observed (Figure 5J–N), indicating that these five tomato class E genes
may be involved in multiple floral organ identity. Thus, we believe that the expression patterns of
the tomato MADS-box genes identified in our study will be an important tool for understanding the
flower development mechanisms in tomato. Previous reports have found that the MADS-box proteins
are able to form multiple homologous or heterodimeric complexes in plants, and the combinatorial
MADS-box proteins are often deriving their regulatory specificity from other DNA binding or accessory
factors. To understand how the tomato MADS-box genes can act in flower development and floral
organ identity, it is necessary to identify the network of protein–protein interactions amongst them.
Therefore, the predicted interaction networks of the 15 tomato MADS-box proteins, which are involved
in floral organ development, were analyzed in our report (Figure S4). In many domesticated crops,
it’s an important way to select inflorescence architecture with improved flower production and yield.
In tomato, SlMBP21 forms protein complexes with JOINTLESS and MACROCALYX as a transcription
activator for tomato flower abscission zone development [50], because SlMBP21, J, and MC have a
common function in the development of the tomato flower abscission zone. In breeding, altering any
of these genes will have the function on plant growth. In this study, the predicted interaction networks
may help us to understand how the tomato MADS-box genes can act in flower development and floral
organ identity.

3.3. Potential Functions of Tomato MADS-Box Genes during Fruit Development

To better understand the roles of tomato MADS-box genes in fruit development and ripening,
we selected five tomato MADS-box genes (SlMBP3, MADS-RIN, TAGL1, TM4, and SlMBP7) that
were predicted to abundantly expressed at different stages of fruit development and ripening. Then,
we detected their relative expression level in fruits samples from five different stages of development
by qPCR (Figure 6). As shown in Figure 6A, the expression level of SlMBP3 was found to be higher
at the MG stage than at the other stages. We found that the expression levels of MADS-RIN and
TAGL1 exhibited an increasing tendency during the transition from the MG stage to the B+4 stage, and
then decreased at the B+7 stage (Figure 6B,C). Moreover, the expression level of TM4 was found to
increase continuously in the process of fruit development (Figure 6D). The SlMBP7 gene showed a
relatively high expression level at the B stage (Figure 6E). Recent reports have identified a number
of MADS-box genes that are required for the regulation of fruit development and ripening. One of
the most representative is the tomato MADS-RIN gene, which is one of the earliest acting ripening
regulators, and plays crucial roles in fruit ripening through ethylene dependent and independent
ripening regulatory pathways [19,91]. In addition, TAGL1, TM4, and SlMBP7 have been found to
regulate fruit ripening in tomato [21,22]. Since our results were consistent with the functional research
of these genes, the SlMBP3 gene was predicted to be particularly high in the MG stage, indicating that
it might play an important function in fruit development and ripening. These results help to advance
our understanding of the function of MADS-box genes in the regulation of fruit developmental and
ripening processes in tomato.

4. Materials and Methods

4.1. Plant Material and Growth Condition

In this article, tomatoes (Solanum lycopersicum, ‘Ailsa Craig’ AC++) from Laboratory of molecular
biology of tomato, Bioengineering College, Chongqing University, Chongqing, China, were grown
in controlled greenhouse conditions of a 16-h day (25 ◦C)/8-h night (18 ◦C) cycle, 80% humidity,
a 250-µmol·m−2·s−1 light intensity, and were managed routinely. The tomato flowers were tagged at
anthesis and floral organs: sepals (Se), petals (Pe), stamens (St), and carpels (Ca) were collected from
flowers at anthesis. The fruit color and days post-anthesis (DPA) were used to differentiate the ripening
days of tomato fruits. We defined 20 DPA as the immature green (IMG), and 35 DPA as the mature
green (MG), at which point the fruits are green and shiny and no obvious color change is observed.
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The 38-DPA tomato fruits with color change from green to yellow were characterized as breaker (B)
fruits. Besides, the samples of B+4 (4 days after breaker) fruits and B+7 (7 days after breaker) fruits
were also used in our study. All the samples that we used were frozen in liquid nitrogen immediately
and stored at –80 ◦C.

4.2. Identification of MADS-Box Genes in Tomato

The Sol Genomics Network (SGN, Available online: http://solgenomics.net/) and the National
Center for Biotechnology Information (NCBI, Available online: https://www.ncbi.nlm.nih.gov/)
database were used to comprehensively identify the whole MADS-box protein sequences of tomato.
BLAST searches, using all the Arabidopsis and rice MADS-box protein sequences as queries, were
performed to check the predicted tomato MADS-box protein sequences in the database. Subsequently,
we further examined all the candidate protein sequences by the PROSITE (Available online:
http://www.expasy.org/prosite/) and SMART (Available online: http://smart.embl-heidelberg.de/)
databases for reliability. The tomato protein sequences, containing the typical conserved domain of the
MADS-box protein family, were selected for amino acid sequence multiple alignment and phylogenetic
tree analysis. Then, we obtained their DNA sequences according to their amino acid sequence from
the SGN database. Additionally, the molecular weight and isoelectric points of tomato MADS-box
proteins were detected by the ExPASy proteomics server.

4.3. Phylogenetic Analysis of Tomato MADS-Box Proteins

Multiple sequence alignment for the two groups of all the 131 tomato MADS-box genes (Table 1)
was generated using ClustalX 1.81. The alignment results were used to conduct a phylogenetic tree
by the MEGA5.02 program, and the evolutionary history was inferred using the neighbor-joining
method. [92].

4.4. The Analysis of Gene Structure and Conserved Motif

The tomato MADS-box coding domain sequences (CDS) and corresponding genomic DNA
sequences were collected from SGN and NCBI databases to predict gene structure. The online tool
Gene Structure Display Server 2.0 (GSDS 2.0, Available online: http://gsds.cbi.pku.edu.cn/index.php),
was used to construct an exon/intron map [93].

Conserved motifs of the tomato MADS-box protein sequences were identified by online software
MEME Version 4.12.0 (Available online: http://meme-suite.org/tools/meme). It was performed with the
following parameters: 10 different motifs, a motif width of 6–200 amino acids, and any number of
repetitions. The SMART database was used to annotate the MEME motifs.

4.5. Chromosomal Locations and Identification of Interaction Network

To determine the chromosomal locations of tomato MADS-box genes, we obtained the physical
genome annotation files from the SGN and NCBI database. The physical map of the tomato MADS-box
genes was drawn by the Tomato-EXPEN 2000 (Available online: https://solgenomics.net/cview/map.pl).

The interaction network was conducted by STRING (functional protein association networks,
Available online: https://string-db.org/) software using the search of multiple proteins sequences [94].

4.6. Digital Gene Expression Analysis of Tomato MADS-Box Genes

To obtain the expression profile of tomato MADS-box genes, the RNA-seq data based on the
locus/gene names of SGN were analyzed. We downloaded the RNA-seq data from TFGD (the Tomato
Functional Genomics Database), and the sequence data were obtained from various tissues in wild
species LA1589 (S. pimpinellifolium). In addition, the data of the tomato lab and Tomato eFP Browser
were also used to analyze the gene expression of tomato MADS-box genes. A heatmap was generated
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by Heml 1.0 (Heatmap illustrator, Available online: http://hemi.biocuckoo.org/) using the relative
expression values or ratios of each tomato MADS-box gene [95].

4.7. Total RNA Extraction and qPCR Analysis

To study the expression patterns of the MADS-box genes involved in flower organ identity and
fruit development in tomato, total RNA was extracted from the sepals (Se), petals (Pe), stamens
(St), and carpels (Ca) of tomato and different developmental stages of tomato fruits at different
developmental stages, including IMG (immature green), MG (mature green), B (breaker), B+4 (4 days
after breaker), and B+7 (7 days after breaker) using RNAiso Plus (Takara) in accordance with the
instructions. After DNase digestion (Promega, Madison, WI, USA), cDNA was synthesized with
oligo(dT)20 as a primer for RNA reverse-transcription using M-MLV reverse transcriptase (Promega,
Madison, WI, USA). For gene expression quantification, qPCR analysis was performed with the
CFX96™ Real-Time System (Bio-Rad, Hercules, CA, USA) using the GoTaq qPCR Master Mix (Promega,
Madison, WI, USA). First, 1.0 µL of mixture primers, 1.0 µL of cDNA, and 3.0 µL of ddH2O were used.
NRT (no reverse transcription control) and NTC (no template control) experiments were performed
to eliminate the genomic DNA and environment effects. The tomato SlCAC gene was used as an
internal standard [96], and the 2−∆∆CT method was used to perform the relative gene expression levels
analysis [97]. In addition, all the experiments were performed in three biological triplicates with
three technical replicates. The standard curves were run at the same time. All the primers used were
designed by Primer 5.0 software and are shown in Table S3.

4.8. Data Analysis

In this study, the mean values of data are presented as mean ± standard deviation. The Origin 8.0
software (Available online: https://www.originlab.com/) was used to perform the data analysis, and
mean differences were significant by t-test (* p < 0.05).

5. Conclusions

In this study, a comprehensive and systematic analysis of the tomato MADS-box transcription
factor family was first conducted. A total of 131 genes encoding MADS-box transcription factors,
including 81 type I and 50 type II genes, were extensively identified in the tomato genome. Then, we
classified the genes according to their phylogenetic relationships between tomato and Arabidopsis.
The phylogenetic relationships, gene structures, conserved motifs, chromosomal distribution, and
expression patterns of the genes were characterized. The 131 tomato MADS-box genes showed
differential expression levels in different organs. Since the MADS-box genes are the most powerful
TFs that regulate floral organ identity and fruit development and ripening in plants, we showed
that 15 tomato MADS-box genes were involved in floral organ development, and we studied the
expression of five tomato MADS-box genes in different stages of fruit development and ripening.
These results provide evidence of the relationship between MADS-box genes and floral organ and fruit
development. Our study provides comprehensive information on the tomato MADS-box gene family,
enables a better understanding of the structure–function relationships among the tomato MADS-box
gene family members, and lays a solid foundation of comprehensive functional characteristics in the
tomato MADS-box gene family. Furthermore, our bioinformatics and evolutionary analysis will be
helpful for better understanding the underlying evolutionary relationship of the MADS-box family in
higher plants.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/12/
2961/s1.
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Abstract: WRKY transcription factors (TFs) containing one or two WRKY domains are a class of
plant TFs that respond to diverse abiotic stresses and are associated with developmental processes.
However, little has been known about the function of WRKY gene in tea plant. In this study,
a subgroup IId WRKY gene CsWRKY7 was isolated from Camellia sinensis, which displayed amino acid
sequence homology with Arabidopsis AtWRKY7 and AtWRKY15. Subcellular localization prediction
indicated that CsWRKY7 localized to nucleus. Cis-acting elements detected in the promotor region of
CsWRKY7 are mainly involved in plant response to environmental stress and growth. Consistently,
expression analysis showed that CsWRKY7 transcripts responded to NaCl, mannitol, PEG, and diverse
hormones treatments. Additionally, CsWRKY7 exhibited a higher accumulation both in old leaves
and roots compared to bud. Seed germination and root growth assay indicated that overexpressed
CsWRKY7 in transgenic Arabidopsis was not sensitive to NaCl, mannitol, PEG, and low concentration
of ABA treatments. CsWRKY7 overexpressing Arabidopsis showed a late-flowering phenotype under
normal conditions compared to wild type. Furthermore, gene expression analysis showed that the
transcription levels of the flowering time integrator gene FLOWERING LOCUS T (FT) and the floral
meristem identity genes APETALA1 (AP1) and LEAFY (LFY) were lower in WRKY7-OE than in the
WT. Taken together, these findings indicate that CsWRKY7 TF may participate in plant growth. This
study provides a potential strategy to breed late-blooming tea cultivar.

Keywords: subgroup IId; CsWRKY7; flowering; Arabidopsis; Camellia sinensis

1. Introduction

Plants suffering from diverse abiotic stresses in the developmental process have evolved and
obtained a series of mechanisms to combat with these environmental stresses. Majority of transcription
factors (TFs) participate in these adaptive mechanisms [1]. WRKY TFs—a large family of transcription
factors in plants—are involved in response to multiple stresses and external stimuli [2–4].

WRKY transcription factor is named after the WRKY domain, which contains one or two highly
conserved WRKYGQK motifs and one zinc-finger motif [5,6]. According to the number of WRKY
domains and the type of zinc finger motif, WRKY TFs can be divided into three types: Group I,
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containing two WRKY domains and one C2H2 zinc-finger structure. Group II, containing one WRKY
domain, and sharing the same zinc finger structure with group I. In addition, based on the amino acid
sequence of the DNA-binding domain, Group II can be further divided into IIa, IIb, IIc, IId, and IIe
subgroups; Group III also contains one WRKY domain, but its zinc finger structure is C2HC [4,7].

SWEET POTATO FACTOR1 (SPF1) specifically binding to W-box, the first defined WRKY TF,
negatively regulates the expression of storage proteins and β-amylase in sweet potato [8]. Since then,
considerable efforts have been made to unveil the role of WRKY TFs in plant response to biotic and
abiotic stresses. In Arabidopsis thaliana, it has been demonstrated that WRKY TFs contribute to pathogen
resistance, salinity, heat, and drought stress responses [7,9–11]. W-box (TTGACT/C) was present in
the promoters of several stress-associated genes. Since WRKY proteins bind to W-box, they induce
the expressions of these stress-associated genes [4,5,11–13]. Many studies have shown that WRKY
proteins participate in secondary metabolism (phenylpropane, alkaloids, and terpenes.), and hormone
signaling [10]. Moreover, WRKY proteins have been demonstrated to involve in plant growth processes,
such as leaf senescence, shoot branching, trichome, and flowering. For instance, potato ScWRKY1 [14],
Arabidopsis TTG2 [15], and MINISEED3 are involved in seed growth [16]; Arabidopsis AtWRKY6, -45,
-53, -57, and -70 are involved in senescence regulation [17–21]; Arabidopsis AtWRKY12, -13, -75, -34,
mango MIWRKY12, soybean GsWRKY20, and rice DIf1 have been reported to be involved in plant
flowering regulation or pollen development [22–27]. However, few studies have reported WRKY TFs
in tea plant.

Tea plant (Camellia sinensis L.) is an important commercial woody crop. As a nonalcoholic
beverage, tea is processed from tea leaves and is widely consumed worldwide. Early blooming in tea
plant and adverse environmental factors affect the quality and yields of tea. Increasing studies have
demonstrated that WRKY TFs play pivotal roles in plant growth and abiotic stresses. In one previous
study, two WRKY TFs—CsWRKY31 and CsWRKY48—were reported to participate in O-methylated
catechin biosynthesis in tea plant (Camellia sinensis) [28]. Several CsWRKY genes were induced by
diverse stresses such as temperature, ABA, and NaCl [29–31]. However, the roles of CsWRKYs
in plant growth and development remain unclear. The current study aims to provide a functional
characterization of CsWRKY7, a member of the group IId WRKY family in tea plant. CsWRKY7 was a
close homolog of Arabidopsis AtWRKY7 and AtWRKY15, two well-characterized Group IId WRKY
proteins with important roles in plant defense, leaf senescence, and abiotic stress responses [32–34].
When it is exposed to diverse stresses, CsWRKY7 is upregulated and localized to the nuclei in both
tobacco leaves and Arabidopsis roots. CsWRKY7-overexpressing Arabidopsis did not respond to
abiotic stresses. However, the overexpression of CsWRKY7 delayed flowering. Gene analysis revealed
the downregulation of several flowering-related genes in CsWRKY7 overexpression lines. A better
understanding of the flowering mechanisms is conducive to breeding late-blooming tea plants.

2. Results

2.1. Isolation and Characterization of CsWRKY7 from C. sinensis

CsWRKY7, one WRKY gene, was amplified from tea leaves cDNA by RT-PCR. This amplified
CsWRKY7 contained the complete open reading frame (ORF) of 972 bp encoding 323 amino acids.
CsWRKY7 protein had a predicted molecular mass of 35.37 kDa and an isoelectric point of 9.47.
Sequence analysis showed that CsWRKY7 in tea plant shared a high similarity (71.94%) to AcWRKY15
in kiwifruit (Genbank: PSS21265). Additionally, CsWRKY7 was found to have a nuclear localization
signal (NLS) at 227–230 amino acid region, and have two motifs, namely, HARF structure and a shorter
conserved structural motif (C-region which is known as a Ca2+-dependent calmodulin-binding domain)
(Figure 1A). Thus, CsWRKY7 was assigned to group IId subfamily. Phylogenetic analysis showed that
CsWRKY7 was closely related to AcWRKY15, PtrWRKY7, VvWRKY7, AtWRKY7, and AtWRKY15
(Figure 1B). AtWRKY7 and AtWRKY15 TFs have been reported to be involved in plant defense
response to bacterial pathogens, leaf senescence, or mitochondrial-mediated osmotic stress [32–34],
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their homologous genes CsWRKY7 was predicted to be a TF that may participate in plant development
and respond to stress treatment.
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(AJF11725), and DzWRKY15 (XP-022740807). 
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such environmental stresses as phytohormone stress (salicylic acid and auxin), light, plant growth 
(pollen), and abiotic stresses (anaerobic, sugar, wounding, NaCl, dehydration, and heat) were found 
(Table 1). Interestingly, many MYB-recognition sites were present in the promoter region of 
CsWRKY7, and these motifs also existed in dehydration-responsive gene RD22A, indicating that 
CsWRKY7 might be involved in dehydration stress and be modulated by MYB members. In addition, 
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Figure 1. Protein sequence alignment and phylogenetic relationship of CsWRKY7 (A) Sequence
alignment of the deduced CsWRKY7 protein with other Group IId WRKY homologs. Black lines
highlight the conserved region of WRKY. Blue box and arrows highlight the WRKY domain and
the zinc-finger motif, respectively. The conserved primary sequences—HARF motif, C-region,
and putative NLS—are boxed in red. (B) The phylogenetic tree of CsWRKY7 and 17 other group
IId WRKY subfamily members. Accession number for group IId WRKY members: AtWRKY7
(AAK28440), AtWRKY11 (AAK96194), AtWRKY15 (AF224704), AtWRKY17 (AAL13049), AtWRKY21
(AAK28441), AtWRKY39 (AAK96198), AtWRKY74 (AAL35291), AcWRKY7 (PSS36058.1), AcWRKY15
(PSS21265.1), VvWRKY7 (RVX23377.1), PtrWRKY7 (XP_006380693.1), PtrWRKY15 (XP-002310122),
GhWRKY17 (HQ651068), TcWRKY7 (EOX91521), TcWRKY15 (XP-007047365), CmWRKY17 (AJF11725),
and DzWRKY15 (XP-022740807).

2.2. Sequence Analysis of CsWRKY7 Promoter

According to ‘Shuchazao’ tea genome data, the promoter sequence of CsWRKY7 was amplified by
PCR. A 1680 bp CsWRKY7 promoter sequence was cloned and the putative cis-elements were predicted
through the PlantCARE database. Two functional elements—TATA-box and CAAT-box—were widely
distributed in the promoter region. Additionally, a group of elements which respond to such
environmental stresses as phytohormone stress (salicylic acid and auxin), light, plant growth (pollen),
and abiotic stresses (anaerobic, sugar, wounding, NaCl, dehydration, and heat) were found (Table 1).
Interestingly, many MYB-recognition sites were present in the promoter region of CsWRKY7, and these
motifs also existed in dehydration-responsive gene RD22A, indicating that CsWRKY7 might be involved
in dehydration stress and be modulated by MYB members. In addition, CsWRKY7 promoter region
existed two W-boxes, which specially bind to WRKY TFs. These prediction results indicated that
CsWRKY7 TF may play a vital role in stress responses and plant growth through multiple signal
transduction pathways.
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Table 1. Hormone-, light-, and stress-responsive elements in the 1680 bp 5′-flanking sequence of
CsWRKY7 TF as predicted by the PlantCARE website.

Types Site Name Copy Sequence Function

Hormone
TCA-element 2 CCATCTTTTT salicylic acid responsiveness

TGA-element 1 AACGAC auxin-responsive element

Light

Box 4 3 ATTAAT light responsiveness

LAMP-element 1 CTTTATCA light responsive element

chs-CMA1a 1 TTACTTAA light responsive element

Stresses

ARE 1 AAACCA anaerobic induction

CCAAT-box 1 CAACGG MYBHv1 binding site

WBOXHVISO1 2 TGACT sugar-responsive elements

WRKY71OS 3 TGAC A core of TGAC-containing W-box

WBOXNTERF3 2 TGACY W-box, wounding

GT1GMSCAM4 6 GAAAAA Pathogen- and NaCl-induced
expression

MYB1AT 4 WAACCA MYB recognition site found in the
promoters of rd22

MYB2CONSENSUSAT2 YAACKG MYB recognition site found in the
promoters of rd22

MYBCORE 4 CNGTTR responsive to water stress

CCAATBOX1 4 CCAAT act cooperatively with HSEs

Development
GTGANTG10 4 GTGA Late pollen-responsive elements

POLLEN1LELAT52 8 AGAAA pollen specific expression

2.3. Subcellular Localization of CsWRKY7

To examine the localization of CsWRKY7, the full-length cDNA of CsWRKY7 was fused to
enhanced green fluorescent protein (eGFP). As shown in Figure 2A, CsWRKY7-eGEP was localized to
the nucleus when it was transiently expressed in Nicotiana benthamiana leaves. The green fluorescence
was observed both in the cell membrane and nucleus in the GFP control vector. Similarly, green
fluorescence was also observed in the nucleus of transgenic Arabidopsis seedlings (Figure 2B). These
results showed that CsWRKY7 was targeted to the nucleus.

The qRT-PCR result indicated that CsWRKY7 was expressed in all detected tissues. The expression
level in old leaves was approximately 4.4 times as high as that in buds (Figure 3A). To investigate
the role of CsWRKY7 TF in abiotic stresses, we analyzed the expression patterns of CsWRKY7, when
it was exposed to temperature, sodium chloride (NaCl), sucrose (Suc), polyethylene glycol (PEG),
and mannitol (Man) stresses. As shown in Figure 3B,C, in leaves, CsWRKY7 was downregulated under
high temperature stress, especially at 8 h, its expression level decreased by 65%. When exposed to low
temperature, the expression level of CsWRKY7 was not significantly changed at 4 h or 12 h. However,
the expression level of CsWRKY7 was upregulated under the treatments of NaCl, Man, and PEG.
For example, its expression level increased gradually after NaCl and PEG treatment for 3 h, reaching
a peak of 3.26- and 6.23- fold at 72 h, respectively. Though two sugar-responsive elements existed
in the promoter region, no significant difference in the expression level of CsWRKY7 after sucrose
treatment. In order to investigate whether CsWRKY7 expression was regulated by phytohormones,
two-year-old tea plants were exposed to the major plant hormones including indolyl-3-acetic acid (IAA),
naphthalene-1-acetic acid (NAA), 2,4-dichlorophenoxyacetic acid (2,4-D), abscisic acid (ABA), methyl
jasmonate (MeJA), salicylic acid (SA), and gibberellins (GA). As presented in Figure 3D, the expression
level of CsWRKY7 was elevated under these hormone treatments except IAA. These results implied
that CsWRKY7 might be involved in the regulation of abiotic stress and hormones networks.
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Figure 2. Subcellular localization analysis of CsWRKY7 protein: (A) GFP alone (upper panel) and
CsWRKY7-eGFP (middle panel) were transiently expressed in tobacco epidermal cells. Representative
images from left to right in each panel were taken under fluorescence, chlorophyll, transmitted light
and an overlay of both channels. Scale bar = 20 µm. (B) The roots of CsWRKY7-eGFP (bottom panel) in
transgenic Arabidopsis was used for observation of GFP fluorescence. Representative images from
left to right were taken under fluorescence, bright field and an overlay of both channels. Scale bar =

100 µm.
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Figure 3 Relative expression levels of CsWRKY7 in tea plants (A) Tissue expression profiles of 
CsWRKY7 in ‘Longjing 43’. Different tissues include bud, 1st leaf, 2nd leaf, 3rd leaf, old leaf, flower, 
stem, and root. The expression levels of CsWRKY7 in different tissues were compared with the bud. 
(B) The transcript levels of CsWRKY7 under cold (4 °C) and heat (38 °C). CsWRKY7 expression levels 
are detected at four different time points (0, 4, 8 and 12 h) post-temperature stress treatment. (C) 
Relative expression levels of CsWRKY7 under different abiotic stress. Two-year-old tea seedlings were 
treated with 150 mM NaCl, 90 mM sucrose (Suc), 10% (w/v) PEG4000 (PEG) and 90 mM mannitol 
(Man), and samples were harvested at the time intervals indicated. (D) The transcript levels of 
CsWRKY7 under various phytohormone, including 100 μM indolyl-3-acetic acid (IAA), 5 μM 
naphthalene-1-acetic acid (NAA), 5 μM 2,4-dichlorophenoxyacetic acid (2,4-D), 100 μM abscisic acid 
(ABA), 50 μM methyl jasmonate (MeJA), 5 mM salicylic acid (SA), and 100 μM gibberellins (GA), 
which were added to the culture solution, the functional leaves were harvested at 0, 3, 6, or 24 h post-
treatment. Treated samples at 0 h served as controls. Error bars represent ± S.E. for three independent 
experiments. The significant level is presented by the asterisks (* p < 0.05, ** p < 0.01). 

2.4. Overexpression of CsWRKY7 Affects Flowering in Transgenic Arabidopsis 

Seed Germination and Root Growth in Transgenic Plants under Abiotic Stresses 
To assess the function of CsWRKY7 TF, an expression construct pH7FGW2.0-CsWRKY7 was 

transformed into A. thaliana. Three homozygous transgenic lines—L8, L10, and L14—were confirmed 
by real-time PCR with Actin-2 gene serving as an internal reference. As shown in Figure 4A, the 
CsWRKY7 transcript levels were significantly higher in transgenic lines than in wild type. 

Figure 3. Relative expression levels of CsWRKY7 in tea plants (A) Tissue expression profiles of CsWRKY7
in ‘Longjing 43’. Different tissues include bud, 1st leaf, 2nd leaf, 3rd leaf, old leaf, flower, stem, and
root. The expression levels of CsWRKY7 in different tissues were compared with the bud. (B) The
transcript levels of CsWRKY7 under cold (4 ◦C) and heat (38 ◦C). CsWRKY7 expression levels are
detected at four different time points (0, 4, 8 and 12 h) post-temperature stress treatment. (C) Relative
expression levels of CsWRKY7 under different abiotic stress. Two-year-old tea seedlings were treated
with 150 mM NaCl, 90 mM sucrose (Suc), 10% (w/v) PEG4000 (PEG) and 90 mM mannitol (Man),
and samples were harvested at the time intervals indicated. (D) The transcript levels of CsWRKY7
under various phytohormone, including 100 µM indolyl-3-acetic acid (IAA), 5 µM naphthalene-1-acetic
acid (NAA), 5 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 100 µM abscisic acid (ABA), 50 µM methyl
jasmonate (MeJA), 5 mM salicylic acid (SA), and 100 µM gibberellins (GA), which were added to the
culture solution, the functional leaves were harvested at 0, 3, 6, or 24 h post-treatment. Treated samples
at 0 h served as controls. Error bars represent ± S.E. for three independent experiments. The significant
level is presented by the asterisks (* p < 0.05, ** p < 0.01).
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2.4. Overexpression of CsWRKY7 Affects Flowering in Transgenic Arabidopsis

Seed Germination and Root Growth in Transgenic Plants under Abiotic Stresses
To assess the function of CsWRKY7 TF, an expression construct pH7FGW2.0-CsWRKY7 was

transformed into A. thaliana. Three homozygous transgenic lines—L8, L10, and L14—were confirmed by
real-time PCR with Actin-2 gene serving as an internal reference. As shown in Figure 4A, the CsWRKY7
transcript levels were significantly higher in transgenic lines than in wild type.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  7 of 15 
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L14), respectively. Data are shown as the mean ± S.E. (n = 3). (B) The germination rate of WT and 
transgenic lines. Their seeds grown on the 1/2 MS supplied with different concentrations of NaCl, 
ABA, mannitol and PEG for 4 days. Experiments were performed in five biological replicates. Fifty 
seeds of each WT and three transgenic lines were germinated in one replicate. Data are shown as the 
mean ± S.E. (C) Germination performance of WT and transgenic lines were taken under normal 
conditions, 150 mM NaCl, 0.3 μM ABA, 200 mM mannitol, and 15% PEG treatment for 7 days. 
Asterisk indicated that the expression level is significantly different from the value of the control (‘***’ 
p < 0.001). 

Since CsWRKY7 responds to abiotic stress and hormone treatments, seed germination was tested 
with WT and homozygous 35S::CsWRKY7 transgenic lines to determine the specific role of CsWRKY7 
TF in abiotic stress. Though the germination rate of overexpressing lines was higher than that of WT 
(Figure 4B,C), the difference was not statistically significant under normal growth condition or under 
abiotic stresses, suggesting that CsWRKY7 overexpressing lines may not be sensitive to the above 
induction during seed germination. No significant difference in root growth was observed between 
WT and overexpressing lines in the presence of different stress media (Figure 5). However, the root 
elongation of 35S::CsWRKY7 lines were higher than that of WT with 1/2 MS medium, indicating that 
CsWRKY7 might promote root growth at the seedling stage under normal growth condition. 

Figure 4. Germination rates of CsWRKY7-overexpressing Arabidopsis lines under different stress
conditions (A) Expression of CsWRKY7 in the leaves of WT and three transgenic lines (L8, L10, and L14),
respectively. Data are shown as the mean ± S.E. (n = 3). (B) The germination rate of WT and transgenic
lines. Their seeds grown on the 1/2 MS supplied with different concentrations of NaCl, ABA, mannitol
and PEG for 4 days. Experiments were performed in five biological replicates. Fifty seeds of each WT
and three transgenic lines were germinated in one replicate. Data are shown as the mean ± S.E. (C)
Germination performance of WT and transgenic lines were taken under normal conditions, 150 mM
NaCl, 0.3 µM ABA, 200 mM mannitol, and 15% PEG treatment for 7 days. Asterisk indicated that the
expression level is significantly different from the value of the control (‘***’ p < 0.001).

Since CsWRKY7 responds to abiotic stress and hormone treatments, seed germination was tested
with WT and homozygous 35S::CsWRKY7 transgenic lines to determine the specific role of CsWRKY7
TF in abiotic stress. Though the germination rate of overexpressing lines was higher than that of WT
(Figure 4B,C), the difference was not statistically significant under normal growth condition or under
abiotic stresses, suggesting that CsWRKY7 overexpressing lines may not be sensitive to the above
induction during seed germination. No significant difference in root growth was observed between
WT and overexpressing lines in the presence of different stress media (Figure 5). However, the root
elongation of 35S::CsWRKY7 lines were higher than that of WT with 1/2 MS medium, indicating that
CsWRKY7 might promote root growth at the seedling stage under normal growth condition.
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Figure 5. Root growth of CsWRKY7-overexpressing Arabidopsis lines under different stress 
conditions. Seeds were germinated for 4 days on 1/2 MS medium, and the seedlings were then 
transferred to 1/2 MS medium with or without different treatment for 10 days. (A) Normal condition, 
(B) 150 mM NaCl treatment, (C) 0.3 μM ABA treatment, (D) 200 mM mannitol treatment, and (E) 
15%PEG6000 treatment, and (F) root length were measured at 10 d after the transfer, each line 
included three seedlings, experiments were performed in four biological replicates. Data are 
represented as the mean ± SE of 12 seedlings. The significant level is presented by the asterisks (* p < 
0.05). 

2.5. CsWRKY7 Overexpressing Lines Exhibit the Phenotype of Delayed Flowering 

In order to investigate whether CsWRKY7 TF participated in plant growth and development, 
the phenotype of CsWRKY7-overexpressing lines and WT was observed during plant growth process. 
As shown in Figure 6A, B, WT plants bolt earlier than transgenic lines after 25-day growth. When 
wide-type plants were in silique stage, CsWRKY7 overexpressing plants were in bolting stage or 
vegetative growth stage after 35-day growth. To elucidate the regulation mechanism of CsWRKY7 in 
flowering, several flowering-related genes was analyzed (Figure 6C). SUPPRESSOR OF CONSTANS 
1 (SCO1), a floral integrator, was significantly induced in 35S::CsWRKY7 lines compared to WT. No 
noticeable difference in the relative expression level of CONSTANS (CO) gene that the central 
regulators in the photoperiod pathway was observed between WT and transgenic lines. As a long-
distance transport signal, FLOWERING LOCUS T (FT) was significantly downregulated in transgenic 
lines. Simultaneously, two important genes related to inflorescence meristem—APETALA1 (AP1) and 
LEAFY (LFY)—were significantly suppressed in Line 8. The expression levels of AP1 and LFY were 
downregulated by 64% and 60%, respectively. However, a flowering inhibitor, FLOWERING LOCUS 
C (FLC), was significantly downregulated in overexpressing lines, while its homologous gene 
FLOWERING LOCUS M (FLM) was upregulated in 35S::CsWRKY7 lines, compared to WT. Therefore, 
we speculate that CsWRKY7 delay flowering time might through inhibiting the transcription level of 
AP1 and LFY. 

Figure 5. Root growth of CsWRKY7-overexpressing Arabidopsis lines under different stress conditions.
Seeds were germinated for 4 days on 1/2 MS medium, and the seedlings were then transferred to
1/2 MS medium with or without different treatment for 10 days. (A) Normal condition, (B) 150 mM
NaCl treatment, (C) 0.3 µM ABA treatment, (D) 200 mM mannitol treatment, and (E) 15%PEG6000
treatment, and (F) root length were measured at 10 d after the transfer, each line included three seedlings,
experiments were performed in four biological replicates. Data are represented as the mean ± SE of 12
seedlings. The significant level is presented by the asterisks (* p < 0.05).

2.5. CsWRKY7 Overexpressing Lines Exhibit the Phenotype of Delayed Flowering

In order to investigate whether CsWRKY7 TF participated in plant growth and development,
the phenotype of CsWRKY7-overexpressing lines and WT was observed during plant growth process.
As shown in Figure 6A, B, WT plants bolt earlier than transgenic lines after 25-day growth. When
wide-type plants were in silique stage, CsWRKY7 overexpressing plants were in bolting stage or
vegetative growth stage after 35-day growth. To elucidate the regulation mechanism of CsWRKY7 in
flowering, several flowering-related genes was analyzed (Figure 6C). SUPPRESSOR OF CONSTANS
1 (SCO1), a floral integrator, was significantly induced in 35S::CsWRKY7 lines compared to WT. No
noticeable difference in the relative expression level of CONSTANS (CO) gene that the central regulators
in the photoperiod pathway was observed between WT and transgenic lines. As a long-distance
transport signal, FLOWERING LOCUS T (FT) was significantly downregulated in transgenic lines.
Simultaneously, two important genes related to inflorescence meristem—APETALA1 (AP1) and
LEAFY (LFY)—were significantly suppressed in Line 8. The expression levels of AP1 and LFY
were downregulated by 64% and 60%, respectively. However, a flowering inhibitor, FLOWERING
LOCUS C (FLC), was significantly downregulated in overexpressing lines, while its homologous gene
FLOWERING LOCUS M (FLM) was upregulated in 35S::CsWRKY7 lines, compared to WT. Therefore,
we speculate that CsWRKY7 delay flowering time might through inhibiting the transcription level of
AP1 and LFY.
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Figure 6. Identification of the CsWRKY7 in transgenic Arabidopsis. (A,B) Overexpression of 
CsWRKY7 delayed Arabidopsis flowering in different developmental stages: (A) Representative 
photographs of 25-day-old-plant of WT and transgenic lines (L8, L10, and L14) growing in normal 
conditions. (B) 35-day-old-plant. Each line included four seedlings. Experiments were performed in 
five biological replicates. (C) Expression patterns of flowering-related genes in CsWRKY7-
overexpressing and wild type Arabidopsis. Leaf samples were harvested from 25-day-old transgenic 
lines and WT. The error bars indicate the means ± S.E. (n = 5), * indicates that the differences are 
significant (p < 0.05), ** indicate that the differences are highly significant (p < 0.01). 

3. Discussion 

WRKY TFs widely participate in plant stress responses and plant growth and development. This 
study indicated that CsWRKY7 is involved in abiotic stresses. Constitutive overexpression of 
CsWRKY7 not only promotes root growth, but also delays the flowering time in transgenic 
Arabidopsis plants by suppressing flowering-related genes. 

CsWRKY7, homologous to AtWRKY7 and AtWRKY15, belongs to subgroup IId of WRKY 
family. AtWRKY7 transcription factor not only acted as a negative regulator in PAMP-mediated 
immune response but also participated in leaf senescence [34–36]. CsWRKY7 was abundant in old 
leaves and roots in tea plant, which was somewhat similar to the expression patterns of AtWRKY7 in 
Arabidopsis leaves, thus it could be speculated that CsWRKY7 might be involved in tea growth and 
development. Besides, CsWRKY7 gene expression was induced by various osmotic stresses and 
hormones exposure (Figure 3). Sequence analysis identified several potential stress-responsive 
elements in the promoter region including WBOXHVISO1, CCAATBOX1, GT1GMSCAM4, and 
MYB1AT and pollen-specific cis-regulatory elements (GTGANTG10), which participated in 
regulating the response to sugar, heat, NaCl, and drought stresses, respectively (Table 1). Some 
previous studies have reported that these cis-regulatory elements were stress-related. For example, 
MYB1AT existed in the promoter region of the Arabidopsis dehydration gene RD22, and 
GT1GMSCAM4 was present in the promoter region of the pathogen and salt-inducible gene SCaM-
4, which consisted with the cis-regulatory elements in the promoter of CsWRKY7, suggesting that 
CsWRKY7 participated in various stress responses. (Figure 3) [37,38]. Though two pollen-specific cis-
elements present in the promoter, the expression level of CsWRKY7 in flower was not significantly 
different from that in bud, which might be probably due to the complicated regulation mechanisms 
of gene expression. Besides, two hormone response elements—SA and auxin-response elements—
are also found in this region. The hormone induction experiment showed that CsWRKY7 gene was 
responded to gibberellin and auxin treatment (NAA and 2,4-D), indicating that CsWRKY7 might also 
be involved in GA- and auxin- and abiotic stress-mediated signaling, but the corresponding 
mechanism remains be further explored. 

Plant growth such as flowering, is a sophisticated regulated process that can be affected by 
diverse environmental stimuli. Previous research has reported that several WRKY members 
participate widely in plant growth and development. AtWRKY44 was reported to be involved in 

Figure 6. Identification of the CsWRKY7 in transgenic Arabidopsis. (A,B) Overexpression of CsWRKY7
delayed Arabidopsis flowering in different developmental stages: (A) Representative photographs
of 25-day-old-plant of WT and transgenic lines (L8, L10, and L14) growing in normal conditions. (B)
35-day-old-plant. Each line included four seedlings. Experiments were performed in five biological
replicates. (C) Expression patterns of flowering-related genes in CsWRKY7-overexpressing and wild
type Arabidopsis. Leaf samples were harvested from 25-day-old transgenic lines and WT. The error
bars indicate the means ± S.E. (n = 5), * indicates that the differences are significant (p < 0.05), ** indicate
that the differences are highly significant (p < 0.01).

3. Discussion

WRKY TFs widely participate in plant stress responses and plant growth and development. This
study indicated that CsWRKY7 is involved in abiotic stresses. Constitutive overexpression of CsWRKY7
not only promotes root growth, but also delays the flowering time in transgenic Arabidopsis plants by
suppressing flowering-related genes.

CsWRKY7, homologous to AtWRKY7 and AtWRKY15, belongs to subgroup IId of WRKY family.
AtWRKY7 transcription factor not only acted as a negative regulator in PAMP-mediated immune
response but also participated in leaf senescence [34–36]. CsWRKY7 was abundant in old leaves and
roots in tea plant, which was somewhat similar to the expression patterns of AtWRKY7 in Arabidopsis
leaves, thus it could be speculated that CsWRKY7 might be involved in tea growth and development.
Besides, CsWRKY7 gene expression was induced by various osmotic stresses and hormones exposure
(Figure 3). Sequence analysis identified several potential stress-responsive elements in the promoter
region including WBOXHVISO1, CCAATBOX1, GT1GMSCAM4, and MYB1AT and pollen-specific
cis-regulatory elements (GTGANTG10), which participated in regulating the response to sugar, heat,
NaCl, and drought stresses, respectively (Table 1). Some previous studies have reported that these
cis-regulatory elements were stress-related. For example, MYB1AT existed in the promoter region of
the Arabidopsis dehydration gene RD22, and GT1GMSCAM4 was present in the promoter region
of the pathogen and salt-inducible gene SCaM-4, which consisted with the cis-regulatory elements
in the promoter of CsWRKY7, suggesting that CsWRKY7 participated in various stress responses.
(Figure 3) [37,38]. Though two pollen-specific cis-elements present in the promoter, the expression
level of CsWRKY7 in flower was not significantly different from that in bud, which might be probably
due to the complicated regulation mechanisms of gene expression. Besides, two hormone response
elements—SA and auxin-response elements—are also found in this region. The hormone induction
experiment showed that CsWRKY7 gene was responded to gibberellin and auxin treatment (NAA and
2,4-D), indicating that CsWRKY7 might also be involved in GA- and auxin- and abiotic stress-mediated
signaling, but the corresponding mechanism remains be further explored.

Plant growth such as flowering, is a sophisticated regulated process that can be affected by diverse
environmental stimuli. Previous research has reported that several WRKY members participate widely

350



Int. J. Mol. Sci. 2019, 20, 2815

in plant growth and development. AtWRKY44 was reported to be involved in trichome and seed
coat development in Arabidopsis [15]. AtWRKY4/-6/-7/-11/-57 were involved in leaf senescence [4].
WRKY transcription factors were involved in the regulation of plants flowering. For example,
AtWRKY75 directly bound to the promoter region of FT gene, thereby positively regulating Arabidopsis
flowering [27]. Both AtWRKY12 and AtWRKY13 transcription factors regulated Arabidopsis flowering
time under short day [26]. Additionally, mango MlWRKY12 [24], soybean GsWRKY20 [23], and rice
OsWRKY11 [25] also had a regulatory role in flowering. However, few studies of WRKY TFs in tea
plant were reported, especially their functions related to plant development. In this study, its ORF
was overexpressed in Arabidopsis to determine whether or not CsWRKY7 involved in plant growth.
Transgenic analysis indicated that the overexpression of CsWRKY7 altered growth and flowering time
of transgenic Arabidopsis (Figures 5 and 6). Gene analysis showed that two meristem identity genes
including AP1 and LFY were downregulated in transgenic Arabidopsis, compared with WT (Figure 6).
Interestingly, previous studies have reported that there existed one or more W-boxes in the promoter
region of AP1 and LFY [39]. As noted earlier, WRKY TFs could specifically bind to W-box [4,5,11–13].
Therefore, the reason why CsWRKY7 overexpressing lines delayed flowering may lie in that CsWRKY7
gene directly bound to the promoter regions of AP1 and LFY and inhibited their transcription levels.

However, FLC, a suppressor in flowering, was significantly downregulated in transgenic lines,
while its homologous gene FLM was upregulated, indicating that FLM and FLC regulated flowering
through different pathways. This finding was consistent with that of Katia (2003) [40]. CO gene
encoding a B-box protein activated the transcription of FT. This study indicated that no difference
in the expression level of CO was observed between transgenic lines and wild type, whereas the
downstream gene FT was significantly inhibited, indicating that FT gene might be inhibited by other
complexes such as PRC2, LHP1, SMZ, and TEM [41,42]. Hence, it could be speculated that CsWRKY7
gene may be involved in flowering regulation independent of the autonomous and vernalization
pathway. Generally, these data support our hypothesis that CsWRKY7 delays flowering. The potential
role of CsWRKY7 as a negative regulator in flowering sheds new light on the development of tea plants
at transcription level, but its regulation mechanism should be further explored.

Although CsWRKY7 was induced by some abiotic stresses in C. sinensis, no significant difference
in seed germination rate and seedling root growth was observed between CsWRKY7 overexpressing
Arabidopsis lines and WT under abiotic stresses (salt, mannitol, PEG, and exogenous ABA) (Figures 4
and 5), which might be possibly due to the lack of correlation between the levels of mRNA and protein
encoded by CsWRKY7, or due to the effect of the inserted transgene on the phenotype. However,
the function of CsWRKY7 gene in terms of osmotic stress response remains to be further characterized.
The results of our study not only reveal an important role of CsWRKY7 in plant development, but also
provide a foundation for breeding late-blooming tea plants.

To summarize, this study determined the response of CsWRKY7 to various abiotic stresses and
hormones treatments. Our data revealed that CsWRKY7 delayed flowering and promoted root growth
in Arabidopsis. Nevertheless, it is necessary to investigate further the pathways through which
CsWRKY7 regulates both the development and stress response of tea plant.

4. Materials and Methods

4.1. Plant Materials, Growth Conditions, and Stress Treatments

Two-year-old tea seedlings (Camellia sinensis cv. ‘Longjing 43′) were grown in the greenhouse of
Tea Research Institute of the Chinese Academy of Agricultural Sciences (TRICAAS).

The buds, tender stem, flowers, and roots, and leaves at different developmental stages were
collected for tissue-specific analysis. The methods of abiotic stresses were essentially the same
with those described in our previous research [43] and the materials were collected for further
analysis. N. benthamiana was used for protein subcellular localization, and was grown in a climate
chamber (24 ± 2 ◦C, 70% relative humidity, and 12 h/12 h light–dark photoperiod). A. thaliana ecotype,

351



Int. J. Mol. Sci. 2019, 20, 2815

Columbia-0 (Col-0), was used as the background material and experiment control. The seeds of
wild type and transgenic lines were surface sterilized with 75% ethanol and 0.01% (v/v) Tween-20
for 8–10 min, and then were washed by distilled water 3−4 times. The seeds were placed on 1/2 MS
medium plate at 4 ◦C in darkness for 48 h, then grown in a climate incubator under a 16 h day/8 h
night cycle, respectively at 22 ◦C/20 ◦C.

4.2. Cloning of CsWRKY7 Gene and Sequence Analysis

The expressed sequence tags (EST) were obtained from different transcriptome databases [44–46].
The full length of CsWRKY7 cDNA sequence was identified from different tissues of ‘Longjing
43′ by KOD DNA Polymerase (Toyobo, Tokyo, Japan) and RT-PCR. Gene-specific primers were as
follows; 5′-ATGGCCGTCGAGCTCGTGAT-3′ (forward) and 5′-TCAAGAAGACTCTAAGATAAG-3′
(reverse). The purified RT-PCR products were inserted into pEASY-blunt simple cloning vector
(TransGen Biotech, Beijing, China) and subsequently sequenced. The predicted molecular weight and
theoretical isoelectric point were analyzed by ProtParam (http://web.expasy.org/protparam/, accessed
on: 22 May 2017) [47]. The homology of CsWRKY7 protein with other species was analyzed by
NCBI BLAST website. The amino acid sequences of WRKY II d subfamily members were analyzed
by ClustalX 2.0 and DNAMAN 6.0 software. The MEGA 5.0 software was used to analyze their
evolutionary relationships. CsWRKY7 genomic DNA (gDNA) sequence was searched in ‘Shuchazao’
tea plant genome database, and the promoter region was determined by aligning the open reading
frames of the gDNA sequence and those of corresponding gene. The promoter region of CsWRKY7
(1680 bp upstream of start codon) was amplified from ‘Longjing 43′ gDNA by PCR using KOD DNA
polymerase (Toyobo). The regulatory elements in promoter region were predicted by PlantCARE
database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on: 9 March 2019) [48].

4.3. Expression Patterns of CsWRKY7 in Tea Plant

Total RNA was extracted from the different tissues of ‘Longjing 43′ using QIAGEN RNeasy Mini
Kit (Qiagen, Hilden, Germany). The reverse transcription reaction was carried out by FastKing gDNA
Dispelling RT SuperMix RT Reagent Kit (TIANGEN, Beijing, China). Real-time PCR was performed on
an optical 384-well plate with a LightCycler 480 machine (Roche, Sussex, UK). Each reaction contained
5 µL of SYBR Green I Master Mix (Roche Diagnostics), 1.0 µL cDNA samples, and 0.4 µM of each gene
specific primer in a final volume of 10 µL. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
(accession no. FS952640) was used as an internal control. The expression levels were computed by the
formula 2−∆∆Ct [49,50].

4.4. Subcellular Location Analysis

Using gateway cloning technology, CsWRKY7 full-length cDNA sequence without terminator
codon was recombined into pH7FWG2 vector, containing the enhanced green fluorescent protein
(eGFP) reporter gene, to generate 35s::CsWRKY7-eGFP fusion construct. Then, the recombinant plasmid
(35s::CsWRKY7-eGFP) and the control (35s::GFP) were transformed into Agrobacterium tumefaciens
EHA105 by freeze–thaw approach [51]. The confirmed bacteria were grown in yeast extract peptone
(YEP) medium (pH = 7.4) at 28 ◦C until optical density at λ = 600 nm (OD600) to 1.0. This medium
added with bacteria was centrifuged at 4000 rpm for 10 min. the sediment was resuspended with
suspension buffer containing 10 mM MgCl2, 10 mM MES, and 100 µM acetosyringone (AS), with
OD600 adjusted to 0.4. The suspension was infiltrated into well-developed N. benthamiana leaves. After
infiltration, the tobacco plant was cultured in darkness for 48 h at 24 ◦C and then put in light for half
an hour. The GFP signal was observed by a confocal microscopy. Additionally, cellular localization of
the CsWRKY7-eGFP proteins in lateral roots of transgenic Arabidopsis plants was also observed by
confocal microscopy.
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4.5. Generation of CsWRKY7 Transgenic Plants

Gene-specific primers 5′-CACCATGGCGGTCGAGCTAG-3′ (Forward) and 5′-AGAAGACT
CTAAAATGAGACCAGA-3′ (Reverse) were used to clone the open reading frame (ORF) of CsWRKY7.
The cloned products were inserted into pENTR/D-TOPO vector (Invitrogen, Carlsbad, CA, USA) and
sequenced, then the right directional sequence was inserted into pH7FWG2 vector with LR clonase
II enzyme mix (Invitrogen) according to the manufacturer’s instructions. The binary vector was
transferred into Agrobacterium tumefaciens strain GV3101 by freeze–thaw method [51], and then this
strain was introduced into Arabidopsis by floral dip approach [52]. T4 homozygous seeds were used
for the experiments.

4.6. Phenotypic Analysis of Transgenic Arabidopsis

For the germination assay, the seeds of WT and homozygous 35S::CsWRKY7 transgenic lines were
germinated on 1/2 Murashige and Skoog (MS) medium containing different concentrations of NaCl
(0, 100, 150, 200 mM), mannitol (0, 100, 200 mM), ABA (0, 0.3, 1, 10 µM), and PEG (0, 15%) solution.
After 48-h vernalization, seedlings were placed vertically in climate incubator, and germination rate
was counted on the fourth day. The germination was defined when the roots break the seed coat by
1 mm. Photographs of the plates with 150 mM NaCl, 200 mM mannitol, 0.3 µM ABA, and 15% PEG
were taken on the 7th day. Each plate consisted of WT and three transgenic lines with 50 seeds per
line in 9 cm diameter plate. In root length assay, the seeds of WT and homozygous 35S::CsWRKY7
transgenic lines were sown on 1/2 MS medium. After 48-h vernalization, the plates were placed
vertically in climate incubator for 4 d. And then seedlings of similar size were transferred to different
stress medium containing 150 mM NaCl, 200 mM Mannitol, 0.3 µM ABA, and 15% PEG, respectively.
The root length was measured by ruler after 10-day growth. Arabidopsis seedlings were grown on 1/2
MS medium for 7–10 d, and then transplanted to sterilized soil in a growth chamber for the phenotype
observation (16 h day/8 h night at 22/20 ◦C).

4.7. Quantitative Real-Time PCR Analysis in Transgenic Arabidopsis

To investigate the mechanism by which CsWRKY7 delayed flowering, the expression levels of
flowering-related genes in transgenic Arabidopsis lines and wild type were calculated by the 2−∆Ct or
2−∆∆Ct with the expression level of Actin-2 gene (Gene Locus: At3g18780) as the reference control [49,50].
The primer sequence used for qRT-PCR are listed in Supplementary Table S1.

4.8. Statistical Analysis

All assays were performed with either three or more repetitive experiments. Student’s t-test was
performed to determine the significant difference, and standard error were calculated using the Built-in
Functions in Excel 2016. Student’s t-test, ‘*’, ‘**’, and ‘***’ indicate significant difference at p < 0.05,
p < 0.01, and p < 0.001, respectively.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/11/
2815/s1. Table S1 Primer sequences used for qRT-PCR.
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Abstract: The Teosinte-branched 1/Cycloidea/Proliferating (TCP)plant-specific transcription factors
(TFs)have been demonstrated to play a fundamental role in plant development and organ patterning.
However, it remains unknown whether or not the TCP gene family plays a role in conferring a
tolerance to drought stress in maize, which is a major constraint to maize production. In this study,
we identified 46 ZmTCP genes in the maize genome and systematically analyzed their phylogenetic
relationships and synteny with rice, sorghum, and Arabidopsis TCP genes. Expression analysis of
the 46 ZmTCP genes in different tissues and under drought conditions, suggests their involvement
in maize response to drought stress. Importantly, genetic variations in ZmTCP32 and ZmTCP42
are significantly associated with drought tolerance at the seedling stage. RT-qPCR results suggest
that ZmTCP32 and ZmTCP42 RNA levels are both induced by ABA, drought, and polyethylene
glycol treatments. Based on the significant association between the genetic variation of ZmTCP42
and drought tolerance, and the inducible expression of ZmTCP42 by drought stress, we selected
ZmTCP42, to investigate its function in drought response. We found that overexpression of ZmTCP42
in Arabidopsis led to a hypersensitivity to ABA in seed germination and enhanced drought tolerance,
validating its function in drought tolerance. These results suggested that ZmTCP42 functions as an
important TCP TF in maize, which plays a positive role in drought tolerance.

Keywords: maize; ZmTCP; natural variation; drought tolerance

1. Introduction

Severe drought causes a grievous decline in crop yield by negatively affecting plant growth
and reproduction [1,2]. Maize (Zea mays L.)is considered a major crop for food, feed, and fuel, but
its production is frequently hampered by water scarcity [3,4]. While the molecular mechanisms
of drought stress response in plants have not been fully elucidated, many transcription factors
(TFs)such as DREB1/CBF, MYB, and AREB/ABF, which regulate drought-responsive genes have been
well-studied [5–7]. These reports support the idea that identification of key TFs will help us to better
understand the molecular and cellular responses to drought stress.

Teosinte branched 1/Cycloidea/Proliferating (TCP) genes encode plant-specific TFs and are named
after the first three functionally characterized members of this TF family—Teosinte Branched 1 (TB1)in
maize (Zea mays L.), Cycloidea (CYC)in snapdragon (Antirrhinum majus), and Proliferating Cell nuclear
antigen Factor (PCF)in rice (Oryza sativa) [8]. This class of TFs share a highly conserved TCP domain,
which contains a 59-amino acid, non-canonical basic-Helix-Loop-Helix (bHLH)structural motif that
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allows DNA binding, protein–protein interaction, and protein nuclear localization [8–10]. More than
20 TCP TF members were identified in various plant species, such as Arabidopsis, rice, tomato, cotton,
sorghum, and wheat [11–17]. Based on the TCP domain, these genes were divided into two classes.
Class I is the PCF class; class II is subdivided into two clades—CIN (CINCINNATA of Antirrhinum)
and CYC/TB1 [10,15,18]. Many members of the TCP family have been shown to be involved in
the regulation of many biological processes during plant growth and development, such as leaf
development, branching, floral organ morphogenesis, and senescence [8,19–22]. Possible mechanisms
for the regulation were studied. These mechanisms were found to involve either a direct transcriptional
control of the cell cycle genes by TCP TFs, or an indirect adjustment of the hormone activity [23].
For example, in Arabidopsis seeds, the DELLA proteins GAI (GA-Insensitive)and RGA (Repressor
of GA)formed an unproductive complex with the class II TCP protein AtTCP14 or AtTCP15, which
prevented the binding of TCPs to promoters of the core cell cycle genes [24]. In turn, GA might
induce ubiquitination and degradation of DELLA proteins to relieve the constitutive inhibition of TCP
transcriptional activity [24]. Interestingly, the orthologous TCP protein LANCEOLATE was found
to participate in GA biosynthesis by upregulating the SIGA-oxidase 1 gene [25]. It was also found
that a subset of class I TCP proteins, such as AtTCP1, AtTCP2, AtTCP3, and AtTCP14, behaved in a
similar fashion by acting as an inducer or repressor to influence the biosynthesis or signaling of several
hormones during different developmental processes [26–28].

Abscisic acid (ABA)is a known stress response hormone that can mitigate physiological and
environmental stresses, including drought stress, by inducing the closure of stomata, thus reducing
water loss [29–32]. Although the TCP gene family is primarily involved in the regulation of plant
growth and leaf development, other functions, such as involvement in the ABA signaling pathway,
have been noted for specific TCP genes. For example, overexpression of OsTCP19 in Arabidopsis
significantly conferred both drought and heat tolerance during seedling establishment and in mature
plants [33]. Furthermore, the interaction of OsTCP19 with OsABI4, which encodes a TF involved in the
ABA signal transduction, suggests its function in fine-tuning drought-induced ABA signaling [33].
Additionally, creeping bentgrass plants (Agrostis stolonifera) that overexpresses Osa-miR319, in which
four putative target genes, AsPCF5, AsPCF6, AsPCF8, and AsTCP14 are down-regulated, significantly
enhance plant tolerance to salt and drought stress associated with an increased leaf wax content and
water retention [34]. It is noteworthy that AtTCP14 antagonizes ABA signaling by interacting with the
DOF6 (DNA binding with one finger)TF, preventing the activation of the downstream ABA biosynthetic
gene ABA1 (ABA deficient 1) and other ABA-responsive genes in Arabidopsis seeds [35]. In contrast,
AtTCP18, also known as BRC1 (Branched 1), induces ABF3 (ABA responsive elements-binding factor 3), and
ABI5 (ABA insensitive 5)—two key regulators of the ABA response—to maintain ABA signaling when
the axillary buds enter dormancy [36,37]. These reports indicate a strong association of TCPs with
ABA-mediated abiotic stress signaling. However, how the TCP TF genes function in maize, especially
in response to drought stress, still remains to be elucidated. Due to the rapid linkage disequilibrium
(LD)decay in the maize genome, association study is able to provide a gene-level resolution, which
facilitates the genetic detection of several complex traits, such as drought tolerance [38–40]. However,
limited allelic variations underlying drought tolerance have been identified [41], and rarely favorable
alleles could be used for the genetic improvement of drought tolerance in maize.

Here, we comprehensively analyzed the ZmTCP gene family in the maize genome. Previous
research has identified 29 TCP genes in the maize genome and subsequently, phylogeny, gene
structure, chromosomal location, gene duplication, and expression levels of the 29 ZmTCP genes
were investigated [42]. In this study, we searched against the updated maize genome B73_RefGen_v3
and identified 46 ZmTCP genes, and further systematically analyzed to determine their phylogenetic
relationships and synteny with rice, sorghum, and Arabidopsis TCPs. In addition, we studied the
expression profiles of these ZmTCPs upon drought stress. Importantly, a family-based, genome-wide
association study revealed a significant association between the natural variations of ZmTCP42 and
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maize drought tolerance. Ectopic expression of ZmTCP42 in Arabidopsis led to enhanced drought
tolerance, validating its function in drought tolerance.

2. Results

2.1. The Maize Genome Contains 46 TCP Family Genes

We comprehensively performed a genome-wide search for putative TCP genes in maize. Initially,
the protein sequences of the putative maize TCP TFs were retrieved from the Plant Transcription Factor
Database 3.0 (available online: http://planttfdb.cbi.pku.edu.cn). Subsequently, a BLASTP analysis was
performed in Phytozome V10 (available online: http://www.phytozome.net/eucalyptus.php), using
all of the Arabidopsis and rice TCP protein sequences as queries, and the predicted protein sequences
without a TCP domain (Pfam: PF03634) were excluded from the results. A Hidden Markov Model
(HMM) search was also performed against the maize database using PF03634. Ultimately, 46 genes,
including the 29 ZmTCPs previously reported by Chai et al. [42], were retrieved and further verified
for the presence of a canonical TCP domain. The 17 newly identified ZmTCPs were named ZmTCP30
to ZmTCP46. Their locus IDs, genome locations, coding sequence (CDS)lengths, and protein lengths
are listed in Table 1. The 46 ZmTCP genes were unevenly distributed throughout the maize genome
on 10 chromosomes, without any clustering. The 46 ZmTCP proteins contained a range of 98 to 778
amino acids, corresponding to 11.76 kDa to 84.78 kDa in molecular weight (Table 1). Their theoretical
pI (isoelectric point)values ranged from 5.13 to 12.23, with a mean of 8.14 (Table 1), indicating that
most of them were weakly alkaline (Table 1).

2.2. Maize Contains Roughly Twice as Many TCP Genes as Rice and Sorghum

In order to study the phylogenetic relationships among the predicted maize TCPs, we constructed
a neighbor-joining tree for the ZmTCP proteins and their orthologs from rice, sorghum and Arabidopsis,
based on multiple-alignment of the full-length TCP protein sequences (Figure 1). As shown on the
phylogenetic tree, the 113 TCPs were classified into two main classes—class I and class II. Class II was
further divided into two clades—CYC/TB1 and CIN. The phylogenetic tree based on the sequence
alignments of the 46 ZmTCPs was also divided into three clades (Figure S1). The boundaries of these
major clades were clearly stated by the phylogenetic locations of several canonical TCP genes, such as
the class I genes OsPCF1 and OsPCF2, the CIN-like class II genes AtTCP2, AtTCP3, and AtTCP4, and
the CYC/tb1-like class II genes AtTCP1, AtTCP12, AtTCP18, and ZmTCP2/ZmTB1. In agreement with
previous work, all Arabidopsis, rice, and sorghum TCPs fell in the same class or clade, as previously
reported in our phylogenetic tree [11,12]. Interestingly, dicot Arabidopsis TCP proteins clustered
separately from those of the three monocot plants in the same clad, and some proteins from three of
the monocot plants displayed pairing. Furthermore, maize and sorghum TCPs were found to share a
closer phylogenetic relationship than maize and rice ones, which was consistent with the notion that
sorghum is a closer relative of maize than rice. Throughout the phylogenetic tree, there were 49 TCPs
in the PCF clade, 34 in CIN, and 30 in CYC/TB1 (Figure 1). Among the 46 ZmTCPs, there were 17
ZmTCPs in class I and 29 ZmTCPs in class II; within class II, 10 in CIN and 19 in CYC/TB1 (Figure S1).
Significantly, the number of maize ZmTCPs was roughly twice as large as the number in each of rice
and sorghum. Specifically, among all 30 CYC/TB1 TCP genes, 19 were from maize, 4 from sorghum,
and 3 each from rice and Arabidopsis (Figure 1). This result suggests that the ZmTCP gene family in
the allopolyploid maize genome underwent a two-fold duplication. This expansion was biased and
occurred mainly in the class II CYC/TB1 clade.
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Table 1. Detailed information for 46 ZmTCP genes in the Zea mays L. genome.

Gene
Name Locus ID Chr

CDS
Length

(bp)

Protein
Length

(aa)

Number
of Exons MW pI Class

ZmTCP1 GRMZM2G166687 1 723 240 1 26.11 5.15 CYC/TB1
ZmTCP2 AC233950.1_FG002 1 1131 376 1 39.86 7.8 CYC/TB1
ZmTCP3 GRMZM2G115516 1 1161 386 2 39.36 9.33 CIN
ZmTCP4 AC234521.1_FG006 2 768 255 2 27.71 10.62 CYC/TB1
ZmTCP5 GRMZM2G110242 2 831 276 1 29.9 6.26 CYC/TB1
ZmTCP6 GRMZM2G088440 2 549 182 5 21.14 8.65 CYC/TB1
ZmTCP7 GRMZM2G414114 2 1104 367 6 42.29 8.44 CYC/TB1
ZmTCP8 GRMZM2G020805 2 1323 440 2 46.22 9.46 CIN
ZmTCP9 AC205574.3_FG006 3 1698 565 2 58.83 7.1 CIN
ZmTCP10 GRMZM2G166946 3 852 283 2 30.48 8.98 CIN
ZmTCP11 GRMZM2G055024 4 1263 420 3 45.5 10.82 CYC/TB1
ZmTCP12 GRMZM2G062711 4 564 187 1 21.58 12.05 CIN
ZmTCP13 GRMZM2G060319 4 825 274 1 29.35 5.96 CYC/TB1
ZmTCP14 GRMZM2G135461 4 402 132 3 15.09 7.32 CYC/TB1
ZmTCP15 GRMZM2G078077 4 657 218 1 22.97 10.02 PCF
ZmTCP16 GRMZM2G003944 4 1164 387 1 40.76 9.33 PCF
ZmTCP17 GRMZM2G089361 5 1146 381 1 39.05 9.58 CIN
ZmTCP18 AC190734.2_FG003 5 1080 359 1 38.89 7.01 CYC/TB1
ZmTCP19 GRMZM2G445944 5 624 207 1 21.12 10.26 PCF
ZmTCP20 GRMZM2G031905 6 435 144 3 16.01 9.89 CIN
ZmTCP21 GRMZM2G142751 6 1140 379 1 39.09 8.02 PCF
ZmTCP22 GRMZM2G120151 6 897 298 2 30.9 8.07 CIN
ZmTCP23 GRMZM2G064628 7 843 280 1 30.23 6.33 CYC/TB1
ZmTCP24 GRMZM2G015037 8 1974 657 4 69.55 6.61 CIN
ZmTCP25 GRMZM2G035944 8 828 275 2 29.59 9.02 CIN
ZmTCP26 GRMZM2G113888 9 1209 402 1 40.66 8.81 PCF
ZmTCP27 GRMZM2G096610 10 531 176 1 18.33 7.43 PCF
ZmTCP28 GRMZM2G458087 10 495 164 3 18.83 8.37 CYC/TB1
ZmTCP29 GRMZM2G465091 10 624 207 1 21.01 10.01 PCF
ZmTCP30 GRMZM2G454571 1 399 132 3 15.11 7.27 CYC/TB1
ZmTCP31 AC213524.3_FG003 1 831 276 2 29.56 9.83 PCF
ZmTCP32 GRMZM2G107031 1 972 323 2 34.02 5.98 PCF
ZmTCP33 GRMZM2G416524 2 894 297 3 32.37 10.43 PCF
ZmTCP34 AC199782.5_FG003 2 1032 343 1 35.43 5.13 PCF
ZmTCP35 GRMZM5G824514 3 297 98 1 11.76 12.23 CYC/TB1
ZmTCP36 GRMZM2G089638 3 1251 416 1 42.91 5.79 PCF
ZmTCP37 GRMZM2G092214 3 975 324 2 34.35 6.7 PCF
ZmTCP38 GRMZM2G359599 4 522 173 4 19.58 8.6 CYC/TB1
ZmTCP39 GRMZM2G170232 4 396 131 4 14.38 8.87 CYC/TB1
ZmTCP40 GRMZM2G178603 5 663 220 1 22.76 10.02 PCF
ZmTCP41 GRMZM2G077755 5 1200 400 1 40.49 9.2 PCF
ZmTCP42 GRMZM2G180568 7 972 323 1 33.71 8.11 CIN
ZmTCP43 GRMZM2G148022 8 2337 778 15 84.78 7.35 CIN
ZmTCP44 GRMZM2G034638 8 948 315 2 33.08 6.57 PCF
ZmTCP45 GRMZM2G424261 10 489 162 3 17.27 5.91 CIN
ZmTCP46 GRMZM2G093895 10 1218 405 1 41.09 5.95 PCF
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Figure 1. Phylogenetic tree of the predicted Teosinte-branched 1/Cycloidea/Proliferating (TCP)proteins
from maize, rice, sorghum, and Arabidopsis. The phylogenetic tree was constructed based on the sequence
alignment of the 113 full-length TCP protein sequences from four species. The unrooted tree was drawn
by MEGA 7.0 with the neighbor-joining (NJ)method, using the following parameters—bootstrap values
(1000 replicates)and the poisson model. The scale refers to the branch lengths. The gene codes and
names are illustrated in red for maize, black for rice, blue for sorghum, and green for Arabidopsis. The
names used for rice and the Arabidopsis TCP genes are from a previous report [8].

2.3. Many TCP Genes are Found in the Syntenic Segments of Rice, Sorghum, and Maize Genomes

As gene synteny is indicative of the homologous gene function, we explored the collinearity of
rice, sorghum, and maize TCP genes. We collected gene collinearity data from the Plant Genome
Duplication Database (PGDD, http://chibba.agtec.uga.edu/duplication, Table S1)using ZmTCP genes
as anchors, then defined each genomic syntenic block as the chromosomal segment consisting of
multiple homologous genes, across species. According to this analysis, about 20 ZmTCP genes were
found to have syntenic members or collinear genes in rice and sorghum, as shown in Figure 2. Some
chromosomal segments containing ZmTCP genes, including ZmTCP2, 3, 8, 9, 19, 25, 29, 40, and
ZmTCP41, were found to have been evolutionally conserved between maize, rice, and sorghum
(Figure 2). This indicated that not only the individual genes but these entire chromosomal segments
were evolutionally conserved. Two segments on maize chromosomes 2 and 7, containing a duplicated
gene pair ZmTCP5 and ZmTCP23, share synteny with two segments on rice chromosomes 7 and 9,
carrying the corresponding genes OsTCP22 and OsTCP24. Two other segments on maize chromosomes
2 and 4, containing another duplicated gene pair ZmTCP33 and ZmTCP16, share synteny with two
segments on rice chromosomes 11 and 12, carrying corresponding genes OsPCF3 and OsTCP28.
Interestingly, these two paralogous gene pairs, ZmTCP5/ZmTCP23 and ZmTCP16/ZmTCP33, share the
same syntenic blocks on sorghum chromosomes 2 and 7, respectively, indicating that these duplicated
gene pairs might have arisen from segmental duplication in maize, after maize and sorghum diverged
evolutionarily (Figure 2). One rice chromosomal block, containing OsTCP19, shares synteny with
two segments on maize chromosomes 6 and 9, with a duplicated gene pair ZmTCP21 and ZmTCP26.
However, only one syntenic block could be found in the sorghum genome. Another fragment on rice
chromosome 1 containing OsTCP6 and OsTCP5 is also duplicated on maize chromosomes 3 and 8,
carrying two duplicated gene pairs ZmTCP10/43 and ZmTCP37/44. More interestingly, their orthologs in
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sorghum are also tandemly duplicated on only a single chromosomal segment. Additionally, one maize
chromosomal block containing ZmTCP32 shares synteny with two segments on rice chromosomes 8
and 9, containing its orthologous genes OsPCF2 and OsTCP25; SbTCP orthologs could not be found,
although the syntenic segment in sorghum was identified. Based on these data, we concluded that most
of the TCP genes existed before the species diverged, but some ZmTCP genes might have originated
from later segmental duplication or accompanied the generation of an allotetraploid maize genome.Int. J. Mol. Sci. 2019, 20, x 6 of 18 
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Figure 2. Schematic diagram of syntenic chromosomal segments containing ZmTCP genes between the
rice, sorghum, and maize genomes. The maize, rice, and sorghum chromosomes are abbreviated Zm,
Os, Sb, respectively. Homologous chromosomal regions between the different genomes are linked by
black dotted lines and pale blue shaded regions. Each TCP orthologous gene pair was connected by a
red line. Yellow boxes indicate homologous segments between the maize and the sorghum genomes,
while the brown boxes identify the homologous regions in the maize and rice genomes.

2.4. Expression Profiles of ZmTCP Genes

According to previous studies, TCP genes had key roles in different aspects of plant development,
as well as in response to stress [8,37]. In order to gain further insights into the roles of the ZmTCP
genes, we assessed their tissue-specific expression profiles from the available transcriptomic data of
maize B73 [43]. An expression heatmap was constructed for the 46 ZmTCPs in different tissues, from
15 developmental stages, under non-limiting growth conditions (Figure 3A). Results indicated that the
expression patterns of different ZmTCP genes varied greatly. Transcripts of ZmTCP37 and ZmTCP44
showed relatively high levels of expression, compared to the other ZmTCPs examined. It is noteworthy
that ZmTCP2/TB1 and ZmTCP18, a homolog of OsTB1, were expressed relatively high in cobs and husk
leaves, while ZmTCP25 was expressed relatively high in endosperm and mature seeds. Additionally,
in the B73 variety grown under non-limiting conditions, all ZmTCP genes in class I (PCF clade)were
expressed relatively high in different tissues.
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Locus ID Gene Name Polymorphic Name  
GLM PCA PCA + K 
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Figure 3. Expression patterns of ZmTCP genes in tissues and in response to drought conditions.
(A) A heat map depicting gene expression levels of 46 ZmTCPs in fifteen different tissues from
various developmental stages. Normalized gene expression values are shown in different colors that
represent the levels of expression indicated by the scale bar. The gray color represents unavailable data.
(B) Microarray-based expression analysis of ZmTCP genes. A heat map was generated based on the
fold-change values in the treated samples, when compared with the unstressed control. The color scale
for fold-change values is shown at the bottom. The drought-treated leaf samples were collected at two
time points, 5 and 10 h, which reflected relative leaf water content (RLWC)of 70% and 60%, respectively.

Next, we investigated the expression profiles of all maize TCP genes, in response to drought
stress, using microarray analysis. Based on their expression patterns, the maize TCP genes could
mainly be classified into four groups (Figure 3B). The expression levels of 14 ZmTCP genes were
continuously up-regulated (fold-change > 1)in response to both drought stress conditions (5 h and
10 h of drought treatments). Among these genes, ZmTCP1, ZmTCP9, and ZmTCP24 showed two-fold
changes (or more)in one or two drought stress conditions. In contrast, 19 TCP genes were continuously
down-regulated (fold-change < −1)under both drought stress conditions, of which ZmTCP19 showed
about four fold change in one or two drought stress conditions. Expression of the remaining 13 genes,
were either suppressed or induced under one of the drought conditions. The results clearly showed
the functional divergence of ZmTCP genes in response to drought stress, in maize seedlings.

2.5. Association Analysis of Natural Variations in ZmTCP Genes Identified Two ZmTCP Genes Associated
with Drought Tolerance in Maize

In order to further investigate whether the natural variations in any of the ZmTCP TFs are
associated with the different drought tolerance levels of maize varieties, we conducted an association
analysis for these genes. The drought tolerance level of each inbred line was investigated by evaluating
its survival rate under severe drought stress, at the seedling stage. To assess potential associations
between survival rates and ZmTCPs, we utilized previously reported methods and data [44,45] and
previously identified single nucleotide polymorphism (SNP) markers, to characterize the presence of
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genetic polymorphisms in each of these 46 ZmTCP genes. Among the 46 identified ZmTCP genes, 26
were found to be polymorphic with an average of 12 SNPs (Table 2), while the polymorphic information
of the other 16 genes was currently absent (Minor Allele Frequency, MAF ≥ 0.05).

Table 2. Association analysis of the natural variation in ZmTCP genes with respect to drought tolerance
at the seedling stage in the maize diversity panel.

Locus ID Gene Name Polymorphic
Name

GLM PCA PCA + K

p ≤ 0.01 p ≤ 0.01 p ≤ 0.01 p ≤ 0.001

GRMZM2G166687 ZmTCP1 - - - - -
AC233950.1_FG002 ZmTCP2 3 2 0 0 0
GRMZM2G115516 ZmTCP3 33 0 0 0 0
AC234521.1_FG006 ZmTCP4 - - - - -
GRMZM2G110242 ZmTCP5 1 0 0 0 0
GRMZM2G088440 ZmTCP6 - - - - -
GRMZM2G414114 ZmTCP7 - - - - -
GRMZM2G020805 ZmTCP8 21 0 0 0 0
AC205574.3_FG006 ZmTCP9 19 0 0 0 0
GRMZM2G166946 ZmTCP10 1 0 0 0 0
GRMZM2G055024 ZmTCP11 - - - - -
GRMZM2G062711 ZmTCP12 - - - - -
GRMZM2G060319 ZmTCP13 1 0 0 0 0
GRMZM2G135461 ZmTCP14 - - - - -
GRMZM2G078077 ZmTCP15 5 0 0 0 0
GRMZM2G003944 ZmTCP16 - - - - -
GRMZM2G089361 ZmTCP17 28 1 0 0 0
AC190734.2_FG003 ZmTCP18 - - - - -
GRMZM2G445944 ZmTCP19 7 0 0 0 0
GRMZM2G031905 ZmTCP20 - - - - -
GRMZM2G142751 ZmTCP21 2 0 0 0 0
GRMZM2G120151 ZmTCP22 2 0 0 0 0
GRMZM2G064628 ZmTCP23 - - - - -
GRMZM2G015037 ZmTCP24 2 0 0 0 0
GRMZM2G035944 ZmTCP25 27 1 0 0 0
GRMZM2G113888 ZmTCP26 4 0 0 0 0
GRMZM2G096610 ZmTCP27 12 0 0 0 0
GRMZM2G458087 ZmTCP28 - - - - -
GRMZM2G465091 ZmTCP29 1 0 0 0 0
GRMZM2G454571 ZmTCP30 - - - - -
AC213524.3_FG003 ZmTCP31 - - - - -
GRMZM2G107031 ZmTCP32 19 0 1 1 0
GRMZM2G416524 ZmTCP33 - - - - -
AC199782.5_FG003 ZmTCP34 12 0 0 0 0
GRMZM5G824514 ZmTCP35 - - - - -
GRMZM2G089638 ZmTCP36 2 0 0 0 0
GRMZM2G092214 ZmTCP37 34 3 0 0 0
GRMZM2G359599 ZmTCP38 - - - - -
GRMZM2G170232 ZmTCP39 - - - - -
GRMZM2G178603 ZmTCP40 2 1 0 0 0
GRMZM2G077755 ZmTCP41 - - - - -
GRMZM2G180568 ZmTCP42 29 2 2 2 2
GRMZM2G148022 ZmTCP43 1 0 0 0 0
GRMZM2G034638 ZmTCP44 22 6 0 0 0
GRMZM2G424261 ZmTCP45 - - - - -
GRMZM2G093895 ZmTCP46 27 2 0 0 0

ZmTCP37 was found to be the most polymorphic, with 34 SNPs in this natural diversity panel.
Subsequently, three statistical models were applied to identify significant genotypic and phenotypic
associations. Specifically, a general linear model (GLM)with the first two principal components
(PC2)and a mixed linear model (MLM)were used to find associations (Figure 4A). The GLM method
was applied to perform single-marker analysis. Then PC2, via the first two principal components of
the SNP data, was applied to correct for spurious associations caused by the population structure.
The MLM method, incorporating both PC2 and a Kinship matrix (to correct for the effect of cryptic
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relatedness), was considered to be effective for controlling false positives in the association analysis
(Figure 4A) [46,47]. The candidate gene association analysis detected significant associations between
the genetic variations of ZmTCP32 and ZmTCP42 and drought tolerance, under different models, with
a p-value ≤ 0.01 (Table 2; Figure 4B,C). However, under the standard mixed linear model (MLM), the
only two significantly associated SNPs contributing to the phenotype of drought tolerance were both
located at the 5′ UTR region of ZmTCP42, which suggested that this candidate gene was significantly
associated with drought tolerance (p-value ≤ 0.001, −log10p = 3.77) (Figure 4C). We further analyzed
the survival rates of maize inbred lines carrying ZmTCP42 drought-tolerant or drought-sensitive alleles.
It was found that ZmTCP42AA was a favorable drought tolerance allele (Figure S2). The two-fold
induction of ZmTCP42 expression by dehydration (Figure 3B)suggested that the RNA level of ZmTCP42
was likely more correlated with drought tolerance than other potential variations among different
maize varieties.Int. J. Mol. Sci. 2019, 20, x 9 of 18 
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Figure 4. Association analysis of genetic variations in ZmTCP32 and ZmTCP42 with maize drought
tolerance. (A) Quantile–quantile plots of the estimated −log10(p) from the ZmTCP gene family-based
association analysis, using three methods. The gray line is the expected line under the null distribution.
The white square represents the observed p values using general linear model (GLM); the gray square
represents the GLM model with the first two principal components (PC2); the black diamond represents
the observed p values using the mixed linear model (MLM) model incorporating both PC2 and a
Kinship matrix. (B,C) Schematic diagrams of ZmTCP32 (B) and ZmTCP42 (C), including the UTR
(gray), intron (thin black line), and protein coding regions (thick black line), are presented in the x-axis.
The p value is shown on a −log10 scale.

2.6. ZmTCP32 and ZmTCP42 Are Both Induced by ABA Treatment and Drought Stress

To confirm whether ZmTCP32 and ZmTCP42 RNA levels are truly associated with drought
tolerance, we used RT-qPCR to directly analyze the RNA expression of the ZmTCP32 and ZmTCP42
genes, in response to ABA treatment and drought stress. As illustrated in Figure 5, in the B73 genotype,
ZmTCP32 and ZmTCP42 are both significantly induced by ABA by roughly four-fold, relative to the
controls at 48 h after the ABA treatment. More importantly, ZmTCP42 was highly induced by drought
stress (+7.6-fold at 24 h) and by the PEG6000 treatment (+5.9-fold at 24 h); ZmTCP42 was significantly
more responsive to dehydration stress and PEG treatment than ZmTCP32, even though ZmTCP32 was
also responsive to drought stress (+3.9-fold at 24 h) and PEG treatment (+3.0-fold at 24 h) (Figure 5).
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greening cotyledons were significantly affected in the ZmTCP42-OE lines; the number of seedlings 
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Figure 5. The RNA levels of ZmTCP32 and ZmTCP42 in maize B73 leaves measured by RT-qPCR,
after treatment with 100 µM ABA, drought stress, or 10% PEG treatment. The drought stress was
performed as previously described [45], on hydroponically cultured seedlings, for 5 and 24 h, and
their relative leaf water contents (RLWC) were determined to be approximately 70% and 58%, at the
corresponding time points, respectively. ZmUbi-2 transcript levels were used as an internal control
for data normalization; the gene-specific primers are listed in Table S2. Each data point represents the
mean ± SD (n = 3) of three biological replicates. Significant differences were calculated by one-way
ANOVA with Duncan’s multiple test (SAS Institute, Inc., Cary, NC, USA). Different letters indicate a
significant statistical difference between sample means, at p = 0.05, while means with the same letters
were not significantly different.

2.7. Overexpression of ZmTCP42 Enhances Drought Resistance in Transgenic Arabidopsis

Given that the polymorphism in the 5′-UTR of ZmTCP42 suggests a potential role in drought
resistance on maize seedlings, we selected ZmTCP42 to directly test for its function. To validate
ZmTCP42 function in response to drought stress, we generated transgenic Arabidopsis plants that
overexpress the ZmTCP42 gene, by using the enhanced cauliflower mosaic virus 35S promoter.
After screening for the ZmTCP42 expression levels, we selected two independent transgenic lines,
ZmTCP42-OE16 and ZmTCP42-OE25, with enhanced RNA levels, for further experiments (Figure 6A,B).
We investigated the ABA sensitivity of ZmTCP42 transgenic lines, in response to exogenous ABA,
during seed germination. In the absence of exogenous ABA, all lines germinated completely, as did
the wild-type seeds; on the contrary, in the presence of exogenous ABA, the expanding, greening
cotyledons were significantly affected in the ZmTCP42-OE lines; the number of seedlings with green
cotyledons in ZmTCP42-OE16 and ZmTCP42-OE25 were significantly lower than those of the wild-type
at 1 µM ABA (Figure 6C,D), suggesting that the ZmTCP42 overexpression lines are more sensitive to
ABA. Furthermore, we analyzed the tolerance levels of ZmTCP42-OE lines to drought stress. When the
28-day-old transgenic seedlings were subjected to the drought test, only ~30% of the wide-type plants
were able to recover from the stress, whereas ~65 of ZmTCP42-OE16 and ~87% of ZmTCP42-OE25
transgenic plants survived (Figure 6E,F). Similar results were obtained in repeated experiments,
indicating that overexpression of ZmTCP42 enhanced drought tolerance in Arabidopsis.
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(F) Statistical analysis of survival rates after the drought-stress treatment. The average survival rates 
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Figure 6. Analysis of wild-type (WT) and ZmTCP42-overexpressing transgenic Arabidopsis plants.
(A) RT-PCR analysis of ZmTCP42 transcript levels in ZmTCP42 transgenic lines. (B) RT-qPCR analysis
of ZmTCP42 transcript levels in ZmTCP42 transgenic lines. (C) Seed germination of the ZmTCP42
transgenic lines and in the wild-type, in response to abscisic acid (ABA). Germination rates with 1 µM
ABA for 5 days, defined by cotyledon greening, in wild-type ZmTCP42-OE16 and ZmTCP42-OE25,
compared to the MS medium alone. (D) Statistical analysis of a green seedling’s rate of ZmTCP42
transgenic lines and wild-type grown on Murashige and Skoog (MS) medium with 0, 0.5 µM, and
1 µM ABA. (E) Drought tolerance of the ZmTCP42 transgenic Arabidopsis plants. Photographs were
taken before and after the drought treatment, followed by 3 days of rewatering. (F) Statistical analysis
of survival rates after the drought-stress treatment. The average survival rates and standard errors
were calculated from three independent experiments. (G) RNA levels of stress-responsive genes in
the ZmTCP42 transgenic lines and in the wild-type, in response to drought stress. Total RNA was
obtained from 3 weeks-old seedlings treated by 3 h of dehydration stress and was analyzed by RT-qPCR,
using the gene-specific primers listed in Table S2. The mean value and standard error were calculated
from three replicates after normalization to ACTIN2. The RNA levels in the wild-type grown under
non-stress conditions was taken as 1.0. Significant differences were calculated by one-way ANOVA
with Duncan’s multiple test (SAS Institute, Inc., Cary, NC, USA). Different letters indicate a significant
statistical difference between the sample means at p = 0.05, while means with the same letters were not
significantly different.

We further assessed the expression levels of ABA- inducible or drought-inducible genes by using
real-time RT-qPCR to analyze their responses in Arabidopsis. Upon dehydration stress, the RNA levels
of RAB18, RD29A, LEA14, and RD17, which are well-known drought-responsive, positive regulator
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genes of drought tolerance, were up-regulated, relative to wild-type Arabidopsis plants (Figure 6G).
Similar changes were observed for the RNA levels of the RbohD and RbohF genes, encoding two
NADPH oxidases, which were directly responsible for the reactive oxygen species (ROS) production in
leaves, in response to stress (Figure 6G). These results clearly showed that ZmTCP42 overexpression
improved the inducibility of Arabidopsis drought-tolerance-associated genes upon drought stress,
leading to an enhanced drought tolerance.

3. Discussion

To date, the TCP family members have been described in various species; for instance, 24 TCP
genes in Arabidopsis, 23 in rice, 20 in sorghum, and 66 in wheat (Triticum aestivum L.) [11,12,16,17]. Chai
et al. (2017)reported 29 ZmTCP genes in maize, including their chromosomal location, structure and
domain conservation analysis, and gene duplication analysis. They also analyzed the phylogenetic
inference and expression profiling of these 29 ZmTCP genes, and then speculated that the ZmTCP genes
influence stem and ear growth. In our study, we retrieved a total of 46 ZmTCP genes, by searching
against the updated maize genome B73_RefGen_v3, including the 29 ZmTCPs previously reported by
Chai et al. and the 17 newly identified ZmTCPs containing a canonical TCP domain. Subsequently, we
further systematically determined their phylogenetic relationship, synteny with rice, sorghum, and
Arabidopsis TCPs, pattern of drought-responsiveness, association analysis of their natural variations
with drought tolerance, and functional analysis of ZmTCP42 in drought tolerance. Collectively, our
data demonstrated that a few ZmTCP family proteins are likely involved in plant drought tolerance; in
particular, ZmTCP42 functions as an important positive regulator for drought tolerance.

Recently, genome-wide identification revealed that segmental duplication might be the main
contributor to the expansion of the TCP gene family in some monocots, including rice, sorghum and
wheat, as well as in some dicot species, such as cotton and soybean [14,17,48–52]. The report showed
that there were about 2.6–2.8-fold duplication of the TCP gene family in allotetraploid upland cotton
genome (G. hirsutum), compared to Arabidopsis [48]. Similarly, we found that the duplication ratio of the
ZmTCP family was about 2-fold in the allopolyploid maize genome, compared with Arabidopsis, rice,
and sorghum. The change in the ratio of gene numbers suggests that the ZmTCP family has undergone
lineage-specific expansion and functional divergence during the course of evolution. Furthermore, as
shown in the phylogenetic analysis, monocot ZmTCP proteins clustered independently from those in
Arabidopsis, suggesting a potential functional divegence between the dicot and monocot TCPs. We also
found that ZmTCP gene expansion was not uniform, and occurred mainly in the class II CYC/TB1 clade.
However, the biological significance of the ZmTCP gene duplication in the maize genome remains to
be determined. Our collinearity analysis on TCP genes within several monocot plants showed that 20
ZmTCP genes had syntenic members or collinear genes in rice and sorghum, and that the chromosomal
segments containing these genes were also duplicated (Figure 2), supporting the concept that the maize
genome might have arisen from an ancestral allotetraploid, half of which share a common ancestor
with sorghum, which in turn probably represents a lineage split from rice [53,54]. Taken together, our
results might provide some useful clues for future studies on a homologous gene function.

A growing body of research suggest that TCP TFs play important roles in plant development, as
well as in response to abiotic stress [8,19,33,34]. However, the role of TCP genes in plant response to
drought stress in maize was still obscure, without answers to which, the ZmTCP genes were directly
associated with the levels of drought tolerance in maize. We were, therefore, prompted to perform this
study to address this question. The answer would not only help facilitate the genetic improvement
of drought tolerance but would also increase our knowledge of the biological function of this gene
family. Generally, ZmTCP genes exhibit great differential expression in response to drought stress in
maize seedlings, not only among subgroups but members within the same subgroup, suggesting that
these ZmTCP genes might function very diversely. Our current results showed that 14 ZmTCP genes
were significantly up-regulated and 19 genes were clearly down-regulated, indicating that these genes
might function as key mediators of drought stress responses in maize (Figure 3). Notably, three genes,
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ZmTCP1, ZmTCP9, and ZmTCP24, belonging to the class II CYC/TB1 clade, showed similar inducible
expression patterns (Figure 3), implying that they might play a redundant role in regulating drought
stress response in maize. Moreover, the orthologs of ZmTCP9 and ZmTCP24 in rice and Arabidopsis are
OsPCF5 and AtTCP3/AtTCP4, respectively, which are regulated by the conserved miR319. Previous
reports have shown that knockdown of miR319-dependent TCPs (by constitutively overexpressing
miR319)increased drought and salinity tolerance [34,55]. The rice homolog of ZmTCP1 and ZmTCP13
was named OsTB1, which plays an important role in stress response, especially in regulation of cold
tolerance [55,56]. Additionally, ZmTCP37 and ZmTCP44, orthologs of AtTCP20, also showed a slightly
inducible expression pattern under drought stress (Figure 3). In Arabidopsis, AtTCP20 represses the
transcription of LIPOXYGENASE2 (AtLOX2) gene, which is involved in jasmonic acid synthesis and
promotes leaf senescence [57].

To explore the association of TCPs with stress tolerance in plants, we have investigated homologous
ZmTCP genes in a small number of inbred lines and proposed predictive conclusions. Among the 46
ZmTCP genes analyzed, the genetic polymorphisms of ZmTCP32 and ZmTCP42 were significantly
associated with the phenotypic variations of drought tolerance (p-value ≤ 0.01, PC2) (Table 2). While
ZmTCP42 was the most significantly (p-value ≤ 0.001, MLM) associated with drought tolerance in this
natural variation panel, the natural variation in the ZmTCP42 promoter might contribute to maize
drought tolerance (Figure 4). In the B73 genotype of maize, ZmTCP32 was constitutively highly
expressed in various tissues (Figure 3A). In comparison with ZmTCP32, ZmTCP42 RNA was detected
at a low level in various tissues, except in leaves and endosperm, and showed a relatively high level at
10 h, upon drought stress in a micrroarry analysis (Figure 3B). Both ZmTCP32 and ZmTCP42 were
significantly induced by ABA, dehydration and PEG treatment; more notably, ZmTCP42 was induced
higher than ZmTCP32 in response to dehydration and PEG treatment. These results suggested that
ZmTCP42 was involved in plant drought response. Transgenic Arabidopsis overexpressing ZmTCP42
exhibited a higher ABA sensitivity, improved drought stress tolerance, and enhanced the induction of
Arabidopsis ABA- or drought-inducible genes, which strongly suggests that ZmTCP42 might regulate
these ABA/drought-response genes. In summary, we have identified ZmTCP42 as an important
positive regulator of drought tolerance, through analyses of gene expression and natural variations.

4. Materials and Methods

4.1. Plant Growth Conditions and Stress Treatments

Maize (Inbred line B73) growth conditions and stress treatments were performed according to
Wang et al. [45]. The hydroponically cultured 3-leaf stage seedlings were used. For drought treatments,
the seedlings were placed on a clean bench and subjected to dehydration (at 28 ◦C, with a relative
humidity of 40–60%). Samples were exposed for 0, 5 h, and 24 h, at which the relative leaf water
contents were measured (RLWC) to be 98%, 70%, and 60%, respectively, in the drought-treated leaf
samples. ABA and PEG treatments were applied by immersing the seedlings in 100 µM ABA or 10%
PEG 6000. All leaf samples from a minimum of 3 seedlings were immediately frozen in liquid nitrogen,
then stored at −80 ◦C, prior to RNA isolation. The Arabidopsis thaliana ecotype Col-0 was used in this
study. Seeds were grown on the Murashige and Skoog (MS) medium with an addition of 3% sucrose
and 0.6% agar (pH 5.8). Drought treatment was applied to the 3-week-old seedlings by removing them
from the MS medium plates and desiccating them on Whatman 3MM paper, on a clean bench, for 0 h
and 3 h, respectively.

4.2. Reverse Transcription PCR and RT-qPCR Analysis

Total RNA was isolated from the collected leaf samples using the TRIZOL reagent (Biotopped,
China) according to the manufacturer’s instructions. One microgram of the total RNA from each
sample was used in reverse transcription. RT-qPCR analyses were performed in the optical 48-well
plates, using the ABI7300 Thermo-cycler (Applied Biosystems, USA). Reactions were carried out in a
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10 µL volume containing 1 µL diluted cDNA, 200 nM gene-specific primers, and 5 µL SYBR Premix Ex
Taq II (Takara, China) with the following conditions—10 min at 95 ◦C, 40 cycles of 15 s at 95 ◦C, and
30 s at 60 ◦C. Each experiment was performed using at least three independent biological replicates.
ZmTCP32 and ZmTCP42 RNA levels in response to different stresses were calculated according to
a standard curve calibration, based on amplification of a dilution series of ZmTCP32 and ZmTCP42
plasmid, respectively, according to the manufacturer’s protocol. ZmUbi-2 (UniProtKB/TrEMBL; ACC:
Q42415) was used as the internal control. The expression levels of different stress-responsive genes
were compared, based on the delta Ct method with normalization to ACTIN2.

4.3. Generation of Transgenic Plants

The coding region of the ZmTCP42 cDNA of the maize B73 inbred line was inserted into
the pGreenII vector [58]. The constructed plasmid carrying the desired gene was transformed
into Agrobacterium tumefaciens GV3101 + pSoup and transformed into ecotype Col-0, as described
previously [58]. Using the kanamycin-based selection, several independent T2 transgenic lines were
obtained, and expression of the ZmTCP42 transgene was confirmed in these lines by RT-PCR and
RT-qPCR. Two independent overexpression lines ZmTCP42-OE16 and ZmTCP42-OE25 (with a single
inserted copy) were selected, based on the level of transgene expression, and the T3 homozygous seeds
were subjected to further analyses.

4.4. Seed Germination and Drought Phenotype Analysis

To study the effect of ABA on germination and cotyledon greening, the seeds were planted
on MS medium plates, with an addition of plus 1% sucrose and different concentrations of ABA
(Sigma-Aldrich)in a growth chamber, at 22 ◦C under a 16-h-light/8-h-dark photo-period, with a 60%
relative humidity, after 2 days of vernalization in darkness at 4 ◦C. For the drought stress tolerance test,
plants were grown for 28 days under normal conditions and subjected to water stress by withholding
watering for 14 days [58]. Four plants were planted in each small cup with 100 g soil (1:1 of black
soil/vermiculite)and grown under the condition of 16-h-light/8-h-dark. Four independent experiments
were performed and at least 16 plants each were observed, for the ZmTCP42-OE16 and ZmTCP42-OE25
lines and the WT, in each experiment. The plants were rewatered when significant differences in
wilting were observed. Three days after rewatering, the surviving plants were counted.

4.5. Identification of the TCP Proteins in the Maize Genome

To identify TCP proteins in the B73 maize genome, some putative TCP protein sequences
from maize (genome assembly: B73_RefGen_v3) were first retrieved from the Plant Transcription
Factor Database 3.0 (Jin et al. 2014). Conserved TCP DNA-binding domain (PF03634) from the
Pfam database [59] was used to search and retrieve sequences from the Phytozome database v10.0
(available online: http://www.phytozome.net/eucalyptus.php). In addition, BLASTP searches were
also performed against the maize genome, to identify any additional TCP members using Arabidopsis
and rice TCP proteins sequences (E-value ≤ 0.00001). The overlapped genes were removed. The
presence of a TCP domain in all family proteins was evaluated using the CDD database searches
(https://www.ncbi.nlm.nih.gov/Structure/cdd). Arabidopsis TCP proteins were downloaded from
TAIR 10 (available online: http://www.arabidopsis.org), which contained 24 members. TCP proteins in
rice (Genome assembly: Rice Genome Annotation Project Database release 7) and sorghum (Genome
assembly: V3) were both downloaded from the Plant Transcription Factor Database. The ExPASy
program (http://www.expasy.org/tools/) was used to predict the molecular weight (kDa) and the
isoelectric point (PI) of each protein.

4.6. Gene Structure and Phylogenetic Analysis

Genomic sequences of maize TCP genes were downloaded from Phytozome V10, and the
untranslated regions were removed. To show the exon/intron organization for individual TCP genes,

370



Int. J. Mol. Sci. 2019, 20, 2762

coding sequences were aligned to genomic sequences and schematics generated using GSDS 2.0
(Gene Structure Display Server) (available online: http://gsds.cbi.pku.edu.cn) [60]. To determine the
phylogenetic relationships of the TCP proteins, full-length amino acid sequences of TCPs identified in
maize, rice, Arabidopsis, and sorghum were aligned by the ClustalW program [61]. The Phylogenetic
tree was constructed by the neighbor-joining method, with 1000 bootstrap replicates.

4.7. Association Analysis

Association analysis for ZmTCPs was performed by using a maize association mapping population
containing 367 inbred lines and the corresponding drought tolerance phenotype data from a previous
study [45]. Among the 556,945 high-quality single nucleotide polymorphism (SNP) data, with minor
allele frequency (MAF)≥ 0.05, 317 SNPs were found in the genic region of the 46 ZmTCPs. The general
linear model (GLM) model, the GLM model with the first 2 principal components (PC2), and the mixed
linear model (MLM) model were chosen to detect the SNPs significantly associated with drought
tolerance, by using the TASSEL5.0 program [62].

4.8. Tissue Expression Profile and Microarray Analysis

Expression patterns of 46 ZmTCPs in different maize tissues were analyzed using the genome-wide
gene expression atlas of the inbred B73 line of maize that was reported previously [43]. Expression
data for the 15 tissues were combined from 60 growth stages. Normalized expression values of each
gene in different tissues were averaged. The gene expression level was presented as a log value. To
analyze the gene expression patterns of ZmTCPs in maize during drought stress, the microarray data
and analysis methods were employed as described previously [63].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/11/
2762/s1.
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Abstract: Grasses represent a major family of monocots comprising mostly cereals. When compared
to their eudicot counterparts, cereals show a remarkable morphological diversity. Understanding
the molecular basis of floral organ identity and inflorescence development is crucial to gain insight
into the grain development for yield improvement purposes in cereals, however, the exact genetic
mechanism of floral organogenesis remains elusive due to their complex inflorescence architecture.
Extensive molecular analyses of Arabidopsis and other plant genera and species have established the
ABCDE floral organ identity model. According to this model, hierarchical combinatorial activities
of A, B, C, D, and E classes of homeotic genes regulate the identity of different floral organs with
partial conservation and partial diversification between eudicots and cereals. Here, we review the
developmental role of A, B, C, D, and E gene classes and explore the recent advances in understanding
the floral development and subsequent organ specification in major cereals with reference to model
plants. Furthermore, we discuss the evolutionary relationships among known floral organ identity
genes. This comparative overview of floral developmental genes and associated regulatory factors,
within and between species, will provide a thorough understanding of underlying complex genetic
and molecular control of flower development and floral organ identity, which can be helpful to devise
innovative strategies for grain yield improvement in cereals.

Keywords: ABCDE model; cereals; evolutionary relationships; flower organ identity; floral speciation;
MADS-box genes

1. Introduction

Cereals are clearly critical for global food security. They provide approximately 60% of human
caloric requirement and this figure can even exceed 80% in resource-poor countries [1]. However, the
exponential increase in the world population, soaring food prices and constant depletion of arable
land resources due to climate change have made it inevitable to develop cereal crops with increased
grain yield [2]. Cereals belong to the grass family Poaceae, which is one of the largest groups of
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monocotyledonous plants, with almost 12,000 species [3]. The grass family is monophyletic and
diverged from eudicots approximately 125–150 million years ago [4,5]. Grasses show remarkable
diversity in overall plant morphology, physiology, genetics, and ecology compared to their eudicot
counterparts [6]. For example, spikelets are characteristic structural units of grass inflorescence, which
(depending upon species) show determinate or indeterminate growth. Spikelets are composed of one
to several florets but unlike eudicot flowers, these florets possess bract-like structures called lemma,
palea, and lodicules, instead of sepals and petals [7,8].

The Poaceae family has two important model crop species; rice (Oryza sativa) and maize (Zea
mays). Each has been used to study flower development processes at the molecular level. The genome
of rice is exceptionally small compared to other grass species and has been fully sequenced [9,10].
In addition, the rice genome is conducive for effective positional cloning and genetic transformation;
making it ideal for developmental biology studies [11–13]. Similarly, the genome of maize has also
been fully sequenced [14], is amenable to positional cloning, and the species has simple reproductive
biology [7,15]. Both of these species show synteny [9], thus the progress in one species has been
facilitating the progress in the other species.

In addition to rice and maize, the Poaceae family also contains Brachypodium distachyon, a
promising model plant that is anatomically similar to the majority of forage grasses and temperate
cereals including wheat (Triticum aestivum), the “king of cereals”. B. distachyon has a short life cycle and
is readily cultivatable. The genome of B. distachyon has already been sequenced [16] and it offers a
highly efficient genetic transformation system. These qualities make B. distachyon suitable for functional
genomic studies of grass related traits [17–19]. In comparison, wheat is the most important staple crop
in temperate zones and a major source of starch, energy and dietary fiber. As an example, bread wheat
alone provides 20% of the daily calorie intake in the UK [20]. However, wheat functional genomic
studies were limited due to the lack of a quality reference genome sequence and hexaploid nature
of the species [21,22]. More recently, a high quality, fully annotated reference genome of hexaploid
wheat has been delivered which can accelerate research in wheat developmental biology and genomics
assisted breeding [23]. In recent years, significant progress has been made towards understanding the
genetic regulation of spike development in Brachypodium, wheat, and barley [24–31]. These studies
revealed striking similarities between Brachypodium, wheat, and barley, with highly conserved genetic
regulation of inflorescence development in these species. Thus, understanding the molecular control
of inflorescence development and floral organ identity in model species will expand our knowledge
about the genetic architecture of the spike development in all economically important grasses.

Floral organs control grain development. Previously, a simple yet elegant ABC model of floral
organ identity was devised to demonstrate the molecular control of floral development in model
plants [32]. This model proposed that combinatorial activities of three homeotic gene classes specify
four floral organs i.e., sepal, petal, stamen, and carpel. Class A genes, when expressed alone, produce
sepals. The expression of classes A and B together directs petal identity. The expression of classes
B and C together regulates stamen identity and the expression of Class C genes alone determines
carpel identity. Subsequently, two other floral identity gene classes were identified. Class D genes
in Petunia [33] and the redundant class E genes (SEP1–4) in Arabidopsis [34,35]. The current model
consists of these five classes of floral-homeotic, MADS-box genes (A, B, C, D, and E). The hierarchical
combination of these five gene classes thus determines floral organ identity [36].

In higher model plants, especially Arabidopsis and rice, the ABCDE model has helped explain the
molecular control of floral organ identity to some extent. This is largely due to their relatively small
genome size and the extensive research associated with each of these model species. Analyses of the
floral homeotic genes of these species suggest that the same flower organ identity model can be applied
to other cereals [37], including Brachypodium, maize, and wheat. This review explores recent advances
in rice, maize, Brachypodium, and wheat floral development and subsequent organ specification,
with reference to the model plant Arabidopsis. Plethora of studies revealed novel regulatory factors
and pathways that contribute to the unique morphology of the grasses. However, the vast array of
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functions performed by floral homeotic genes and the large body of literature devoted to this subject
makes it difficult to comprehensively review all aspects of the genetic control of floral development.
Here, we tried to review the comparisons of floral development genes, within and between species
that will expand our understanding of the complex molecular genetic control of floral development
and flower organ identity especially in grasses.

2. Inflorescence Morphology and Development

The grass family includes several agriculturally and economically important species including
rice, wheat, maize, sorghum, and barley. Developmental and genetic pathways controlling the
shape of inflorescence architecture and development in these important crops have been reviewed
briefly [27,28,38–40]. All grass inflorescences have a characteristic basal structural unit, the spikelet,
composed of one to several florets depending upon the species [6]. These florets are surrounded by
bract-like structures known as glumes. Most grass species possess unique inflorescence organization
and structure distinct from eudicots and even from other monocots [41]. For example, Arabidopsis
bears indeterminate inflorescence with several branched flowers. The grasses like Brachypodium,
Hordeum, Secale, and Triticum inflorescences carry sessile spikelets on the rachis. In contrast,
Avena, Echinochloa, Oryza, Panicum, Setaria, and Sorghum bear long branched inflorescence where
spikelets are pedunculate [42] (Figure 1A). Moreover, the Arabidopsis inflorescence meristem normally
differentiates only into branch meristem and floral meristem whereas several specialized axillary
meristems are formed in grass spikes [40] (Figure 1B). Unlike their eudicot counterparts, the grass
florets possess bract-like structures; lemma, palea, and lodicules in place of sepals and petals [8].

Among cereals, rice exhibits distinct inflorescence morphology compared to that of Brachypodium
and wheat [24,38,40,43]. The spikelet is the basal structural unit in these three grass species. The rice
inflorescence is relatively complex and comprised of long stalked panicles in which primary branches
are directly attached to the main axis (rachis) that further produce secondary branches, lateral spikelets
and terminal spikelets [38]. By contrast, there exists only one rachis in Brachypodium and wheat
that directly bears the spikelets in an alternating configuration [24,28]. Spikelets in these species also
bear rudimentary glumes and floret primordia. In rice, the single spikelet can produce only a single
floret [44], whereas the wheat spikelet contains several florets and normally four or five of these reach
anthesis [45]. Unlike wheat and rice, the inflorescence of Brachypodium carries only two or three
lateral spikelets and a single terminal spikelet [24]. Each spikelet contains ~11 florets, arranged in a
distichous phyllotaxy around central axis. Overall, the organization and structure of floral organs are
conserved among rice, Brachypodium, and wheat, with the exception of three additional stamens
within a floret in rice [24,28,38] (Figure 1C). The grass floret contains lemma, palea, lodicules, stamens,
and pistils. The pistil is comprised of three fused carpels which surround a single ovule. The apical
region of the pistil bifurcates with feathery stigmas. Morphological analysis suggested that lodicules
are homologues of petals [46], which together with the lemma and palea are unique to grasses.

Inflorescence development is regulated by several types of meristems [44,47] and starts with the
transition of the shoot apical meristem (SAM) into an inflorescence meristem (IM). In Brachypodium
and wheat, the IM directly generates the spikelet meristem (SM) [24,28,43], while in rice the IM
generates the primary branch meristem (pBM) followed by the secondary branch meristem (sBM)
which then finally configure the spikelet meristems (SMs) [40] (Figure 1B). The SMs generate floral
meristems (FMs), which subsequently determine floral organ identity. All grasses show indeterminate
growth starting from SAM to just before SM determinacy. However, the SM to FM transition is
determinate and critical [48] as it is the final phase at which the meristem activity stops. By this stage,
stem cells are believed to exhaust all their energy due to continuous formation of floral organs and
floret primordia [47].

377



Int. J. Mol. Sci. 2019, 20, 2743

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW  3 of 30 

 

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 

difficult to comprehensively review all aspects of the genetic control of floral development. Here, we 
tried to review the comparisons of floral development genes, within and between species that will 
expand our understanding of the complex molecular genetic control of floral development and flower 
organ identity especially in grasses. 

2. Inflorescence Morphology and Development 

The grass family includes several agriculturally and economically important species including 
rice, wheat, maize, sorghum, and barley. Developmental and genetic pathways controlling the shape 
of inflorescence architecture and development in these important crops have been reviewed briefly 
[27,28,38–40]. All grass inflorescences have a characteristic basal structural unit, the spikelet, composed 
of one to several florets depending upon the species [6]. These florets are surrounded by bract-like 
structures known as glumes. Most grass species possess unique inflorescence organization and 
structure distinct from eudicots and even from other monocots [41]. For example, Arabidopsis bears 
indeterminate inflorescence with several branched flowers. The grasses like Brachypodium, Hordeum, 
Secale, and Triticum inflorescences carry sessile spikelets on the rachis. In contrast, Avena, Echinochloa, 
Oryza, Panicum, Setaria, and Sorghum bear long branched inflorescence where spikelets are 
pedunculate [42] (Figure 1A). Moreover, the Arabidopsis inflorescence meristem normally 
differentiates only into branch meristem and floral meristem whereas several specialized axillary 
meristems are formed in grass spikes [40] (Figure 1B). Unlike their eudicot counterparts, the grass 
florets possess bract-like structures; lemma, palea, and lodicules in place of sepals and petals [8]. 

 
Figure 1. Graphical representation of inflorescences, phase transition and transverse flowers. (A) 
Structural configuration of inflorescence in Arabidopsis, rice, maize, Brachypodium and wheat. Color 
codes. Green line: rachis; yellow line: primary branch; blue line: secondary branch; green circles: 

Figure 1. Graphical representation of inflorescences, phase transition and transverse flowers.
(A) Structural configuration of inflorescence in Arabidopsis, rice, maize, Brachypodium and wheat.
Color codes. Green line: rachis; yellow line: primary branch; blue line: secondary branch; green
circles: spikelet/spikelet pair meristems; maroon circle/oval: terminal spikelet; orange circle: floral
meristems. (B) Regulation of meristem transition in Arabidopsis, rice, maize, Brachypodium, and
wheat. Green arrow: multiple meristems formation; blue arrow: single meristem formation; orange
dashed arrow: abortion of floral meristems. (C) Schematic representation of transverse spikelet/flower.
Color codes: Blue: palea; dark orange: lemma; gold: lodicules; green: sepal; green circle: rachis; gray:
glume; pink: pistil; red: petal; yellow: stamen. Abbreviations: BR: branch; BM: branch meristem; FM:
floral meristem; GL: glume; IM: inflorescence meristem; LE: lemma; LO: lodicule; LS: lateral spikelet;
LSM: lateral spikelet meristem; PA: palea; PB: primary branch; PE: petal; PI: pistil; PBM: primary
branch meristem; RA: rachis; Ra: rachilla; SB: secondary branch; SE: sepal; SBM: secondary branch
meristem; SM: spikelet meristem: SPM: spikelet pair meristem; ST: stamen; TS: terminal spikelet.

In contrast to Brachypodium, wheat, and rice, maize is a monoecious crop in which male and
female organs occur separately on the same plant. The male inflorescence at the shoot apex is known
as tassel that bears paired spikelets while the female inflorescence occurs in the leaf axil which is
termed as ear [40]. Male IM produce long indeterminate branches which further differentiate into
short secondary branches that bear spikelet pair meristems (SPMs). Each SPM initiate two SMs, which
in turn produce two FMs each (Figure 1B). The female inflorescence (ear) is produced on the main
stalk, hence SPMs are directly attached to the main stem. SPMs are transient and bear a pair of SMs.
SMs are also transient which in turn produce two FMs. Each spikelet bears two staminate flowers
called florets and only one of these florets produces a fertile flower. Flowers further develop into
different floral organs such as lemma, palea, lodicules, stamens, and carpels. Apart from shapes and
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position of male and female inflorescences, the arrest of stamen formation in ear florets and of pistil
formation in tassel florets makes it easy to distinguish male and female inflorescences [49]. Over the
last two decades, several genetic factors involved in flower development have been identified which
mainly function as trans-regulatory elements. Here, we will discuss the latest knowledge about the
association of MADS-box- and non-MADS-box-related gene families with inflorescence development
and floral organ identity in grasses.

3. Role of MADS-Box Transcription Factors in Floral Organ Identity

MADS-box transcription factors are involved in various biological processes and have been
identified in almost all groups of eukaryotes. The name MADS was derived from combining the names
of MINICHROMOSOME MAINTENANCE 1 of Saccharomyces cerevisiae, AGAMOUS of Arabidopsis
thaliana, DEFICIENS of Antirrhinum majus, and SERUM RESPONSE FACTOR of Homo sapiens [50].
All MADS-box TFs have a highly conserved ~60 amino acids long DNA binding MADS domain at
the N-terminal region which binds to CArG boxes on DNA [51]. Flowering plant genomes contain
approximately 100 MADS-box genes, which are further categorized into M-type and MIKC-type
MADS genes [52]. Only a few M-type MADS are functionally characterized so far [53], however, plant
MIKC-type MADS-box genes have been extensively studied [54]. In plants, the diversification of
MADS-box genes is closely linked to the evolution of important organs, such as seeds, flowers, and
fruits [55]. Moreover, morphological variations in inflorescence of grass family are closely associated
with changes in copy number, expression patterns, and interactions between MIKC-type MADS-box
genes [56]. In flowering plants, combinatorial activities of the five classes of MIKC-type MADS-domain
genes define floral organ identity. According to the Arabidopsis “floral quartet model”, sepals are
specified by class A and E genes in the first whorl; petals by class A, B, and E genes in the second
whorl; stamens by class B, C, and E genes in the third whorl; and carpels by class C, and E genes in the
fourth whorl [54]. The ovule identity gene FLORAL BINDING PROTEIN 11 (FBP11) was first identified
and functionally characterized in Petunia and classified as D class gene [33]. In Arabidopsis, ovule
identity is controlled by AGAMOUS subfamily member SEEDSTICK (STK) [57]. Functional divergence,
duplication, and evolutionary relationships among these five classes of homeotic genes, identified in
Arabidopsis and major cereals, are summarized in Table 1. Modified ABCDE models showing the
complex genetic interaction of MADS-box TFs’ and other important regulators in Arabidopsis and
cereals are illustrated in Figure 2.
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Figure 2. ABCDE models of floral organ identity. Revised floral organ identity models in Arabidopsis, 
rice, maize, Brachypodium, and wheat. Class (A)-genes indicated in green, class B in red, class C in 
dark blue, class D in light blue, class E yellow, and non-MADS in purple. Solid colors show functional 
data, color gradients represent expression analysis data, while color patterns indicate hypothesized 
functions. Antagonistic interactions are indicated with barred lines, black arrows illustrate positive 
regulation of the corresponding genes, and a comma symbolizes duplicated gene interaction. 
Abbreviations: CA: Carpel; LO: Lodicule; OV: Ovule; PA: Palea; PE: Petal; SE: Sepal; ST: Stamen. For 
gene abbreviations see text. 

3.1 Class A Homeotic Genes 

In Arabidopsis, class A genes include APETALA 1 and 2 (AP1 and AP2), of which only AP1 
encodes a MADS-box TF. AP1 is expressed only in sepals and petals (two outer whorls) and has an 
additional role in floral meristem determinacy [61]. Similar expression and functional patterns have 
been reported in Antirrhinum class-(A) ortholog [127]. In eudicots, class (A)-functions are defined by 
AP1, CAULIFLOWER (CAL), and FRUITFULL (FUL) genes, whereas in monocots only FUL-like genes 
are present which are associated with class (A)-function [128]. Recently, Wu et al. [65] demonstrated 
that grass-specific FUL-like genes are required to specify palea and lodicule identities in addition to 
their function of specifying meristem identity. Similar results were reported for rice and wheat, 
wherein AP1 clade genes together with class E SEPALLATA (SEP) genes were shown to participate 
in the transition from SAM to IM [112,129].  

Figure 2. ABCDE models of floral organ identity. Revised floral organ identity models in Arabidopsis,
rice, maize, Brachypodium, and wheat. Class (A)-genes indicated in green, class B in red, class C in dark
blue, class D in light blue, class E yellow, and non-MADS in purple. Solid colors show functional data,
color gradients represent expression analysis data, while color patterns indicate hypothesized functions.
Antagonistic interactions are indicated with barred lines, black arrows illustrate positive regulation of
the corresponding genes, and a comma symbolizes duplicated gene interaction. Abbreviations: CA:
Carpel; LO: Lodicule; OV: Ovule; PA: Palea; PE: Petal; SE: Sepal; ST: Stamen. For gene abbreviations
see text.

3.1. Class A Homeotic Genes

In Arabidopsis, class A genes include APETALA 1 and 2 (AP1 and AP2), of which only AP1
encodes a MADS-box TF. AP1 is expressed only in sepals and petals (two outer whorls) and has an
additional role in floral meristem determinacy [61]. Similar expression and functional patterns have
been reported in Antirrhinum class-(A) ortholog [127]. In eudicots, class (A)-functions are defined by
AP1, CAULIFLOWER (CAL), and FRUITFULL (FUL) genes, whereas in monocots only FUL-like genes
are present which are associated with class (A)-function [128]. Recently, Wu et al. [65] demonstrated
that grass-specific FUL-like genes are required to specify palea and lodicule identities in addition
to their function of specifying meristem identity. Similar results were reported for rice and wheat,
wherein AP1 clade genes together with class E SEPALLATA (SEP) genes were shown to participate in
the transition from SAM to IM [112,129].
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The AP1 homologs identified in rice include OsMADS14, OsMADS15, OsMADS18, and OsMADS20,
all of which belong to the FRUITFULL (FUL) lineage [59]. Ectopic expression of OsMADS14 in rice
suggests its involvement in floral meristem control to promote flowering. On the other hand,
loss-of-function loss-of-function mutations in Osmads15 indicate the role of AP1 in palea formation
with no effect on lodicule development [130]. A more recent study in rice employing both single and
double mutants of OsMADS14 and OsMADS15 [65] provided strong evidence that rice AP1/FUL-like
genes are essential for specifying lemma/palea and lodicule identities during the floral development
process. Because lemma and palea are considered homologous structures to sepals and petals of
eudicots, respectively, therefore, it is possible that AP1/FUL-like genes are independently recruited to
fulfil the function of class A genes in grass species. Maize orthologs of AP1 include Zea mays APETALA1
(ZAP1), Zea mays MADS4, and 15 (ZMM4, ZMM15) [62]. Phylogenetic analysis showed that ZAP1 is
an ortholog of OsMADS15 [131]. Northern blot analysis demonstrated that ZAP1 was expressed in
the lemma/palea and lodicules, but not in stamens and pistils [62]. These results suggest that ZAP1
is a putative class-(A) gene with a possible repressive interaction with class C genes. ZMM4 and
ZMM15 are orthologs of OsMADS14 and ZMM4 and have been reported to be involved in inflorescence
development and floral induction [58], which is consistent with the function of AP1 homologs from
Arabidopsis and rice.

The Brachypodium genome contains at least four (A)-class genes, BdMADS3, 10, 31, and 33,
which are orthologs of OsMADS18, OsMADS15, OsMADS20, and OsMADS14, respectively. BdMADS3,
10, and 33 were observed to be strongly expressed in the lemma and palea, but not in lodicules and
stamens with the exception of BdMADS3 that also strongly expressed in stamens [31]. BdMADS31
was absent in all floral organs but was weakly expressed in leaves similar to the expression pattern of
Arabidopsis and rice orthologs [132,133]. These expression pattern studies suggest the involvement of
BdMADS3, 10, and 33 in (A)-class performance; however, further functional analyses are required to
confirm their regulatory roles in floral organ identity.

Wheat has five FUL-like paralogs including WFUL1/VERNALIZATION1 (VRN1), WFUL2, WFUL3,
TaAGL10, and TaAGL25 [117,128]. Phylogenetic analysis showed that these are the orthologs of
OsMADS14, OsMADS15, and OsMADS18 [60], an observation consistent with the current phylogenetic
tree (Figure 3). Previously it was thought that WFUL1 had no (A)-class function and was only
involved in the transition from the vegetative to reproductive phase [63,134], but recent studies suggest
that VRN1/WFUL1 is expressed in leaves and the shoot apex, where it is required for the long-day
flowering response and inflorescence meristem identity [64,134,135]. ODDSOC2 is a MADS-box TF
and downstream target of VRN1 that functions to repress flowering and has been observed to be
downregulated in plants with active VRN1 alleles and vernalization [136]. Another study reported
that WFUL1 and WFUL3 are expressed in all floral organs with limited or no expression of WFUL2
in stamens and pistils [60], suggesting that WFUL2 has diversified functions in outer (palea and
lodicule) and inner (stamen and pistil) floral whorls. Yeast two-hybrid and yeast three-hybrid analyses
demonstrated that WFUL2 interacts with the B and E classes of MADS-box genes [60]. These findings in
combination with the expression pattern analysis illustrate that WFUL2 has a major role in lemma/palea
and lodicule identities in wheat florets. It is noteworthy that WFUL1/VRN1 has a more important role
in leaf development indicating functional diversification between wheat FUL-like genes. Similarly,
functional diversification between rice FUL1 (OsMADS14) and FUL2 (OsMADS15) has been observed.
Single mutant of OsMADS14 showed lower seed setting, but no floret-specific mutant phenotype could
be observed when grown under natural field conditions. However, under greenhouse conditions the
mutant plants had small paleae and showed the homeotic transformation from lodicules to stamen-like
organs. Whereas paddy field-grown osmads15 plants showed 45% smaller paleae, without affecting the
organ identity. However, greenhouse-grown osmads15 plants had elongated empty glumes and 100%
reduced paleae. Additionally, osmads15 plants showed no homeotic transformation of inner three floral
organs under both growing conditions [65].
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Figure 3. Evolutionary relationships among MADS-box genes. Phylogenetic tree constructed from the 
deduced amino acid sequences of Arabidopsis, Brachypodium, maize, rice, and wheat genes obtained 
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genes—INDETERMINATE SPIKELET1 (IDS1) and SUPERNUMERARY BRACT (SNB)—
synergistically control lodicule development [72]. Another AP2-like gene, named FRIZZLE 
PANICLE (FZP), prevents the formation of axillary meristem in rice but controls the spikelet 
meristem identity [71]. FZP has also been observed to regulate the transition from panicle branching 
to spikelet formation in rice by repressing RICE FLORICAULA LEAFY (RFL)/ABERRANT PANICLE 
ORGANIZATION2 (APO2). In addition, FZP overexpression positively regulate B and E class 
MADS-box genes in floral meristem suggesting its role in floral organ identity [67]. MULTI-FLORET 
SPIKELET1 (MFS1) is another AP2-type gene that positively regulates rice IDS1 and SNB genes [74]. 
Rice IDS1 and SNB regulate the transition from spikelet meristem to floral meristem [141]. Both of 
these genes display strong functional resemblance to maize indeterminate spikelet1 (ids1) and sister 
of indeterminate spikelet1 (sid1), respectively, which are also required to initiate floral meristems 
and to control spikelet meristem determinacy [68]. Similar to the function of AP2 in Arabidopsis, 
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All angiosperms contain AP2 TFs, which, in addition to their role in the regulation of floral
development, are implicated in primary and secondary metabolism, growth and development, and
response to stress [140]. In Arabidopsis, AP2 is required for the establishment of floral meristems,
floral organ identity, and regulation of floral homeotic gene expression [70]. In rice, two AP2-like
genes—INDETERMINATE SPIKELET1 (IDS1) and SUPERNUMERARY BRACT (SNB)—synergistically
control lodicule development [72]. Another AP2-like gene, named FRIZZLE PANICLE (FZP), prevents
the formation of axillary meristem in rice but controls the spikelet meristem identity [71]. FZP has
also been observed to regulate the transition from panicle branching to spikelet formation in rice
by repressing RICE FLORICAULA LEAFY (RFL)/ABERRANT PANICLE ORGANIZATION2 (APO2).
In addition, FZP overexpression positively regulate B and E class MADS-box genes in floral meristem
suggesting its role in floral organ identity [67]. MULTI-FLORET SPIKELET1 (MFS1) is another
AP2-type gene that positively regulates rice IDS1 and SNB genes [74]. Rice IDS1 and SNB regulate
the transition from spikelet meristem to floral meristem [141]. Both of these genes display strong
functional resemblance to maize indeterminate spikelet1 (ids1) and sister of indeterminate spikelet1
(sid1), respectively, which are also required to initiate floral meristems and to control spikelet meristem
determinacy [68]. Similar to the function of AP2 in Arabidopsis, ids1 and sid1 negatively regulate class
C gene function within the lateral organs of the spikelet. Likewise, maize BRANCHED SILKLESS1
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(BD1) encodes an ethylene responsive factor (ERF/AP2) that regulates the spikelet meristem identity
and mutation in BD1 produces indeterminate floral branching [69]. Like rice FZP and maize BD1,
Brachypodium MORE SPIKELETS1 (MOS1) determines spikelet meristem identity as the mos1 mutant
showed increased number of axillary meristems compared with the wild type [24]. In wheat, Wheat
FZP (WFZP) controls spikelet meristem identity that drives the formation of supernumerary spikelets
by repressing floral meristem formation and differentiation [25]. The regulation of spikelet meristem
identity by AP2-like genes in rice, maize, Brachypodium, and wheat indicates that their function is
conserved among distantly related grass species including agriculturally important crops. In addition,
wheat genome also contain TaQ and TaAP2. The wheat domestication gene (TaQ) has a role in
inflorescence shape, glume shape, glume tenacity, and spike length [27,75]. Phylogenetic analysis and
transcriptional pattern of wheat TaAP2 revealed its orthologous relationship with barley HvAP2/Cly1,
which is involved in lodicule identity [73,142]. This observation demonstrates that like rice AP2-like
orthologs, wheat TaAP2 might also associated with lodicule identity [72,74], suggesting their functional
similarities in grasses.

In recent years, evolutionary conserved micro-RNAs (miRNAs) have been identified and played
a crucial role in plant organogenesis. miR172 appears with the evolution in angiosperms and has
been identified in Arabidopsis, rice, maize, barley, and wheat. The level of miR172 increases with
plant age and its expression is under photoperiodic control [143]. It is an active repressor of all
AP2-like TFs, which are thought to participate in floral patterning. AP2 has been demonstrated to
bind and repress the expression of miR172b [144]. Early studies reported AP2 transcripts in all floral
organs [70], however recent observations show that AP2 expression is restricted to sepals and petals
compared to that of miR172 that predominantly expressed in inner floral whorls (stamen, carpel,
and ovule) [145]. These findings suggest an antagonistic interaction of AP2 and miR172 in plant
developmental transitions.

In cereals, functionally characterized targets of miR172 include Zea mays indeterminate spikelet1
(ids1) and sister of indeterminate spikelet1 (sid1) [68], Oryza sativa SUPERNUMERARY BRACT
(OsSNB) [146], and Hordeum vulgare Cleistogamy1 (Cly1) [142]. Wheat domestication gene TaQ is also a
target of miR172, however it is not clear if miR172 mediated regulation has a role in domestication [147].
These investigations provide new insights into the ancient role of miRNAs about floral organ regulation
in cereals.

3.2. Class B Homeotic Genes

Arabidopsis class B homeotic genes include AP3 and PISTILLATA (PI) that are required for petal
and stamen identities. Single mutants of these genes caused conversion of petals to sepals in the
second floral whorl and stamens to carpels in the third floral whorl [78,81]. Rice has two orthologs of
PI: OsMADS2 and OsMADS4 [148]. RNAi suppression of OsMADS2 showed homeotic changes in
lodicules with no effect on stamens [83], whereas RNAi suppression of OsMADS4 showed no alteration
in these floral organs [86]. Interestingly, simultaneous mutations in both genes caused the conversion of
lodicules and stamens into palea and carpel-like structures respectively. These observations suggest an
equal role for both genes in stamen development, with OsMADS2 more important in lodicule identity.
Similarly, maize contains three orthologs of Arabidopsis PI; Zea mays MADS16, 18, and 29 (ZMM16,
ZMM18, and ZMM29). Mutation in ZMM16 produced a Sterile Tassel Silky Ear1 (STS1) phenotype in
which lodicules transformed into palea-like and stamens into carpel-like structures [85]. Phylogenetic
analysis showed that ZMM16 as an ortholog of OsMADS2 while ZMM18 and ZMM29 are orthologous
to OsMADS4. Recently, a study reported that ZMM16/STS1 (together with its paralogs ZMM18 and
ZMM29) forms obligate heterodimers with maize SILKY1 (Sl1) and specifies organ identity in second
and third floral whorls [149]. Interestingly, RNAi knockdowns of ZMM18 and ZMM29 showed no
detectable floret phenotype, indicating that STS1 can compensate ZMM18/29 reduction, but ZMM18/29
cannot compensate for STS1 reduction. With this evidence, it is possible to speculate a role for maize
AP3/PI-like genes.
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The sole ortholog of AP3 in rice; OsMADS16/SUPERWOMAN1 (SPW1) has been observed
to interact with rice PI-like genes. OsMADS16 knockdown mutant showed homeotic conversion
of lodicules and stamens to palea and carpel-like structures, respectively, similar to PI-types [80].
Similarly, the loss-of-function mutant of maize SILKY1 (AP3 ortholog) showed alterations in lodicules
and stamens [76]. As lodicules represent second whorl (petals), their transformation into palea-like
structures support the hypothesis that petals of eudicots are likely to be modified into lodicules in
grasses. Furthermore, Arabidopsis and maize class B genes showed similar biochemical activities
in vivo and in vitro [85]. Collectively, these findings suggest that the function of class B genes is
somewhat conserved between grasses and eudicots.

The Brachypodium genome contains three B class genes: BdMADS5, 16, and 20. BdMADS5 is an
ortholog of Arabidopsis AP3 and rice OsMADS16. Similarly, BdMADS16 and BdMADS20 are orthologs
of OsMADS4 and OsMADS2, respectively, and are clustered with Arabidopsis PI [31]. Strong expression
of Brachypodium B class genes was detected in lodicules and stamens, with BdMADS16 expressed in
carpels as well. However, transcript abundance of all B class genes was very low in the lemma and
palea in Brachypodium similar to those of Arabidopsis and rice B class genes [132,133]. Although their
expression patterns suggest that BdMADS5, 16, and 20 have conserved roles in lodicule and stamen
identity, functional analyses of these genes remain to be conducted to confirm these hypotheses.

WAP3, also called TaAP3 is a wheat ortholog of Arabidopsis AP3, which is encoded by two highly
homeologous genes: TaMADS#51 and TaMADS#82 [82,131]. Northern blot analysis revealed that WAP3
expression was restricted to young spikes during floral development and possibly associated with the
induction of pistillody (homeotic conversion of stamens into carpel-like structures) [79]. WAP3 is also
involved in the homeotic transformation of lodicules and stamens into palea and pistil-like structures,
respectively [77]. Wheat genome also contains two PI-like genes: WPI1 and WPI2. Phylogenetic
analysis revealed close orthologous relationships of WPI1 with OsMADS4, and that of WPI2 with
OsMADS2. Similar to WAP3, wheat PI-type genes were reported to be involved in lodicule and stamen
development and their homeotic transformation into palea and pistil-like structures. Hama et al. [77]
reported that WAP3 and WPI were highly expressed in the primordia of lodicules and stamens.
Low expression patterns of wheat B class genes were detected in pistil-like stamens of an alloplasmic
wheat line having the Aegilops crassa Boiss. cytoplasm and lacking the Rfd1 gene, indicating that
these genes gradually disappear from the fourth whorl (carpel/pistil) just like Arabidopsis PI [81].
These observations strongly suggest that wheat class B genes are associated with the induction of
pistillody, a direct consequence of changes in copy number and expression of WAP3 and WPI’s in third
and fourth whorls confirming that WAP3 and WPI’s exhibit class B functions.

BSISTER genes, closely related to class B MADS-box genes, have been identified through
phylogenetic studies. Members of this subfamily regulate female reproductive organs and seed
development [150]. All BSISTER MADS-box genes investigated to date are expressed during early
ovule development indicating that these genes may be required for ovule identity. Arabidopsis has
two BSISTER genes—ARABIDOPSIS BSISTER (ABS)/TRANSPARENT TESTA16 (TT16) and GORDITA
(GOA)—both expressed in mature ovules [88,89]. Yang et al. [91] has functionally characterized the
rice BSISTER MADS-box gene; OsMADS29. His findings demonstrate that OsMADS29 expressed
only in floral but not vegetative organs. Another study involving RT-PCR revealed that OsMADS29
expressed in ovules, consistent with previously reported patterns for wheat BSISTER (WBsis) and
maize ZMM17 [87,90]. However, knock-down of OsMADS29 by double-stranded RNA-mediated
interference (RNAi) resulted in shriveled and/or aborted seeds [91], suggesting that OsMADS29 also
has important functions in seed development of rice by regulating cell degeneration of maternal
tissues. Furthermore, Arabidopsis and rice BSISTER and D-class genes show overlapping expression
patterns [151]. More recently, Schilling et al. [84] investigated another BSISTER gene (OsMADS30) in
rice. This gene was weakly expressed in ovules. Further, the plants carrying a T-DNA insertion in
OsMADS30 showed no aberrant phenotype, indicating that this gene is either not required for ovule
specification or its function is obscured by another class D gene (OsMADS21). Brachypodium also
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contains three BSISTER genes: BdMADS17, 23, and 38. Weak expression of BdMADS17 and BdMADS23
was detected in palea but absent in ovules. However, BdMADS38 was weakly expressed in stamens
only [31]. Altogether, these results suggest that BSISTER genes do not possess a strict function, instead
of play overlapping roles in whole reproductive ontogeny.

3.3. Class C and D homeotic genes

It is believed that during the divergence of angiosperm and gymnosperm lineages, an ancient
duplication resulted in the class C origin, including all stamen and carpel identity genes and class D or
ovule specification genes [98,99,152]. This type of classification is reported in several phylogenetic
studies [30,31,131,153], and has therefore been adopted in this review. Arabidopsis has three class C
homeotic genes; AGAMOUS (AG) and SHATTERPROOF1 and 2 (SHP1 and SHP2). Arabidopsis typical
class C gene AG specifies stamen (third whorl) and carpel (fourth whorl) identities and has an additional
role in floral meristem determinacy [93]. In the absence of AG activity, class (A)-gene function expands
to the 3rd and 4th whorls [32,154], which suggests antagonistic interaction between these two classes of
homeotic genes. The additional C class genes of Arabidopsis, SHP1 and SHP2, are required for carpel
and fruit dehiscence zone specifications [57,155]. Like grass class B genes, the function of class C genes
are also diversified in grasses due to events of duplication and subfunctionalization of these genes
during evolution. Rice has two duplicated class C genes; OsMADS3 and OsMADS58. Yamaguchi
et al. [98] investigated single mutants of rice class C genes and reported interaction with the class D
gene OsMADS13, regulating floral meristem determinacy with redundant mediation of class C gene
functions. Mutant and transgenic analyses showed that OsMADS58 regulates floral determinacy with
minor effects on carpel identity, while OsMADS3 predominately regulates stamen identity and prevents
lodicule development with minor effects on floral determinacy. As floral determinacy is defined by
class (A)-genes, OsMADS58 probably has reduced AG activity in the third and fourth whorls compared
to OsMADS3. Furthermore, the rice class B gene OsMADS16 interacts with class C genes to suppress
indeterminate growth within floral meristems [156]. These findings indicate that class C genes play a
dominant role in stamen and carpel identity, with a minor role in floral meristem determinacy and
possible antagonistic interaction between A and C class genes. A study conducted by Dreni et al. [92]
demonstrated redundant mediation of the class C associated functions by OsMADS3 and OsMADS58.
He also observed strong defects in stamens and carpels of osmads3 flowers, whereas most of the osmads58
flowers were indistinguishable from wild type flowers. The contribution of OsMADS3 in specifying
C-function seems to be more important when compared with OsMADS58, consistent with the reports
of Yamaguchi et al. [98]. The double mutants of osmads3 and osmads58 were corresponding to the ag
mutant of Arabidopsis with some differences between their phenotypes. The osmads3 and osmads58
mutants showed homeotic conversion of stamens and carpels into lodicule and palea-like structures,
respectively. Dreni et al. [92] also reported FM determinacy by AG subfamily genes. Out of four AG
subfamily genes in rice, three (OsMADS3, OsMADS13, and OsMADS58) redundantly regulated the FM
determinacy. All the three possible double mutant combinations (osmads3 and osmads58, osmads3 and
osmads13, and osmads13 and osmads58) resulted in an enhanced FM indeterminacy.

Maize has three class C genes: Zea mays AGAMOUS1 (ZAG1), ZMMS2, and ZMM23 [152,153].
Like rice class C genes, ZAG1 and ZMM2 both have functional diversification as these are orthologs of
OsMADS58 and OsMADS3, respectively. Expression analysis detected ZAG1 transcript abundance in
early stamen and carpel primordia with partial floral meristem determinacy [97]. However, a later
study with ZAG1 mutants demonstrated a loss of floral meristem determinacy with little change in
stamen and carpel identity [96]. ZMM2 transcripts were expressed in stamens and carpels, while
stronger expression patterns were detected in stamens only, suggesting an involement in stamen and
carpel development. Although, ZMM2 mutants have not been identified, these observations indicate
overlapping but nonidentical activities for both maize C class genes.

Like rice, Brachypodium also has two C class genes—BdMADS14 and 18—that show high
sequence similarity with OsMADS3 and OsMADS58, respectively [31]. Strong expression of BdMADS18

386



Int. J. Mol. Sci. 2019, 20, 2743

was detected in stamens and carpels, whereas BdMADS14 was weakly expressed in stamens only.
In contrast to their rice homologs, where OsMADS3 and OsMADS58 have important roles in floral organ
identity [98]; the gene BdMADS18 appears to have a more dominant role in stamen and carpel identity.
Similarly, wheat also has two orthologs of AG; wheat AGAMOUS-1 and 2 (WAG-1 and WAG-2) [94].
However, unlike rice and maize orthologs, these have possible roles in ectopic ovule formation and the
conversion of stamens into pistil-like structures. Meguro et al. [95] reported that WAG transcription
levels were low in young spikes but increased during later stages of spike development and were
highest between the booting and spike emergence stages. WAG was expressed in both reproductive
and non-reproductive parts of the flower with an extra transcript of WAG detected in the pistillody
line. These observations suggest that WAG is associated with pistillody induction. Loss-of-function
analysis of WAG genes would further elucidate their role in stamen and carpel identity. Other names
for WAG-1 and WAG-2 are TaAG1 and TaAG2/TaAGL39, respectively [117,131]. Phylogenetic analysis
showed that rice class C genes, OsMADS58 and OsMADS3, are orthologous to WAG-1 and WAG-2,
respectively (Figure 3). In conclusion, both class B and C genes in wheat appear to have a role in the
induction of pistillody [77,79,95].

Previous studies demonstrated that class D is a more specialized version of class C and define
ovule identity [37,153]. Class D genes were first identified in Petunia as FLORAL BINDINGPROTEIN
7 and 11 (FBP7, FBP11). Their cosuppression transforms ovules into carpelloid structures [157].
Overexpression of FBP11 results in ectopic ovules on sepals and petals [33] indicating its function
in ovule identity. In Arabidopsis, class D gene functions are specified by SEEDSTICK (STK).
Biochemically, STK protein interacts with class C (AG, SHP1 and SHP2) and class E proteins to
define ovule identity [101]. Triple mutants of STK, SHP1, and SHP2 transform ovules into carpelloid
structures [57] confirming that Class D genes specify ovule identity in Arabidopsis. Phylogenetic
analysis clustered STK and SHPs into single clade (Figure 3). The functional divergence between
STK and SHP paralogous genes may arise due to diversification in their DNA binding site motifs or
through alterations in their tissue-specific expression levels [158]. Rice contains two orthologs of STK:
OsMADS13 and OsMADS21 [99]. Expression analysis, loss-of-function and protein–protein interaction
studies suggest that OsMADS13 is involved in ovule identity [99,100,102,103]. Moreover, OsMADS13
acts synergistically with OsMADS3 (a class C gene) to regulate ovule development and floral meristem
termination [159]. Loss-of-function in OsMADS21 showed no ovule defects suggesting a loss of ovule
specification by this gene [92,99].

Maize has three class D genes: ZMM1, ZAG2, and ZMM25 [62]. Phylogenetic analysis showed
ZMM1 and ZAG2 to be closely related to rice OsMADS13, whereas ZMM25 had a close relationship with
rice OsMADS21 [131]. Similar to Arabidopsis STK, the expression of ZAG2 was primarily identified in
carpels and ovules [97,160] indicating a possible role in ovule specification.

Like rice, Brachypodium also has two D class genes—BdMADS2 and 4—orthologous to OsMADS13
and OsMADS21, respectively. Quantitative RT-PCR revealed comparable expressions of both genes in
all floral organs, with the exception of carpels and ovules, where the expression of BdMADS2 was more
than 5 times to that of BdMADS4 [30]. Ectopic expression of both genes in Arabidopsis demonstrated
that overexpression of BdMADS4 produced more significant phenotypic changes than transgenic
Arabidopsis carrying BdMADS2. Interestingly, in contrast to Arabidopsis and rice D class genes,
overexpression of Brachypodium D-lineage genes did not directly affect carpel and ovule development
in transgenic Arabidopsis. Further studies involving loss-of-function mutants would be required to
confirm their role in ovule identity.

Wheat SEEDSTICK (WSTK) is an ortholog of Arabidopsis STK and rice OsMADS13. In wheat,
its homologous genes are identified as TaAGL9 and TaAGL31 [117]. WSTK expression was observed
in young to mature spikes, although its transcription was only restricted to pistils. During ovule
development, the highest expression of WSTK was observed in the developing ovule of the pistils,
suggesting an involvement in ovule specification and development [90]. Moreover, WSTK was
expressed not only in true pistils but also in pistil-like stamens of an alloplasmic wheat line having
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the Aegilops crassa Boiss. cytoplasm, which arose due to the homeotic transformation of stamens into
pistil-like structures. During the homeotic transformation of stamens into pistil-like structures in an
alloplasmic wheat line no significant difference were recorded in the expression of wheat class C gene
homologs WAG-1 and WAG-2 [161]. Furthermore, yeast two-hybrid analysis demonstrated that the
WSTK protein formed a complex with a class E protein (WSEP) [90]. These observations suggest that
similar to Arabidopsis STK, wheat STK protein interacts with the E class protein to specify ovule
identity providing an evidence functional conservation of class D genes in Arabidopsis and wheat.

3.4. Class E Homeotic Genes

Class E genes work in all floral organs and act as cofactors for A, B, C, and D class proteins to form
higher order MADS-box protein complexes, which regulate the floral organ identity (floral quartet
model) [162]. In Arabidopsis, four SEPALLATA genes (SEP1-4) have been reported and these specify
sepal, petal, stamen, carpel, and ovule identity [34,35]. Knockdown of all of these genes results in the
transformation of floral organs into bract-like structures and sepals.

In grasses, SEP-like genes are further classified into SEP and LOFSEP clades and AGL6-like
genes [114,115,163]. The SEP clade in rice include OsMADS7 and OsMADS8. Cosuppression of
both genes results in severe homeotic and meristematic changes in all floral organs, especially in
lodicules [104]. OsMADS1/LEAFY HULL STERILE1 (LHS1), OsMADS5, and OsMADS34/PANICLE
PHYTOMER 2 (PAP2) are placed into the LOFSEP clade [110]. Mutations in OsMADS1 produced an
abnormal phenotype, which is described by the presence of lemma/palea-like leaves and lodicules [59].
Loss of OsMADS1 transforms the lemma into glume-like structures [164]. Simultaneous knockdown of
OsMADS1, OsMADS5, OsMADS7, and OsMADS8 transforms the inner floral whorls into bract-like
structures with no effect on the lemma [104] suggesting that OsMADS1 is associated with lemma and
palea differentiation. A more recent study confirms that OsMADS1 is involved in floral meristem
identity and activity because defective floral organs were observed in the outer two whorls of
osmads-1 flowers [165]. Yeast two-hybrid analysis showed OsMADS1 protein to form heterodimers
with B, C and, D class proteins that modulate floral meristem determinacy and organ identity.
OsMADS1 and OsMADS13 regulate meristem determinacy in partially independent pathways while
OsMADS17 is a direct target of OsMADS1 during floral development. OsMADS1 interacts physically
and genetically with OsMADS3 and OsMADS58 to specify stamen identity and suppression of
spikelet meristem reversion [165]. These findings suggest that OsMADS1, through physical and
genetic interaction with floral homeotic regulators, has diversified functions in floral meristem
maintenance and specification of organ identity. In contrast, mutations in OsMADS34 disturb
inflorescence morphology and interfere with primary and secondary branches [111]. OsMADS34
has been shown to interact with rice class (A)-genes to define inflorescence meristem identity [112].
These observations demonstrate that OsMADS34 plays an important role in inflorescence and spikelet
meristem determination. Ren et al. [166] recently demonstrated that a new mutant allele (m34-z) of
OsMADS34 homeotically converted empty glumes into lemma-like organs, suggesting that OsMADS34
is required for glume specification.

The rice AGL6 clade contains two genes: OsMADS6/MOSAIC FLORAL ORGANS 1 (MFO1) and
OsMADS17 [114,115]. Both genes specify floral organ identity, although the predominant role is played
by MFO1. Mutant analysis showed that MFO1 determines floral organs by synergistically interacting
with all classes of homeotic genes, except class-(A) [113]. Interestingly, a null allele of MFO1 converts
all floral organs into lemma like structures, except the lemma, suggesting a critical role for MFO1 in
floral organ specification [167].

At least ten putative E class genes have been identified in maize, which can be further
subcategorized into SEP, LOFSEP, and AGL6 clades [105,109]. The SEP clade contains three genes
(ZMM6, 7, and 27). The LOFSEP clade contains five genes (ZMM3, 8, 14, 24, and 31) and the AGL6
clade contains two genes (ZAG3 and 5). Sequence and phylogenetic analysis showed that ZMM3 was
orthologous to OsMADS5, ZMM6 was orthologous to OsMADS7, ZMM7 and ZMM27 were orthologous
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to OsMADS8, ZMM24 and ZMM31 were orthologous to PAP2/OsMADS34, and ZMM8 and ZMM14
were orthologous to LHS1/OsMADS1 (Figure 3). During spikelet development, ZMM8 and ZMM14
were expressed in upper florets, although not in the lower florets of floral organs [109], indicating a
possible role in floral meristem determinacy. In situ hybridization showed that ZMM6 and ZMM27 were
strongly expressed during the maize kernel development, with lower expression during inflorescence
development and no expression at all during vegetative growth [105]. Furthermore, neither single nor
double knockdown mutants of ZMM6 and/or ZMM27 resulted in kernel abnormalities or alterations in
flower development indicating functional redundancy of class E genes in maize.

Similar to rice and maize, Brachypodium also contains six cass-E genes—BdMADS1, 7, 11, 26, 28,
and 32—which are further classified into SEP, LOFSEP, and AGL6 clades [31]. The SEP clade contains
two genes—BdMADS26 and 32—both of which expressed highly in all floral organs except for the
lemma and palea. The LOFSEP clade contains BdMADS1, 7, and 11. Strong expression of BdMADS7
and BdMADS11 was detected in all floral organs. On the other hand, the AGL6 clade contains only one
gene—BdMADS28—which was weakly expressed in lodicules and stamens only [31]. These diversified
expression patterns are consistent with those of rice and maize homologs and indicate functional
divergence among different class E clades. To date, none of the SEP encoding genes has yet been
functionally characterized in Brachypodium.

Wheat E class genes are also subcategorized into SEP, LOFSEP, and AGL6 clades. The SEP clade
contains wheat SEP (WSEP), TaMADS1, TaAGL16, TaAGL28, and TaAGL30 genes [107,117]. In situ
expression analysis showed WSEP in lodicules, stamens, and carpels during floral organ differentiation.
Stronger expression of WSEP was observed in the palea after determination of floral organ identity,
supporting the concept that in addition to organ differentiation, WSEP has a role in subsequent
development [107]. Rice AGL6 clade gene OsMADS6 also showed palea specific expression [116].
Similar to Arabidopsis SEP3, WSEP also interacts with class B and C homeotic genes, suggesting a
conserved role for grass E genes. TaMADS1 is another SEP encoding gene that is characterized as an
E class gene [108] and orthologous to the rice class E gene OsMADS8/24. TaMADS1 is functionally
similar to WSEP in that overexpression of both genes in transgenic Arabidopsis caused early flowering
and terminal flower formation [107].

The LOFSEP clade in wheat contains eight genes: WLHS1, TaAGL3, 5, 8, 24, 27, 34, and 40. LEAFY
HULL STERILE 1 (WLHS1) is an ortholog of OsMADS1/LHS1 [107,117]. High transcript levels of
WLHS1 accumulate in glumes, lemma, palea, and lodicules while stamens and pistils exhibiting low
levels. This differential expression behavior of LHS1 was also reported in other grass species including
Avena sativa, Chasmanthium latifolium, Pennisetum glaucum, and Sorghum bicolor [168], which may be due
to differences in corresponding inflorescence structures. The wheat AGL6 clade contains two genes:
TaAGL6 and TaMADS37 [117]. Mutants of the wheat LOFSEP and AGL6 clades have not been identified
and thus their function is unknown.

4. Non MADS-Box Genes Involved In Floral Organ Identity

Some non-MADS-box genes are also reported to regulate floral development. Mutants of rice
aberrant panicle organization1 (apo1) showed phenotypic resemblance with class C gene mutants. APO1
mutants convert stamens into lodicules with extra carpels, suggesting that APO1 positively regulates
class C gene functions [121,122]. Moreover, expression of the rice class C gene (OsMADS3) was reduced
in apo1 mutants indicating that APO1 positively regulates OsMADS3 expression [169]. The Arabidopsis
genes UNUSUAL FLORAL ORGANS (UFO) and APO1 are orthologs and both encode F-box proteins.
UFO activates class B genes [123], suggesting a distinct role for both genes irrespective of their
similar biochemical functions. Arabidopsis FLORICAULA (FLO)/LEAFY (LFY) and its rice ortholog
RICE FLORICAULA/LEAFY (RFL)/APO2 displayed different yet overlapping functions. For example,
RFL/APO2 specifies inflorescence meristem identity through interaction with APO1 [170], whereas
FLO/LFY specifies floral meristem identity and activates class A, B, and C genes [171].
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As described above, carpel identity is defined by class C MADS-box genes, however YABBY
TFs are also reported to play a major role in carpel identity. The rice mutant drooping leaf (dl) has
some functional similarity to class C MADS TFs in specifying the carpel identity and mutation in DL
converts carpels into stamens [80]. These findings support the notion that candidate carpel identity
genes in rice (class C and DL) redundantly regulate class C gene functions. DL and the class B
gene OsMADS16/SPW1 antagonize each other and this antagonism is critical to setting boundaries
between stamen and carpel identity [80]. The Arabidopsis gene CRABSCLAW (CRC) and rice DL
both encode YABBY TFs, although in addition to its function in carpel identity; CRC also has a role in
nectary development [118]. The expression pattern of CRC in homeotic mutants suggests negative
regulation by class-(A) and B genes. The wheat DL ortholog (TaDL), which was identified by homology
screening [119] and expression in alloplasmic wheat, was found in true pistils as well as pistil-like
stamens, suggesting its role in carpel specification. Moreover, class B genes were not expressed in
pistil like stamens indicating that TaDL and class B genes are mutually antagonistic [77]. Like rice and
wheat, the maize DL mutants (drl1 and drl2) have been characterized and cloned. The drl mutants
displayed ectopic inner-whorl organs in pistillate and staminate florets [120]. Although meristem
activity was influenced by the expression of the Drl loci, Drl transcripts were absent in floral meristems
suggesting that Drl genes may function autonomously. Sang et al. [125] characterised CHIMERIC
FLORAL ORGANS 1 (CFO1), a MADS-box gene, which regulates floral organ identity in rice. Mutants
of CFO1 showed disrupted marginal palea with ectopic but chimeric floral organs. Expression pattern
analysis revealed that rice DL was ectopically expressed in defective floral organs of cfo1 flowers,
suggesting negative regulation between CFO1 and DL [125].

More recently, Liu et al. [124] reported that LONG STERILE LEMMA1 (G1)/ELONGATED EMPTY
GLUME (ELE) and OsMADS34/PAP2 were associated with rice lemma development and determination
of empty glume identity. Mutants of G1/ELE showed homeotic transformation of empty glumes into
lemma like organs. Single and double mutants of G1/ELE and OsMADS1/OsLHS1 showed redundant
roles for both genes in controlling empty glume identity and lemma development. Expression analysis
of G1/ELE in osmads-1 flowers and OsMADS1/LHS1 in g-1 flowers indicated that both genes are regulated
through independent pathways and do not interact at the transcription level. In G1/ELE mutant
plants, downregulation of empty glume identity genes and ectopic expression of lemma identity genes
provides strong evidence that empty glumes are in-fact sterile lemmas. Moreover, Yang et al. [126]
identified a single recessive gene lemma-distortion1 (ld1) associated with lemma development in rice.
This gene encodes a zinc finger protein. Overall these reports suggest that a plethora of non-MADS-box
genes are also involved in floral organ identity in eudicots and cereals.

5. Functional Conservation and Diversification between Distinct Floral Specification Systems

If it is assumed that all angiosperms have homologous reproductive organs, then divergent
angiosperm groups may have a single ancestral flower specifying genetic mechanism. The modified
floral organ identity model (ABCDE) in Arabidopsis suggests occurrence of genetic interactions among
floral homeotic genes. The same model can be used to interpret molecular control of inflorescence
identity in other crop plants including cereals [37]. High-throughput forward and reverse genetic
approaches have led to the identification, cloning, and functional characterization of several genes
involved in the regulation of floral development especially in grasses. Interestingly, most of these genes
exhibit highest sequence similarites and share expression patterns and functional properties with those
of eudicot A, B, C, D, and E floral homeotic genes. However, some grass-specific floral regulators have
also been identified that do not have eudicot homologs and perform distinct functions in grass floral
development. This review integrates current knowledge of floral organ identity genes in an attempt to
adopt the eudicot floral organ identity model to other crop species. Considering grass organ-identity
models illustrated in Figure 2, it is apparent that further research is needed to functionally characterize
maize, Brachypodium, and wheat MADS-box genes to manipulate for crop grain yield improvement.
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Prior to the discovery of loss-of-function mutants, gene function was usually examined through
sequence conservation and expression pattern comparisons with already characterised genes. Due to
genome complexities and difficulties in the use of modern genetic approaches in grasses, very little was
known about the role of MADS-box genes in controlling spikelet and floret development. However,
recent studies have provided new insights into the conservation of class (A)-gene function among
eudicots and cereals [65]. The mutational analyses of AP1/FUL like genes in rice and demonstrated that
in addition to their role in floral meristem identity, they also influenced the specification of palea and
lodicule identities. As these grass-specific organs are thought to be homologous to eudicot’s sepals and
petals, these divergent groups may share a conserved nonreproductive floral organ specification system.

Comparison of all the proposed models indicates a partially conservative, partially-diverse floral
regulation among grasses and higher eudicots. Based on studies in model eudicots, gene expression
patterns and mutant phenotypes appear to be consistent with functional predictions. This is essentially
true for class B, C, and D MADS-box genes. Like eudicots, the functions of class B and C genes have
diverged in grasses due to duplication and subfunctionalization of separate genes. For example,
rice PI-like class B genes show unequal redundancy in their function. Individual mutant analysis
of OsMADS2 indicates the homeotic conversion of lodicules without affecting stamens, whereas
OsMADS4 shows no alteration in lodicules and stamens. Additionally, double mutants of both genes
show the conversion of lodicule and stamen into palea and carpel-like structures, suggesting an
equal role of both genes in stamen identity. However, OsMADS2 is more important than OsMADS4
in lodicule identity. Mutant analysis of maize PI orthologs also indicated that ZMM16/STS1 can
compensate zmm18/29 reduction while specifying class B gene functions. However, ZMM18/29 cannot
compensate for zmm16/sts1 reduction. Similar roles may be speculated for Brachypodium and wheat PI
orthologs as BdMADS16 and WPI1 show sequence similarity with OsMADS4 and ZMM18, respectively,
while BdMADS20 and WPI2 have greater similarity with respect to OsMADS2 and ZMM16 (Figure 3).

Subfunctionalization of duplicated genes was also observed among grass related class C genes.
According to Yamaguchi et al. [98], OsMADS58 plays a major role in floral meristem determinacy
with minor effects on floral organ identity; whereas OsMADS3 has a dominant role in stamen identity
with a minor role in meristem determinacy. Similar findings were reported by Dreni et al. [92], in
which OsMADS3 showed to regulate stamen identity compared with OsMADS58. Severe defects
were obsereved in osmads3 mutant flowers, whereas most of the osmads58 mutant flowers were
indistinguishable from the wild type flowers. Likewise, the maize orthologs ZAG1 and ZMM2 exhibit
functional diversification and are homologs to OsMADS58 and OsMADS3, respectively. ZAG1 mutant
showed loss of floral meristem determinacy and have a minor role in stamen and carpel identity.
By contrast, ZMM2 has yet to be characterized for floral organ identity. In Brachypodium, BdMADS14
and BdMADS18 also indicated overlapping but diverse expression patterns as BdMADS14 highly
expressed in stamens only compared to BdMADS18 that strongly expressed both in stamens and
carpels. Based on orthologous relationships, Brachypodium and maize class C genes have overlapping
but nonidentical functions, similar to rice genes. In contrast, the wheat class C genes WAG-1 and
WAG-2 are involved in ectopic ovule formation and homeotic conversion of stamens into pistil- like
structures and are orthologous to OsMADS58 and OsMADS3, respectively. Knockdown mutants of
WAG genes will help elucidate their function in floral organ identity. Mutations in rice and maize
class C genes result in homeotic conversion of stamens and carpels into lodicules and paleae-like
organs, respectively. Similarly, class C gene mutations in Arabidopsis caused homeotic conversion of
both reproductive organs, with few exceptions. Mutations of these genes in wheat result in ectopic
ovule formation and homeotic conversion of stamens into pistil-like structures. Thus, diverse carpel
specification systems operate in these two divergent groups.

Genetic interactions between rice class C and D MADS-box and non-MADS-box (DL) genes
provided new insights into the partially conservative and partially diversified mechanisms regulating
floral development in eudicots and grasses. Li et al. [159] studied double mutants of OsMADS3,
OsMADS13, and DROOPING LEAF (DL) to investigate their role in floral development. Termination
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of floral meristem determinacy and several carpelloid structures were observed in osmads3/osmads13
double mutants, while noteably their single mutants lacked these alterations at all. Furthermore,
gene expression and protein–protein interaction analyses revealed that both C and D class genes
neither regulate nor interact at the transcription or protein levels, suggesting that class E genes
would mediate their interaction to synergistically control the termination of floral meristem and ovule
identity. These obervations support the notion that grasses have retained their class C and D gene
functions, despite undergone duplication and subfunctionalization. Dramatically, double mutants
of osmads3/dl showed no AG activity, with production of lodicule-like structures within the fourth
whorl and the termination of floral meristem determinacy. Mutual suppression was also absent
and normal expression patterns were observed for OsMADS3 and DL genes in ectopic stamens of
dl flowers and osmads3 mutants, respectively, suggesting a redundant role for both genes in floral
meristem termination. In contrast, single and double mutants of OsMADS13 and DL suggest that DL
is epistatic to OsMADS3, and both have identical roles in ovule identity. More recently, the role of
ovule in cereal grain development has been briefly reviewd [172]. The phenotype of single dl mutants
was identical to that of double osmads13/dl mutants. The dl mutants lacked OsMADS13 expression,
whereas single mutant of osmads13 showed abundance of DL transcripts, indicating direct or indirect
OsMADS13 regulation by DL. Dreni et al. [92] investigated genetic interactions between rice class C
and D genes (OsMADS13 and OsMADS58) through single- and multiple-gene mutants. As expected,
osmads13/58 double mutants showed accumulation of lodicule and palea-like organs in the third and
fourth whorls accompanied by loss of floral organ identity and the triggering of floral meristem
indeterminacy due to reduced AG activity. These observations suggest that a highly conserved class C
gene functional mechanism exists in grasses despite partial subfunctionalization among duplicated
genes. These results led to the proposition that DL lacks class C gene functional activity and cannot
specify carpel identity alone, requiring both OsMADS3 and OsMADS58. Although these findings
provide new insights into the floral development process, further examination of single and multiple
mutants of class B, C, D, and DL genes will be required to elucidate the roles of MADS-box and DL
genes in floral organ specification.

The function of class E genes, particularly the SEP-like, are somewhat conserved among eudicots
and grasses. In rice, detailed spatial and temporal mRNA expression studies, protein interaction
patterns, and mutant analysis indicated a consistent role for SEP-like genes in floral meristem
and organ identity specification [104], since divergence from eudicots. Mutant phenotypes of
Arabidopsis SEP redundant genes (SEP1/2/3/4) and rice OsMADS1, OsMADS7, and OsMADS8 genes
indicated a redundant but interdependent role for both groups, suggesting a partial overlap but
subfunctionalization among class E genes. Furthermore, characterization of AGL6 clade mutants
of rice and maize indicated a similar functional role in floral meristem determinacy and organ
identity [114,115,159]. Similar expression patterns of monocot AGL6 and SEP clade genes and their
complex interactions with class B, C, and D genes indicated conserved floral specification systems.
The functional similarity of SEP and AGL6 clades is provided by Petunia floral development genes [173].

6. Future Perspectives

Understanding of grass inflorescence morphogenesis has expanded significantly over the last two
decades. Extensive studies in model plants have demonstrated common genetic factors regulating
eudicot and grass floral development including MADS-box and non-MADS-box genes and epigenetic
regulators. For Arabidopsis and rice, the genetic and molecular mechanisms of transition from
vegetative to reproductive phase and the role of MADS-box genes in floral organ identity are well
understood. However, this is less well defined for Brachypodium, maize, and wheat because
loss-of-function mutant analysis is rare in these species. Currently, advances in genetics analysis
has made mutant development and characterization easy in grasses which is being used to define
grass floral developmental biology. Deciphering the molecular control of transition from shoot apical
meristem to floral meristem development and the determination of floral organ identity will provide

392



Int. J. Mol. Sci. 2019, 20, 2743

new insights to devise innovative strategies for the development of cereals with enhanced grain yield
and adaptation to multiple environments [174].

Biological research in general and plant evolutionary biology have been revolutionized by advances
in next generation sequencing. Enormous amounts of genomic and transcriptomic sequence data have
also been generated through the 1000 Plants Project (1KP) and the Floral Genome Project [175,176].
These gene resources provide an unprecedented opportunity to bridge the evolutionary gap between
floral morphogenesis in model plants and economically important cereals by characterizing floral
genetic components of ABCD model. Here, it is important to note that most of the cereal orthologs
are merely retrieved by phylogenetic analysis from resource genome databases; therefore, specified
experimental studies will be required to support genetic framework of underlying mechanisms of
floral organ identity in cereals. In this perspective, genome editing tools such as virus-induced gene
silencing (VIGS) and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system
has been widely useful in several eudicots and monocot species to investigate gene function in floral
organ identity and symmetry between basal and core eudicots [177–181]. Effective application of these
systems could herald a new generation of multidisciplinary evo–devo research that better describes
the evolutionary changes in gene regulatory networks underlying floral development. Moreover, these
approaches along with TILLING resources can provide new avenues for grain yield improvement in
cereals through translational research.
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Abbreviations

ABS ARABIDOPSIS BSISTER
AG AGAMOUS
AGL6 AGAMOUS-LIKE 6
AP1 APETALA1
AP2 APETALA2
AP3 APETALA3
APO1 Aberrant panicle organization-1
BD1 BRANCHED SILKLESS1
BdMADS Brachypodium MADS
BM Branch meristem
BR Branch
CA Carpel
CAL CAULIFLOWER
CFO1 CHIMERIC FLORAL ORGANS 1
CRC CRABSCLAW
DL Drooping leaf
ELE ELONGATED EMPTY GLUME
FBP11 FLORAL BINDINGPROTEIN 11
FBP7 FLORAL BINDINGPROTEIN 7
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FLO/LFY FLORICAULA/ LEAFY
FM Floral meristem
FUL1 FRUITFULL 1
FUL2 FRUITFULL 2
FUL3 FRUITFULL 3
FZP FRIZZY PANICLE
G1 LONG STERILE LEMMA1
GL Glume
GOA GORDITA
HvAP2/Cly1 Hordeum vulgare APETALA2/Cleistogamy1
IDS1 INDETERMINATE SPIKELET1
IM Inflorescence meristem
ld-1 lemma-distortion 1
Le Lemma
LHS1 LEAFY HULL STERILE 1
LO Lodicule
LS Lateral spikelet
LSM Lateral spikelet meristem

MADS
MINICHROMOSOME MAINTENANCE 1, AGAMOUS,
DEFICIENS, and SERUM RESPONSE FACTOR

MEGA6 Molecular Evolutionary Genetic Analysis version 6
MFO1 MOSAIC FLORAL ORGANS 1
MFS1 MULTI-FLORET SPIKELET 1
miRNA micro-RNA
MOS1 MORE SPIKELET 1
mRNA Messenger RNA
NCBI National Center for Biotechnology Information
OsIDS1 Oryza sativa INDETERMINATE SPIKELET 1
OsMADS Oryza sative MADS
OV Ovule
PA Palea
PAP2 PANICLE PHYTOMER2
PB Primary branch
PBM/pBM Primary branch meristem
PE Petal
PI PISTILLATA
PI Pistil
RA Rachis
Ra Rachilla
RFL RICE FLORICAULA
RNAi RNA interference
RT-PCR Reverse transcriptase-polymerase chain reaction
SAM Shoot apical meristem
SB Secondary branch
SBM/sBM Secondary branch meristem
SBP/SPL SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
SE Sepal
SEP SEPALLATA
SHP SHATTERPROOF
SID1 SISTER OF INDETERMINATE SPIKELET1
Sl1 SILKY1
SM Spikelet meristem
SNB SUPERNUMERARY BRACT
SPM Spikelet pair meristem
SPW1 SUPERWOMAN1
ST Stamen
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STK SEEDSTICK
STS1 Sterile Tassel Silky Ear1
TaAG3 Triticum aestivum AGAMOUS3
TaAP3 Triticum aestivum AP3
TaDL Triticum aestivum Drooping Leaf
TaMADS Triticum aestivum MADS
TFs Transcription factors
TS Terminal spikelet
TSM Terminal spikelet meristem
TT16 TRANSPARENT TESTA 16
UFO UNUSUAL FLORAL ORGANS
VRN1 VERNALIZATION 1
WAG-1 Wheat AGAMOUS-1
WAG-2 Wheat AGAMOUS-2
WAP1 Wheat APETALA1
WAP3 Wheat APETALA3
WBsis Wheat BSISTER
WFUL1 Wheat FRUITFULL 1
WFUL2 Wheat FRUITFULL 2
WFUL3 Wheat FRUITFULL 3
WLHS1 Wheat LEAFY HULL STERILE 1
WPl1 Wheat PISTILLATA 1
WPI2 Wheat PISTILLATA 2
WSEP Wheat SEPALLATA
WSTK Wheat SEEDSTICK
ZAG1 Zea mays AGAMOUS1
ZAG2 Zea mays AGAMOUS2
ZAP1 Zea mays APETALA1
ZmIDS1 Zea mays INDETERMINATE SPIKELET1
ZMM Zea mays MADS
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Abstract: The class III peroxidase (POD) enzymes participate in plant development, hormone signaling,
and stress responses. However, little is known about the POD family in cassava. Here, we identified
91 cassava POD genes (MePODs) and classified them into six subgroups using phylogenetic
analysis. Conserved motif analysis demonstrated that all MePOD proteins have typical peroxidase
domains, and gene structure analysis showed that MePOD genes have between one and nine exons.
Duplication pattern analysis suggests that tandem duplication has played a role in MePOD gene
expansion. Comprehensive transcriptomic analysis revealed that MePOD genes in cassava are
involved in the drought response and postharvest physiological deterioration. Several MePODs
underwent transcriptional changes after various stresses and related signaling treatments were
applied. In sum, we characterized the POD family in cassava and uncovered the transcriptional
control of POD genes in response to various stresses and postharvest physiological deterioration
conditions. These results can be used to identify potential target genes for improving the stress
tolerance of cassava crops.

Keywords: expression; genome-wide; identification of peroxidase genes; duplication pattern;
stress; cassava

1. Introduction

Peroxidases (EC 1.11.1.X) form a large family of enzymes that are widely distributed in living
organisms and catalyze the oxidoreduction reaction between hydrogen peroxide (H2O2) as an electron
acceptor and diverse electron donors, such as auxin, phenolic compounds, or secondary metabolites [1,2].
According to their protein sequences and structure, peroxidases are classified as either non-heme
peroxidases or heme peroxidases [3]. The majority of heme peroxidase members are divided into
animal and non-animal groups [4]. On the basis of their amino acid sequences and catalytic properties,
non-animal heme peroxidases are assigned to one of three large families: class I, II, or III [3,5]. The class
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III peroxidases (EC 1.11.1.7) are plant-specific oxidoreductases and have various abbreviations (POX,
POD, Px, PER, and Prx) [2].

There are many multigenic class III peroxidasesin land plants, which is commonly secreted into
the vacuole and cell wall [4–7]. The structures and weights of Prx proteins are highly conserved
between paralogs and orthologs [1,3]. The class III plant peroxidases contain 10–12 conserved α-helices
and two short β-strands [2,7–10], and they mainly participate in the peroxidative cycle and hydroxylic
cycle to reduce the production of hydrogen peroxide and the formation of reactive oxygen species
(ROS) [4,5,11,12]. Prx proteins are involved in a variety of physiological processes, such as the
cross-linking of cell wall components, salt tolerance, defense against pathogen attack, the oxidation of
toxic reductants, and the metabolism of phytohormones [2,3,13–17].

Some genetic evidence supports Prx proteins’ role in the plant response to biotic and abiotic
stresses. Overexpression of AtPrx64 was able to enhance tolerance to aluminum stress in transgenic
tobacco plants [18]. AtPrx3 was shown to positively regulate plant tolerance to drought and salt
stresses in Arabidopsis [19]. Overexpression of the Catharanthus roseus genes CrPrx and CrPrx1
in tobacco led to enhanced chilling resistance and increased germination rates under dehydration
and salt treatments, respectively [20]. Repressing the expression of Ep5C in tomato resulted in
reduced susceptibility to bacterial speck caused by the pathogen Pseudomonas syringae pv tomato [21].
CaPO2 gene-silenced pepper plants were shown to be susceptible to infection by Xanthomonas campestris
pv vesicatoria, whereas overexpression of CaPO2 in transgenic Arabidopsis thaliana conferred bacterial
disease resistance [22]. Transgenic carrot plants overexpressing OsPrx114 exhibited enhanced resistance
to necrotrophic fungal pathogens [23]. Together, these previous studies reveal the positive role of class
III plant peroxidases in the response to biotic and abiotic stresses.

To date, the peroxidase (POD) family members have been characterized by whole-genome
analyses in several plants, including 73 PODs in Arabidopsis [24–26], 138 PODs in rice [9], 93 PODs
in Populus trichocarpa [27], 102 PODs in Medicago sativa [28], 119 PODs in maize [29], and 94 PODs
in Pyrus bretschneideri [30]. However, there is less known about the POD family in cassava, a major
tropical crop. Cassava is the third most valuable crop after maize and rice in Africa, Latin America,
and Asia, supplying a carbohydrate source to 600 million people in tropical and subtropical regions [31].
Cassava can efficiently use water, heat, and light resources, and it is resistant to dehydration stress
and lower-fertility soils [32,33]. Unfortunately, the potential of cassava as a food and industrial crop
is restricted because its storage roots deteriorate within 72 h of its harvest [34]. ROS production
is an early event that leads to the postharvest physiological deterioration (PPD) of cassava storage
roots [35]. The mechanisms underlying cassava’s resistance to drought and sensitivity to PPD are
not well understood. POD proteins function by reducing the production of H2O2 and formation of
ROS, which are involved in various physiological processes. Systematic investigations of the cassava
POD family would provide novel insights into the POD-mediated stress response and regulation of
root deterioration.

2. Results

2.1. Genome-Wide Identification of PODs in Cassava

According to the 211 POD protein sequences from Arabidopsis and rice genome databases,
91 POD members were predicted from the cassava genome using BLAST and HMMER methods.
After conserved domain detection was confirmed, these cassava POD proteins (MePODs) were
named MePOD01 to MePOD91. The full length of these putative cassava POD proteins ranges from
153 (MePOD63) to 422 (MePOD46) amino acid residues, and their relative molecular weight varies
from 16.64 (MePOD63) to 46.12 kDa (MePOD46), with isoelectric points ranging from 4.43 (MePOD26)
to 9.63 (MePOD39) (Table S1).
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2.2. Phylogenetic and Comparative Analyses of PODs in Cassava

The homology and similarity of the POD genes in cassava were determined by performing multiple
sequence alignments. Then, the radiation phylogenetic tree of the 91 POD genes was constructed using
the neighbor-joining (NJ) method with a bootstrap value of 1000 using MEGA 5.1 (University College
Dublin, Dublin, Ireland). The phylogenetic analyses indicated that MePOD genes can be divided into
six subgroups on the basis of the observed genetic distance and bootstrap support (Figure 1). The large
subgroups A and D consist of 23 and 24 MePOD members, respectively, whereas the small subgroups
C and F contain 9 and 8 MePOD members, respectively. Subgroups B and E are composed of 15 and
12 MePODs members, respectively. These results show that a diversified POD family exists in cassava.
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Figure 1. Phylogenetic analyses of PODs from cassava. A total of 91 PODs from cassava were used to
create the neighbor-joining (NJ) tree with 1000 bootstraps.

2.3. Conserved Motif and Gene Structure Analysis of POD Families in Cassava

The structural features of MePODs were investigated by identifying 10 conserved motifs using the
MEME database in accordance with the phylogenetic relationship. Then, the conserved motifs were
submitted in their entirety to the InterProScan database for annotation. Eight domains (domains 1, 2, 3,
4, 5, 6, 7, and 9) were noted as POD protein motifs, which are an essential feature of the peroxidase
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family. On the basis of the motif analyses, 83 MePODs were assigned to one of five subgroups (A–E).
Each of these 83 MePODs contains at least nine POD motifs, except for MePOD57 (in subgroup D)
and MePOD69 (in subgroup B), which have seven and five motifs, respectively. The presence of these
motifs suggests that the identified proteins are characteristic of the POD family (Figure 2). Subgroup F
is distinct from the others: its members contain domains 2, 4, 5, 7, and 8. These results indicate that the
proteins assigned to the same subfamilies share similar POD motif characteristics, further supporting
their phylogenetic classification as PODs in cassava.
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on the right represent diverse conserved motifs, while the gray lines indicate non-conserved sequences.

Next, the exon–intron structures of cassava POD genes were analyzed. Subgroup F is exon-rich,
with five to nine exons, whereas other subfamilies have fewer (between one and four) exons, except for
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MePOD02 (in subgroup B), which has five exons (Figure 3). High proportions of POD genes contain
four exons in subgroups A, B, C, and D, with four-exon POD genes forming 84%, 67%, 57%, and 76% of
the genes in these subgroups, respectively, whereas only 50% of the subgroup E genes have four exons.
Generally, POD genes in the same subgroup show similar exon–intron features, providing further
evidence of their phylogenetic relationship.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 5 of 18 
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2.4. Analyses of Chromosomal Distribution and Duplication Events of the Cassava POD Genes

The locations of the cassava POD genes were determined by analyzing their chromosomal
distribution (Figure 4). The 91 MePODs were mapped to chr1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 16,
17, and 18, and scaffold01119. The 24 POD genes in subgroup D were distributed among chr1, 2, 3, 5, 6,
8, 11, 12, 13, 15, 16, and 17, making subgroup D the most widely distributed subgroup. Subgroup F
contains eight POD genes, which are located on chr1, 2, 4, 8, 11, 16, and 18; thus, of the six subgroups
identified, subgroup F is dispersed among the fewest chromosomes. The 23 members of subgroup A
are found on chr1, 2, 7, 8, 9, 10, 15, 17, and 18, among which chromosomes 7, 9, and 10 only contain
subgroup A genes. Generally, the cassava POD genes are widely distributed among chromosomes.
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Figure 4. Chromosome distribution analyses of POD gene subgroups in cassava. The chromosomal
information of 91 MePODs was collected from the Phytozome 12.0 cassava database, and the genes
were then mapped to 17 chromosomes and one scaffold. MapInspect software (Wageningen University,
Wageningen, Netherlands) was used to draw this figure.

To further investigate the expansion of POD genes in cassava, we aligned the total nucleotide
sequences of the 91 MePOD genes to identify duplication events. We identified 15 events
involving 16 paralogs (MePOD2/MePOD33, MePOD29/36/79, MePOD30/32/39, MePOD34/44/56/84,
MePOD42/MePOD49, MePOD60/MePOD62), suggesting that tandem duplication played a significant
role in POD family expansion in the cassava genome (Figure 5).
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Figure 5. Analyses of POD gene duplication in cassava. The program Circos (Canada’s Michael Smith
Genome Sciences Center, Vancouver, Canada) was used to draw different chromosomes in a circular
distribution. The brown connection lines represent tandem duplication events of POD genes in cassava.

Next, we calculated nonsynonymous (Ka) and synonymous (Ks) ratios to understand the modes
of evolutionary selection for the duplicated MePOD genes. We found that the Ka/Ks ratios of the
paralogous genes are between 0.05 and 0.29, indicating that these genes underwent purifying selection
during evolution (Table S2).

2.5. Expression Profiles of POD Genes in Different Tissues of Two Cassava Genotypes

The expression levels of MePOD genes in different tissues were investigated by performing
RNA-Seq analysis on the storage roots, stems, and leaves of a cultivated variety (Arg7) and wild
subspecies (W14). The resulting expression data covered 59 and 56 MePOD genes in the transcriptome
dataset of Arg7 and W14, respectively (Figure 6A; Table S3). Of these genes in Arg7, 15 (25%), 9 (15%),
and 8 (14%) MePODs had high transcriptional levels (log2-based > 4) in stems, leaves, and storage
roots, respectively. The number of MePODs with high expression (log2-based > 4) in the stems, leaves,
and storage roots of W14 was 9 (16%), 7 (13%), and 10 (18%), respectively. Notably, MePOD5 in
subgroup E and MePOD89 in subgroup F were strongly expressed (log2-based fold change > 4) in the
three diverse tissues of Arg7 and W14. These POD genes may play a molecular role in the development
and function of different cassava tissues.
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Figure 6. Transcriptomic analysis of cassava POD genes. (A) Expression of MePODs in the stem (S),
leaf (L), and storage root (SR) of W14 and Arg7. The log2-based FPKM value was applied to build
the heat map using Mev4.9.0 software (CCCB, Boston, USA). (B) Expression of MePODs in the leaf (L)
and root (R) of Arg7, SC124, and W14 after drought treatment relative to under normal conditions.
Log2-based fold changes (L/control; R/control) were applied to build the heat map using Mev4.9.0
software. (C) Expression of MePODs in the storage root at 6, 12, and 48 h relative to 0 h after harvest.
Log2-based fold changes were applied to build the heat map using Mev4.9.0 software.
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2.6. Expression Profiles of POD Genes After Drought Treatment

To study the possible role of MePODs in the cassava response to drought stress, water was
withheld from a wild subspecies (W14) and two cultivated varieties (Arg7 and SC124) for 12 days.
The leaves and roots of these samples were then collected to perform RNA-Seq. Of the transcriptome
data, the expression data were obtained for 71 out of the 91 cassava POD genes (Figure 6B; Table S4).
After drought treatment, 6 (8%) and 5 (7%) MePOD genes in Arg7 were transcriptionally upregulated
(log2-based fold change > 1), whereas 7 (10%) and 29 (41%) were down-regulated (log2 based fold
change < −1) in the leaves and roots, respectively. After SC124 was subjected to drought stress, 9 (13%)
and 4 (6%) MePOD genes were upregulated (log2-based fold change > 1) but 6 (8%) and 29 (41%)
were downregulated (log2-based fold change <−1) in the leaves and roots, respectively. After the W14
subspecies was exposed to drought, 13 (18%) and 21 (30%) MePOD genes were induced (log2-based
fold change > 1), whereas 11 (15%) and 9 (13%) were depressed (log2-based fold change < −1) in the
leaves and roots, respectively. MePOD13 (subgroup A) and MePOD16 (subgroup B) were upregulated
(log2-based fold change > 1) by drought stress in the leaves of all three genotypes. The above data
reveal that more MePOD genes were upregulated in response to drought treatment in W14 than in
Arg7 and SC124.

2.7. Expression Profiles of Cassava PODs During PPD

Transcriptome analyses were conducted at different postharvest periods of the storage roots
of SC124 to examine the possible function of MePOD genes during PPD (Figure 6C; Table S5).
Transcriptional data were obtained for 71 of the 91 MePODs. Of these MePODs, 38 genes were induced
(log2-based fold change > 1) at a minimum of one time point. Notably, MePOD-1, -6, -13, -15, -24, -25,
-33, -39, -45, -46, -81, and -91 were continuously upregulated (log2-based fold change > 1) at all points.
Conversely, MePOD-7, -8, -9, -12, -23, -38, -50, -70, -71, and -88 were downregulated (log2-based fold
change < −1) at all tested times. These results suggest the possibility that MePODs play a role during
PPD in cassava.

2.8. Expression Analysis of MePOD Genes in Response to Various Abiotic and Biotic Stresses and
Related Signals

To test the transcription of MePOD genes upon exposure to methyl jasmonate (MeJA), salicylic
acid (SA), abscisic acid (ABA), H2O2, salt, osmotic stress (by mannitol treatment), cold stress,
and Xanthomonas axonopodis pv manihotis (Xam), nine genes (MePOD-13, -16, -17, -19, -23, -68, -74, -85,
-86) that were induced by drought stress in at least two tissues in all three varieties were selected
for quantitative real-time PCR (qRT-PCR) analysis (Figure 7; Table S6). We define upregulation as:
log2-based fold change > 1. With MeJA treatment, the expression of eight genes (MePOD-13, -17, -19,
-23, -68, -74, -85, and -86) was induced, with particularly high levels expressed 24 h after treatment.
ABA treatment resulted in increased transcript levels of MePOD-17 and -85. With SA treatment,
the expression levels of MePOD-13, -16, -19, -23, -68, -85, and -86 were amplified. H2O2 treatment led to
the induction of MePOD-13, -17, -23, and -85. Salt treatment induced the expression of MePOD17 after
two and six hours, and three days of treatment, but the gene was repressed after 14 days of treatment.
Under osmotic stress, MePOD-13, -17, -19, -23, -85, and -86 were upregulated, among which MePOD-85
was induced throughout the entire treatment time. In response to cold treatment, MePOD17 was
upregulated at 2 and 15 h. Exposure to the pathogen Xam led to the upregulated expression of six POD
genes (MePOD-13, -16, -17, -74, -85, and -86) at a minimum of two time points. Together, these results
demonstrate that the POD genes of cassava respond to multiple stresses and related signals (Figure 7).

413



Int. J. Mol. Sci. 2019, 20, 2730
Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 10 of 18 

 

 223 

Figure 7. Expression profiles of cassava POD genes in the leaves of Arg7 after exposure to MeJA, SA, 224 
ABA, H2O2, salt, osmotic stress (mannitol treatment), cold stress, and Xam. Log2-based qRT-PCR fold 225 
changes were used to build the heat map with Mev4.9.0 software. The changes in color represent the 226 
relative gene expression level. 227 

3. Discussion 228 

Given the significant role of PODs in various physiological processes, including responses to 229 
biotic and abiotic stresses, it was necessary to scientifically investigate the potential functions of POD 230 
genes in cassava, which is an important crop. In this study, we identified 91 PODs in the cassava 231 
genome (Figure 1); thus, cassava has more POD members than Arabidopsis but fewer than rice, 232 
Populus trichocarpa, Medicago sativa, maize, and Pyrus bretschneideri [9,24–30]. We found that 92% 233 
(84/91) of the MePODs have a molecular mass in the range of 30 to 45 kDa, which is in accordance 234 
with previous studies [2,7]. Most of the POD genes (89/91) in cassava harbor more than one exon 235 
(Figure 3), which is similar to the proportion of single-exon POD genes in Pyrus bretschneideri and Zea 236 
mays (PbPRX (90/94) and ZmPRX (89/107), respectively) [29,30]. The similarities in gene structure and 237 
motif composition among the members in each MePOD subgroup support the phylogenetic 238 
classification presented here. 239 

The expansion of a gene family primarily occurs via three kinds of modes: segmental duplication 240 
of multiple genes, tandem duplication of individual genes, and whole-genome duplication [36,37]. 241 
To analyze the duplication modes of the POD genes in cassava, we first identified the chromosomal 242 
locations of the MePOD genes. Chromosomal mapping revealed that these genes are widely 243 
distributed among 17 chromosomes and one scaffold (cassava has 18 chromosomes in total) (Figure 244 

Figure 7. Expression profiles of cassava POD genes in the leaves of Arg7 after exposure to MeJA, SA,
ABA, H2O2, salt, osmotic stress (mannitol treatment), cold stress, and Xam. Log2-based qRT-PCR fold
changes were used to build the heat map with Mev4.9.0 software. The changes in color represent the
relative gene expression level.

3. Discussion

Given the significant role of PODs in various physiological processes, including responses to
biotic and abiotic stresses, it was necessary to scientifically investigate the potential functions of POD
genes in cassava, which is an important crop. In this study, we identified 91 PODs in the cassava
genome (Figure 1); thus, cassava has more POD members than Arabidopsis but fewer than rice,
Populus trichocarpa, Medicago sativa, maize, and Pyrus bretschneideri [9,24–30]. We found that 92% (84/91)
of the MePODs have a molecular mass in the range of 30 to 45 kDa, which is in accordance with
previous studies [2,7]. Most of the POD genes (89/91) in cassava harbor more than one exon (Figure 3),
which is similar to the proportion of single-exon POD genes in Pyrus bretschneideri and Zea mays
(PbPRX (90/94) and ZmPRX (89/107), respectively) [29,30]. The similarities in gene structure and motif
composition among the members in each MePOD subgroup support the phylogenetic classification
presented here.

The expansion of a gene family primarily occurs via three kinds of modes: segmental duplication
of multiple genes, tandem duplication of individual genes, and whole-genome duplication [36,37].
To analyze the duplication modes of the POD genes in cassava, we first identified the chromosomal
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locations of the MePOD genes. Chromosomal mapping revealed that these genes are widely distributed
among 17 chromosomes and one scaffold (cassava has 18 chromosomes in total) (Figure 4), which is in
accordance with the wide chromosomal distribution of PODs in Arabidopsis, rice, Populus trichocarpa,
maize, and Pyrus bretschneideri [9,24,27,29,30]. Secondly, 16 paralogous POD genes were characterized
in the cassava genome, indicating that tandem duplication contributed to MePOD expansion.
Accumulated evidence has demonstrated that duplication events have been important for gene
expansion in the POD family. A total of 37 PRX genes in Populus and 24 POD genes in maize were
identified as tandem duplications, further supporting that tandem duplication has been a significant
means of POD gene expansion [27,29]. Almost all these paralogous MePODs had low or no expression
after drought treatment, but 63% (10 out of 16) from the postharvest transcriptome were expressed
(Table S6), of which MePOD-2, -30, -32, -33, -39, and -44 were significantly upregulated and MePOD-34,
-56, and -62 were repressed at some time point during the PPD process (Figure 6C). These results
indicate that most of the MePOD genes resulting from tandem duplication-driven expansion are
involved in the PPD process of cassava storage roots. Paralogous PRX genes were also found to be
involved in other biological processes. In maize, paralogous genes ZmPRX-26, -42, and -75 were
induced after NaCl, PEG, SA, or H2O2 treatment [29]. In Chinese pear, the expression of paralogous
genes PbPRX-42 and -64 increased during fruit development [30].

The POD family is positively related to the reduced production of hydrogen peroxide and the
decreased formation of reactive oxygen species, and the suppression of these species increases plant
resistance to stresses [4,5,11,12,19,20]. In this study, the total number of POD genes responding to
drought (log2-based fold change > 1) was greater in both the roots and leaves of W14 than that in Arg7
and SC124, suggesting the comprehensive activation of PODs in response to drought in W14 (Figure 6B).
The wild ancestor W14 has been previously confirmed to be more resistant to drought than the two
cultivars SC124 and Arg7 [38,39]. Accumulated evidence suggests that the overexpression of POD
genes results in increased plant tolerance to drought and osmotic stresses [19,20,40,41]. The activity of
POD enzyme was significantly enhanced under drought stress [42]. Consequently, we conclude that
the high ratio of MePODs induced by drought in W14 might contribute to its strong drought tolerance.

Previous studies have suggested that ROS production results in the deterioration process in
cassava during the postharvest period, and a reduction in ROS accumulation could delay the PPD
process [35,43]. The POD family mainly participates in the peroxidative cycle and hydroxylic cycle,
resulting in the reduced production of H2O2 and the decreased formation of ROS [4,5,11,12]. Some PRXs
have been shown to change in expression during the fruit storage process [44,45]. The activity of
POD enzyme significantly increased during cassava PPD process, suggesting their possible role
during the postharvest period of cassava [35,44]. In this study, we found that 78% (71 out of 91)
of PODs (log2-based fold change > 1) were upregulated in the storage roots of SC124 (Figure 6C).
Interestingly, 13% (12 out of 91) of PODs (log2-based fold change > 1) were induced at all points.
Collectively, these results indicate that MePOD genes are involved in the PPD process in cassava
storage roots.

Previous research has indicated that PODs can extensively participate in plants’ responsse to
biotic and abiotic stresses [18–23]. Here, we selected nine genes (MePOD-13, -16, -17, -19, -23, -68, -74,
-85, and -86) to further examine their expression levels after various treatments (Figure 7; Table S6).
These genes are located on different regions of chr7, 13, 3, 17, 8, 15, 10, 9, and 18, respectively (Figure 4).
Phylogenetic analysis indicates that MePOD-16, -68, -74, and -85 belong to subgroup A; MePOD-17
belongs to subgroup D; and MePOD-13, -19, -23, and -86 belong to subgroup E (Figure 1). The results
show that all nine of the analyzed MePODs were upregulated in response to at least two types of
treatments. MePOD17 and MePOD85 (log2-based fold change > 1) were induced by six treatments
(MeJA, salt, cold stress, osmotic stress, ABA, and Xam and MeJA, osmotic stress, SA, ABA, H2O2,
and Xam, respectively); MePOD13 was upregulated by five treatments (MeJA, osmotic stress, ABA,
SA, H2O2, and Xam); and MePOD23 and MePOD86 were upregulated by four treatments (MeJA,
osmotic stress, SA, and H2O2 and MeJA, SA, H2O2, and Xam, respectively). Of these, MePOD13 and
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MePOD23 were induced after H2O2 treatment in cassava leaves (Figure 7) but exhibited the opposite
trend of expression during the PPD process in storage roots (Figure 6C), suggesting their differential
roles in diverse tissues. MePOD-13, -19, -23, -68, and -86 (belonging to subgroup E, except for MePOD68)
were upregulated by MeJA and SA treatments but downregulated by ABA treatment (Figures 1 and 7).
The expression of some PODs has been induced by MeJA and SA treatments in other plant species [2,46].
The opposite direction of expression of these POD genes between MeJA and SA treatments and ABA
treatment may be due to the antagonism between MeJA/SA and ABA [47,48]. Whereas ABA plays
a prominent role in plants’ tolerance to drought stress [38], MeJA- and SA-mediated signaling
pathways are also activated under drought stress [49,50]. The induction of these genes by MeJA, SA,
and drought suggests their possible involvement in MeJA- and SA-mediated drought responses in
cassava. The responses of POD genes to multiple treatments have been observed in other plants.
In Arabidopsis, AtPrx33 and AtPrx34 were upregulated after H2O2 and flg22 treatments [51]. In maize,
ZmPRX-26, -42, and -71 were induced by H2O2, salt, and PEG treatments [29]. Phylogenetic analysis
of MePODs with AtPrx-33 and -34 and ZmPRX-26, -42, and -71 found that MePOD86 shares a close
phylogenetic relationship with ZmPRX71 (Figure S1), suggesting their functional conservation in
multiple treatments. Multiple stresses, such as cold, salt, or PEG, induced the activity of POD enzyme,
demonstrating the response of POD genes to environmental stress [52–54]. These results suggest that
MePODs participate in the response to multiple stresses or related signals and are candidate targets for
the genetic improvement of cassava.

4. Materials and Methods

4.1. Plant Materials and Treatments

Three cassava genotypes, W14, SC124, and Arg7, were planted in the greenhouse of the Chinese
Academy of Tropical Agricultural Science (Haikou, China). Their characteristics were described in our
previous studies [38,55]. Stem segments containing three nodes were cut from eight-month-old cassava
plants and planted in pots, as described in Hu’s study [51]. The transcripts of W14 and Arg7 MePOD
genes in stems and leaves after being planted for 90 days and middle storage roots after being planted
for 150 days were examined by RNA-Seq. After W14, SC124, and Arg7 were cultured for 90 days,
they were subjected to drought stress by withholding water for 12 days, after which their leaves and
roots were sampled to study the transcriptional responses by RNA-Seq. To examine the expression
profiles of MePOD genes after the plants were exposed to stress and related signaling treatments,
the 60-day-old Arg7 variety was treated with 100 µM MeJA for 0, 2, 6, 10, and 24 h; 300 mM NaCl for
0 h, 2 h, 6 h, 3 days, and 14 days; a low temperature (4 ◦C) for 0, 2, 5, 15, and 48 h; 100 µM SA for 0,
2, 6, 10, and 24 h; 200 mM mannitol (to induce osmotic stress) for 0 h, 2 h, 6 h, 3 days, and 14 days;
100 µM ABA for 0, 2, 6, 10, and 24 h; 10% H2O2 for 0, 2, 6, 10, and 24 h; or Xam for 0, 2, 6, 12, and 24 h.
Ten-month-old cassava storage roots (CSR) were cut into 5-mm-thick slices and placed into Petri dishes
containing wet filter paper for 0, 6, 12, and 48 h to study the expression changes in MePOD genes
via RNA-Seq during CSR deterioration. All samples were frozen immediately in liquid nitrogen and
stored at −80 ◦C for RNA-Seq and qRT-PCR.

4.2. Identification and Phylogenetic Analysis of PODs in Cassava

MePOD genes were identified in cassava on the basis of homology with 73 POD protein sequences
from the Arabidopsis genome database (available online: http://www.arabidopsis.org/index.jsp) and
138 POD protein sequences from the rice genome database (available online: http://rice.plantbiology.
msu.edu/index.shtml) [56,57]. The Hidden Markov Model-based search (HMMER: http://hmmer.wustl.
edu/) profile of these confirmed POD proteins was constructed to search the cassava genome hub
(available online: http://www.phytozome.net/cassava.php) [58]. Finally, all predicted POD protein
sequences were further examined by CDD (available online: http://www.ncbi.nlm.nih.gov/cdd/) and
PFAM (available online: http://pfam.sanger.ac.uk/) after being checked by BLAST analyses [59,60].
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All the predicted cassava POD genes identified from HMMER and BLAST were confirmed only if
they included the POD special domains examined by SMART (available online: http://smart.embl-
heidelberg.de/) [61]. Multiple sequence alignment of all predicted MePOD protein sequences was
performed with Clustal W in BioEdit software [62]. The phylogenetic tree of the full-length MePOD
protein sequences was created using MEGA 5.0 (University College Dublin, Dublin, Ireland) with the
neighbor-joining (NJ) method, and bootstrap analysis was conducted with 1000 replicates [63].

4.3. Protein Properties and Structure Analyses of PODs in Cassava

The ProtParam database (available online: http://web.expasy.org/protparam/) was used to predict
the properties, including amino acid numbers, molecular weights (MW), and isoelectric points
(pI), of all presumed POD proteins [64]. The motifs were analyzed using the MEME program
(available online: http://meme-suite.org/tools/meme), in which the maximum number of motifs was set
to 10, the optimum width of motifs was set to 15–50 amino acid residues, and the other settings were
kept at default values [65]. Subsequently, these 10 motifs were annotated in InterProScan (available
online: http://www.ebi.ac.uk/Tools/pfa/iprscan/) [66]. The gene structures of each MePOD were
investigated using GSDS software (available online: http://gsds.cbi.pku.edu.cn/) using each MePOD’s
genomic DNA sequence and its corresponding CDS sequence, which were retrieved from the cassava
genome database [67].

4.4. Chromosomal Location and Duplication Pattern Analyses

According to the results of BLASTN in the Phytozome 12.0 cassava database, MePOD genes
were mapped to different chromosomes. On the basis of the calculated value of nucleotide sequence
similarity and the phylogenetic relationship of cassava POD genes, paralogous genes were identified.
The gene duplication pattern of paralogous MePOD genes was determined by the following two
criteria: (1) the identity of the aligned region was >90% and (2) the alignment covered >90% of the
longer gene. Circos software (Canada’s Michael Smith Genome Sciences Center, Vancouver, Canada)
was used to draw the duplication events of MePOD genes [68,69]. The values of nonsynonymous
substitution (Ka) and synonymous substitution (Ks) were calculated suing DnaSP 5.0 software [70].
Ka/Ks rate > 1 indicates positive evolution, Ka/Ks rate = 1 indicates neutral evolution, and Ka/Ks rate
< 1 indicates negative evolution [71].

4.5. Transcriptome Analyses of PODs in Cassava

RNA-Seq was used to determine the expression of cassava MePOD genes. Total RNA was isolated
from frozen stems, leaves, roots, and storage roots using the plant RNeasy extraction kit (TIANGEN,
Beijing, China) and quantified with a NanoDrop 2000c (Thermo Scientific Inc., Waltham, MA, USA).
Total RNA (3 µg) of each sample was used to construct the cDNA library according to the Illumina
instructions and then sequenced using an Illumina GA II (Illumina Inc., San Diego, USA). The original
data processing and analysis methods were described in our previous study [72].

4.6. Quantitative Real-Time PCR Analyses

Leaf samples of the Arg7 variety subjected to MeJA, SA, ABA, NaCl, low temperature, mannitol,
H2O2, or Xam treatments were collected to perform qRT-PCR analysis. Total RNA (1 µg) from each
sample was used to synthesize the first-strand cDNA using oligo-dT primer by SuperScript reverse
transcriptase (Takara, Dalian, China). The cDNA product was diluted to 50 ng·µL−1, and 1 µL was
used for qRT-PCR. The qRT-PCR reaction mixtures (20 µL) contained 0.6 µL of each gene-specific
primer (300 nmol·µL−1), 10 µL of 2× FastFire qPCR PreMix (Tiangen, Beijing, China), and 7.8 µL of
RNase-free water. The qRT-qPCR thermal cycling included cDNA denaturation at 95 ◦C for 1 min,
with 40 cycles of 95 ◦C for 5 s and 60 ◦C for 15 s in the Mx3005P Real-Time PCR System (Agilent Inc.,
Palo Alto, CA, USA) with the SYBR green method. The β-tubulin gene of cassava was chosen as an
internal control. All qRT-qPCR experiments were performed in triplicate, and the gene-specific primers
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used in expression analysis are listed in Table S7. The data obtained from the qRT-qPCR were analyzed
with Tukey’s post-hoc ANOVA in SPSS 22.0 (SPSS Inc., Chicago, USA) (P < 0.05) after fold treatment
with the 2−44Ct method.

5. Conclusions

In this study, we identified 91 PODs from the cassava genome and studied their basic
classification, protein motif, gene structure, chromosomal distribution, and duplication pattern.
Comprehensive transcriptional level analyses revealed the involvement of MePODs in biotic and
abiotic stress responses, hormone responses, and storage root deterioration. Several MePOD genes
(MePOD-13, -17, -85, and -86) were found to be transcriptionally upregulated after multiple different
treatments, suggesting that these genes are good candidates to target for cassava improvement.
These findings increase our understanding of POD-mediated stress and hormone responses and storage
root deterioration in cassava, laying a foundation for the genetic improvement of cassava.
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Abstract: Salinity critically limits rice metabolism, growth, and productivity worldwide. Improvement
of the salt resistance of locally grown high-yielding cultivars is a slow process. The objective of
this study was to develop a new salt-tolerant rice germplasm using speed-breeding. Here, we
precisely introgressed the hst1 gene, transferring salinity tolerance from “Kaijin” into high-yielding
“Yukinko-mai” (WT) rice through single nucleotide polymorphism (SNP) marker-assisted selection.
Using a biotron speed-breeding technique, we developed a BC3F3 population, named “YNU31-2-4”,
in six generations and 17 months. High-resolution genotyping by whole-genome sequencing revealed
that the BC3F2 genome had 93.5% similarity to the WT and fixed only 2.7% of donor parent alleles.
Functional annotation of BC3F2 variants along with field assessment data indicated that “YNU31-2-4”
plants carrying the hst1 gene had similar agronomic traits to the WT under normal growth condition.
“YNU31-2-4” seedlings subjected to salt stress (125 mM NaCl) had a significantly higher survival rate
and increased shoot and root biomasses than the WT. At the tissue level, quantitative and electron
probe microanalyzer studies indicated that “YNU31-2-4” seedlings avoided Na+ accumulation in
shoots under salt stress. The “YNU31-2-4” plants showed an improved phenotype with significantly
higher net CO2 assimilation and lower yield decline than WT under salt stress at the reproductive
stage. “YNU31-2-4” is a potential candidate for a new rice cultivar that is highly tolerant to salt
stress at the seedling and reproductive stages, and which might maintain yields under a changing
global climate.

Keywords: hst1; Na+ accumulation; SNP; rapid generation advance; salt tolerant; variant annotation;
whole-genome sequencing
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1. Introduction

Projected climate change will aggravate a variety of abiotic stresses of rice plants, including
salinity, heat, drought, and submergence, thus reducing world rice production [1–4]. At the same
time, we must increase global rice production by at least 70% to feed the anticipated 9.6 × 109 people
by 2050 [5,6]. Under these conditions, the improvement of the salinity tolerance of locally grown
high-yielding rice cultivars is one of the most promising breeding objectives by which to meet global
food demand.

Rice is considered the most salt-sensitive cereal crop [7], with a threshold ECe (electrical
conductivity of saturated extract) of 3 dSm−1, above which yield starts to decline [8–10]. Salinity
imposes osmotic effects, ion toxicity, and nutritional imbalance and substantially affects almost all
phases of growth [7,11]. Possible salt tolerance mechanisms in rice involve ion homeostasis and
compartmentalization, ion transport and uptake, biosynthesis and accumulation of osmoprotectants,
osmolytes, and compatible solutes, activation of antioxidant enzymes for ROS detoxification, and
hormone modulation [12–17]. The Saltol [18,19] and SHOOT K+ CONCENTRATION 1 [20,21] genes
have been identified from major quantitative trait loci (QTLs) of salt-tolerant landraces Pakkali and
Nona Bokra, respectively. These QTLs have been introgressed into some widely grown, high-yielding
rice cultivars to improve salt tolerance [22–26], but the rate of improvement is slow.

Rice biotechnology has made advances in identifying single nucleotide polymorphisms (SNPs)
controlling salinity tolerance [27–31]. Mutant lines of “Hitomebore” were generated by treatment
with ethyl methanesulfonate (EMS), an inducer of nucleotide substitutions, and isolated a salt-tolerant
line carrying the hitomebore salt tolerant 1 (hst1) gene. The causative SNP conferring the high salinity
tolerance of the hst1 mutant line corresponded to the third exon of the Os06g0183100 gene, which is
predicted to encode a B-type response regulator designated OsRR22. We backcrossed the hst1 line
with “Hitomebore” to breed the salt-tolerant cultivar “Kaijin”, with a yield ability of 5.88 t ha−1 [32,33].
“Yukinko-mai” is an early-maturing standard cultivar derived from a cross between “Yukino-sei” and
“Domannaka” at the Niigata Agricultural Research Institute’s Crop Research Center; it has a high yield
potential of 6.84 t ha−1 [34] and is tolerant to high temperatures during grain filling [35].

To combat earthquake- and tsunami-induced soil salinity in Japan, it is crucial to improve the salt
resistance of locally grown popular rice cultivars, most of which are salt sensitive [32,36–38]. In addition,
developing Japanese cultivars for international appeal and fine-tuning their yield performance under
various ecosystems around the world are time-demanding tasks. To generate new rice cultivars
quickly, in response to evolving consumer preferences and crises, we crossed the salt-tolerant “Kaijin”
with “Yukinko-mai” to develop a salt-tolerant line with elite agronomic traits through the use of
marker-assisted selection (MAS). MAS is the most advanced tool yet developed for the precise
introgression of genes of interest into elite rice cultivars [39,40], and allows breeders to recover
most of the recurrent parent genome in only two or three generations [41]. Salt, heat, and drought
stress-responsive genes or QTLs revealed by recent advances in genomics and biotechnology are being
used for MAS of rice all over the world [42–44].

In recent years, rapid generation-advance technology called “speed-breeding” has been used
to shorten the generation cycle, accelerating the progress of genomics and breeding studies in
multiple crops [45–48]. This technique has been used for the genetical improvement of rice, such as
recombinant inbred lines, backcrossed inbred lines, and isogenic cultivars [46,47]. The speed breeding
method has been reported for six major crops such as spring wheat (Triticum aestivum), durum wheat
(Triticum durum), barley (Hordeum vulgare), chickpea (Cicer arietinum), pea (Pisum sativum), and canola
(Brassica napus), that uses a prolonged photoperiod to reduce the generation time [48]. Nagatoshi
and Fujita [49] developed a breeding technique for short-day soybean plant applying supplemental
CO2 in combination with long-day and appropriate temperature cycles. Using speed-breeding, which
combines temperature, light duration, and humidity control, tiller removal, and embryo rescue,
breeders can obtain four to five advanced generations in a year [45,46].
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In this study, we precisely transferred the hst1 (OsRR22) gene, which confers salinity tolerance, from
“Kaijin” into high-yielding “Yukinko-mai” (WT) rice through SNP MAS coupled with speed-breeding.
We sequenced the whole genome of a BC3F2 hst1 homozygous line and determined the genome recovery
rate. We also examined important physiological and biochemical parameters of the BC3F3 generation
that confer salt tolerance and evaluated the phenotype under salt stress and normal field conditions.

2. Results

2.1. Breeding Scheme for Development of Advanced Plant Material

We introgressed the salt-tolerance hst1 gene from “Kaijin” into the genetic background of
the high-yielding “Yukinko-mai” by three backcrosses followed by two rounds of self-fertilization
(Figure 1A). To accelerate the breeding cycle, we used a biotron speed-breeding system, with controlled
temperature and daylength, restriction of tillers, and embryo rescue (Figure S1). At each cross, the
plants produced a good quantity of fertilized seed; the cross success rate ranged between 54% and 69%
(Table S1), and seeds from three or four plants were sufficient to develop new progeny. Each advanced
generation took approximately 70 days from germination to flowering and 10 days from pollination to
embryo rescue (Figure S1). The total duration of each generation varied according to days to flowering.
Using this speed-breeding technique, we developed the BC3F3 population, carrying our desired allele
in the homozygous state, in six generations and 17 months.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 22 

 

 
Figure 1. Single nucleotide polymorphism (SNP) marker-aided introgression of hst1 from “Kaijin” 
into “Yukinko-mai”. (A) The hst1 gene was transferred from highly salt-tolerant “Kaijin” into 
“Yukinko-mai”. “Kaijin” was backcrossed to “Yukinko-mai” (WT) 3 times followed by 2 rounds of 
self-pollination. The table shows the selection results at each generation: T, total number of tested 
plants; G/G, number of plants not carrying donor allele; G/A, number of plants carrying donor allele 
in heterozygous state; A/A, plants carrying donor allele in homozygous state. The number after “#” 
is the individual plant number used in backcrossing or self-pollination. (B) Advanced breeding 
individuals were genotyped by direct sequencing. The red box represents nucleotide 1975 of the 
OsRR22 locus, which is responsible for salt tolerance. 

2.3. Recovery Rate and Characterization of BC3F2 #31-2-4 Genome 
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9. Interestingly, we identified some genotype blocks overlapping other genotype blocks (Figure 2, 
chr08, 5–10 Mb; chr09, 10–12 Mb), resulting from continuous recombination events in these extremely 
short regions [50,51]. We calculated the genome recovery rate from the number of “Yukinko-mai” 
alleles out of the total number; the BC3F2 genome recovered 93.5% of the “Yukinko-mai” genome, 
from 89.7% homozygous alleles and 7.6% heterozygous alleles (Table 1; section 4.7). This score is close 
to the theoretical value of 93.7% following three backcrosses and one self-fertilization. In addition, 
2.7% of the BC3F2 genome was “Kaijin” homozygous and 7.6% remained unfixed as heterozygous 
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Figure 1. Single nucleotide polymorphism (SNP) marker-aided introgression of hst1 from “Kaijin” into
“Yukinko-mai”. (A) The hst1 gene was transferred from highly salt-tolerant “Kaijin” into “Yukinko-mai”.
“Kaijin” was backcrossed to “Yukinko-mai” (WT) 3 times followed by 2 rounds of self-pollination. The
table shows the selection results at each generation: T, total number of tested plants; G/G, number of
plants not carrying donor allele; G/A, number of plants carrying donor allele in heterozygous state;
A/A, plants carrying donor allele in homozygous state. The number after “#” is the individual plant
number used in backcrossing or self-pollination. (B) Advanced breeding individuals were genotyped
by direct sequencing. The red box represents nucleotide 1975 of the OsRR22 locus, which is responsible
for salt tolerance.
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2.2. Introgression of hst1 into “Yukinko-mai” (WT) and Genotyping of Advanced Progeny Using SNP Marker

We used SNP-based genotyping by Sanger sequencing to identify plants harboring the donor allele
in each breeding round. A SNP in the OsRR22 (hst1) gene confers the salinity tolerance of the donor
parent “Kaijin”. The breeding lines were selected on the basis of target peaks of G/A heterozygosity
(nucleotide 1975 of the OsRR22 locus) in the F1, BC1F1, BC2F1, and BC3F1 generations and of A/A
homozygosity at the same locus in the BC3F2 generation (Figure 1B). In the F1 to BC3F1 generations,
we obtained two genotypes: either homozygous, lacking the donor allele (G/G), or heterozygous
(G/A) (Figure 1A). The heterozygous BC3F1 population was self-pollinated to develop BC3F2 lines that
carried the donor allele in the homozygous state (A/A). BC3F2 plants (A/A) morphologically similar to
the recurrent parent were self-pollinated to develop the BC3F3 generation. We sequenced the whole
genome of the BC3F2 line #31-2-4 to compare it with the parental genome, and characterized it.

2.3. Recovery Rate and Characterization of BC3F2 #31-2-4 Genome

To investigate the genetic similarities between our advanced line and the parents, we analyzed
BC3F2 #31-2-4 using whole-genome sequencing. After we filtered out low-reliability SNPs/indels,
#31-2-4 showed 118 454 SNPs/indels, comprising 106 288 “Yukinko-mai”-type homozygous alleles,
3157 “Kaijin”-type homozygous alleles, and 9009 heterozygous alleles (Table 1). These SNPs/indels
lie across the genome with deep coverage (Figure 2, dots), indicating high resolution and successful
genome-wide genotyping. Allele types formed dense blocks on chromosomes (Figure 2, vertical bars),
clearly showing recovered regions (“Yukinko-mai” homozygous blocks), “Kaijin” genome segments
(“Kaijin” homozygous blocks), and unfixed segments (heterozygous blocks) (Figure 2, horizontal
bar). “Yukinko-mai” chromosomes (Chrs.) 5, 11, and 12 were recovered almost completely. There
were small “Kaijin” segments in Chrs. 1, 4, 7, 9, and 10, large “Kaijin” segments in Chrs. 2, 3, and
6, small heterozygous segments in Chr. 4, and large heterozygous segments in Chrs. 3, 6, 8, and 9.
Interestingly, we identified some genotype blocks overlapping other genotype blocks (Figure 2, chr08,
5–10 Mb; chr09, 10–12 Mb), resulting from continuous recombination events in these extremely short
regions [50,51]. We calculated the genome recovery rate from the number of “Yukinko-mai” alleles out
of the total number; the BC3F2 genome recovered 93.5% of the “Yukinko-mai” genome, from 89.7%
homozygous alleles and 7.6% heterozygous alleles (Table 1; Section 4.7). This score is close to the
theoretical value of 93.7% following three backcrosses and one self-fertilization. In addition, 2.7% of
the BC3F2 genome was “Kaijin” homozygous and 7.6% remained unfixed as heterozygous (Table 1).

Table 1. Single nucleotide polymorphism (SNP)/indel detection in BC3F2 #31-2-4. SNPs/indels in BC3F2

#31-2-4 are classified into “Yukinko-mai”-type (homo[zygous]), “Kaijin”-type (homo(zygous)), and
Hetero(zygous) alleles.

Genotype
Number of Variants

Genome %
SNPs Indels Total

‘Yukinko-mai”
(homo) 84 927 21 361 106 288 89.7

“Kaijin” (homo) 2329 828 3157 2.7
Hetero 7556 1453 9009 7.6
Total 94 812 23 642 118 454 100.0

To estimate the effects of variants on phenotypes, we listed variants causing protein sequence
alterations (e.g., frameshift and in-frame indels, non-synonymous SNPs, SNPs/indels at splice
donor/acceptor sites etc.) in SnpEff software for Sequence Ontology and effect prediction (Figure 3).
In BC3F2, 207 “Kaijin” homozygous and 536 heterozygous variants were found in exon and splice sites.
Only 71 and 230, respectively, of those caused protein sequence alterations (Figure 3; Table S2). These
non-synonymous changes occurred in only four genes for agronomic traits (Table 2).
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Figure 2. Positions and depths of SNPs/indels and genotype blocks on BC3F2 #31-2-4 genome. Dots
show coverage depth of SNPs/indels. Vertical bars show their positions by genotype (color). Horizontal
bar shows densities of SNPs/indels densities in 10,000-nt sliding window by genotype (colour). Black,
“Yukinko-mai”-type homozygous; red, “Kaijin”-type homozygous; blue, heterozygous. Green bars
represent chromosome length.

2.4. Field Evaluation of the “YNU31-2-4” for Main Agronomic Traits

We evaluated “YNU31-2-4” in the field to compare its major agronomic traits with those of
the parents. We found a significant difference in days-to-heading between “YNU31-2-4” and WT:
some plants headed significantly earlier than WT (Table 3; Figure S2B). Heading date was associated
negatively with the Os09g0356200 genotype and positively with the hst1 genotype. These results
support the accuracy of gene-based GWAS [53], and also suggest the potential early flowering function
of hst1 or the effect of unknown flowering-related genes. Grain width, grain thickness, and 1000-grain
weight were significantly higher in “YNU31-2-4” plants than WT (Table 3). The hst1 mutant also had a
wider grain than WT [32]. Together these results, at least partly, suggest that hst1 might be involved in
the increase of grain width. In contrast, other important morphological traits of “YNU31-2-4” were
highly similar to those of WT, particularly flag leaf color, length, and width, plant height, tiller number
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per plant, panicle number per plant, panicle length, spikelet number per panicle, grain yield per plant,
aboveground biomass per plant, and grain length (Table 3; Figure S3A–C).
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Table 3. Growth and yield performance of “Kaijin”, WT, and “YNU31-2-4” genotypes under normal
field conditions. Grain yield is weight of filled spikelets at 14% moisture content. Data are mean ± SD
(n = 10–12). Values with the same letter within a row are not statistically different (Duncan’s multiple
range test, p < 0.05).

Agronomic Traits
Genotype

“Kaijin” WT “YNU31-2-4”

Flag leaf greenness (SPAD value) 42.93 ± 2.63 a 43.49 ± 1.82 a 43.24 ± 2.42 a
Flag leaf length (cm) 27.21 ± 2.53 b 29.85 ± 2.13 a 29.12 ± 1.85 a
Flag leaf width (cm) 1.11 ± 0.06 b 1.23 ± 0.10 a 1.21 ± 0.04 a

Days-to-heading (day) 105.17 ± 1.40 a 105.08 ± 1.38 a 103.75 ± 1.76 b
Plant height (cm) 98.42 ± 3.56 a 94.75 ± 3.49 b 95.83 ± 2.41 ab

Tiller number per plant 20.40 ± 3.31 b 23.80 ± 3.22 a 24.40 ± 3.57 a
Panicle number per plant 20.40 ± 3.31 b 23.80 ± 3.22 a 24.20 ± 3.12 a

Panicle length (cm) 18.71 ± 0.69 b 19.79 ± 0.52 a 19.11 ± 0.97 ab
Spikelet number per panicle 71.99 ± 8.91 a 73.55 ± 6.27 a 72.66 ± 5.80 a

Grain number per panicle 63.61 ± 8.20 a 67.36 ± 5.81 a 60.59 ± 7.29 a
1000-grain weight (g) 22.42 ± 0.14 b 21.56 ± 0.22 c 23.29 ± 0.43 a
Seed setting rate (%) 88.34 ± 3.71 a 91.61 ± 2.52 a 83.43 ± 7.58 b

Grain yield (g per plant) 33.77 ± 4.24 b 40.07 ± 4.59 a 37.84 ± 4.46 a
Aboveground biomass (g per plant) 61.80 ± 8.50 b 72.30 ± 7.63 a 67.13 ± 9.14 ab

Grain length (mm) 5.05 ± 0.03 b 5.17 ± 0.01 a 5.21 ± 0.06 a
Grain width (mm) 2.78 ± 0.01 b 2.66 ± 0.01 c 2.86 ± 0.04 a

Grain thickness (mm) 2.14 ± 0.01 a 2.07 ± 0.01 c 2.10 ± 0.01 b

2.5. Salinity Tolerance of the “YNU31-2-4” Line at Seedling Stage

We evaluated the salinity tolerance of “Kaijin”, “Yukinko-mai” (WT), and “YNU31-2-4” seedlings
during three weeks at 0, 75, and 125 mM NaCl. At 0 mM NaCl, there was no phenotypic difference
between “YNU31-2-4” and WT (Figure 4A). Under salt stress, however, the WT leaves were rolled,
whereas those of “Kaijin” and “YNU31-2-4” remained flat and stayed green even at 125 mM NaCl.
Further, 125 mM NaCl reduced the survival of WT seedlings to 52.5%, whereas all seedlings of
“YNU31-2-4” survived (Figure 4B). Moreover, “Kaijin” and “YNU31-2-4” had better shoot and root
growth under salinity vs. WT (Figure 4C–F); at 125 mM NaCl, “YNU31-2-4” had 30% and 38%
better shoot and root dry weight, respectively than WT. In a separate experiment (Figure S4), at
0 mM NaCl, there were no significant differences in leaf relative water content or chlorophyll content
between WT and “YNU31-2-4” plants. Under salt stress, the “YNU31-2-4” plants were able to maintain
significantly higher relative water content and chlorophyll levels than WT (Figure S4A,B). Under the
control condition, “YNU31-2-4” had significantly higher proline content than the parents. Exposure to
salinity led to a considerable increase in proline levels in all genotypes, and to 1.6× the WT level in
“YNU31-2-4” (Figure S4C). These results clearly indicate that “YNU31-2-4” has stronger salt tolerance
than “Yukinko-mai” (WT) at the seedling stage.

2.6. Na+ and K+ Content in Shoot and Roots of the Tested Genotypes under Salt Stress

We assayed the K+ and Na+ contents in shoots and roots of seedlings under salinity, since the
degree of stress depends on their uptake and translocation. Under control condition, shoot K+ was
significantly lower in “YNU31-2-4” than in its parent (Figure 5A), whereas under salt stress, it was 1.4×
the WT level in shoot and 2.6× in root (Figure 5A,D). Under control condition, Na+ levels in leaves
(Figure 5B) and roots (Figure 5E) of all genotypes remained similarly low. Salinity stress increased Na+

concentration in WT shoots relative to the other two genotypes, reaching 6.5× that in “YNU31-2-4”
plants (Figure 5B). Under control conditions, the Na+/K+ ratio did not differ significantly among the
tested genotypes in shoots (Figure 5C) and roots (Figure 5F). Under salinity, it was 9.2× the “YNU31-2-4”
level in WT shoots and 2.9× in WT roots (Figure 5C,F).
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Figure 4. Salinity tolerance of BC3F3 line “YNU31-2-4” at seedling stage. (A) Phenotypic comparison of
“Kaijin”, WT, and “YNU31-2-4” seedlings grown in 0, 75, or 125 mM NaCl for two weeks. (B) Survival
rates, (C) shoot length, (D) root length, (E) shoot dry weight, and (F) root dry weight of seedlings
shown in A. Data in B–F are mean ± SD of four independent biological replicates; data in E and F are
dry weight (DW) of 10 plants in each treatment. Bars labeled with the same letter are not statistically
different (Tukey’s test, p < 0.05).

Under the control condition, electron probe microanalysis revealed a dense distribution of K+ in
the basal portion of the shoot of all genotypes, but only a very sparse distribution of Na+ (Figure 6).
Under salt stress, the Na+ distribution in cells was increased in all genotypes, and the salt-sensitive
WT accumulated significantly more Na+ than the other two genotypes (Figure 6).

2.7. Salinity Tolerance and Yield Assessment at Reproductive Stage

Under control condition at the reproductive stage, there was no obvious phenotypic difference
between WT and “YNU31-2-4” plants (Figure 7A). Salt stress for five weeks caused severe burning
and wilting symptoms in WT, but “YNU31-2-4” and “Kaijin” plants maintained green leaves. Under
control condition, the penultimate leaves of “YNU31-2-4” plants maintained a slightly higher net CO2
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assimilation rate than the parents (Figure 7B). Salt stress for four weeks significantly reduced the net
CO2 assimilation rate of WT plants relative to “YNU31-2-4” and “Kaijin”. Under the control condition,
WT and “YNU31-2-4” plants had similar phenotypic characters and yield attributes except for a higher
1000-spikelet weight than the parents (Figure 7C–G). Under salt stress, in contrast, “YNU31-2-4” had
higher plant height, yield characters, and aboveground biomass than WT (Figure 7C–G,I). Relative to
control condition, salt stress reduced grain yield by 68% in WT but by 38% in “YNU31-2-4” (Figure 7H).
As a result, the grain yield of “YNU31-2-4” was 10% higher than that of the donor parent “Kaijin”
under control condition and 45% higher than that of WT under saline condition.
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seedlings. Data are mean ± SD of three independent biological replicates. Bars with the same letter are
not statistically different (Duncan’s multiple range test, p < 0.05).
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Figure 6. Accumulation and distribution of K+ and Na+ in cell clusters of 20-day-old seedlings. Relative
amounts of K+ and Na+ are indicated by color coding. SE, secondary electron image; MP_K+, mapping
pattern of K+; MP_Na+, mapping pattern of Na+.
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grown in 50 mM NaCl from 60 days after germination (DAG) and then in 75 mM from 74 DAG until 
95 DAG (booting stage), and then in fresh water until 110 DAG (heading). (B) Net CO2 assimilation 
rate of the penultimate leaf four weeks after imposition of salt treatment. (C) Comparison of plant 
height at 110 DAG. (D–I) Comparisons of (D) number of panicles/plant, (E) panicle length, (F) number 
of filled spikelets/panicle, (G) weight of 1000 filled spikelets, (H) grain yield/plant, and (I) dry weight 

Figure 7. Salinity tolerance of BC3F3 line “YNU31-2-4” at heading. (A) Phenotypic comparison of
“Kaijin”, WT, and “YNU31-2-4” plants grown with or without salt stress. Salt-stressed plants were
grown in 50 mM NaCl from 60 days after germination (DAG) and then in 75 mM from 74 DAG until
95 DAG (booting stage), and then in fresh water until 110 DAG (heading). (B) Net CO2 assimilation
rate of the penultimate leaf four weeks after imposition of salt treatment. (C) Comparison of plant
height at 110 DAG. (D–I) Comparisons of (D) number of panicles/plant, (E) panicle length, (F) number
of filled spikelets/panicle, (G) weight of 1000 filled spikelets, (H) grain yield/plant, and (I) dry weight
of aboveground biomass at harvest. Data are mean ± SD of 6 individuals. Bars with the same letter are
not statistically different (Duncan’s multiple range test, p < 0.05).

3. Discussion

Soil salinity is a major threat to the future food production, affecting more than 6% of the total land
area [54]. The rapid global warming and sea level rise pose threats to rice yield and quality in South
Asian rice-growing countries. In addition, a tsunami contaminated paddy field in Miyagi prefecture,
Japan, with salt in 2011 [32,37,55]. Therefore, it is important to introgress genes/QTLs/SNPs conferring
salt tolerance in locally grown popular rice cultivars, focusing on higher grain yield, to ensure food
security under changing climatic conditions. Cultivar improvement through conventional breeding
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is feasible, but it takes a long time to minimize linkage drag through phenotypic screening [56,57].
For these reasons and to achieve breeding goals, we introgressed the hst1 gene from “Kaijin” into
“Yukinko-mai”, which has excellent yield stability. We developed the BC3F3 generation, named
“YNU31-2-4”, through SNP marker-assisted selection (Figure 1A).

To accelerate the breeding cycle, we used a biotron speed-breeding system (Figure S1) without
a CO2 supply, since the application of 475 ppm CO2 in growth chambers did not greatly change the
breeding cycle [45], and many rice breeders do not have CO2 regulation facilities owing to the high cost.
By using a longer daylength (14/10 h light/dark) for first 30 days to accelerate the vegetative growth
followed by a shorter daylength (10/14 h light/dark) to induce reproduction, tiller removal, and embryo
rescue to decrease the period before seed maturity (Figure S1), we were able to achieve four breeding
generations within 11 months (Table S1). Developing four to five generations a year is the ultimate
objective [46–48]. This simplified, faster, efficient method for reducing the duration and number of
breeding cycles will contribute significantly to genomic studies and the deployment of superior rice.

We used whole-genome sequencing (WGS) to characterize the advanced breeding lines and
revealed genome recovery rate, genotype blocks, and putative phenotypes (Figures 2 and 3; Tables 1
and 2). WGS identified 118 454 SNPs/indels as markers. As WGS provides higher resolution of genome
blocks than conventional SSR marker methods [58], it can thus be used for advancing generations
from parents with low genetic variation, as here. Furthermore, in subsequent selection, knowledge of
these genotype blocks helped us to rapidly fix heterozygous regions into the recipient allele through
the MABC selection method (Figure S2A). Our high-resolution analysis with massive numbers of
SNP/indel markers not only enabled accurate genome-wide genotyping, but also highlighted potential
recombination hotspots.

Functional annotation was able to predict five SNP/indels (Table 2) that may affect agronomic
traits and thus phenotype in our advanced line “YNU31-2-4”. One of two non-synonymous changes
in Os09g0356200, a putative heading-date-associated gene identified in a gene-based genome-wide
association study (GWAS) [53], caused a frameshift deletion probably causing loss-of-function. BC3F3

progeny of BC3F2 plants harboring the Os09g0356200 gene in the heterozygous state likely shows a
wide range of heading date. Indeed, the field assessment results demonstrate the difference in the
distribution of heading dates between “YNU31-2-4” and WT (“Yukinko-mai”) (Table 3; Figure S2B).
Additionally, the heading date of the BC3F3 population was associated with the genotype of the putative
heading-date-associated gene Os09g0356200 (Table 2; Figure S2). Our finding indicates the potential
value and reliability of gene-based GWAS among the Japanese rice population data set [53] in breeding
by incorporating the genetic variations into those cultivars, and its practical value in predicting genes
governing complex traits of agronomic phenotypes. The results of whole-genome sequencing have
demonstrated the success in developing improved cultivars using our rapid breeding system. They also
reveal undesirable genome regions and genes from the donor parent “Kaijin”, valuable information
for estimating agronomic properties without further phenotyping study. Identifying heterozygous
genes can provide mechanistic insights toward homogenizing phenotypes for ongoing breeding. It
is important to note that the heterozygote disadvantage has been overcome by taking advantage of
the SNP-based selection of the homozygous WT allele from the YNU31-2-4 population (Figure S2).
Furthermore, other morphological traits of “YNU31-2-4” were similar to those of WT (Table 3; Figure
S3A–C). The field assessment results along with the high-resolution genotyping data indicate no
apparent grain yield reduction in “YNU31-2-4” in relation to the presence of the target hst1 gene. In fact,
“YNU31-2-4” increased ca. 11% yield than the donor parent “Kaijin” owing to the higher number of
panicles per plant and 1000-grain weight.

Rice is very sensitive to salt stress at the seedling stage [7], and its sensitivity varies with the
developmental stage [59]. To assess the practical utility of hst1 in our introgression line, we exposed
seedlings to moderate (75 mM) and high (125 mM) salt stresses. Salt tolerance at this stage is of
importance in saline environments, as crop establishment is fundamentally determined during the
earliest stages of development. Our findings revealed that under high salt stress, the “YNU31-2-4”

434



Int. J. Mol. Sci. 2019, 20, 2585

plants had a significantly higher survival rate, shoot, and root biomass than WT (Figure 4A–F), which
suggest strong tolerance similar to that of the donor parent. The “YNU31-2-4” plants maintained
significantly higher plant growth, proline content, and plant water status under salinity, which could
indicate a physiological and biochemical tolerance mechanism [54,60]. In fact, previous studies showed
that salinity might reduce the fertility of the spike and the translocation of assimilates to the grain
in bread wheat and rice. Physiologically, the “YNU31-2-4” maintain its fully hydrated state under
saline condition, which could at least partially have rapid and large effects on cell expansion, cell
division, stomatal opening, maintain normal rates of transpiration, abscisic acid (ABA) accumulation,
etc. Assay of soluble proline levels is a useful way to monitor physiological status and to assess stress
tolerance, since plants under salt stress accumulate this osmoprotectant against ion-dependent protein
degradation [61]. Proline is accumulated in taxonomically diverse sets of plants [62], providing stress
tolerance by protecting the cell membrane and maintaining osmotic balance within the cell, and also
serves as an organic nitrogen reserve during stress recovery [61,63,64].

We also assessed yield traits of “YNU31-2-4” under salt stress at the early reproductive to booting
stages, when salt stress reduces panicle and spikelet numbers per plant, leading to significant yield
losses [65,66]. The improvement of rice grain yield under salt stress is the focus of breeding [67].
Owing to the significant increases in panicle number per plant, spikelet number per panicle, and
1000-spikelet weight, the final grain yield of “YNU31-2-4” plants was 45% higher than WT under salt
stress at the reproductive stage (Figure 7D,F–H). Under control condition, there was no yield difference
between “YNU31-2-4” and WT (Figure 7H). Interestingly, “YNU31-2-4” has higher yield potential
than the donor parent under control condition owing to the higher number of panicles per plant and
1000-spikelet weight, comparable to the field evaluation results (Figure 7D, G). The higher number of
panicles can be attributable to the WT background. The higher seed weight of “YNU31-2-4” could be
due, at least partly, to the improved photosynthetic efficiency (Figure 7B) due to coordination of leaf
morphological (Table 3) and physiological (Figure 7B; Figure S4) traits, which has great potential for
use in breeding for higher yield. Accordingly, “YNU31-2-4” showed larger flag leaf than the donor
“Kaijin”, which could play an important role to grain filling and hence determining yield potential.
The superior tiller growth with higher leaf size rendered the source, sink, and flow stronger and more
harmonized and consequently increased the cereal yield [68–72]. Thus, this study clearly shows that
the introgression of hst1 to the WT significantly increased salt resistance without any reduction in grain
yield. Thus, “YNU31-2-4” has significant breeding value without a noticeable yield penalty under
normal and salt stress conditions.

Roots absorb minerals and water from the soil and play a key role in transporting them to leaves.
In the context of salt tolerance, roots are sensitive to NaCl and are the first site of defense, directly
limiting or excluding sodium uptake [54,73]. Roots are often used as a biomarker of salt stress. Root
architecture differed between WT and “YNU31-2-4” plants after two weeks of normal hydroponic
culture (Figure S5). Roots of “YNU31-2-4” and “Kaijin” exposed to high salt stress elongated more than
WT roots (Figure 4D). The better morphophysiological and biochemical characters of “YNU31-2-4”
under salt stress demonstrate the success of introgression of hst1 into “Yukinko-mai”.

The genes involved in conferring salt tolerance, which is likely a complex trait controlled by a
combination of multiple genes, are yet to be elucidated. Recent research advances have identified
major genes conferring salinity tolerance in rice, including OsHKT1;1, OsHKT2;1, OsSOS1, OsNHX1,
OsCAX1, OsAKT1, OsKCO1, OsNRT1;2, OsCLC1, OsADS31 and OsTPC1; however, their functional
pathways during salt stress are not coordinately linked for explaining the very complex phenomenon
of salt tolerance [16,74,75]. The hst1 (loss-of-function in OsRR22) gene primarily led to the upregulation
of OsHKT1;1 (encoding a high-affinity K+ transporter) that functions as a Na+ transporter contributing
salt resistance of the hst1 mutant and “Kaijin” [32]. In our experiment, Na+ content and Na+/K+ ratio
in leaf and root were divergent between WT and “YNU31-2-4” and therefore may represent the effects
of “basic” strategies related to salt tolerance or susceptibility. The quantification and localization
results demonstrate that like “Kaijin”, “YNU31-2-4” plants maintained a very low Na+/K+ ratio in both
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shoot and root under salt stress (Figure 5C,F), which is one of the most important mechanisms used
by plants to withstand salt stress [76,77]. Under salt stress, the susceptible WT plants had more Na+

densely localized in shoot tissue (Figure 6). An overload of Na+ can dramatically depolarize the plasma
membrane, leading to K+ efflux via depolarization-activated outward-rectifying K+ channels [78]. It is
notable that hst1-regulated salt stress resistance involved K+ homeostasis. These results suggest that the
accumulation of more K+ with less Na+ in “YNU31-2-4” plants would be mediated by a mechanism of
K+ influx and Na+ efflux. The possible roles of the high-affinity K+ transporter OsHKT1;1, upregulated
by hst1, could mediate salt stress resistance in “YNU31-2-4”. Further investigation will be needed to
elucidate the molecular mechanisms mediating K+ and Na+ homeostasis in “YNU31-2-4”.

In summary, our results demonstrate that the modified biotron breeding system coupled with
SNP MAS offers a rapid and effective way to improve single traits in rice. The precise introgression of
hst1, combined with suitable genetic resources and phenotyping results, resulted in the selection of
a line, “YNU31-2-4”, adapted to salt stress at the vegetative and reproductive stages with improved
yield due to improved water relations, photosynthesis, ion homeostasis, regulation of Na+ uptake,
and xylem loading of Na+ to shoot. In order to corroborate the obtained salt stress data, the future
perspective of this study is to evaluate the phenotype of the promising line under large-scale field
trials. “YNU31-2-4” is a potential candidate for new rice cultivar with markedly improved salinity
tolerance, which might sustain grain yield and food security in a changing climate.

4. Materials and Methods

4.1. Planting Materials

Seeds of “Yukinko-mai” (elite cultivar) and “Kaijin” (salt tolerant) were obtained from the Niigata
Agricultural Research Institute’s Crop Research Center (Nagaoka city, Niigata, Japan) and the Iwate
Biotechnology Research Center (Kitakami city, Iwate, Japan), respectively.

4.2. Speed-Breeding–Modified Controlled-Biotron Breeding Conditions

We developed advanced generations using the protocol described by Ohnishi et al. [45] with some
modifications. Plants were grown in a growth chamber (CFH-415; Tomy Seiko, Tokyo, Japan) equipped
with temperature, light, and humidity controls. Seeds were sterilized in 2.5% sodium hypochlorite
and incubated at 30 ◦C in the dark for 2 days. They were then placed on seedling nursery trays and
cultured. Ten-day-old seedlings were transplanted (1 per pot) into 230-mL plastic pots filled (4/5) with
granulated rice nursery culture soil. Plants were grown under a long daylength (14/10 h light/dark)
for 30 days to accelerate vegetative growth and then under a short daylength (10/14 h light/dark) to
accelerate reproductive development. The temperature was maintained at 30/25 ◦C light/dark. Relative
humidity was set to 70% and light intensity was set to 350 µmol m−2 s−1 (Figure S1). Each plant was
restricted to the main culm by removing tillers. The flowers of the female parent were emasculated
and pollinated according to Ohnishi et al. [45]. At 10 days after pollination, we rescued embryos from
developing seeds and cultured them for 10 days according to the protocol. Healthy rice seedlings were
then transplanted and raised to the next breeding step.

4.3. Developing Salt-Tolerant Line by Backcrossing “Kaijin” to “Yukinko-mai”

We performed backcrossing to develop an advanced line for salinity tolerance due to the hst1
gene derived from “Kaijin” using the recurrent parent “Yukinko-mai” (Figure 1A). F1 plants were
confirmed as heterozygous at the hst1 (OsRR22) locus by Sanger sequencing, and were backcrossed to
“Yukinko-mai” to produce BC1F1 plants. We followed the same strategy of selecting plants heterozygous
at hst1 and backcrossing to develop BC2F1 and BC3F1 generations. Selected BC3F1 heterozygous
plants were self-pollinated to generate BC3F2 lines with the donor allele in the homozygous state. We
sequenced the genome of BC3F2 line #31-2-4 to compare with the genomes of the parents. Self-pollinated
seeds of line #31-2-4 were named “YNU31-2-4” (BC3F3 generation) and used for phenotypic evaluation.
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4.4. Confirmation of Genotypes by Sanger Sequencing

We used a PCR primer set to amplify a 545-bp region around the selected SNP (nucleotide 1975 of
the OsRR22 locus) [32] from genomic DNA extracted from young leaves of 20-day-old plants using
the CTAB method [79]. Well defined PCR product was gel-purified with a High Pure PCR Product
Purification Kit (Roche Applied Science, Tokyo, Japan). Sanger sequencing was performed using a
BigDye Terminator v. 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) on a
Prism 3130 Genetic Analyzer (Applied Biosystems). Sequence chromatogram data were visualized in
FinchTV software (Geospiza, Inc., Seattle, WA, USA) to determine the genotype at the SNP position.

4.5. DNA Library Construction and Whole-Genome Sequencing

Total genomic DNA was extracted from leaves of “Yukinko-mai” and BC3F2 line #31-2-4 according
to the protocol of Walbot and Warren [80] with some modifications. The quantity of genomic DNA
was tested with a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
the quality was tested by 0.8% agarose gel electrophoresis. The DNA was sent to Macrogen Japan
Corp. (Sakyo-ku, Kyoto, Japan) for Illumina HiSeq X Ten sequencing with NGS libraries prepared
by the TruSeq DNA PCR-Free Library Prep Kit (Illumina, Inc., San Diego, CA, USA). The sequence
data have been deposited in the DDBJ Sequence Read Archive: DRR151851 (BC3F2) and DRR151852
(“Yukinko-mai”).

4.6. Read Mapping, Variant Calling, and Variant Annotation

“Kaijin” whole-genome sequencing reads (DRR021949, DRR021950, DRR021951, DRR021952)
were downloaded from public databases. The raw paired-end reads from “Yukinko-mai”, BC3F2

#31-2-4, and “Kaijin” sequences were trimmed in Trimmomatic v. 0.33 software [81] with the following
parameters: SLIDINGWINDOW, 8:20; TRAILING, 30; MINLEN, 70. The processed reads were mapped
to the Nipponbare reference genome (IRGSP-1.0) by using the BWA-MEM v. 0.7.15 algorithm [82].
PCR duplicates in the binary alignment map (BAM) file of “Kaijin” were marked in Picard Tools v.
1.68 software (http://broadinstitute.github.io/picard/). Then indel realignment and base recalculation
were done in Genome Analysis Toolkit (GATK) v. 3.6 software [83]. For multi-sample variant calling,
we used GATK HaplotypeCaller in gVCF mode followed by GATK GenotypeGVCFs. We filtered out
variants with missing data, multi-allelic sites, heterozygous sites in “Kaijin” and “Yukinko-mai”, low
coverage depth (DP < 6), and low quality (QUAL < 20). We further filtered out heterozygous variants
in BC3F2 #31-2-4 outside the range of 40%–60% allele frequency by a custom script, and then visualized
the genotype map of BC3F2 #31-2-4 in the gtrellis package of R software [84]. We annotated variants
in SnpEff v. 4.0e software [85] and summarized the results in the Python programming language.
Sequentially, we extracted “HIGH”- and “MODERATE”-impact variants flagged by SnpEff and
performed functional annotation analysis based on two agronomic data sets: data set 1, the Overview
of Functionally Characterized Genes in Rice Online (OGRO) database [52]; and data set 2, the potential
agronomic functional gene set selected by gene-based GWAS of the Japanese rice population [53]. One
of non-synonymous variant in Os09g0356200 was sequenced by Sanger sequencing using forward
primer: 5’-cactggaggtcgaaactgct-3’ and reverse primer: 5’-tccggtcccagaaatgaagc-3’. The analyses were
all based on gene annotation information and genome sequences from the Rice Annotation Project
Database (RAP-DB: http://rapdb.dna.affrc.go.jp/).

4.7. Estimation of Genome Recovery Rate

We estimated the genome recovery rate of BC3F2 #31-2-4 by calculating the “Yukinko-mai”-type
allele frequency out of total variants as:

Genome recovery rate =
YY + YK/2

YY + YK + KK
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where YY = number of “Yukinko-mai” homozygous variants, YK = number of heterozygous variants,
and KK = number of “Kaijin” homozygous variants.

4.8. Phenotypic Evaluation under Field Condition

We grew “YNU31-2-4” plants in paddy fields of the Crop Research Center, Niigata University,
Japan (37◦51′20.75”N 138◦57′37.9”E), during May-September in 2018, to evaluate the major
agro-morphological traits. The experiment was laid out in a randomized complete block design
with three replications. We used “Kaijin” and “Yukinko-mai” as salt tolerant and high yielding check
cultivars, respectively. Thirty-day-old seedlings were transplanted at a spacing of 20 cm × 15 cm.
All agronomic practices were performed uniformly for all the genotypes following the local cultural
practices. Four uniform looking plants of each genotype from the central row of each replication were
selected to determine the phenotype. The major agronomic traits such as (1) flag leaf color, (2) flag
leaf length (3) flag leaf width, (4) heading date, (5) plant height, (6) tiller number, (7) panicle number,
(8) panicle length, (9) spikelet number, (10) grain number, (11) 1000-grain weight, (12) seed setting rate,
(13) grain yield, and (14) above ground biomass were determined. Grain length, width, and thickness
were determined with a rice grain grader (RGQI20A; Satake, Hiroshima, Japan).

4.9. Growth Conditions and Evaluation of Salinity Tolerance at Seedling Stage

We evaluated “YNU31-2-4” and the parents for seedling-stage salt tolerance in the growth chamber
at 26/23 ◦C (12/12 h) and a relative humidity of 70%. Pre-germinated seeds were placed in 230-mL
plastic pots filled with rice nursery culture soil containing 0.5 g N, 0.9 g P, and 0.5 g K/kg. The
experiment consisted of four treatments: 0 (control), 50, 75, and 125 mM NaCl (pH 5) The salt stress
was imposed ten days after germination. The experiment used four biological replicates, each with
10 seedlings. Phenotype was evaluated 2 weeks after salt was imposed.

4.10. Determination of Leaf Relative Water Content, Chlorophyll, and Proline

A separate experiment was conducted to measure biochemical and physiological traits
related to salinity tolerance. “YNU31-2-4”, “Kaijin”, and “Yukinko-mai” seedlings were cultured
hydroponically [86]. Ten-day-old rice seedlings were subjected to 0 or 125 mM NaCl (pH 5.0). Samples
were collected 10 days after salt was imposed.

The relative water content (RWC%) of control and salt-treated leaves was determined according
to Sade et al. [87] as:

%RWC = (fresh weight − dry weight)/(turgid weight − dry weight) × 100

Fully expanded leaves of plants cultured in the absence or presence of salt stress were harvested
at the end of the light period, snap-frozen, and ground to a fine powder in liquid nitrogen with a pestle
and mortar. Total chlorophyll content was determined according to Lichtenthaler [88]. Free proline
content was measured by a colorimetric assay as described by Bates et al. [89].

4.11. Measurement of Na+ and K+ Concentrations

Sodium and potassium ions in shoots and roots were quantified by a wet digestion method [90].
Dried, finely powered plant samples (50 mg) were digested in HNO3/H2O2 solution (2:1) in a microwave
oven for 4–5 min until the solution became clear. The digested solution was shaken gently and filtered
through 0.2-µm filters (Whatman, Maidstone, England), and the solid fraction was discarded. The
contents of Na+ and K+ in the extract were quantified by atomic absorption spectrophotometry (Z-6100,
Hitachi, Tokyo, Japan).

For localization of sodium and potassium ions, we prepared samples according to the protocol
of Mitsui et al. [91]. Harvested basal portions of shoots were immediately frozen and embedded in
OCT compound medium (Sakura Finetek USA, Inc., Torrance, CA, USA), which contained 10.24%

438



Int. J. Mol. Sci. 2019, 20, 2585

w/w polyvinyl alcohol, 4.26% w/w polyethylene glycol, and 85.50% w/w of a nonreactive ingredient.
Then 5-µm sections were scanned with an electron probe microanalyzer (EPMA-1605; Shimadzu,
Kyoto, Japan).

4.12. Evaluation of Salt-Stress Tolerance at Reproductive Stage

“YNU31-2-4”, salt-tolerant “Kaijin”, and susceptible “Yukinko-mai” plants were evaluated for
salt-stress tolerance at the reproductive stage in a semi-controlled greenhouse. Thirty-day-old seedlings
were transplanted (1 per bucket) into 2.5-L plastic bucket and each treatment had six replicates. Plants
were subjected to 0 or 50 mM NaCl in irrigation water (pH 5) at 60 days after germination (DAG).
After 2 weeks, the salt concentration was increased to 75 mM until booting stage (95 DAG), and
then plants were recovered by irrigating with fresh water. The net assimilation rate of penultimate
leaves was measured with an LI-6400 gas exchange system (LI-COR Inc., Lincoln, NE, USA) 4 weeks
after salt was imposed. Gas exchange was determined at 25 ◦C at a photosynthetic photon flux
density of 350 µmol m−2 s−1. Yield and its attributes, particularly panicle number, spikelet number,
and 1000-spikelet weight were determined at harvest.

4.13. Statistical Analysis

Values are presented as mean± standard deviation (SD). Means were tested by analysis of variance
(ANOVA) followed by Tukey’s or Duncan’s multiple range test at p < 0.05 in SPSS software (SPSS Inc.,
Chicago, IL, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/10/2585/s1.
Table S1: Cross-efficiency rate and advanced generation duration in biotron breeding system. Table S2: Annotation
of SNPs and indels in BC3F2 #31-2-4. Figure S1: Schematic representation of biotron speed-breeding system.
Figure S2: Frameshift deletion in Os09g0356200 affects days-to-heading of YNU31-2-4 plants. Figure S3: Agronomic
trait assessment of “Kaijin”, WT, and “YNU31-2-4” plants under control field condition. Figure S4: “YNU31-2-4”
maintains higher relative water, chlorophyll, and proline contents at the seedling stage under salt stress. Figure S5:
“YNU31-2-4” plants have an enlarged root system.
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Abstract: Both the calcium-dependent protein kinases (CDPKs) and CDPK-related kinases (CRKs)
play numerous roles in plant growth, development, and stress response. Despite genome-wide
identification of both families in Cucumis, comparative evolutionary and functional analysis of both
CDPKs and CRKs in Cucurbitaceae remain unclear. In this study, we identified 128 CDPK and 56
CRK genes in total in six Cucurbitaceae species (C. lanatus, C. sativus, C. moschata, C. maxima, C. pepo,
and L. siceraria). Dot plot analysis indicated that self-duplication of conserved domains contributed
to the structural variations of two CDPKs (CpCDPK19 and CpCDPK27) in C. pepo. Using watermelon
genome as reference, an integrated map containing 25 loci (16 CDPK and nine CRK loci) was obtained,
16 of which (12 CDPK and four CRK) were shared by all seven Cucurbitaceae species. Combined with
exon-intron organizations, topological analyses indicated an ancient origination of groups CDPK IV
and CRK. Moreover, the evolutionary scenario of seven modern Cucurbitaceae species could also
be reflected on the phylogenetic trees. Expression patterns of ClCDPKs and ClCRKs were studied
under different abiotic stresses. Some valuable genes were uncovered for future gene function
exploration. For instance, both ClCDPK6 and its ortholog CsCDPK14 in cucumber could be induced
by salinity, while ClCDPK6 and ClCDPK16, as well as their orthologs in Cucumis, maintained high
expression levels in male flowers. Collectively, these results provide insights into the evolutionary
history of two gene families in Cucurbitaceae, and indicate a subset of candidate genes for functional
characterizations in the future.

Keywords: calcium-dependent protein kinases; CDPK-related kinases; evolutionary analysis;
expression pattern; abiotic stress; cucurbitaceae

1. Introduction

As a ubiquitous second messenger, Calcium (Ca2+) plays an important role in sophisticated signal
transduction pathways to survive frequently occurring environmental stresses during plant growth
and development [1,2]. Transient changes of the Ca2+ concentration in the cytoplasm can be sensed by
four types of calcium sensors: calmodulins (CaM), calmodulin-like proteins (CaML), calcineurin B-like
proteins (CBL), and the calcium-dependent protein kinase (CDPK) [3,4]. Among these sensors,
CDPKs not only sense but also directly translate Ca2+ signals into a downstream phosphorylation
pathway, thus functioning both as Ca2+ sensors and effectors [2,5,6].

The CDPKs (also referred to as CPKs) are ser/thr protein kinases, which consist of four typical
domains: a variable N-terminal domain (containing the myristoylation and palmitoylation sites),
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a catalytic ser/thr protein kinase domain, an auto-inhibitory domain (acting as a pseudosubstrate
combined with the kinase domain to inhibit activity), and a C-terminal regulatory calmodulin-like
domain that contains one to four EF-hand motifs for Ca2+ binding [7–9]. CDPK-related kinases (CRKs)
have similar domain structures than CDPKs (such as the ser/thr kinase domain); however, they do
not have EF-hand domains [10,11]. To date, genome-wide identification of CDPKs has been widely
performed in a large number of plants, e.g., 34 CDPKs have been identified in Arabidopsis [7], 31 in
rice [12], 29 in tomato [10], 18 in melon [11], and 19 in cucumber [9]. Similarly, CRKs have also been
identified in genomes, e.g., eight CRKs in Arabidopsis [13], five in rice [14], six in tomato [10], five in
pepper [15], and seven in melon [11].

Accumulating evidence indicates that CDPK and CRK genes are not only involved in plant
growth and development, but also in the plant response to abiotic and hormone stresses. For example,
AtCPK32 in Arabidopsis has been reported to interact with the calcium channel protein CNGC18,
thus controlling the polar growth of pollen tubes [16]. In addition, AtCPK4 and its homolog AtCPK11
have been reported to function in seed germination and growth, stomatal movement, and response to
salt stress [17]. The gene AtCPK23 acts as a negative regulator and plays important roles in response
to drought and salt stresses via controlling K+ channels; its overexpression can increase stomatal
apertures [18]. In grape plants, a large number of CDPKs have been reported to be induced in response
to various abiotic and biotic stresses, as well as to hormone treatments [19]. A previous study showed
that the CDPK genes in cucumber are extensively regulated by various stimuli, including salt, cold, heat,
waterlogging, and abscisic acid stresses, possibly following different mechanisms [9]. Furthermore,
CmCDPKs and CmCRKs in melon were also shown to be differentially expressed in response to
exogenous stresses, such as biotic stress (Podosphaera xanthii inoculation), abiotic stresses (salt and cold),
and hormone (abscisic acid) treatment [11]. In general, CDPK genes are ubiquitously expressed in most
of the different plant organs. However, several genes show organ- or tissue-specific expression patterns.
For instance, VvCDPK5 in grape plants can only be detected in pollen [20]. Similarly, AtCPK17 and
AtCPK34 are both preferentially expressed in mature pollen, regulating the growth of pollen tubes [21].

The Cucurbitaceae family contains several economically important species with already published
genomes, including watermelon (Citrullus lanatus), melon (Cucumis melon), cucumber (Cucumis sativus),
and bottle gourd (Lagenaria siceraria), which belong to the Benincaseae tribe and three Cucurbita
species (Cucurbita maxima, Cucurbita moschata, and Cucurbita pepo) of the Cucurbiteae tribe [22–27].
Although genome-wide identifications of CDPKs and CRKs have been performed in the genus
Cucumis [9,11], comparative evolutionary analysis of both gene families in Cucurbitaceae is lacking.
In this study, we identified a total of 128 CDPK and 56 CRK genes in six Cucurbitaceae species (C. lanatus,
C. sativus, C. moschata, C. maxima, C. pepo, and L. siceraria). After mapping these identified genes onto
chromosomes of watermelon, we obtained an integrated map including 25 loci (16 CDPK and nine CRK
loci). Evolutionary analyses revealed that four CDPK groups and one CRK group in phylogentic trees
could be further divided into loci, consistent with the integrated map. In addition, expression patterns
of ClCDPKs and ClCRKs under different abiotic stresses were also analyzed. Our results provide
insights into the evolutionary history of both gene families in Cucurbitaceae, and indicate a subset of
candidate genes for future functional analysis.

2. Results

2.1. Genome-Wide Identification of CDPK and CRK Genes

Our previous study verified 18 CmCDPK and seven CmCRK genes in melon [11], while only 19
CDPK homologs were identified genome-wide in cucumber [9]. Hence, to comparatively analyze
the CRK gene family in Cucurbitaceae, identification of CRK genes in cucumber genome was also
performed in this study. As a result, a total of 128 CDPK (typically containing both STKs_CAMK
protein kinase and EF-hand domains) and 56 CRK (solely harboring STKs_CAMK protein kinase
domain) genes were identified in six Cucurbitaceae species (C. lanatus, C. sativus, C. moschata, C. maxima,
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C. pepo, and L. siceraria). All the identified genes were designated based on their chromosomal locations
(Table S2). It is worth noting that two CDPKs, referred to as CsCDPK18 (Csa018149) and CsCDPK15
(Csa008536) in the previous study [9], were renamed to CsCRK6 and CsCRK7 due to their lack of
EF-hand domains. Compared to the similar copy numbers of CDPK and CRK genes in four species
(C. lanatus, C. melon, C. sativus, and L. siceraria) of the Benincaseae tribe (Table 1), many more homologs
were identified in three Cucurbiteae tribe genomes (C. moschata, C. maxima, and C. pepo). This may
have been caused by the whole-genome duplication (WGD) that only occurred in the progenitor of the
Cucurbita genus [25,26].

Table 1. Numbers and characteristic properties of CDPKs and CRKs in Cucurbitaceae species.

Species No. of Genes
(CDPK/CRK)

No. of aa
(CDPK/CRK)

MW
(CDPK/CRK)

pI
(CDPK/CRK) Source

C. lanatus 18/6 491~662/550~696 55.23~74.32/61.88~77.97 5.09~8.84/6.84~9.17 In this study
C. melon 18/7 501~661/561~622 56.25~74.22/63.12~69.44 5.06~8.75/6.91~9.15 Zhang et al, 2017 [11]

C. sativus 17/7 501~661/556~726 56.30~74.30/62.24~81.23 4.99~8.99/7.20~9.33 Xu et al, 2015 [9];
In this study

L. siceraria 17/7 353~1094/555~636 39.92~125.03/62.25~70.80 5.14~8.74/6.82~9.18 In this study
C. moschata 30/12 318~820/517~758 36.26~90.89/57.54~84.44 5.02~9.10/6.49~9.31 In this study
C. maxima 31/12 499~1230/278~687 56.17~138.34/31.62~76.92 5.13~9.03/5.94~9.21 In this study

C. pepo 32/12 439~1393/342~609 49.44~157.82/39.21~68.01 4.84~8.49/5.97~9.28 In this study

Physico-chemical properties of CDPKs and CRKs, including predicted amino acids,
molecular weight (MW), and isoelectric point (pI), showed similar ranges in watermelon, melon,
and cucumber; however, these characteristics exhibited broader intervals in the remaining four species
(Table 1). In this study, six CDPKs were predicted to have long (>1000) amino acid sequences,
possibly due to their long CT domains [28]. Compared to CRKs with no EF-hand domain, the majority
of CDPKs were predicted to contain four EF-hands, with few exceptions harboring two or three
EF-hand motifs (Table S2). Strikingly, two CDPKs (CpCDPK19 and CpCDPK27) in C. pepo were
confirmed to have more than five EF-hand domains via both online tools ScanProsite and SMART.
More detailed information, for example for myristoylation and palmitoylation sites, is also provided in
Table S2.

2.2. Structure Variation Analysis of CpCDPK19 and CpCDPK27

As mentioned above, CpCDPK19 and CpCDPK27 in C. pepo harbored nine and eight EF-hand
motifs, respectively. Previous research indicates that Cucurbita, containing two sub-genomes A and
B, originated from two progenitors that diverged from one another approximately 30.75 million
years ago (Mya) [26]. Sequence analysis showed that CpCDPK5 and CpCDPK13, sharing the highest
similarity with CpCDPK19 (amino acid identity: 93.74%) and CpCDPK27 (amino acid identity: 95.84%),
contained four and three EF-domains, respectively (Table S2). Dot plot analysis indicated that the
EF-hand domains were duplicated in CpCDPK19 compared to CpCDPK5, while both STKs_CAMK
protein kinase and EF-hand domains were repeated in CpCDPK27 in contrast to CpCDPK13 (Figure S1).
Based on the synteny analysis (Figure 1a), we inferred that a fragment containing four EF-hand motifs in
CpCDPK19 was entirely duplicated and inserted into the STKs_CAMK protein kinase domain, and the
fifth EF-hand motif resulted from another duplication event. Compared to ClCDPK13, ClCDPK27
harbored three copies of STKs_CAMK protein kinase domain. Moreover, the first EF-hand domain
located in the second STKs_CAMK protein kinase, as well as the second and fourth EF-hand domains,
were originated from the sixth EF-hand domain, while the third (existed in the third STKs_CAMK
protein kinase) and the fifth EF-hand domains were two copies of the seventh motif (Figure 1b).
Using the Cucurbit Genomics Database (CuGenDB) [29], both two genes CpCDPK19 and CpCDPK27
could be detected in the fruits of two different materials at transcriptional level (Figure S2). In summary,
self-duplication of conserved domains may contribute to the gene structure variations, and result in
sub-functionalization or neo-functionalization.
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Figure 1. Gene structure variation analysis of CpCDPK19 and CpCDPK27. Syntenic analysis of
CpCDPK5 and CpCDPK19 (a), as well as CpCDPK12 and CpCDPK27 (b). Blue and green rectangles
represent STKs_CAMK protein kinase and EF-hand domain, respectively.

2.3. Construction of an Integrated Map for CDPK and CRK Genes

As the genomic distribution of CDPKs and CRKs in Cucumis [9,11], all identified genes in this
study were also unevenly distributed on chromosomes in five species, with a few chromosomes
harboring none of them (Figure S3). A recent study has confirmed that there are twenty chromosomes
in Cucurbita species and nineteen of them could be divided into two sub-genomes A and B, except for
chromosome 04, consisting of two segments from sub-genome A and one from sub-genome B [26].
Interestingly, almost equal numbers of CDPKs and CRKs were found to be retained in two sub-genomes
(Table S3), consistent with the similar evolved ratios of gene loss or gain of two sub-genomes after
polyploidization [26].

The evolutionary scenario of Cucurbitaceae paleohistory hypothesizes that the modern
chromosomal structures in cucurbits were derived from an ancestral Cucurbitaceae karyotype (ACK)
that consisted of 12 protochromosomes and experienced different times of chromosomal fission and
fusion events [27]. Hence, to investigate the conserved loci of CDPK and CRK in Cucurbitaceae,
an integrated map was constructed using watermelon chromosomes as reference, including 16 CDPK
and nine CRK loci (Figure 2). Of these, nine loci (four CDPK and five CRK) exhibited Presence/Absence
polymorphism among genomes, while the remaining 16 loci (12 CDPK and four CRK) were conserved
and shared by all seven species (Figure 2 and Table S4). For example, the first locus on chromosome 01
was lost in L. siceraria, while the second locus on chromosome 02 was only absent in watermelon genome.
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Figure 2. An integrated map of CDPK and CRK loci in Cucurbitaceae. All CDPK and CRK genes in
Cucurbitaceae were mapped onto 11 chromosomes of watermelon 97103. Loci from C. lannatus (red), C.
melon (light green), C. sativus (dark green), C. maxima (pink), C. moschata (yellow), C. pepo (dark yellow),
and L. siceraria (blue) have been marked with different colors, as indicated in brackets. Black dots and
triangles represent CDPK and CRK loci, respectively.
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2.4. Phylogenetic Analysis of CDPK and CRK Gene Families

2.4.1. In the Benincaseae Tribe

In the Benincaseae tribe, watermelon was predicted to diverge from its sister lineage bottle gourd
around 10.4–14.6 million years ago (Mya) and from Cucumis 17.3–24.3 Mya [27]. To deeply analyze
the phylogentic relationships of CDPK and CRK gene families in these four species, all full-length
protein sequences of watermelon (18 CDPKs and six CRKs), melon (18 CDPKs and seven CRKs),
cucumber (17 CDPKs and seven CRKs), and bottle gourd (17 CDPKs and seven CRKs) were aligned
using the software MUSCLE, and were then used to construct an evolutionary tree using MEGA6.0
(Figure S4). Four CDPK groups (CDPK I, CDPK II, CDPK III, and CDPK IV) and one CRK group
(CRK I) were observed in the distance tree. Combined with results from the integrated map, all groups
(except for CDPK IV) were found to constitute homologs from at least four loci. Furthermore, most loci
contained only one homolog from each individual species. Apparently, homologs from watermelon
and bottle gourd were preferentially clustered together, compared to those from Cucumis species.

2.4.2. In the Cucurbiteae Tribe

It has been reported that a whole genome duplication (WGD) event has occurred in the progenitor
of the Cucurbita genus [26,27]. As shown in the phylogenetic tree constructed with all identified
full-length protein sequences from C. moschata (30 CDPKs and 12 CRKs), C. maxima (31 CDPKs and
12 CRKs), and C. pepo (32 CDPKs and 12 CRKs), the majority of loci in five groups contained two
copies of the homolog gene from each species (Figure S5). Generally, CDPKs or CRKs from the same
sub-genome (A or B) of C. moschata and C. maxima grouped together in the distance tree. For example,
both CmoCDPK7 and CmaCDPK8 from sub-genome B of two species clustered together in CDPK
IV, while CmoCDPK14 and CmaCDPK15 from sub-genome A formed another sister clade. Based on
these observations, origins of CDPKs on chromosome 4 in two Cucurbita species could be uncovered,
although the boundary sites of three segments (two from sub-genome A and one from B) of chromosome
04 were ambiguous [26], e.g., CmoCDPK26 and CmaCDPK27 in Locus 15 (group CDPK I) were from
sub-genome A (Table S3 and Figure S5), suggesting that the members (CmoCDPK9 and CmaCDPK10)
in its sister clade originated from sub-genome B. Similarly, CmoCDPK8 and CmaCDPK9 were inferred
to originate form sub-genome A, which formed the Locus 20 in group CDPK II. It is worthy to note
that both loci 06 and 24 formed two independent clades in the phylogenetic tree, due to having far
more CDPK members.

2.4.3. In the Cucurbitaceae Family

To deeply analyze the evolutionary history of CDPK and CRK gene families in Cucurbitaceae, a total
of 226 protein sequences were used to construct a phylogenetic tree (Figure 3). Similar to topological
structures mentioned above, four CDPK and one CRK group could be further divided into 25 loci.
Notably, six homologs (LsiCRK1, CsCDPK3, CsCDPK19, CpCRK1, CpCDPK1, and CpCDPK2),
which failed to be mapped on the integrated map due to lack of enough flanking sequences,
were clustered with their orthologs in the phylogenetic trees. CDPKs or CRKs from watermelon and
bottle gourd still cluster together in most loci. Compared to sub-genome A, members from sub-genome
B usually gathered together with those from the Benincaseae tribe, except for two loci in group CRK I
(Figure S6), which is consistent with the evolutionary scenario of modern Cucurbitaceae genomes [27].
CDPK IV, as the smallest group in CDPK lineage, was clustered with CRK I rather than the other three
CDPK groups in phylogenetic trees, indicating that groups CDPK IV and CRK I may have originated
from a common ancestor [10,11,30].
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Figure 3. Phylogenetic tree of CDPK and CRK genes from Cucurbitaceae species. Four CDPK groups
and one CRK group can be found in the tree, which were further divided into 25 loci. Numbers on
nodes represent bootstrap values, and values <65 are not shown.

For the comparative evolutionary analysis of two gene families in plants, a phylogenetic tree was
constructed using the 226 protein sequences in Cucurbitaceae, as well as that from Arabidopsis (34 CDPKs
and eight CRKs, Cruciferae), tomato (29 CDPKs and six CRKs, Solanaceae), pepper (31 CDPKs and
five CRKs, Solanaceae), and rice (31 CDPKs and five CRKs, Poaceae) (Figure S7). There is no doubt
that all groups contained homologs from these four families, suggesting that both gene families have
conserved basal architectures in their evolutionary process.

2.5. Exon-Intron Organization in CDPK and CRK Groups

The exon-intron organization, as well as the intron numbers, can also provide important evidence
to analyze the evolutionary history within gene families [9,11,30]. To obtain further insight into the
phylogenetic relationships of two gene families in Cucurbitaceae, gene structures of all 226 CDPKs
and CRKs were comparatively depicted, dependent on their gene annotation profiles and genomic
sequences (Figure S8). The majority of members in group CDPK I contained six introns with a distinct
intron phase pattern 111000, while most CDPKs in group CDPK II had seven introns, sharing a similar
intron pattern of 1110020. CDPK III, as a peripheral sister clade of groups CDPK I and II, contained two
major intron phases. For instance, 13 out of 17 CDPKs in loci 02 and 25 shared an intron phase 111000,
which is identical to that of group CDPK I, while 28 of 37 CDPKs in the other four loci had an intron
pattern of 0111000 (Figure S8). CDPK IV, as the smallest group, contained only 10 members with 11
or 12 introns. Among of them, eight CDPKs were constituted of 11 introns with a phase pattern of
02201010000, while the remaining two genes (CsCDPK6 and CmoCDPK7) had 12 introns with an extra
intron gain at the 5’ or 3’ end. In group CRK I, 41 out of 63 members contained 10 introns with a phase
pattern 0220110000, showing high similarity with that in group CDPK IV. Notably, members in the
same loci usually had similar exon or intron lengths, such as Locus 25 in group CDPK III.

2.6. Duplication and Syntenic Analysis of CDPK and CRK Gene Families

In addition to whole genome duplication (WGD) events, both tandem and segmental duplications
have also been reported to play vital roles in the expansion and function of a gene family [11,31,32].
To further explore the possible evolutionary relationships of CDPK and CRK gene families in
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Cucurbitaceae, duplication events were investigated in six species (including watermelon, cucumber,
bottle gourd, and three Cucurbita species). Similar to the melon genome [11], only one or two segmental
duplication events were detected in three Benincaceae genomes, with syntenic regions no more than
3.0 Mb (Table S5). However, many more segmental duplication events were observed in Cucurbita
genus, most of which occurred between sub-genomes.

In the Benincaseae tribe, watermelon, melon, and cucumber are important cucurbit crops widely
cultivated throughout the world. Synteny analyses revealed that similar numbers of syntenic regions
were detected among three genomes, with average fragment lengths not exceeding 2.5 Mb (Figure 4
and Table S6). As a close sister lineage of Citrullus, approximately 15 collinear regions were found
between watermelon and bottle gourd, with the largest one spanning about 16.6 Mb. In the Cucurbiteae
tribe, many more collinear regions were detected, with the largest one (21.3 Mb) existing between C.
moschata and C. pepo (Table S6).
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Chromosomes of three species (watermelon, cucumber, and melon) were depicted in different colors
(red, green, and yellow) and in circle form. The approximate distributions of each CDPK and CRK
are presented by short black lines on the circle. Colored curves denote the details of syntenic regions
containing CDPK and CRK genes among genomes.

2.7. Expression Profiles of ClCDPK and ClCRK Genes in Different Tissues

To assess the potential functions of ClCDPK and ClCRK genes, their expression patterns were
investigated in six different tissues, including roots, stems, leaves, tendrils, male flowers, and female
flowers. As shown in Figure 5, all identified ClCDPKs and ClCRKs could be detected in at least one
tissue. Some ClCDPKs and ClCRKs, such as ClCDPK2, ClCDPK3, ClCDPK9, ClCDPK15, and ClCRK1,
showed significantly elevated expression levels in the root, while ClCDPK6, ClCDPK16, and ClCDPK17
were strongly expressed in the male flower. Interestingly, CmCDPK6 in melon, the ortholog of
ClCDPK17 in locus 24, was also reported to have a high transcriptional abundance in the male
flower [11]. Moreover, orthologs of ClCDPK6 and ClCDPK16 in melon (CmCDPK9 and CmCDPK5)
and cucumber (CsCDPK14 and CsCDPK9) were also confirmed to retain high accumulations in male
flowers [9,11].
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the respective genes in roots were used as references and set to a value of 1. The data were showed
as means value ± SD. All experiments were performed with three independent replicates. R = roots;
S = stems; L = leave; FF = female flowers; MF = male flowers; T = tendrils.

2.8. Expression Patterns of ClCDPK and ClCRK Genes under Abiotic Stresses

Accumulation studies showed that CDPK and CRK genes are widely involved in the adaptations
to environmental stimuli, and that their expression levels are affected by drought, salt, and cold [2,9,11].
To investigate the potential roles of ClCDPKs and ClCRKs in response to abiotic stresses, their dynamic
expressions were analyzed under drought, salt, and cold treatments (Figure 6). Compared to cold
stimuli, far more ClCDPKs and ClCRKs could be induced by drought and NaCl treatments, and seven
genes could be up-regulated by both drought and NaCl treatments, including ClCDPK1, ClCDPK5,
ClCDPK6, ClCDPK9, ClCDPK10, ClCDPK12, and ClCDPK14. Following cold treatment, the transcription
levels of four genes (ClCDPK1, ClCDPK5, ClCDPK16, and ClCDPK17) were down-regulated, while gene
ClCRK2 was continuously up-regulated at all treatment times. Compared to ClCDPK3 and ClCDPK18
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down-regulated by drought stress, many more genes were obviously up-regulated, such as ClCDPK1,
ClCDPK2, ClCDPK8, ClCDPK9, ClCDPK12, and ClCDPK14. In response to NaCl stress, the majority of
ClCDPK and ClCRK genes were up-regulated, with few exceptions (Figure 6).
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2.9. Expression Patterns of ClCDPK and ClCRK Genes under Hormone Treatments

Previous studies have indicated that CDPKs and CRKs are involved in the signaling pathways of
various plant hormones [19,33]. Here, expression profiles of ClCDPKs and ClCRKs were investigated
in response to four plant hormones ABA, SA, MeJA, and ETH.

Increasing evidence has shown that CDPK and CRK genes could participate in ABA-mediated
signal transduction in plants [17,34,35]. In the present study, the majority of ClCDPKs were found
to be induced by ABA treatment, with transcript abundance retaining at higher levels from 6 to
24 hpt (Figure 7a). Interestingly, all ClCRKs except for ClCRK1, were sharply down-regulated at 6 hpt,
which is similar to observations in melon [11]. Following SA treatment, expression levels of most
ClCDPKs and ClCRKs remained either unchanged or slightly changed at 0.5 and 1 hpt (Figure 7b).
However, SA application significantly induced or reduced their transcript levels at 6 or 12 hpt. Notably,
ClCRKs were also found to have decreased at 6 hpt, which is similar to the tendency mentioned above.
In contrast to the responses to ABA and SA treatments, almost all ClCDPKs and ClCRKs showed
continuous over-expression in response to ETH and MeJA stimuli, except for genes ClCDPK16 and
ClCRK3 (Figure 8). Moreover, transcript abundances of most ClCDPKs and ClCRKs had either sharply
increased or decreased at 0.5 hpt, implying their rapid response to ETH and MeJA stimuli. In summary,
these expression analyses indicated that ClCDPKs and ClCRKs could be involved in the regulatory
pathways of plant hormones, and thus participate in the plant defense against environmental stresses.
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Figure 7. Expression patterns of ClCDPK and ClCRK genes under ABA and SA hormone treatments.
(a) Expression levels of ClCDPKs and ClCRKs under ABA stress visualized as a heat map (Left).
Detailed expression patterns of ClCRKs under ABA stress (Right). (b) Expressions of ClCDPKs and
ClCRKs under SA stress visualized as a heat map (Left). Detailed expression patterns of ClCRKs
under SA stress (Right). The relative transcript level was log2 transformed and visualized as a heat
map via Mev4.8.1, using red to indicate increased expression level and green to indicate decreased
expression level.
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3. Discussion

3.1. Characteristic Features of CDPK and CRK Genes in Cucurbitaceae

Functioning as both Ca2+ sensors and effectors, the CDPK gene family has been identified
throughout the plant kingdom, as well as in several protozoa, but are absent in animals [4,28].
For instance, 34 CDPKs and eight CRKs were identified genome-wide in Arabidopsis [13], 29 CDPKs and
six CRKs in tomato [10], 31 CDPKs and five CRKs in pepper [15], 30 CDPKs and nine CRKs in poplar [36],
and 31 CDPKs and five CRKs in rice [12,14]. Moreover, approximately 19, 41, and 40 CDKPs have
been detected in the genomes of grape [19], cotton [30], and maize [37], respectively. In Cucurbitaceae,
18 CDPKs and seven CRKs have been found in the melon genome [11], while 19 CDPKs were identified
in cucumber by Xu et al. [9]. In this study, a total of 128 CDPK and 56 CRK genes were identified in six
Cucurbitaceae species, including C. lanatus, C. sativus, C. moschata, C. maxima, C. pepo, and L. siceraria
(Table 1). The numbers of CDPKs and CRKs are much higher in three Cucurbita species than in four
Benincaseae tribe species (C. lanatus, C. melon, C. sativus, and L. siceraria), which may be due to a
WGD event during the origin of this genus [25,26]. Moreover, the numbers of CRKs in three Cucurbita
genomes are much higher than in other species, such as tomato, pepper, and rice, although these
species contain similar copies of CDPKs.

Tandem, segmental, and whole genome duplication events are confirmed to play important
roles in the expansion of gene families. Approximately 12, 13, and seven segmental duplications
were reported to exist in poplar, cotton, and rice genomes [14,30,36], while many more events were
found in three Cucurbita species that mainly occurred between two sub-genomes (Table S5). However,
only a few segmental duplication events (one or two) were detected in genomes of watermelon,
cucumber, bottle gourd, and melon [11], which may cause the low copy numbers of CDPK and CRK
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genes. In the present study, the majority of CDPKs contained four EF-hand motifs (Table S2), which is
consistent with observations found in other species [7,11,19]. However, two CDPKs (CpCDPK19 and
CpCDPK27) in C. pepo with detectable transcriptional levels had been confirmed to contain nine and
eight EF-hands, respectively. Dot plot analysis showed that self-duplications of the STKs_CAMK
protein kinase or EF-hand domains resulted in the gene structure variations (Figure 1), which may
affect their functional specificity.

3.2. Conserved Evolution of CDPK and CRK Genes in Cucurbitaceae

Generally, CDPK and CRK genes are randomly distributed in genomes [10,11,15,36], which has
also been validated in Cucurbitaceae species (Figure S3). Using watermelon chromosomes as reference,
an integrated map was obtained and contained 16 CDPK and nine CRK loci, harboring almost all CDPK
and CRK genes identified in Cucurbitaceae (Figure 2 and Table S4). Of these, nine loci (four CDPK and
five CRK) exhibited Presence/Absence polymorphisms, while the remaining 16 loci (12 CDPK and four
CRK) were shared by all seven species, implying that the flanking regions of most CDPK and CRK
genes were conserved in these species during the evolutionary process.

Increasing evidence indicates that topological structures of CDPK and CRK gene families are
conserved, with four CDPK and one CRK groups in phylogenetic trees [10,11,28,36]. In the present study,
group CDPK IV was found to be close to CRK I rather than the other three CDPK groups in distance
trees (Figure 3 and Figures S4, S5 and S7), confirming that CDPK IV and CRK I may originate from a
common ancestor [10,11,30]. Moreover, the five groups can be further divided into 25 loci, according to
the integrated map. The evolutionary scenario of seven modern Cucurbitaceae species revealed that
watermelon diverged from bottle gourd around 10.4–14.6 Mya and from Cucumis 17.3–24.3 Mya;
however, the progenitor B of Cucurbita diverged from Benincaseae around 25.5–27.0 Mya, and progenitor
A diverged from the common ancestor of progenitor B and Benincaseae around 29.9–31.6 Mya [26,27].
In agreement with this evolutionary scenario, orthologs from watermelon and bottle gourd usually
gathered together in phylogenetic trees, and genes from sub-genome B were preferentially clustered
with those from Benincaseae tribe genomes (Figure 3 and Figure S7).

Both exon-intron structures and intron numbers can reflect the evolution, expansion, and functional
relationships within a gene family, which were caused by three main types of mechanisms,
including exon/intron gain/loss, exonization/pseudoexonization, and insertion/deletion [11,19,38].
Exon-intron organization analyses revealed that each group contained one or two major intron phase
patterns (Figure S8). For instance, the majority of homologs in group CDPK I contained six introns with
a distinct intron phase pattern of 111000, while most members in CDPK II had seven introns sharing
a similar intron phase 1110020. As a peripheral sister clade of CDPK I and II, CDPK III contained
two major intron phases and one of them was identical to that of group CDPK I. Moreover, the major
intron pattern (02201010000) of eight members in CDPK IV is similar to that (0220110000) of most CRK
homologs in CRK I (Figure S8). Combined with the topological structures of CDPK IV and CRK I,
we infer that group CDPK IV is the ancient lineage of CDPK gene family, which may have diverged
from the last common ancestor with CRK I before the divergence of monocots and dicots [28].

3.3. Functional Comparison of CDPK and CRK Genes

CDPKs and CRKs have been confirmed to play crucial roles in the signal pathways in response
to various environmental stresses [4,5,28]. The systemic expression profiles of CDPK and CRK
genes in Cucumis species under different stimuli have been reported recently [9,11]. Consequently,
dynamic expression levels of CDPKs and CRKs under different stimuli were investigated in detail in
watermelon. Compared to cold stimuli, far more ClCDPKs and ClCRKs were induced under drought
and NaCl treatments (Figure 6), which differed from the expression trends of most homologs that
were up-regulated by cold stress in cucumber and melon [9,11]. In watermelon, expression levels of
ClCDPK14 were up-regulated by all three stresses (cold, drought, and salt); its ortholog CmCDPK1 in
melon, could be also induced by cold and salinity treatments [11]. Completely different expression

456



Int. J. Mol. Sci. 2019, 20, 2527

trends were also observed among species. For example, both genes ClCDPK6 and ClCDPK12, with a close
relationship in group CDPK II, could be induced by salt stress (Figure S4 and Figure 6), while expression
levels of their orthologs in melon (CmCDPK9 and CmCDPK11) and cucumber (CsCDPK14 and CsCDPK5)
exhibited contrary responses to salinity stimuli [9,11]. Similarly, transcriptional levels of ClCRK2
and its paralog ClCRK3, as well as their orthologs CmCRK3 and CmCRK6 in melon, were increased
under low temperature; however, these two groups of genes showed different expression trends
under salt stress between watermelon and melon. Taken together, we inferred that the functional
fates of some orthologs may be diversified during species evolution. The phytohormone ABA has
been reported to be widely involved in the response of plants to biotic and abiotic stresses [17,34,35].
For instance, AtCPK4 and AtCPK11 in Arabidopsis can positively mediate the CDPK/calcium-mediated
ABA signaling pathways via phosphorylation of two ABA-responsive transcription factors, ABF1 and
ABF4, and loss-of-function mutations decrease the tolerance of seedlings to salt stress [17]. As their
closest homolog in the phylogenetic tree (Figure S7), transcript abundance of ClCDPK14 was also
up-regulated under ABA and salt stimuli (Figures 6 and 7). The biosynthesis of ABA could be induced
by drought, leading to stomatal closure [17,39]. In Arabidopsis, the AtCPK4 and AtCPK11 are partially
involved in ABA-induced stomatal closure, and the double mutant lost more water from leaves
compared to single mutants [17]; gene ClCDPK14, as their closed homolog in watermelon, was also
activated by drought (Figure 6). Additionally, gene AtCPK6 has been proven to be involve in the
response to drought and salt stress as a positive regulator [40]. Intriguingly, ClCDPK5 in watermelon,
sharing the highest sequence similarity with AtCPK6, was also up-regulated by drought (or salt) and
ABA stresses, indicating that they might function in similar pathways. In this study, the transcription
levels of most ClCDPKs were increased by exogenous ABA (Figure 7), similar to the expression trend
in grape but different to that in Cucumis species [9,11,19].

In watermelon, transcription levels of four genes (ClCDPK1, ClCDPK5, ClCDPK16, and ClCDPK17)
were down-regulated by cold treatment, while only one gene (ClCRK2) was continuously up-regulated
at all treatment times (Figure 6). Moreover, complex expression patterns were also observed under cold
stimuli, such as ClCRK5 and ClCRK6. Three up-regulated genes (ClCDPK1, ClCDPK2, and ClCDPK5)
and one down-regulated gene (ClCDPK18) under continuous drought treatment in this study have also
been detected and regarded as different expression genes in our previous study [41]. Following salt
treatment, gene ClCDPK6 was significantly up-regulated at all treatment times, which is similar
to its ortholog CsCDPK14 in cucumber but in contrast with its ortholog CmCDPK9 in melon [9,11].
Additionally, two pairs of segmental duplications were detected in watermelon: ClCDPK7/ClCDPK8 and
ClCDPK6/ClCDPK16 (Table S5). Interestingly, ClCDPK7 and ClCDPK8 had similar expression patterns
under most treatments, while expression tendency of ClCDPK6 was usually opposite to ClCDPK16
(Figures 6–8), inferring that genes ClCDPK6 and ClCDPK16 may have undergone sub-functionalization
after duplication.

Generally, CDPK genes are ubiquitously expressed in plant organs, with some showing organ- or
tissue-specific expression [19,21]. In the present study, most identified ClCDPKs and ClCRKs could be
detected in at least one tissue, with at least five genes showing extremely high expression levels in
specific organs (Figure 5). For instance, ClCDPK17 in locus 24 showed a high expression level in the male
flower, similar to its ortholog CmCDPK6 in melon, which preferentially accumulated in male flowers [11].
In Arabidopsis, both genes AtCPK17 and AtCPK20 are reported to be preferentially expressed in mature
pollen to regulate the growth of pollen tubes [21,42]. Interestingly, their phylogenetically-close
homologs ClCDPK6 and ClCDPK16 in watermelon, as well as that in melon (CmCDPK9 and CmCDPK5)
and cucumber (CsCDPK14 and CsCDPK9) (Figure S7), were also detected with high transcriptional
abundances in male organs [9,11], indicating their conserved and important roles in the development
of male flowers.
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4. Materials and Methods

4.1. Identification and Biochemical Characterization of CDPKs and CRKs

For genome-wide identification of CDPK and CRK genes in Cucurbitaceae species,
protein sequences of 18 CmCDPKs, seven CmCRKs, and 19 CsCDPKs were obtained according
to recently published studies [9,11]. Then, using BLASTp program with an E-value setting of
1.0 × 10−5, these protein sequences were used as queries to search against the predicted protein
files of watermelon (C. lanatus, v1), cucumber (C. sativus, v1), Cucurbita genus (C. moschata, v1;
C. maxima, v1.1; C. pepo, v4.1), and bottle gourd (L. siceraria, v1), which were downloaded from the
Cucurbit Genomics Database (http://cucurbitgenomics.org/). Additionally, Hidden Markov Model
(HMM) profiles of the core protein kinase domain (PF00069) and EF-hand_7 domain (PF13499) were
downloaded from the Pfam database (http://pfam.xfam.org/), and were also subjected to searches
for CDPKs and CRKs with software HMMER 3.0 (default parameters). The reliability of candidates
was verified through searching against the NCBI nr database, and all non-redundant putative genes
were tested for the presence of core domains using ScanProsite (http://prosite.expasy.org/scanprosite/).
Finally, all candidate genes were further characterized with the following online tools: ProtParam
(http://web.expasy.org/protparam/), ScanProsite (http://prosite.expasy.org/scanprosite/), SMART (http:
//smart.embl-heidelberg.de/), ExPASy (http://web.expasy.org/myristoylator/), and CSS-plam 4.0
(http://csspalm.biocuckoo.org/). Dot plot analysis was performed using the software Geneious
(http://www.geneious.com).

4.2. Chromosomal Location of CDPK and CRK Genes

The genomic distributions of CDPKs and CRKs on chromosomes were drawn using the software
TBtools (http://cj-chen.github.io/tbtools/). To construct an integrated map, all identified CDPKs and
CRKs, as well as those reported in recent studies [9,11], were mapped onto watermelon chromosomes
based on the syntenic relationships of their flanking genes using BLASTp method, with a stricter
E-value setting to 1.0 × 10−10. Then, in-house Perl scripts were used to parse the resulting files and to
visualize the chromosomal locations of CDPK and CRK loci.

4.3. Phylogenetic, Gene Structure, and Syntenic Analyses of CDPKs and CRKs

Full-length CDPK and CRK protein sequences were aligned using the software Muscle [43],
and then were used to construct phylogenetic trees via MEGA 6.0 using the neighbor-joining method
with 1000 bootstrap replicates [11]. To perform gene structure analyses, genomic and cDNA sequences
of CDPKs and CRKs were obtained from their corresponding genomes. Then, the exon-intron
organization was displayed via the online tool GSDS 2.0 (http://gsds.cbi.pku.edu.cn/). The destination
tabular (-m 8) files of the BLASTp program (with an E-value setting of 1.0 × 10−10) and GFF profiles
served as input documents for MCScanX to analyze the synteny relationships [44], which were then
visualized using software CIRCOS (http://circos.ca/).

4.4. Plant Material and Treatments

The watermelon inbred line “Y34” provided by the Cucurbits Germplasm Resource Research
Group at the Northwest A&F University in China was used in this study. For tissue-specific analysis,
germinated seeds of watermelon “Y34” were directly sown in the experimental base, and six organs
(roots, stems, leaves, tendrils, and both male and female flowers) were independently sampled
during the fruit maturation period (approximately 60–70 days after sowing). For stress experiments,
seedlings were cultured in plastic pots (8 cm × 7 cm × 7 cm) filled with commercial peat-based compost
(Shaanxi Yufeng Seed Industry Co., Ltd., Yangling, China). All plants were grown under springtime
natural light with temperatures of 28–35 ◦C/16–20 ◦C (day/night) in a greenhouse, which were uniformly
watered and nourished weekly with half-strength Hoagland’s solution before treatments. Four weeks
after sowing, seedlings were used for the following treatments.
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For the salinity treatment, seedlings irrigated with 300 mM NaCl solution (80 mL per plant)
were sampled at 6, 24, 48, 72, 96, and 120 h post-treatment (hpt), while plants irrigated with distilled
water were used as control. Compared to seedlings planted in a growth chamber at 27 ± 1 ◦C
and 80% humidity under a light intensity of 300 mmol·m−2·s−1 PPFD, leaves of plants kept at 4 ◦C
were sampled at 1, 3, 6, 12, 24, and 48 hpt for cold treatment. To simulate a national drought
treatment [45], all seedlings were uniformly well-watered to 70 ± 5% field capacity based on their
weight. Then, leaves of drought-treated (unwatered) and control plants were sampled at 24, 48, 96,
and 192 hpt. Leaves sprayed with 100 µM abscisic acid (ABA) [46], 1 mM salicylic acid (SA) [47],
100 µM methyljasmonate (MeJA), and 10 mM ethephon (ETH) [48] were collected at 0.5, 1, 6, 12, 24,
and 48 hpt for hormone treatments, while control seedlings were only sprayed with equal volumes of
the corresponding solution without hormones. In this study, leaves of four plants were pooled at each
time point for each treatment with three biological replicates, which were immediately frozen in liquid
nitrogen and stored at −80 ◦C until further analysis.

4.5. RNA Isolation and qRT-PCR

The total RNA of samples was extracted using the RNASimple Total RNA Kit (TIANGEN, China)
following the manufacturer’s instructions. Then, approximately 1 µg of total RNA was used to
synthesize the first strand of cDNA using the FastKing RT Kit with gDNase (TIANGEN, China).
Gene-specific primers for ClCDPKs and ClCRKs are listed in Table S1. Amplification was conducted
in a 20 µL reaction volume, containing 10.0 µLSYBR Green Premix, 0.8 µL of each primer (10 µM),
and 1.0 µL cDNA template (80 ng/µL), which was diluted with ddH2O to 20 µL. The PCR conditions
consisted of pre-denaturing at 95 ◦C for 5 min, followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s.
The watermelon β-actin gene (Cla007792) was used as the internal control gene [49]. Each treatment
was repeated thrice, and all data were calculated for relative expressions following the 2−∆∆Ct method,
as described by Livak and Schmittgen [50]. The relative expressions were then log2 transformed and
visualized in a heat map using Mev 4.8.1 (http://www.mybiosoftware.com/). All data were analyzed
via IBM SPSS Statistics 21 and values were presented as the means ± SD of three biological and three
technical replicates (Table S7). The significance of expression between treatments and controls was
evaluated by one-way ANOVA and Duncan’s multiple range tests.

5. Conclusions

In the present study, a total of 128 CDPK and 56 CRK genes were identified in six Cucurbitaceae
species. Using the watermelon genome as reference, an integrated map containing 25 loci (16 CDPK
and nine CRK loci) was obtained, 16 of which (12 CDPK and four CRK) were shared by all seven
Cucurbitaceae species. Combined with exon-intron organizations, topological analyses indicated
an ancient origination of groups CDPK IV and CRK, which will contribute to elucidating the
evolutionary history of these two gene families in Cucurbitaceae. Moreover, expression patterns of
ClCDPKs and ClCRKs under different abiotic stresses were also performed in this study. Importantly,
comparative analyses indicated a subset of valuable orthologous genes for future functional
characterizations. For instance, both ClCDPK6 and its ortholog CsCDPK14 in cucumber could be induced
by salinity, while ClCDPK6 and ClCDPK16, as well as their orthologs in Cucumis, maintained high
expression levels in male flowers, which may play important roles in plant organ development and
response to environmental stresses.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/10/
2527/s1.
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Abstract: Poplar (Populus) is one of the most important woody plants worldwide. Drought,
a primary abiotic stress, seriously affects poplar growth and development. Multiple organellar
RNA editing factor (MORF) genes—pivotal factors in the RNA editosome in Arabidopsis thaliana—are
indispensable for the regulation of various physiological processes, including organelle C-to-U RNA
editing and plasmid development, as well as in the response to stresses. Although the poplar genome
sequence has been released, little is known about MORF genes in poplar, especially those involved
in the response to drought stress at the genome-wide level. In this study, we identified nine MORF
genes in the Populus genome. Based on the structural features of MORF proteins and the topology of
the phylogenetic tree, the P. trichocarpa (Ptr) MORF family members were classified into six groups
(Groups I–VI). A microsynteny analysis indicated that two (22.2%) PtrMORF genes were tandemly
duplicated and seven genes (77.8%) were segmentally duplicated. Based on the dN/dS ratios, purifying
selection likely played a major role in the evolution of this family and contributed to functional
divergence among PtrMORF genes. Moreover, analysis of qRT-PCR data revealed that PtrMORFs
exhibited tissue- and treatment-specific expression patterns. PtrMORF genes in all group were
involved in the stress response. These results provide a solid foundation for further analyses of the
functions and molecular evolution of MORF genes in poplar, and, in particular, for improving the
drought resistance of poplar by genetics manipulation.

Keywords: Populus trichocarpa; multiple organellar RNA editing factor; drought stress; RNA editing;
genome

1. Introduction

Poplar (Populus) has enormous economic and ecological benefits. It has a relatively small genome
(485 ± 10 Mb; 2n = 38) and is the model forest species for genomic and genetic studies of woody plants
owing to the relative ease of experimental manipulation and range of available genetic tools [1,2]. It is
characterized by its height, thickness, and rapid growth, but biotic and abiotic stresses have limited
its growth [3,4]. Among these stresses, drought is commonly pervasive with the characteristics of
repressing stomata, photosynthesis, respiration, altering gene expression, and reducing biomass [5,6].
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Drought is destructive and economically damaging for poplar, with important research and economic
values [1,2,7,8]. Accordingly, investigating the stress resistance mechanisms of poplar has research and
practical implications.

RNA editing primarily occurs in mitochondria and plastids of land plants and plays an important
role in transcript maturation by insertions/deletions and conversion editing [9–11]. Conversion
editing includes C-to-U, U-to-C, and A-to-I editing. U-to-C and A-to-I editing are likely less than
C-to-U, which account for the vast majority of RNA editing events [12,13]. The cis-regulatory
region, between nucleotide positions −40 and −5 of upstream of the edited site, interacts with
trans-regulatory elements involved in identifying the site and catalyzing the conversion, from cytidine
to uridine [14]. The organelle RNA recognition motif-containing protein (ORRM), organelle zinc
finger (OZ), protoporphyrinogen IX oxidase (PPO), pentatricopeptide repeat (PPR), and RNA editing
factor interacting protein (RIP)/multiple organellar RNA editing factor (MORF) families are key
trans-acting elements for RNA editing [11,15,16]. The ORRM genes are required for RNA editing;
the family contains six genes named ORRM1 to ORRM6. Plastid and mitochondrial editing sites are
impaired in almost all orrm-mutants [16–20]. OZ1 and PPO1 have also recently been implicated in
RNA editing and are all located in plastids [21,22]. PPR proteins include many family members and
have been studied extensively [23]. Several PPR functions are in a broad range of events, including
developmental and physiological processes and response to various biotic and abiotic stresses [24].
For instance, a PPR96 deficiency in A. thaliana is associated with insensitivity to ABA and oxidative
stress [23]. Mutations in SLO2 of the E+ subclass of the P-L-S subfamily of PPRs retard leaf emergence,
restrict root growth, and result in late flowering, and these parameters are enhanced in the absence
of sucrose. Additionally, four RNA editing defects and reduced editing at three sites in slo2 mutants
have been identified [25]. The conversion of nucleotides can not succeed without protein–protein
interactions between certain PPRs and MORFs. (PLS)3PPR and LPA66—two PPR genes—are associated
with increased RNA-binding activity based on the presence of MORF9 binding in A. thaliana [26].
MORF proteins interact with specific PPR proteins based on pull down in vivo and yeast two-hybrid
assays [15].

MORFs are a small protein family in land plants (nine members in A. thaliana and seven members
in maize) [27,28]. The name of DAG-like (DAL) gene family in maize was previously adopted based
on the first identified member (DAG) of the gene family in Antirrhinum majus [27,28]. In A. thaliana,
MORF proteins were also named RNA editing factor interacting proteins (RIP). There are nine members,
defined as MORF1–9, while there are ten RIPs. RIPs or MORFs have been used interchangeably, except
for RIP1, which corresponds to MORF8, and RIP8, which has been referred to MORF1. Only one gene,
RIP10 (At1g53260), was specially not defined as belonging to the MORF family [9]. In A. thaliana,
all MORF proteins have no annotated domains but shared a similarly conserved domain. MORF2
and MORF9 are targeted to plastids, and MORF8 is located in chloroplasts and mitochondria, and the
others are located in mitochondria. Some MORF genes work together and influence each other
during some RNA editing events, i.e., they exhibit homo- and heteromeric interactions. For example,
both mitochondrial MORF1 and plastid MORF2 proteins can interact with the dual-targeted MORF8
protein. MORF2 and MORF9 are both required for editing at several sites. The presence or absence of
MORF8 influences edited sites targeted by MORF2 and/or MORF9 [27,29].

Several members of the RNA editosome interacted with MORF family genes towards their
important roles in plant growth, development, and RNA editing efficiency [30,31]. Plant development
would be negatively affected without MORF proteins. In rice, owing to impaired chloroplast
development, the wsp1 mutant has the variegated phenotype and reduced chlorophyll content. Further,
photosynthetic efficiency, CO2 gas conductance, and transpiration rate of wsp1 plants are lower than
those of the wild type [32]. In A. thaliana, morf2 and morf9 mutants show a lack of chlorophyll in leaves,
and the T-DNA insertional rip1 (RIP1 also named as MORF8) mutant demonstrates dwarfism [27,33].

In poplar, functional studies of MORF proteins focused on biotic and abiotic stresses are sparse.
In this study, we predicted nine putative MORF genes in the P. trichocarpa genome. A comprehensive
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analyses of the poplar MORF family, including phylogenetic, gene structure, chromosomal distribution,
and synteny analyses, were performed. The expression profiles of PtrMORF genes under drought were
determined using public microarray and quantitative RT-PCR data. Our results provide insight into the
fascinating properties and biological functions of MORF genes in response to drought stress in poplar.

2. Results

2.1. Identification and Sequence Analysis of the PtrMORF Gene Family

We searched the poplar genome with known A. thaliana MORF proteins as queries. Initially,
nine putative PtrMORF genes were obtained—PtrMORF1.1, PtrMORF1.2, PtrMORF1.3, PtrMORF2.1,
PtrMORF2.2, PtrMORF3, PtrMORF8.1, PtrMORF8.2, and PtrMORF9 based on a phylogenetic analysis
using the amino acid sequences of all MORFs of P. trichocarpa as well as those of A. thaliana (Figure 1A).
Poplar MORF proteins were predicted using TargetP and Wolf PSORT to enter mitochondria,
chloroplasts, or nuclei, like their homologs in A. thaliana (Figure 1A). No known motif in poplar MORF
proteins was found in the PFAM and INTERPRO databases, but the MORF box was identified, as in
previous studies [27,28,33]. Novel putative motifs were explored using the MEME server. By selecting
a motif length of between 15 and 50 aa, we identified four conserved motifs located in the MORF
domain (Figure 1B–D).
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using MUSCLE, and the Neighbor-Joining (NJ) tree was built using MEGA v7.0. And the chloroplast, 
mitochondrial or nuclei transit peptides of poplar MORF proteins were predicted using TargetP 
(http://www.cbs.dtu.dk/services/TargetP/) and Wolf PSORT (http://wolfpsort.org/). M, mitochondria; 
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Figure 1. Poplar multiple organellar RNA editing factor (MORF) proteins and their conserved
motifs. (A) Multiple sequences alignment of A. thaliana and P. trichocarpa MORF proteins was carried
out using MUSCLE, and the Neighbor-Joining (NJ) tree was built using MEGA v7.0. And the
chloroplast, mitochondrial or nuclei transit peptides of poplar MORF proteins were predicted
using TargetP (http://www.cbs.dtu.dk/services/TargetP/) and Wolf PSORT (http://wolfpsort.org/).
M, mitochondria; C, chloroplast; Nucl, nuclei. Green diamond, MORF9 and PtrMORF9; Blue triangle,
MORF1, PtrMORF1.1, PtrMORF1.2 and PtrMORF1.3; Red circle, MORF2, PtrMORF2.1 and PtrMORF2.2;
Orange circle, MORF3 and PtrMORF3; Orange diamond, MORF8, PtrMORF8.1 and PtrMORF8.2. Local
meant the gene where was located in (B). Alignment of conserved MORF domains in poplar MORF
proteins was conducted using DNAMAN (https://www.lynnon.com/). Lake blue, Motif1; purple,
Motif2; red, Motif3; green, Motif4. (C,D) Putative motifs were explored using the MEME server with the
parameters of between 15 and 50 aa in length and sharing of each motif among all PtrMORF proteins.
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We further analyzed the sequence structures of the nine PtrMORF genes. An alignment of the
genomic sequences to predicted CDS sequences of PtrMORF genes, showed that PtrMORF genes had
a conserved gene structure. The PtrMORF genes had three introns with intron phases 0, 1, and 2. In all
PtrMORF genes, motif 1 was encoded by exon 1, motif 2 was encoded by exon1 and exon 2, and motif
3 was encoded by exons 3 and 4, but motif 4 was only located in exon 4 of PtrMORF1.1 (Figure 2A,B).
The nine PtrMORF genes ranged from 1515 to 4441 bp and contained four or five exons (Figure 2A).
All identified poplar MORF genes encoded proteins ranging from 229 to 470 amino acids, and their
sequences contained zero to two transmembrane domains (TMDs). The molecular weight (MW) of
the nine putative proteins ranged from 26.0 to 51.7 kDa. The GRAVY values of putative MORFs were
negative and ranged from −1.382 to −0.602 (Table S1).
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Figure 2. Gene structures of poplar MORF genes. (A,B) The gene structures of PtrMORF genes
were built using GSDraw (http://wheat.pw.usda.gov/piece/GSDraw.php) by submitting both
genomic sequences obtained from PopGenIE (http://popgenie.org/) and coding sequences (CDS) of
PtrMORF genes.

2.2. Phylogenetic Comparison of the MORF from Different Species

To investigate their molecular evolution and functions in poplar, a phylogenetic analysis of MORF
proteins was performed. We used the HMMER 3.0 package to build a Hidden Markov Model (HMM)
file (morf.hmm) with 19 MORF domain sequences of MORF proteins from A. majus, P. trichocarpa,
and A. thaliana (Table S2). To mine additional MORF domain-encoding genes in other plants, we used
the morf.hmm algorithm to query the genomes of six species, representing major evolutionary lineages,
including Arabidopsis lyrata, Brachypodium distachyon, Glycine max, Oryza sativa Japonica, Prunus persica,
and Vitis vinifera. The numbers of MORF genes in eight species were comparable, ranging from six (in
P. persica) to 11 (in A. lyrata and G. max).

In total, 69 MORF genes were identified in eight plant genomes to build an unrooted tree using
MEGA7.0 by employing the neighbor-joining (NJ) method. As shown in Figure 3, sequences were
classified into six groups (I, II, III, IV, V, and VI). Each group included MORF genes from diverse
plant taxa. Among these, classes III and VI were larger than the others, containing 30 members and
accounting for 42.5% of all predicted MORF genes. PtrMORF genes were found in all classes other
than group III.
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Arabidopsis lyrata, Arabidopsis thaliana, Brachypodium distachyon, Glycine max, Oryza sativa Japonica,
Prunus persica, and Vitis vinifera. The phylogenetic tree was constructed with MEGA 7.0 (http://www.
megasofware.net/mega.html/) program by the neighbor-joining method.

2.3. Chromosomal Distribution, Synteny, and Evolution of PtrMORF Genes

Figure 4 showed that the genes were distributed on six poplar chromosomes, including
chromosomes 1, 3, 4, 8, 10, and 11. Half of the chromosomes had two PtrMORF members and
the other half had a single MORF. Tandem duplication was defined as different members of the gene
family occurring within the same or neighboring intergenic region [34]. One tandem duplication event
involving two MORF genes (PtrMORF1.2/PtrMORF1.3) was identified by BLASTP and MCScanX
methods. In addition to the tandem duplication, seven PtrMORF genes were assigned to three
segmental duplication events (PtrMORF1.1/PtrMORF1.2/PtrMORF1.3, PtrMORF2.1/PtrMORF2.2,
and PtrMORF8.1/PtrMORF8.2) in Populus linkage groups 1, 3, 4, 8, 10, and 11. Notably, PtrMORF1.2
and PtrMORF1.3 occurred in both tandem and segmental duplications. A cross-matching event was
also found in three doubling blocks of PtrMORF genes; the chromosomal fragment in which a gene
was located was identical to more than one nonself chromosomal segment. PtrMORF1.1, PtrMORF1.2,
and PtrMORF1.3 synteny blocks corresponded to the third, fourth, and fourth chromosomes,
respectively (Figure 5A and Table S3). Figure 5B showed five of the nine MORF genes were involved
in three segmental duplication events (MORF1/MORF4, MORF5/MORF6, and MORF8/AT1G53260) in
A. thaliana. It was worth noting that the gene, AT1G53260, was not included in the scope of MORF
genes because of partial MORF box in our research [27]. The MORF gene of A. thaliana was also shown
to be highly segmental duplicated, which was similar to that in poplar.
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Figure 5. Interchromosomal relationships of MORF genes. (A) Interchromosomal relationships of
MORF genes in poplar. (B) Interchromosomal relationships of MORF genes in A. thaliana. Black lines
indicated all synteny blocks in the Populus or A. thaliana genome and the red indicated synteny blocks
where MORF duplicated gene pairs were. The chromosome number was indicated at the bottom of
each chromosome and each cell on the outside of chromosomes represented 5 Mbp in Populus and
1.5 Mbp in A. thaliana.

We further inferred the phylogenetic relationships of PtrMORFs, based on the diverse roles of
DYW-PPR protein binding to MORFs on RNA editing sites in A. thaliana [9]. We constructed two
syntenic maps of poplar with A. thaliana and rice. A total of four PtrMORF genes showed syntenic
relationships with MORFs in A. thaliana (Figure 6A,C and Table S3). However, no synteny was in rice
(Figure 6B). We performed phylogenetic analyses of these MORF proteins in Populus and A. thaliana.
The ratio of nonsynonymous/synonymous substitution rates of PtrMORFs and MORFs in A. thaliana
was determined to evaluate the selection pressure on amino acid substitutions (ω = dN/dS) and the role
of Darwinian positive selection in driving gene divergence after duplication [35–37]. Generally,ω > 1
indicates positive selection, ω < 1 provides evidence for negative or purifying selection, andω = 1
supports neutral evolution.
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Using the maximum likelihood method and codon substitution models implemented in PAML,
the selection pressure in the four groups of MORF genes was evaluated by likelihood ratio tests (LRTs).
The estimatedω value for all MORF genes was 0.055 using a one-ratio model (M0). We then detected
the positive selection acting on particular groups using a branch model in which each clade had its
own ω value. The LRT statistic suggested that the ω values for groups II, III, and IV were significantly
different from that of group I, and the ω estimates for all groups other than group I still suggested
purifying selection (Table 1).

Thus, we estimated the evolutionary forces acting on individual codon sites using site-specific
likelihood models of codon substitution because positive selection was unlikely to affect all sites over
prolonged time periods. Three pairs of models—M1 (neutral) and M2 (selection), M0 (one ratio) and
M3 (discrete), and M7 (beta) and M8 (beta &ω)—formed three LRTs. As shown in Table 2, model M1
was not significantly worse than M2, although it suggested that 6.6% of sites were nearly neutral with
ω = 1. Model M3 with K = 8 suggested that 0.7% of sites were under positive selection, and model
M3 was significantly better than the one rate model. Model M8, in which an additionalω ratio was
estimated from the data, was not significantly better than M7, indicating that no sites were under
positive selection.

To better detect positive selection, the branch-site model was also applied to evaluate selection
on all amino acids of MORF proteins in specific groups (Table 3). LRT showed that model A fitted
the data significantly better than the site-specific model M1 (p < 0.01) in group II, implying positive
selection on 29.7% of sites in group II. At the posterior probability (p) > 95%, four sites were likely to
be under positive selection in group II. Referring to first sequence in group II, MORF8, these positively
selected sites were 8T, 33R, 78D, and 83V (Figure 6D). However, no positive selection was found in the
branch including PtrMORFs.
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2.4. Expression of PtrMORF Genes and Six Genes from Chloroplasts and Mitochondria under Drought Stress

Although the role of MORF proteins in plastid development and RNA editing in A. thaliana and
rice have been studied, little is known about how MORFs respond to abiotic stimuli, such as drought
stress, particularly in poplar [27,32].

Quantitative real-time reverse transcription-PCR (qRT–PCR) for long-term water deficiency stress
in black poplar (Populus × euramericana cv. ‘Neva’) was further performed to evaluate the differential
expression of each PtrMORF gene. Nine genes exhibited significantly different expression under limited
water stress except PtrMORF2.1, and these could be preliminarily considered as drought-responsive
genes. Among them, the two PtrMORF genes PtrMORF1.3 and PtrMORF8.1 were highly expressed
followed by low expression. The expression levels of PtrMORF1.1 and PtrMORF1.2, PtrMORF2.2,
PtrMORF3, and PtrMORF8.2 under drought conditions were significantly lower than those in control
conditions. The mRNA accumulation of MORF9 fluctuated obviously, exhibiting decreased expression
after 3-day and 9-day drought, but increased approximately 1.5-fold after 6-day and 12-day drought.
However, the pattern of the response to drought was not consistent. For example, the expression level
of PtrMORF1.1 had downregulated after 3-day drought stress. At the same time, PtrMORF1.2 and
PtrMORF8.2 were significantly downregulated until 12 days of limited water stress. Furthermore,
PtrMORF genes that belonged to the same group in the phylogenetic tree had different expression
patterns under stress treatment. For instance, PtrMORF1.1 and PtrMORF1.3 were downregulated and
upregulated in 3-day drought treatments, while PtrMORF1.2, also orthologous to group I members
and MORF1 in A. thaliana, was not affected by limiting water until 12 days post-treatment (Figure 7).
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In order to further explore the possible relationship between RNA editing and plant stress, we 
selected a total of six genes from chloroplasts and mitochondria to evaluate their expression, based on 
previous studies [27,38,39]. The RPS14 gene represented important chloroplast proteins, and the 

Figure 7. Quantitative RT-PCR analysis of PtrMORF genes expression in response to drought stress.
0d, 3d, 6d, 9d, and 12d, drought for 0, 3, 6, 9, and 12 days in a greenhouse environment, respectively.
Data were normalized to UBQ gene. The sample without drought treatment was defined as 1 in the
figure. The data were presented as the mean ± SE of three separate measurements. Asterisks denote
significant differences: * p < 0.05; ** p < 0.01.

In order to further explore the possible relationship between RNA editing and plant stress,
we selected a total of six genes from chloroplasts and mitochondria to evaluate their expression,
based on previous studies [27,38,39]. The RPS14 gene represented important chloroplast proteins,
and the fluctuant editing efficiency and gene expression of RPS14 were associated with cytokinins
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against stress [39,40]. Under salt stress, PSBF and NDHB likely showed an elevated editing percentage,
linked to PSII repair and increase in NDHB gene translation [39]. In rice, atp6, atp9, and ccmC were
related to mitochondrial electron transport chain and had been selected to test RNA editing during
stress exposure [38]. In our study, these reported genes in poplar were obtained from National Center
for Biotechnology information and showed different expression owing to drought. Six genes, except
PSBF, were significantly upregulated or downregulated after drought stress (Figure 8). The three
mitochondrial genes—atp6, atp9, and ccmC—were significantly downregulated after 3-day drought.
The level of RPS14 was highly expressed on 3-day drought followed by a low expression on 6-day
drought, and the expression of poplar NDHB was significantly increased under 12-day drought.
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Data were normalized to UBQ gene. The sample without drought treatment was defined as 1 in the
figure. The data were presented as the mean ± SE of three separate measurements. Asterisks denote
significant differences: * p < 0.05; ** p < 0.01.

2.5. Expression Profiles of Populus MORF Gene

We then examined the tissue-specific expression of nine Populus MORF genes by qRT-PCR:
we evaluated various tissue types, including buds, freshly expanded leaves, expanding young leaves,
mature leaves, old leaves, cortex, xylem, and roots. The expression levels of PtrMORFs in these
tissues were comparable to those in buds. Some PtrMORF genes exhibited clear tissue-specific
expression (Figure 9). Five PtrMORF genes—PtrMORF1.1, PtrMORF8.1, PtrMORF2.2, PtrMORF3, and
PtrMORF9—were higher or weakly expressed in over four tissues significantly. Among them, the latter
three genes were highly expressed level in almost all leaves types, and PtrMORF8.1 and PtrMORF1.1
had higher expression levels in freshly expanded leaves and old leaves, respectively. All but one
gene—PtrMORF2.1—had higher expression in xylem. PtrMORF1.2, PtrMORF1.3, and PtrMORF8.2
had no significant difference in their expression in leaves and merely higher expressed in xylem
compared to buds. Additionally, The PtrMORF genes with closest evolutionary relationship had
different expression patterns. PtrMORF1.1, PtrMORF1.2, and PtrMORF1.3 had the closest homology
relationship with MORF1 of A. thaliana. Among them, PtrMORF1.1 had high expression levels in old
leaves, cortex, xylem, and roots, while PtrMORF1.2 and PtrMORF1.3 only in xylem. With respect
to PtrMORF2.1 and PtrMORF2.2, which were orthologous to MORF2 of A. thaliana, the latter had
high expression level in four leaves types and the former exhibited high expression only in old leaves.
A similar inconsistency in expression was observed between PtrMORF8.1 and PtrMORF8.2.
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Figure 9. Expression analysis of 9 MORF genes in eight representative samples by qRT-PCR.
Eight various tissues including buds (B), freshly expanded leaves (FL), expanding young leaves
(YL), mature leaves (ML), old leaves (OL), cortex (C), xylem (X), and roots (R). Data were normalized
to UBQ gene. The buds were defined as 1 in the figure. The data were presented as the mean ± SE of
three separate measurements. Asterisks denote significant differences: * p < 0.05; ** p < 0.01.

3. Discussion

RNA editing plays an irreplaceable role in plant growth and development and C-to-U RNA
editing events occur frequently in vascular plants. Trans-acting factors (RNA editosome) are required
to recognize nucleotides to be edited, including OZ1, PPR, ORRM, and others. MORF proteins that
interact with these factors have been found in A. thaliana and O. sativa [22,26,32]. MORF genes, which
are important subunits of the RNA editosome, play a vital role in the regulation of RNA editing [11].
It is worth noting that the functions of most MORF proteins in response to stress, especially drought,
remain unclear in woody plant. In this study, we identified the whole MORF gene family in poplar and
examined the expression patterns of these genes in different plant tissues and in response to drought.
The structure of the MORF family, evolutionary events, transcriptional changes responded to drought,
and tissue-specific expression pattern are discussed below.

Members of the MORF family have been identified and characterized in many taxa. For example,
10 MORF genes have been identified in A. thaliana, but At1g53260 (RIP10) may exhibit a partial lack of
partial functionality owing to incomplete MORF box. We focus on nine MORF genes in A. thaliana in
this study [9,27]. In maize, seven putative the DAG-like (DAL) genes have also have been identified.
It is worth noting that DAL, MORF, and RIP genes are the same [28]. We screened the P. trichocarpa
genome for putative MORF genes using a tailor-made HMM file derived from multiple MORF domain
alignments. We identified nine PtrMORF genes consistent with the findings of previous report [28].
Compared with MORF genes in A. thaliana and in maize (Zea mays), the family has not been extensively
studied in poplar, indicating that P. trichocarpa MORF proteins might perform functions similar to
those preformed by their homologs in herbaceous plants.

In our study, to better understand the evolution of the MORF gene family in poplar, the structure,
conserved motifs, phylogenetic relationships, and collinearity of PtrMORF genes were characterized.
Four conserved motifs were located in the MORF domain, suggesting that the MORF domain is
conserved among A. thaliana and Populus proteins. Most of the PtrMORF genes exhibited similar
numbers of exons. A phylogenetic analysis revealed that PtrMORF genes and putative MORF genes
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from other species could be classified into six subgroups. The distribution of genes among the
subclasses indicated that the expansion of the MORF family occurred before the divergence of the
species. Most of PtrMORF genes were grouped with MORF genes from A. thaliana and P. persica
genomes, indicating a close relationship among MORF genes from these species. Gene duplication is a
major mechanism underlying the evolution of novel protein functions. We detected 2 (22.2%) PtrMORF
genes that were tandemly duplicated and seven genes (77.8%) that were segmentally duplicated,
implying low tandem and high segmental duplication rates in PtrMORF genes. Three homologous
pairs of chromosomes included seven of the nine PtrMORF genes, with segmental duplication in the
poplar genome. For example, homologous chromosomes 8 and 10 both contained one MORF gene each;
similar findings were obtained for homologous chromosomes 1 and 11, as well as 3 and 4. Two MORF
genes—Potri.010G007200 and Potri.011G032900—were detected on chromosomes 10 and 11, but their
homologous chromosomes 8 and 1 lacked PtrMORF genes. Tandem duplication was detected (Table S3).
Furthermore, the synteny block including PtrMORF1.1, PtrMORF1.2, and PtrMORF1.3 was attributed
to multiple copies of the chromosome. These results indicated that some PtrMORF genes were possibly
generated by gene duplication and segmental duplication events likely served as driving force in
PtrMORF evolution.

Additionally, synteny maps between two representative species and poplar were constructed to
better understand the phylogenetic relationships. Four pairs were detected in A. thaliana and none was
detected in rice indicating a weak homology relationship between poplar and rice. Theω values for
duplicated gene pairs between PtrMORF genes and MORFs in A. thaliana were calculated to explore
selective pressures (Tables 1–3). In general, the MORF genes in the two plants were under strong
purifying selection using the branch model. Theω values for four groups were less than 1, except for
group II, MORF8 (At3G15000) and At1G53260 (RIP10), indicating that purifying selective pressure
was strong. Positively selected sites might cause adaptive changes after gene duplication and during
the evolution of MORFs in A. thaliana.

RNA editing could potentially contribute to plant resistance to abiotic tolerance on the basis
of previous studies [38,41,42]. And some genes closely related to RNA editing, such as PPR genes
in A. thaliana or rice, their mutants changed morphological characteristics due to environmental
forces [32,43]. Additionally, MORF genes were interacted with PPR genes to establish complex
editosomes in plant [26,27]. Therefore, we made an attempt to confirm whether the PtrMORF
genes responded to stress. The eight PtrMORF genes distributed in all groups were upregulated
or downregulated significantly under drought treatment. It was indicated that they may respond
to drought stress. Additionally, the sensitivity of PtrMORF genes responding to drought stress was
different. The expressions of PtrMORF1.2, PtrMORF2.2, and PtrMORF8.2 changed significantly after
nine or even 12 days of drought, while the other five genes had lower or higher expression only in
three-day drought restriction. This might implied that the former three genes are less sensitive to
drought than the latter five. However, not all the genes, which were responded to drought on day
three, had consistent response as drought stress increases. This was similar to the response of rice
some PPR genes to drought stress [44]. Additionally, five of the six genes from poplar chloroplasts and
mitochondria showed obviously higher or lower expression compared with no drought treatment,
and the edited site efficiency of these genes were affected when the MORF genes were mutated out in
A. thaliana [27], suggesting that the PtrMORF gene family, as important component of RNA editing,
might be involved in the response to drought stress. However, many questions were worth exploring:
(1) How would RNA editing perform under stress? (2) What were the deeper mechanisms of MORF
genes, as important editosome members of RNA editing?

The functional divergence of MORF genes was speculated depended on their tissue-specific
expression. Firstly identified member in A. majus, the DAG gene is essential for chloroplast
development in the leaves and etioplast formation of cotyledons [45]. In A. thaliana, the DAG-like gene
is involved in early chloroplast differentiation [46]. Our study showed that six PtrMORF genes are
expressed highly in the leaves of black poplar (Populus × euramericana cv. ‘Neva’), suggesting that
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PtrMORFs might play an important role in chloroplast differentiation and development. Some genes
that were highly expressed highly in both the leaves and other tissues, such as the cortex, xylem,
and roots, indicating the expanded function of PtrMORFs. The expression of three genes, merely
higher expressed in xylem compared to buds. There are homologous genes in A. thaliana; MORF1 was
located in both mitochondria and MORF8 in both mitochondria and chloroplasts and possessed an
extended C-terminus with unknown function. In previous reports, glycine-rich regions were observed
in the C-termini of MORF1 and MORF8 in A. thaliana [16]. The genes exhibited glycine-rich regions
may play key roles in the biotic and abiotic stresses [47]. In addition, the firstly discovered glycine-rich
protein—GRP-1—was highly expressed in buds and vascular tissue in the petunia [48]. Taken together,
these reports suggested this hypothesis that glycine-rich regions observed in MORFs might support
them in responding to adversity and be highly expressed in xylem in poplar. Xylem was important for
water transportation in plants and PtrMORF genes expressed highly in xylem might be closely related
to water regulation, making the MORF genes likely respond to drought [49]. However, we had to
point out that the exact roles within PtrMORFs need further experiments. Additionally, there were still
living parenchyma cells in the xylem and the activity of parenchyma cells provided a critical metabolic
and energetic role in woody stem [49]. They played a major role in editing implying that the three
MORF genes in poplar may play unlikely similar roles in annual plants and were probably required in
other critical functions in perennial woody plants.

Therefore, this research preliminarily provided insight into the roles of PtrMORFs in stress
response and investigations of functions for these genes required further experimental validation in
future studies.

4. Materials and Methods

4.1. Plant Materials and Treatments

Black poplar (Populus × euramericana cv. ‘Neva’) were grown in a greenhouse at 25 ◦C under a
16/8 h light/dark cycle. The 3.5-month-old plants were subjected to drought stress. Twelve plants
were encountered water-limited treatment, ranging from 3 to 12 days of drought in which the soil
RWC was reduced from 70%; the other three plants were provided abundant water, with a the soil
RWC of greater than 30% [50]. Three biological replicates were performed.

Total RNA was isolated from poplar mature leaves (sixth to twelfth) after drought stress. Different
organs and tissues of 3.5-month-old plants, including buds, freshly expanded leaves (second to third),
expanding young leaves (fourth to fifth), mature leaves (sixth to twelfth), old leaves (leaves below the
mature leaves), cortex, xylem (the stem without cortex), and roots, were collected at the same time and
immediately immersed in liquid nitrogen.

4.2. Genome-Wide Identification and Sequence Analysis of MORF Genes in P. trichocarpa

The potential MORF genes in P. trichocarpa were queried using a local BLASTP search
with an E-value threshold of <10−10 and a bit score of >100 in poplar genome annotation data
(Ptrichocarpa_210_v3.0.protein.fa.gz downloaded from https://phytozome.jgi.doe.gov/pz/portal.
html) based on preexisting MORF/RIP genes, including At1g11430, At1g32580, At1g72530, At2g33430,
At2g35240, At3g06790, At3g15000, At4g20020, and At5g44780 from A. thaliana, which was then
confirmed in previous studies [27,28]. Multiple sequence alignments of PtrMORF proteins and
the known MORF proteins were generated using DNAMAN. The alignment results were used to
build protein Hidden Markov Models (HMMs) to mine the conserved domain; the file was named
morf.hmm and was generated using the hmmbuild program in the HMMER 3.0 package (version
3.1b2). No known motifs in PtrMORF proteins and MORF proteins of other plants were detected by
screening the PFAM (http://pfam.sanger.ac.uk/) and INTERPRO (http://www.ebi.ac.uk/interpro/)
databases [51,52]. The HMM file was used as a probe to search genome files of representative species
downloaded from Phytozome V11.0, including A. lyrata, B. distachyon, G. max, O. sativa Japonica,
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P. persica, and V. vinifera [53]. Protein hits with an E-value of <10−10 and sequence score of “best 1
domain” >100 were collected.

MEME (http://meme.nbcr.net/meme/cgi-bin/meme.cgi) was used to investigate the putative
conserved motifs among PtrMORF proteins with the following parameters: length between 15 and
50 aa, maximum number of motifs = 4, and one per sequence. To obtain the intact conserved
MORF domain, different limits for the length of each motif were used between 100 and 120 aa [54].
In addition, TargetP, and Wolf PSORT were used to predict the putative organelle localization of
PtrMORF proteins [55,56].

4.3. Phylogenetic Analysis

A multiple sequence alignment of 69 MORF proteins from P. trichocarpa and other species including
A. lyrata, A. thaliana, B. distachyon, G. max, O. sativa Japonica, P. persica, and V. vinifera was generated
using the MUSCLE method. A phylogenetic tree was constructed by using the NJ method implemented
in MEGA V7.0 [57]. The parameters for tree construction were as follows. Phylogeny test and options:
bootstrap (1000 replicates); gaps/missing data: pairwise deletion; model: Dayhoff model; pattern
among lineages: same (homogeneous); and rates among sites: uniform rates. Finally, the phylogenetic
tree was visualized using itol (http://itol.embl.de/) [58].

4.4. Chromosome Location and Gene Structure Analysis

Positional information and gene structures of PtrMORF genes on chromosomes of P. trichocarpa
were obtained from the PopGenIE database [59]. The chromosomal locations were displayed with
MapDraw program [60]. The numbers and organization of introns and exons and gene structures were
drawn and displayed using the online PIECE2 server of GSDraw [61].

4.5. Colinearity of PtrMORF Gene

The chromosomal locations of PtrMORF genes were obtained from PopGenIE. Multiple
Collinearity Scan Toolkit (MCScanX) was used to analyze gene duplication events with the default
parameters and the colinearity information was showed by Circos [62,63]. Using Dual Systeny Plotter
software (https://github.com/CJ-Chen/TBtools), the synteny relationships of orthologous MORF
genes among poplar, A. thaliana, and rice were evaluated [64]. Nonsynonymous (dN) and synonymous
(dS) substitutions, as well as dN/dS ratio (ω) for duplicated MORF genes, were calculated, using
branch-specific, site-specific (one, neutral, selection, discrete, beta, and beta &ω > 1), and branch-site
(Model A) of codon substitution models, as implemented in PAML version 4 [65–67]. Likelihood ratio
tests (LRTs) were used to compare model fits. The sites under positive selection were identified using
Bayesian methods [68].

4.6. RT-PCR and qRT-PCR Analyses

Total RNA was extracted using a Plant RNA EASYspin Plus Kit (Aidlab, Beijing, China) and
first-strand cDNA synthesis was performed using approximately 2 µg of RNA using the FastQuant
RT Kit (with gDNase) (TIANGEN, Beijing, China) following the manufacturer’s protocols. qRT-PCR
was conducted on the ABI StepOnePlus Real-Time PCR System (ABI, Foster City, CA, USA) based on
the SYBR Green II method. Twenty microliters of cDNA was diluted 1:10 with nuclease-free water.
Each reaction contained 10 µL of SYBR Green qPCR Mix (Aidlab), 0.2 µL of ROX Reference Dye (Aidlab),
1 µL of cDNA (corresponding to 10 ng of total RNA), 7.8 µL of nuclease-free water, and 0.25 µM each
primer. The thermal profile for qRT-PCR: 3 min at 94 ◦C, 40 cycles of 10 s at 94 ◦C, 20 s at 60 ◦C,
and 72 ◦C for 30 s. Primers were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) [69].
A list of primers used was given (Table S4). Each experiment was performed in three biological
replicates. The poplar housekeeping gene, UBQ, was used as an internal control. Relative expression
was calculated by the 2−∆∆Ct method [70]. A Student’s t-test was used to generate every p-value for
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statistical analyses, and R project was used to identify significant variance (R version 3.5.1, one sample
and two sample t-test: * p < 0.05; ** p < 0.01).

5. Conclusions

Genome-wide identification and evolutionary, gene structure, and expression analyses under
drought stress of poplar MORF genes provide a deep insight into the gene family. Moreover, analyses
of MORF genes based on qRT-PCR validation of poplar tissues provide functional information.
Our results provide an important resource for advancing our understanding of the roles of MORF
genes in poplar.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/6/
1425/s1.
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Abstract: The protein phosphatase (PP2C) gene family, known to participate in cellular processes, is
one of the momentous and conserved plant-specific gene families that regulate signal transduction in
eukaryotic organisms. Recently, PP2Cs were identified in Arabidopsis and various other crop species, but
analysis of PP2C in cotton is yet to be reported. In the current research, we found 87 (Gossypium arboreum),
147 (Gossypium barbadense), 181 (Gossypium hirsutum), and 99 (Gossypium raimondii) PP2C-encoding
genes in total from the cotton genome. Herein, we provide a comprehensive analysis of the
PP2C gene family in cotton, such as gene structure organization, gene duplications, expression
profiling, chromosomal mapping, protein motif organization, and phylogenetic relationships of
each species. Phylogenetic analysis further categorized PP2C genes into 12 subgroups based on
conserved domain composition analysis. Moreover, we observed a strong signature of purifying
selection among duplicated pairs (i.e., segmental and dispersed) of Gossypium hirsutum. We also
observed the tissue-specific response of GhPP2C genes in organ and fiber development by comparing
the RNA-sequence (RNA-seq) data reported on different organs. The qRT-PCR validation of 30
GhPP2C genes suggested their critical role in cotton by exposure to heat, cold, drought, and salt
stress treatments. Hence, our findings provide an overview of the PP2C gene family in cotton based
on various bioinformatic tools that demonstrated their critical role in organ and fiber development,
and abiotic stress tolerance, thereby contributing to the genetic improvement of cotton for the
resistant cultivar.

Keywords: protein phosphatase (PP2C); cotton; syntenic relationships; expression patterns;
evolutionary analysis

1. Introduction

The protein kinases (PKs) and protein phosphatases (PPs) are known to regulate the protein
function, and are the fundamental molecular mechanism, by reversing protein phosphorylation during
cellular signaling. Thus, it is involved in many biological processes, such as signal transduction,
development, and environmental stimuli [1]. The PKs phosphorylate largely serine (Ser), threonine
(Thr), and tyrosine (Tyr), whereas PPs can reverse this functioning by eliminating the phosphate
group [2]. Mainly, the PPs are subcategorized into three major groups based on their requirement
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for substrate specificity, namely Ser/Thr phosphatases (STPs), protein Tyr phosphatases (PTPs), and
dual-specificity phosphatases (DSPTPs) [3,4]. Moreover, based on crystalline structure, amino acid
sequence and compassion to specific inhibitors (okadaic acid and cyclosporine-A), the PTPs are further
classified into phosphoprotein metallophosphatase (PPM) and phosphoprotein phosphatases (PPP) [5].
The PPM family mainly involves Mn2+- or Mg2+-dependent protein phosphatase (PP2C) and pyruvate
dehydrogenase phosphate, however, the PPP family includes different types of protein phosphatase,
including PP1, PP4, PP5, PP6, PP7, PP2A, and PP2B [5]. In the PPP family, PP2A rigorously affects root
hair growth during the elongation phase by denaturing the shape of the cells [6].

PP2C are evolutionarily conserved from Archaea to higher plants that pointedly modulate stress
signaling pathways and reverse the stress-induced PK cascades to complex environmental stimuli [3].
From various literature, several key stress-responsive protein kinases genes have been extensively
studied and proven to respond in diverse stress conditions including biotic and abiotic factors [7,8].
In Arabidopsis, several members of PP2c such as PLL4 and PLL5 (POL-like gene) are known to adjust
leaf development, though with no obvious functions within the meristem [9].

In Arabidopsis and rice, 112 and 132, respectively, candidate PP2C genes have been characterized into
various groups [10,11]. In particular, group A of Arabidopsis PP2Cs (e.g., ABI1 and ABI2), is accompanied
by abscisic acid (ABA) signaling, group B is known to stimulate mitogen-activated protein kinase
(MAPK) signaling, and group C is involved in the regulation of flower development [12]. Moreover,
several members of PP2C have been implicated as a negative regulator in mediated stress signaling
within ABA [13–15]. In higher plants, PP2Cs act as negative regulators of the ABA signaling pathway
and reduce tolerance against oxidative stress [16]. Proteins encoded by these candidate genes play
a critical role in various abiotic stress signaling such as salt, drought, and freezing [17–20]. Crop
productivity encounters a number of abiotic stress signaling including salt, drought, heat, and osmotic
stress in the environment. Thus, plants have developed complex molecular mechanisms to implement
and survive during adverse growth conditions. Intriguingly, it can be contingent on quite a few
factors, like adaptive alterations in their structure, physiology, and gene expression of some regulatory
proteins [16]. In reaction to drought stress, the interaction of PP2C i.e., MPK3 and MPK6, assists plants in
stomatal assimilation to thwart water loss [21], such as in the Arabidopsis [22]. Taken together, the above
studies have established the diverse role of PP2C genes in plant development and environmental
stresses. Hence, it is indispensable to probe into the identification and functional description of the
PP2C gene family, which will cement the base for understanding its essential molecular mechanism in
stress signaling.

Cotton, as an oil crop and an important source of natural textile fiber, plays a crucial role in
agriculture and industry all around the world. However, its production is mainly constrained due
to various abiotic and biotic stress conditions. The release of Gossypium whole-genome data in four
different cotton species, such as Gossypium arboreum [2], Gossypium barbadense [23], Gossypium hirsutum [24],
and Gossypium raimondii [25] and their publicly available database allows us to comprehensively
characterize the PP2C gene family based on bioinformatic tools. We further compared the PP2C
genes between Gossypium and Arabidopsis, to explore and identify both shared and specific subgroups.
Following the gene structure organization analysis, conserved protein motifs, and cis-elements, we traced
the duplication gene pairs and their evolutionary divergence that likely resulted in the widespread
extension of the PP2C gene family. In order to shed light on some critical PP2C genes, their associated
indigenous functional roles were further exposed to heat, cold, drought, and salt stress conditions.
Additionally, the transcriptional profiling of the PP2C genes for various tissues and fiber development
and qRT-PCR analysis of 30 genes were analyzed and compared. Therefore, to our knowledge, this is
the first systematic report of the genome-wide expression dynamics of the PP2C genes in cotton species,
and it is necessary to carry out a comprehensive study to understand the regulation of phosphatases in
cotton during stress and development.
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2. Results

2.1. Characterization of PP2C Gene Family in Cotton

The Arabidopsis 94 PP2C genes were obtained from TAIR (http://www.arabidopsis.org) with the
help of Interpro scan domain (IPR001932) and then used as queries against G. arboreum, G. barbadense,
G. hirsutum, and G. raimondii databases. This search resulted in 87, 147, 181, and 99 PP2C genes in
Gossypium species i.e., G. arboreum, G. barbadense, G. hirsutum, and G. Raimondii, respectively. In the
current study, we used the following nomenclature system for the PP2C genes to distinguish each PP2C
from the homology of Arabidopsis and Gossypium species: GaPP2C (GaPP2C1–GaPP2C87) G. arboreum,
GbPP2C (GbPP2C1–GbPP2C147) G. barbadense, GhPP2C (GhPP2C1–GhPP2C181) G. hirsutum, and
GrPP2C (GrPP2C1–GrPP2C99) G. raimondii. We have studied different gene features of the PP2C
genes including the chromosomal location, coding sequence length (CDS), protein length (aa),
molecular weight (MW), isoelectric point (PI), grand average of hydropathicity (GRAVY), aliphatic
index, and subcellular localization (Supplementary Tables S1–S4). In general, most of the PP2C
proteins were in the range of 254–899 (GaPP2C1–GaPP2C66), 240–1630 (GbPP2C3–GbPP2C27), 263–794
(GhPP2C38–GhPP2C135), and 264–1101 (GrPP2C27–GrPP2C67) amino acids. The MWs of the proteins
ranged from 27.99–100.38 (GaPP2C1–GaPP2C66), 26.45–181.58 (GbPP2C38–GbPP2C27), 28.65–100.47
(GhPP2C38–GhPP2C133), and 28.83–122.57 (GrPP2C27–GrPP2C1), the PIs ranged from 4.79–9.18
(GaPP2C28–GaPP2C7), 4.41–9.27 (GbPP2C96–GbPP2C135), 4.53–9.27 (GhPP2C57–GhPP2C177), and
4.64–9.27 (GrPP2C68–GrPP2C86), and the GRAVY ranged from −0.59–0.04 (GaPP2C66–GaPP2C64),
−0.70–0.06 (GbPP2C27–GbPP2C102), −0.591–0.056 (GhPP2C132–GhPP2C127) and −0.587–0.071
(GrPP2C78–GrPP2C71). In our study, most of the PP2C genes showed hydrophilic properties with negative
values, only a few of them were hydrophobic in nature with a positive value. The predicted subcellular
localization results displayed that most of the PP2C proteins were confined in different organelles such as
the chloroplast, the nuclear region, mitochondria, cytoplasm, and others (Supplementary Tables S1–S4).

2.2. Phylogenetic and Genomic Distribution and Organization Analysis of PP2C Gene Family

To study the phylogenetic relationship of the PP2C genes among cotton plants (G. arboreum,
G. barbadense, G. hirsutum, and G. raimondii), a maximum likelihood (ML) tree was constructed with
Arabidopsis using MEGA 7.0. The phylogenetic tree revealed that the PP2C genes can be further divided
into 12 subgroups, as previously reported [26,27] (Supplementary Figures S1–S3). Moreover, 181 GhPP2C
genes were clustered into 12 subgroups (A–L) with Arabidopsis. In the phylogenetic tree, subgroup D
had the most members of the PP2C genes (38), followed by subgroup E (27), and the least number
of PP2C genes was observed in subgroup L, having 4 GhPP2C genes (Figures 1 and 2a). Moreover,
we also analyzed the conserved motifs and gene structure based on phylogenetic relationships to
provide insight into the structural features of the PP2C members in G. hirsutum. For GhPP2C proteins,
10 conserved motifs were acquired with the help of MEME. The majority of the PP2C family contained
motifs 7 and 2, except a few genes showed motifs 3 and 4. This indicates that all the identified PP2C
genes have typical family features and the proteins classified into the same subgroup share similar
amino acid sequences (Figure 2b). Alongside, their logos were obtained by online MEME server. A total
of 10 types of consensus motifs were obtained in all of the GhPP2C proteins and their distribution
patterns are presented in Supplementary Figure S4. To better understand the gene structure of PP2C
genes in cotton, exon-intron organizations of these genes were also tested (Figure 2c) [26], and most of
the subgroups contained 1-10 introns. These results specify that PP2C genes in the same subgroup
show more or less similar exon-intron organization.
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Figure 1. Phylogenetic relationship of PP2C genes between G. hirsutum and A. thaliana. The 
phylogenetic tree was constructed by MEGA 7 using the Maximum Likelihood Method (1000 
bootstrap). Genes of protein phosphatase (PP2C) from different subgroups are marked with various 
color. 

Figure 1. Phylogenetic relationship of PP2C genes between G. hirsutum and A. thaliana. The phylogenetic
tree was constructed by MEGA 7 using the Maximum Likelihood Method (1000 bootstrap). Genes of
protein phosphatase (PP2C) from different subgroups are marked with various color.
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2.3. Chromosomal Localization and Syntenic Relationships of PP2C Gene Family 

The chromosomal localization of A and D genomes of G. hirsutum was analyzed using Tbtools 
software. A total of 89 GhPP2C genes were allocated in D genome (D01–D13) ranging from 2–14 
genes per chromosome and only 2 genes were found on the scaffold. Moreover, every chromosome 
showed variation in a number of genes, such as D04 exhibited the highest number of GhPP2C genes 
(14), followed by 12 genes in D02, and the least number of genes (2) were recorded for D07 (Figure 
3). On the other hand, we also demonstrated the chromosomal localization for A genome (A01–A12). 
A total of 79 genes were found ranging from 2–15 per chromosomes and 9 of them were located on 

Figure 2. (a) (b) and (c). Phylogenetic relationships, gene structure, the exon-intron, and upstream/
downstream region are represented, respectively. The phylogenetic tree was constructed by MEGA
7 using the Maximum Likelihood Method (1000 bootstrap). At the bottom of the figure, the relative
position is proportionally displayed based on the kilobase scale.

2.3. Chromosomal Localization and Syntenic Relationships of PP2C Gene Family

The chromosomal localization of A and D genomes of G. hirsutum was analyzed using Tbtools
software. A total of 89 GhPP2C genes were allocated in D genome (D01–D13) ranging from 2–14
genes per chromosome and only 2 genes were found on the scaffold. Moreover, every chromosome
showed variation in a number of genes, such as D04 exhibited the highest number of GhPP2C genes
(14), followed by 12 genes in D02, and the least number of genes (2) were recorded for D07 (Figure 3).
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On the other hand, we also demonstrated the chromosomal localization for A genome (A01–A12).
A total of 79 genes were found ranging from 2–15 per chromosomes and 9 of them were located on
the scaffold. The highest number of genes was found on A05 (15), followed by A11 (8), and the least
number of PP2C genes (2) were found on A13 (Figure 4). These findings suggested that GhPP2C were
allocated unevenly to different chromosomal locations.

Moreover, a collinear correlation was also demonstrated between G. hirsutum and Arabidopsis
(A and D genomes) (Figure 5a,b). To validate our results, we also performed a collinear relationship of
PP2C genes using only G. hirsutum (Supplementary Figure S5). The results exhibited high conservation
among PP2C members between the A and D genomes of cotton.
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Figure 5. (a) and (b). Chromosomal locations of PP2C (A and D) genome of cotton were obtained from
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for different chromosomes.

2.4. Analysis of Putative Regulatory Cis-Element and Gene Duplication Analysis of PP2C Gene Family
in Cotton

In the promoter region of PP2C genes, cis-acting elements play a critical role as stress-adaptive
signaling in plants by interacting with their cognate transcription factor (TF). For instance, abscisic
acid (ABA)-responsive elements (ABREs) are involved in salt, drought, and ABA signaling [28]. LTR
is crucial to chilling response and regulation [29]. Likewise, TCA-elements and TGACG-motif are
responsive to salicylic acid (SA) and MeJA treatments [30]. The exploration of the cis-acting element
of G. hirsutum PP2C genes was executed by using the PlantCARE database and seven common
cis-regulatory elements were briefly summarized (Figure 6 and Supplementary Table S5). The results
unveiled that most of the genes contributed in various signaling pathways such as phytohormones
and biotic and abiotic regulatory stress factors. On the other hand, PP2C genes are recognized to show
a major part in both biotic and abiotic stress phenomena. Most of the genes were highly (34.88%)
responsive to light (AE-BOX, BOX-4, LAMP-ELEMENTS, GAG-motif, GATA-motif), followed by
(24.32%) hormones (ABRE, CGTCA, TGA, TCA, AuxRe, GARE-motif), (18.61%) and other regulatory
cis-elements (HD-ZIP3, o2-site, AT-Rich elements, CAT-BOX, A-Box, EIRE), while the fewest genes
(0.93% and 0.85%) were mainly counted in circadian and enhancer elements (5UTR Py-rich stretch,
TA-Rich Region, and GC-motif), respectively. In plants, the circadian cis-regulatory element is known
to control the circadian rhythms. Moreover, these results indicate that PP2C genes are vital in various
biotic-abiotic/hormone signaling which might be hypothesized by their diversity in nature.

For gene duplication analysis, we used MCScanX to determine the types of gene duplications and
the results suggested most of the genes were segmental (167) and few of them were dispersed (12);
thus, indicating that segmental duplication plays a major contribution to the expansion of the PP2C
gene family. Moreover, the PP2C genes might have experienced functional discrepancy due to gene
duplications, and few of them might have lost their unique functions, developed novel functions, or
preserved partition of innovative functions [31,32]. During the evolutionary processes, genes are often
exposed to various selective pressures such as positive, neutral, and purifying selection. Additionally,
for a better understanding of the selection pressure between the duplicated genes, we calculated the
Ka/Ks ratios among selected genes from segmental and dispersed (Figure 7 and Table 1). It was shown
that only two pairs have a positive selection (>1) Ka/Ks, while the rest were purifying in nature with
<1.00, reducing divergence after duplication.
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GhPP2C62 GhPP2C23 0.88 0.60 0.683731513 Purifying Selection Dispersed 

2.5. Expression Profiling of PP2C Gene Family in Different Tissues of G. hirsutum 
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development (3, 6, 9, 12, and 15 days post anthesis). For instance, Figure 8a reveals the expression 
levels of PP2C genes drastically varied in various tissues and most numbers of them were highly 
expressed. However, the expression of a few genes (GhPP2C12, 16, 46, 45, 47, 50, 57, 74, 79, 95, 97, 
122, 124, 125, 132, 141, 154, 159, and GhPP2C170) did not show any striking expression in any tissues. 
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Table 1. The gene with outlier Ka/Ks values and types of duplications i.e., segmental and
dispersed genes.

Gene 1 Gene 2 Ks Ka Ka/Ks Selection Pressure Gene Duplications

GhPP2C9 GhPP2C3 1.20 0.43 0.354114713 Purifying Selection Segmental

GhPP2C10 GhPP2C6 1.72 0.36 0.207076566 Purifying Selection Segmental

GhPP2C4 GhPP2C1 0.57 0.07 0.125220459 Purifying Selection Segmental

GhPP2C7 GhPP2C8 0.53 0.59 1.121904762 Positive Selection Segmental

GhPP2C11 GhPP2C2 0.45 0.59 1.311659193 Positive Selection Segmental

GhPP2C89 GhPP2C90 0.05 0.01 0.208333333 Purifying Selection Dispersed

GhPP2C114 GhPP2C146 0.74 0.65 0.879032258 Purifying Selection Dispersed

GhPP2C83 GhPP2C84 0.04 0.03 0.710526316 Purifying Selection Dispersed

GhPP2C139 GhPP2C180 0.61 0.56 0.908346972 Purifying Selection Dispersed

GhPP2C62 GhPP2C23 0.88 0.60 0.683731513 Purifying Selection Dispersed

2.5. Expression Profiling of PP2C Gene Family in Different Tissues of G. hirsutum

To gain insight into the tissue-specific expression patterns of the cotton, previously reported [24]
transcriptome data was utilized for various tissues (root, stem, leaf, patel, and stamen) and fiber
development (3, 6, 9, 12, and 15 days post anthesis). For instance, Figure 8a reveals the expression
levels of PP2C genes drastically varied in various tissues and most numbers of them were highly
expressed. However, the expression of a few genes (GhPP2C12, 16, 46, 45, 47, 50, 57, 74, 79, 95, 97,
122, 124, 125, 132, 141, 154, 159, and GhPP2C170) did not show any striking expression in any tissues.
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Though, some of the PP2C genes were expressed in one or more tissues (GhPP2C15, 17, 18, 27, 40,
44, 46, 64, 68, 72, 78, 117, 127, 129, 138, 151, 168, and GhPP2C171). Intriguingly, the tissue-specific
clustering (Figure 8b) showed that root (2), stamen (3), patel (3), and leaf (1) genes were commonly
involved in the tissue developmental role in cotton. To gain further insights into the connection
between these GhPP2C genes in tissue-specific responses, a correlation analysis was established based
on the Pearson correlation coefficients (PCCs) (p = 0.05). Results showed a higher positive correlation
among various specific tissues (Figure 8c and Supplementary Table S6).
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per million fragments mapped (FPKM)) for PP2C in the five various tissues—root, stem, leaf, patel,
and stamen. The expression levels are indicated by the color bar. (B) Venn diagram analysis of the
tissue expression of PP2C. (C) Pearson’s correlation coefficients (PCCs) of FPKM-based values of 181
GhPP2Cs in different tissues using Rstudio.

Furthermore, the expression patterns of fiber developmental stages (3, 6, 9, 12, and 15 days post
anthesis) exhibited a dynamic expression level. Majority of the PP2C genes were highly expressed
(Figure 9a), but some of them were not expressed, such as GhPP2C11, 21, 25, 26, 31, 40, 42, 45, 54, 76,
80, 86, 89, 91, 98, 100, 110, 117, 137, 148, 155, 171, and GhPP2C178, respectively. As shown in Figure 9b,
the clustering analysis indicated the common developmental genes in 3 days post anthesis (DPA) (4),
6DPA (2), 9DPA (3), and 15DPA (1), respectively. The PCCs-based correlation analysis of the relative
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gene expression of selected genes suggested a high positive correlation and low inverse correlation
between selected genes. In addition, some genes exhibited an inverse correlation among various fiber
developmental stages (Figure 9c and Supplementary Table S6). These findings suggested that PP2C
genes share diverse and high expression patterns in tissues and fiber development, which implied
PP2C genes are conserved.Int. J. Mol. Sci. 2019, 20, x; doi: FOR PEER REVIEW www.mdpi.com/journal/ijms 
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PP2C has been studied in various species after exposure to abiotic–biotic and hormones stresses 
[3,26]. To verify this hypothesis, we subjected the cotton seedlings to four various abiotic stress 
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qRT-PCR. The results showed that some GhPP2C genes exhibited high transcript levels after 
exposure to multiple treatments, but a few of them were induced by one or more treatments. For 
instance, heat stress possesses the dominant portion of down-regulated genes (52%). However, cold 
stress showed 70% of the genes were up-regulated and 30% decreased in transcript level, followed 
by drought stress, which exhibited about 53% and 47% of up- and down-regulated GhPP2C genes, 
respectively. On the other hand, exposure to salt stress resulted in 56% up-regulation and 44% 
down-regulation in genes (Figure 10). Among these 30 genes, we also calculated the Pearson 
correlation coefficient (PCC) based on the expression by making three categories (i.e., highly positive 
>0.5, mild positive <0.5 and >0, and negative correlation <0). The results emphasized that both cold 
and salt stress showed 12 each PCC values having a highly positive correlation, while negative 

Figure 9. (A) Heat map of expression profiles (in log2-based FPKM) for PP2C in the five fiber
developments: 3 days post anthesis (DPA), 6, 9, 12, and 15 DPA. The expression levels are indicated by
the color bar. (B) Venn diagram analysis of the fiber development of PP2C. (C) Pearson’s correlation
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2.6. qRT-PCR Analysis of the Candidate PP2C Gene Family in Response to Various Stresses

A prediction of the cis-regulatory elements indicated that GhPP2C genes may participate in
responses to heat, cold, drought, and NaCl stress tolerance. Moreover, the expression profiling of
PP2C has been studied in various species after exposure to abiotic–biotic and hormones stresses [3,26].
To verify this hypothesis, we subjected the cotton seedlings to four various abiotic stress treatments
such as heat, cold, drought, and NaCl stress, and then carefully selected 30 genes for qRT-PCR.
The results showed that some GhPP2C genes exhibited high transcript levels after exposure to multiple
treatments, but a few of them were induced by one or more treatments. For instance, heat stress
possesses the dominant portion of down-regulated genes (52%). However, cold stress showed 70%
of the genes were up-regulated and 30% decreased in transcript level, followed by drought stress,
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which exhibited about 53% and 47% of up- and down-regulated GhPP2C genes, respectively. On the
other hand, exposure to salt stress resulted in 56% up-regulation and 44% down-regulation in genes
(Figure 10). Among these 30 genes, we also calculated the Pearson correlation coefficient (PCC) based
on the expression by making three categories (i.e., highly positive >0.5, mild positive <0.5 and >0,
and negative correlation <0). The results emphasized that both cold and salt stress showed 12 each
PCC values having a highly positive correlation, while negative correlation was recorded in heat and
drought with 6 each PCC values (Figure 11 and Supplementary Table S6). Taken together, all the
30 genes were induced by different abiotic stresses, but the diversity in the expression profiling of
GhPP2C genes may suggest that these genes may be critical to abiotic-stress responses.

Int. J. Mol. Sci. 2019, 20, x; doi: FOR PEER REVIEW www.mdpi.com/journal/ijms 

 

correlation was recorded in heat and drought with 6 each PCC values (Figure 11 and Supplementary 
Table S6). Taken together, all the 30 genes were induced by different abiotic stresses, but the 
diversity in the expression profiling of GhPP2C genes may suggest that these genes may be critical to 
abiotic-stress responses. 

 
Figure 10. Relative expression analysis by qRT-PCR of PP2C genes under heat, cold, drought, and 
salt stressing in G. hirsutum. 
Figure 10. Relative expression analysis by qRT-PCR of PP2C genes under heat, cold, drought, and salt
stressing in G. hirsutum.

493



Int. J. Mol. Sci. 2019, 20, 1395

Int. J. Mol. Sci. 2019, 20, x; doi: FOR PEER REVIEW www.mdpi.com/journal/ijms 

 

 
Figure 11. The Pearson’s correlation coefficient (PCC) values under response to heat, cold, drought, 
and salt treatments. 

3. Discussion 

In this study, we systematically investigate the PP2C genes based on the genome-wide analysis. 
Although the PP2C gene family has been in many species, the knowledge of PP2C genes in cotton is 
yet to be elucidated and their systematic analysis has not been reported. Previously, the PP2C gene 
family has been reported in different plant species such as maize [12], rice [11], Arabidopsis [10], hot 
pepper [33], banana [34], and Brachypodium distachyon [3]. Thus, we observed high variations in the 
number of PP2C genes that might be present during whole-genome duplication (WGD) events. For 
exploring new biological functions, evolutionary implications and its expansions are mainly based 
on gene duplications [35]. Therefore, to study evolutionary analysis and polyploid formation, cotton 
is an excellent model and ideal crop by being typically allotetraploid [36]. The importance of 
evolutionary analysis is further reflected in the fact that most of the angiosperms have undergone 
either one or multiple polyploidization events [37–39]. Herein, we systematically found 
PP2C-encoding genes in four cotton species—87 (Gossypium arboreum), 147 (Gossypium barbadense), 
181 (Gossypium hirsutum), and 99 (Gossypium raimondii). Cotton species represent the high number of 
genes, specifying that the PP2C gene family have undergone extensive expansion during the 
evolution of cotton. In the current study, a comprehensive genome-wide analysis was executed, such 
as gene identification, gene structure organization, phylogenetic characterization, syntenic 
relationships, chromosomal localization, and gene duplications. Moreover, transcriptional profiling 
of 30 PP2C genes was also performed, after exposure to heat, cold, drought, and salt stress was also 
carried out [12,27].  

In this study, the subcellular predictions for most of the members of GaPP2C, GbPP2C, 
GhPP2C, and GrPP2C were mainly located in different organelles such as the chloroplast, nuclear 
region, mitochondria, cytoplasm, and others. In addition, the gene characteristics of GaPP2C, 
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3. Discussion

In this study, we systematically investigate the PP2C genes based on the genome-wide analysis.
Although the PP2C gene family has been in many species, the knowledge of PP2C genes in cotton
is yet to be elucidated and their systematic analysis has not been reported. Previously, the PP2C
gene family has been reported in different plant species such as maize [12], rice [11], Arabidopsis [10],
hot pepper [33], banana [34], and Brachypodium distachyon [3]. Thus, we observed high variations in
the number of PP2C genes that might be present during whole-genome duplication (WGD) events.
For exploring new biological functions, evolutionary implications and its expansions are mainly based
on gene duplications [35]. Therefore, to study evolutionary analysis and polyploid formation, cotton is
an excellent model and ideal crop by being typically allotetraploid [36]. The importance of evolutionary
analysis is further reflected in the fact that most of the angiosperms have undergone either one or
multiple polyploidization events [37–39]. Herein, we systematically found PP2C-encoding genes in
four cotton species—87 (Gossypium arboreum), 147 (Gossypium barbadense), 181 (Gossypium hirsutum),
and 99 (Gossypium raimondii). Cotton species represent the high number of genes, specifying that
the PP2C gene family have undergone extensive expansion during the evolution of cotton. In the
current study, a comprehensive genome-wide analysis was executed, such as gene identification, gene
structure organization, phylogenetic characterization, syntenic relationships, chromosomal localization,
and gene duplications. Moreover, transcriptional profiling of 30 PP2C genes was also performed,
after exposure to heat, cold, drought, and salt stress was also carried out [12,27].

In this study, the subcellular predictions for most of the members of GaPP2C, GbPP2C, GhPP2C,
and GrPP2C were mainly located in different organelles such as the chloroplast, nuclear region,
mitochondria, cytoplasm, and others. In addition, the gene characteristics of GaPP2C, GbPP2C,
GhPP2C, and GrPP2C drastically vary including the protein length (aa), molecular weight (MW),
predicted isoelectric point (PI), and a grand average of hydropathicity (GRAVY), signifying that
different PP2C proteins may play complex roles in variable microenvironments.

The estimate of evolutionary patterns, such as the rate of computing the selection pressure analysis
(Ka/Ks), provides useful information about purifying, positive, and neutral selections of gene pairs
during the rate of divergence [40]. In evolutionary events, if the value of the Ka/Ks ratio is <1.00,
this represents purifying selection, a Ka/Ks ratio of 1.00 indicates neutral selection, and/or Ka/Ks >1.00
depicts positive selection [41,42]. Similarly, during evolutionary processes and expansion of a gene
family, these indicators are used for the selection history. In this study, we calculated these values
among segmental and dispersed pairs of PP2C genes with the help of the MEGA7.0 program. Thus,
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we estimated the selection pressure analysis of duplicated genes (i.e., segmental and dispersed) pairs.
The majority of the GhPP2C pairs showed Ka/Ks ratios of less than 1.00, indicating the purifying
selection, and only two pairs showed values more than 1.00, speculating the positive selection [31].

Plant productivity is always uncertain due to a range of climatic challenges such as heat, cold,
drought, and salt stress being the major factors in limiting crop production. Previous studies reported
that AtPP2CG1 regulates positively against salt tolerance in Arabidopsis and is induced by drought, salt,
or exogenous ABA treatment [43]. In Arabidopsis, two members of PP2C genes responded inversely;
for example, AP2C1 expression was powerfully tempted by drought, wounding, and cold but AP2C2
was slightly prompted by these treatments too [44]. These findings highlighted the significance of
critical members of the PP2C gene family in the model plant Arabidopsis, but their specific functions
may be significantly varied in cotton. For achieving gene expression patterns in diverse growth phases
of GhPP2C, we systematically analyzed the previously reported transcriptome data in various tissues
(root, stem, leaf, patel, and stamen) and fiber development (3, 6, 9, 12, and 15 DPA). These results
showed that most of the PP2C were highly varied, speculating the high diversity in their functions.
However, few genes have shown tissue-specific expression, indicating their common importance to
plant development. In GhPP2C genes, we also explored the promoter regions for identification of
common conserved cis-regulatory elements. As a consequence, these results exhibit the participation
of PP2C genes in various hormone signaling, including both biotic and abiotic stress factors. In the
present study, to provide validation to our hypothesis, we also tested 30 candidate genes under various
stresses using qRT-PCR. The majority of PP2C genes showed high striking transcriptional changes by
exposure to heat, cold, drought, and salt stress, suggesting that PP2C genes might be crucial to stress
tolerance in cotton. Noticeably, recent studies in Arabidopsis and rice also uncovered the pivotal role of
PP2C candidate genes [11,45], however, in cotton, it is largely obscured. Moreover, 30 candidate genes
involved in expression profiling demonstrated their critical role in Gossypium hirsutum.

Therefore, taken together, the results of our study provided valuable insight, signifying that
PP2C has provided a stepping stone to the molecular mechanism in cotton. Alongside, the differential
expression profiling and gene duplications analysis might have experienced functional divergence,
and their further study will help considerably in improving the crop yield and quality and cultivating
new resistant varieties.

4. Conclusions

We analyzed the genome analysis, evolutionary rates, and molecular characterization of PP2C genes
in the Gossypium genome. Herein, we identified 87 (Gossypium arboreum), 147 (Gossypium barbadense),
181 (Gossypium hirsutum), and 99 (Gossypium raimondii) PP2C genes by bioinformatics analysis in
cotton species. Gene synteny analysis showed that GhPP2C are highly conserved, while the gene
duplications analysis reflected that only segmental duplication plays a starring role in the PP2C gene
extension in cotton. Also, the results of the phylogenetic analysis categorized the PP2C genes into 12
subgroups. We further explored the previously published RNA-sequence (RNA-seq) data to compare
the tissue-specific response of PP2C genes and their critical role in organ development and fiber.
Various PP2C genes responded promptly to abiotic stresses, including heat, cold, salt, and drought,
suggesting their crucial role in abiotic stress tolerance. As a consequence, our findings will facilitate
advanced research on the functional analysis of PP2C genes regarding their critical role in tissues, fiber
development, and abiotic stress tolerance.

5. Materials and Methods

5.1. Data Resources for Sequence Retrieval

For identification of PP2C genes in Gossypium and other species, we utilized the Plaza 4.0 database
(https://bioinformatics.psb.ugent.be/plaza/) with the help of InterPro PP2C domain “IPR001932”.
The cotton genome sequences were downloaded from (https://www.cottongen.org/), and A. thaliana
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sequences were retrieved from TAIR (http://www.arabidopsis.org/). The domains of obtained
GhPP2C proteins were further verified using the NCBI-Conserved Domain database (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) search program and SMART databases (http://smart.
embl-heidelberg.de/) [46]. Those proteins which lack PP2C domains were removed from further
analysis. In addition, protein sequences that were found with obvious errors in their gene length or
having less than 100 lengths were eliminated.

5.2. Multiple Sequence Alignment and Phylogenetic Analysis

The amino acid sequences of the GhPP2C proteins were used for further investigation, and multiple
sequence alignment was performed by MUSCLE [47] using MEGA 7 software with the default options [48].
The phylogenetic trees were constructed using the maximum likelihood (ML) method. In order to
determine the reliability of the resulting tree, bootstrap values of 1000 replications were performed
with the Jones, Taylor, and Thornton amino acid substitution model (JTT model), while keeping the
other parameters as a default.

5.3. Calculation of the Ka/Ks for Duplicated Genes

The Ka/Ks ratios were calculated for duplicated (segmental and dispersed) gene pairs using MEGA
7.0 [48].

5.4. Conserved Motifs, Exon-Intron Structure Analysis, and Physicochemical Parameters of PP2C Proteins

Conserved motif scanning of GhPP2C proteins was carried out through local MEME Suite Version
5.0.3. For this purpose, parameter settings were calibrated as follows: Maximum number of motifs 10,
with a minimum width of 100 and a maximum of 150. The other parameters were set as default [49].
For the exon-intron structure, we used the Gene Structure Display Server (GSDS 2.0) (http://gsds.cbi.
pku.edu.cn) [50]. The physicochemical properties of the proteins, including molecular weight (MW),
isoelectronic points (pI), aliphatic index, and GRAVY values for each gene, were calculated using the
ExPASY PROTPARAM tools (http://web.expasy.org/protparam/). The subcellular localization was
predicted using the WOLF PSORT (https://wolfpsort.hgc.jp/) website.

5.5. Cis-Elements Predictions of GhPP2C

Every GhPP2C promoter sequence (selected as 2000 upstream bp) was imported in Generic File
Format (GFF) file from the cotton genome. Then, the PlantCARE database (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/) [51] was utilized to identify the cis-regulatory elements for
promoters of each gene.

5.6. Chromosomal Location and Synteny Correlation Analysis

The chromosomal location of PP2C genes was illustrated from top to bottom concerning their
position in the genome annotation by using TBtools software [52]. For synteny gene analysis,
the relationships were verified between the homologs of A. thaliana and Gossypium hirsutum. Circos
(using TBtools software) program was applied to exhibit the syntenic relationships among the
chromosomes of G. hirsutum and A. thaliana [52].

5.7. Pearson Correlation Analyses (PCC)

Pearson correlation analysis was performed with the help of Excel 2013 in order to evaluate
the PCC values that were used for qRT-PCR according to a previously reported study [53]. As well,
the PCC of fragments per kilobase of transcript per million fragments mapped (FPKM) values was
implemented using RStudio (R program) at 0.05 (p-value) significance level.
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5.8. Plant Material and Treatments

In the present study, the germinated seeds of G. hirsutum cv. Junmian 1 were grown in plastic pots
containing a mixture of soil and vermiculite (3:1). The pots were then placed in an artificial growth
chamber for five weeks. The growth conditions were as follows: The temperature was set to 24/16

1 
 

ºC ,
the photoperiod was 16/8 h, and the relative humidity was 65%–70%. The two-week-old seedling
was exposed to specific treatment, as follows: For heat and cold treatments, seedlings were exposed
to 38

1 
 

ºC and 4

1 
 

ºC , respectively. For NaCl and drought stress treatments, the seedlings were cultured
in a nutrient solution medium with 250 µM and 6000 PEG (w/v). All treatments were carried out in
continuous time intervals of 1, 6, and 12 h, respectively. Additionally, for every specific treatment, five
randomly chosen whole seedlings were pooled to form a biological replicate. After that leaf samples
were quick-frozen in liquid nitrogen and stored at −80 ◦C for further use.

5.9. RNA Isolation and Transcriptional Profiling of GhPP2C under Various Stresses

Total RNA was isolated from the treated frozen leaves with Trizol (Invitrogen) following the
manufacturer’s instructions. RNA was reverse-transcribed into cDNA using the Primer Script RT
reagent kit (TAKARA, Dalian China) according to their instructions. Specific primers were designed
using Becan Designer 7.9 and are presented in Supplementary Table S7. In order to check the specificity
of the primers, we used the BLAST tool against the Gossypium hirsutum genome for confirmation.
RT-PCR was performed according to the guidelines of previous studies [54]. Relative fold expression
was calculated with the comparative Ct-method. The expression patterns of all GhPP2C genes were
analyzed based on a previous study [55,56]. The cotton histone3 (AF024716) gene was used as the
reference gene for qRT- PCR. In brief, the real-time PCR amplification reactions were performed on
an ABI 7500 Real-Time PCR System (Applied Biosystems, California, CA, USA) using SYBR Green
(Vazyme, Nanjing, China) with three replicates. The amplification parameters were denaturation at
95 ◦C for 10 min, 40 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 15 s, and extension
at 72 ◦C for 15 s.

High-throughput RNA-sequencing data [24] was utilized for various vegetative (root, stem, and
leaf), floral (stamen and patel), and fiber tissues (3, 6, 9, 12, and 15 days post anthesis), respectively.
Furthermore, gene expression levels were quantified by FPKM (fragments per kilobase of transcript
per million fragments mapped) values, and heat maps were generated using an online omicshares tool
(http://www.omicshare.com/) and TBtools software [52].

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/6/1395/
s1.
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Abstract: LIM proteins have been found to play important roles in many life activities, including the
regulation of gene expression, construction of the cytoskeleton, signal transduction and metabolic
regulation. Because of their important roles in many aspects of plant development, LIM genes have
been studied in many plant species. However, the LIM gene family has not yet been characterized
in foxtail millet. In this study, we analyzed the whole genome of foxtail millet and identified
10 LIM genes. All LIM gene promoters contain MYB and MYC cis-acting elements that are
related to drought stress. Based on the presence of multiple abiotic stress-related cis-elements
in the promoter of SiWLIM2b, we chose this gene for further study. We analyzed SiWLIM2b
expression under abiotic stress and hormone treatments using qRT-PCR. We found that SiWLIM2b
was induced by various abiotic stresses and hormones. Under drought conditions, transgenic rice
of SiWLIM2b-overexpression had a higher survival rate, higher relative water content and less cell
damage than wild type (WT) rice. These results indicate that overexpression of the foxtail millet
SiWLIM2b gene enhances drought tolerance in transgenic rice, and the SiWLIM2b gene can potentially
be used for molecular breeding of crops with increased resistance to abiotic stress.

Keywords: genome-wide analysis; drought tolerance; foxtail millet; LIM genes; transgenic rice

1. Introduction

LIM domain proteins are widely found in eukaryotes [1] and have been found to play important
roles in many aspects of development, including the regulation of gene expression, cytoskeleton
assembly, signal transduction and the regulation of metabolism [2–6]. In animals, LIM proteins have
also been found to play a role in cell adhesion and cell movement, participating in tumorigenesis
and metastasis [7]. The LIM domain was first discovered in the three homeodomain proteins LIN11
(lineage 11), ISl-1 (insulin I) and MEC-3 (Mechanotransduction 3) [8–11], and was named based on the
first letters of these protein names [11]. The LIM domain consists of a double zinc finger sequence,
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which contains two conserved sequences (C-X2-C-X16-23-H-X2-C-X2-C-X16-23-Z-X2-C) 50–60 amino
acids in length that are separated by two hydrophobic amino acid residues [12].

The first LIM domain protein in plants was identified in sunflower pollen tubes [13], and to date
many LIM domain proteins have been identified in plant species including tobacco [14,15], Arabidopsis
thaliana [16–18], poplar [18], cotton [19–21], and tomato [22]. Plants have two different LIM domain
protein subfamilies: CRP and DA1&DAR. Members of the CRP subfamily contain two conserved LIM
domains similar to those of the cysteine-rich protein (CRP) family members in animals [18]. The two
LIM domains are separated by a long inter-LIM domain. Unlike animal CRP LIM domain proteins,
plant LIM domain proteins contain a short C-terminus and lack a glycine-rich region.

CRP-like LIM domain proteins are divided into two groups based on their expression patterns:
WLIMs (WLIM1 and WLIM2), which are widely expressed in various tissues, and PLIMs (PLIM1 and
PLIM2), which are abundantly expressed in pollen tubes [1]. Arnaud et al. [18] re-grouped the plant
CRP-like LIM proteins into four subgroups based on amino acid similarity: αLIM1, βLIM1, γLIM2
and δLIM2. PLIM1 and WLIM1 are clustered in the αLIM1 subfamily, WLIM2 belongs to the γLIM
subgroup and PLIM2 belongs to the δLIM subgroup. Arnaud et al. also discovered a new group of
CRP LIM-like proteins that formed a single cluster in a phylogenetic tree and named this group the
βLIM1 subfamily [18]. Members of the second plant LIM subfamily, the DA1&DAR subfamily, contain
a conserved LIM domain, one or more ubiquitin interaction motif (UIM) domains and a conserved
C-terminal region [23]. Zhao et al. classified DA1&DAR-like LIM proteins into two categories, Class I
and Class II, according to the amino acid sequence. So far, the DA1&DAR LIM proteins have only
been found in land plants [23].

Plant LIM proteins are mainly involved in actin cytoskeleton remodeling and the phenylpropane
secondary metabolic pathway. In the phenylpropanol pathway L-phenylalanine is used as a
substrate for the synthesis of many different aromatic phenolic compounds, such as coumarin,
flavonoids, stilbene, hydroxy cinnamate and lignin [24–26]. These substances greatly enhance the
tolerance of gymnosperms and angiosperms to mechanical damage such as injury or environmental
stress such as drought [24]. The biological functions of LIM domain proteins are closely related
to their subcellular localization [27]. LIM domain proteins have three different localization
patterns: cytoplasmic localization, nuclear localization, and co-localization in the cytoplasm and
nucleus [27]. Nuclear-localized LIM proteins play a major role in tissue-specific gene regulation
and cell differentiation [28]. For example, in tobacco, a nuclear-localized LIM1 protein was found
to activate the expression of a β-glucuronidase reporter gene under the control of the horseradish
peroxidase prxC2 promoter [29], and suppression of LIM1 resulted in down-regulated expression of
Phe ammonia lyase (PAL)-box genes [5]. Based on these findings, Kawaoka and Ebinuma proposed that
tobacco LIM1 is a transcription factor involved in lignin synthesis. Cytoplasmic-localized LIM proteins
play a major role in regulating the cytoskeleton [28]. For example, in Arabidopsis, six LIM domain
proteins are localized at the actin cytoskeleton and have been found to bind to actin, with binding
activity regulated by pH and Ca2+ [17]. Nuclear-cytoplasmic co-localized LIM proteins can shuttle
between the cytoplasm and nucleus to regulate actin stability and the regulation of gene expression,
respectively [2]. The tobacco NtWLIM2 protein is localized in the nucleus and nucleolus, where it
activates the transcription of histone genes, and is also localized at the actin cytoskeleton where it can
directly bind to actin fibers, leading to linkage of the actin cytoskeleton and the aggregation of fibers
into actin bundles [14]. In upland cotton (Gossypium hirsutum), a WLIM1a protein that is localized
in the cytosol and nucleus can shuttle into the nucleus when induced by the reactive oxygen species
(ROS) hydrogen peroxide (H2O2). WLIM1a is mainly expressed during the elongation and secondary
wall synthesis stages. When cotton fibers rapidly elongate, WLIM1a acts as an actin binding protein,
mainly participating in active intracellular transport. When WLIM1a induced by ROS, fiber elongation
is blocked, and WLIM1a enters the nucleus where it may function as a transcription factor to activate
the expression of genes in the phenylpropanol biosynthesis pathway, thereby regulating secondary
wall synthesis [21].
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In recent years, studies have shown that LIM genes up-regulated expression respond to abiotic
stresses, including drought, high salinity and hormones, suggesting that LIM genes may play a role
in plant resistance to abiotic stress [22,23,30]. The functions of LIM family genes in cytoskeleton
formation, signal transduction and the phenylpropane secondary metabolic pathway [15,21] also
suggest that this family is important for abiotic stress because these processes are also important for
stress responses. For example, the cytoskeleton participates in various life activities in cells and also
plays a key regulatory role in the resistance of plants to various stress responses [31,32]. Plant antitoxins
synthesized via the phenylpropane metabolic pathway are important for resistance to stress as well as
for growth and development [33,34]. Because of their potential importance in the response to abiotic
stress, LIM genes have been the focus of studies in many plants.

Drought stress is one of the main factors limiting global agricultural production [35]. Foxtail millet
(Setaria italica L.) is an important food and feed crop in arid regionsof the world [36] and has
strong resistance to various abiotic stresses, especially drought and low nutrition. Therefore, foxtail
millet is used as a model monocotyledon crop for abiotic stress resistance research [35]. However,
the mechanism of abiotic stress resistance in foxtail millet is still largely unclear [37]. Although the LIM
gene family potentially plays an important role in abiotic stress response, this family has not yet been
characterized in foxtail millet. Here we took advantage of the foxtail millet genome sequence [38,39] to
identify all the members of the LIM gene family. Based on the complexity of LIM protein function,
we identified all LIM genes in foxtail millet. We identified 10 SiLIM genes and classified these genes
into two main groups. Quantitative real-time PCR (qRT-PCR) analysis showed that a LIM-like gene,
SiWLIM2b, was induced by various stresses, and overexpression of SiWLIM2b increased the drought
resistance of transgenic rice. These results provide evidence for the functions of a valuable novel
LIM-like gene, SiWLIM2b, which can potentially be used for molecular breeding of resistance to abiotic
stresses in graminaceous crops.

2. Results

2.1. Phylogenetic Analysis and Chromosomal Distribution of 10 LIM-Like Genes

By searching the foxtail millet genome using the LIM domain (PF00412) as a keyword,
we identifieda total of 10 putative LIM genes. The amino acid lengths of the LIMs ranged from 199 to
1441 residues, the predicted protein molecular weights ranged from 22.02 kDa to 154.76 kDa, and the
isoelectric points ranged from 4.64 to 8.98 (Supplementary Table S1). To explore the phylogenetic
relationships between the LIM genes, a phylogenetic tree was constructed using the LIM domain
proteins from maize, rice, Arabidopsis and foxtail millet (Figure 1A). Phylogenetic analysis showed that
foxtail millet LIMs could be divided into the DA1&DAR (four proteins) and the CPR-like (six proteins)
subfamilies (Figure 1A). The DA1&DAR-like LIM proteins were further divided into Class I and Class
II [23], and the CPR-like subfamily was further divided into the WLIM1, WLIM2, βLIM1 and PLIM2
subgroups (Figure 1A) [22]. We found that the SiLIM genes were more closely related to genes from
maize and rice than to genes from Arabidopsis (Figure 1A).

To visualize the genome distribution of the LIM genes in foxtail millet, the MapGene2Chrom
tool [40] was used to map the chromosomal locations. The SiLIMs were mapped to chromosomes 1,
3, 4, 7 and 9 (Figure 1B), with most genes located on chromosome 9 (Seita.9G164800, Seita.9G201000,
Seita.9G459200 and Seita.9G458000) (Figure 1B). Thus, the LIM genes are unevenly distributed in the
foxtail millet genome. The precise locations of the 10 LIM genes are listed in Supplementary Table S1.
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likelihood method in Molecular Evolutionary Genetics Analysis 7.0 software based on the comparison 
of LIM amino acid sequences. Dark green, light green, pink, purple, dark blue and red represent the 
DA1&DAR class I, DA1&DAR class II, PLIM2, WLIM2, βLIM1 and WLIM1 subgroups, respectively. 
Yellow represents the foxtail millet LIM genes, and the red five-pointed star indicates the SiWLIM2b 
(Seita.9G458000) gene. The species acronym is shown before each LIM protein name: Seita, Setaria 
italica; At, Arabidopsis thaliana; Os, Oryza sativa; Zm, Zea mays. (B) Distribution of SiLIM genes in the 
foxtail millet genome. The SiLIM genes are located on chromosomes 1, 3, 4, 7 and 9. The SiWLIM2b 
gene is located on chromosome 9 and is marked in red. Chromosomal distances are given in Mb. 

2.2. Functional Domains and Gene Structure Analysis of the 10 LIM-Like Genes 

To further analyze the functional domains of SiLIM genes, we used the SMART website to obtain 
the conserved domains in the foxtail millet LIM proteins. All LIM proteins in the CRP subfamily 
contain two LIM domains, and members of the DA1&DAR subfamily contain a conserved LIM 
domain and two to three conserved UIM domains (Figure 2A). 

Figure 1. Phylogenetic analysis of foxtail millet and other plant LIM proteins and the chromosomal
distribution of the 10 SiLIM genes. (A) Phylogenetic relationships of LIM family proteins in foxtail
millet, Arabidopsis, maize and rice. The phylogenetic tree was constructed using the maximum
likelihood method in Molecular Evolutionary Genetics Analysis 7.0 software based on the comparison
of LIM amino acid sequences. Dark green, light green, pink, purple, dark blue and red represent the
DA1&DAR class I, DA1&DAR class II, PLIM2, WLIM2, βLIM1 and WLIM1 subgroups, respectively.
Yellow represents the foxtail millet LIM genes, and the red five-pointed star indicates the SiWLIM2b
(Seita.9G458000) gene. The species acronym is shown before each LIM protein name: Seita, Setaria italica;
At, Arabidopsis thaliana; Os, Oryza sativa; Zm, Zea mays. (B) Distribution of SiLIM genes in the foxtail
millet genome. The SiLIM genes are located on chromosomes 1, 3, 4, 7 and 9. The SiWLIM2b gene is
located on chromosome 9 and is marked in red. Chromosomal distances are given in Mb.

2.2. Functional Domains and Gene Structure Analysis of the 10 LIM-Like Genes

To further analyze the functional domains of SiLIM genes, we used the SMART website to obtain
the conserved domains in the foxtail millet LIM proteins. All LIM proteins in the CRP subfamily
contain two LIM domains, and members of the DA1&DAR subfamily contain a conserved LIM domain
and two to three conserved UIM domains (Figure 2A).
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and two to three UIM domains. (B) Intron–exon structures of SiLIM genes. The intron-exon structures 
were obtained by comparing the coding and genomic sequences using the GSDS website. Yellow and 
blue boxes represent coding regions and untranslated upstream/downstream regions, respectively. 
Lines indicate introns. Red represents the SiWLIM2b gene. 
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acquisition during the evolution of the LIM genes in foxtail millet. The gain or loss of exons indicates 
that the function of these genes may change. 

2.3. Promoter Analysis and Tissue-Specific Expression of the LIM Genes in Foxtail Millet 

Cis-regulatory elements play an important role in regulating tissue-specific gene expression [42], 
and also participate in drought response, pathogen defense and cell wall metabolism [43]. Analysis 
of the foxtail millet LIM gene promoters revealed that there are many cis-acting elements associated 
with the response to hormones and abiotic stresses (Figure 3A) and that all of SiLIM gene promoters 
contain MYB and MYC elements, which are related to drought and ABA response (Figure 3A) [44–
46]. Most SiLIM gene promoters have a light-responsive element (Sp1, TCCC-motif, or G-box) and 
the abscisic acid response element (ABRE, MBS) (Figure 3A). In addition, some foxtail millet LIM 
gene promoters contain hormone response elements, including gibberell in response elements (P-
box, GARE-motif), the salicylic acid response element (TCA-element), methyl jasmonate response 
elements (CGTCA-motif, TGACG-motif) and the low-temperature responsive element (LTR) (Figure 

Figure 2. Functional domain and gene structure analysis of foxtail millet LIM genes. (A) Function
domains in foxtail millet LIM proteins. The green pentagon represents the LIM domain, and the
gray-black ellipse represents the UIM domain. Members of the PLIM and WLIM subgroups of foxtail
millet each contain two LIM domains. Members of the DA1&DAR subgroup contain only one LIM
domain and two to three UIM domains. (B) Intron–exon structures of SiLIM genes. The intron-exon
structures were obtained by comparing the coding and genomic sequences using the GSDS website.
Yellow and blue boxes represent coding regions and untranslated upstream/downstream regions,
respectively. Lines indicate introns. Red represents the SiWLIM2b gene.

Exon-intron structural divergence within families plays a pivotal role in the evolution of
multi-gene families [41]. We used the Gene Structure Display Server (GSDS) to construct a sketch of
the exon-intron structure of each SiLIM gene. The gene structures are consistent with the classification
of the proteins based on the phylogenetic tree. We found that the genes in each subfamily generally
had similar exon-intron structures. The six LIM genes belonging to the CPR-like subfamily contain
four introns, and two of the LIM genes in the DA1&DAR subfamily contain 10 introns. The other two
of the LIM genes in the DA1&DAR subfamily genes contain 11 introns (Figure 2B). The number of
exons in the 10 LIM genes ranged from 5 to 12 (Figure 2B), and we found examples of exon loss or
acquisition during the evolution of the LIM genes in foxtail millet. The gain or loss of exons indicates
that the function of these genes may change.

2.3. Promoter Analysis and Tissue-Specific Expression of the LIM Genes in Foxtail Millet

Cis-regulatory elements play an important role in regulating tissue-specific gene expression [42],
and also participate in drought response, pathogen defense and cell wall metabolism [43]. Analysis
of the foxtail millet LIM gene promoters revealed that there are many cis-acting elements associated
with the response to hormones and abiotic stresses (Figure 3A) and that all of SiLIM gene promoters
contain MYB and MYC elements, which are related to drought and ABA response (Figure 3A) [44–46].
Most SiLIM gene promoters have a light-responsive element (Sp1, TCCC-motif, or G-box) and the
abscisic acid response element (ABRE, MBS) (Figure 3A). In addition, some foxtail millet LIM gene
promoters contain hormone response elements, including gibberell in response elements (P-box,
GARE-motif), the salicylic acid response element (TCA-element), methyl jasmonate response elements
(CGTCA-motif, TGACG-motif) and the low-temperature responsive element (LTR) (Figure 3A).
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There are differences of cis-elements in LIM genes from different subgroups. Among the LIM genes of
CRP-like subgroup of foxtail millet, 83.3% of these genes contain auxin response elements, 83.3% of
these genes contain GA response elements and 66.6% of these genes contain SA response elements.
Among the LIM genes of DA1&DAR subgroup of foxtail millet, 50% of these genes contain auxin
response elements, 75% of these genes contain GA response elements and 25% of these genes contain
SA response elements, which were significantly lower than the CRP-like subgroup. In the CRP
subgroup of LIM genes, 33.3% of these genes contain LTR elements, 66.6% of these genes contain JA
response elements, while in the DA1-DAR subgroup of LIM genes, 75% of these genes contain LTR
elements and 75% of these genes contain JA response elements, which is significantly higher than that
in the CRP subgroup. More details about the cis-elements in SiLIM family gene promoters are shown
in Supplementary Table S2.
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Figure 3. Promoter analysis of foxtail millet LIM genes and Tissue-specific expression profiles.
(A) Promoter analysis of foxtail millet LIM genes. The cis-acting elements in the promoter regions were
obtained from the PlantCARE database. Hormone response elements: AuxRR-core, TGA-element,
P-box, GARE-motif, CGTCA-motif, TGACG-motif, TCA-element, ABRE; abiotic stress elements:
TC-rich repeats, LTR, GC-motif, ARE, Sp1, TCCC-motif, G-box, MYC, MYB, MBS. Different colors
represent the number of cis-acting elements within the promoter, with red indicating a higher number
and green indicating a lower number. (B) Tissue-specific expression data were derived from published
Illumina RNA-seq data. Data for roots, stems, leaves and tassel inflorescences were downloaded
from the European Nucleotide Archive database [47,48]. The fragments per kilobase of exon model
per million mapped reads (FPKM) values were log2 transformed, and a heat map was drawn using
Evolview (http://www.evolgenius.info/evolview, accessed date: 7 September 2018). Different colors
represent the level of expression, where red indicates a high level of gene expression, and green
represents a low level of gene expression. The SiWLIM2b gene is marked in red.
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We analyzed the expression profiles of the LIM genes in foxtail millet roots, stems, leaves and tassel
inflorescences using the RNA-seq data in the European Nucleotide Archive database [47,48] (Figure 3B).
This analysis showed that Seita.1G250500 was specifically expressed in tassel inflorescences and that
Seita.3G353200 was mainly expressed in the root and not expressed in the leaf. The remaining genes
were expressed in all four tissues. Seita.3G375500, Seita.7G179500, Seita.9G201000 and Seita.9G459200
were most highly expressed in leaves. The Seita.9G458000 (SiWLIM2b) gene had the highest and
lowest expression levels in roots and leaves, respectively. Seita.4G104700 and Seita.9G164800 were
most highly expressed in stems and Seita.4G050800 was most highly expressed in roots (Figure 3B).
This expression profiling would facilitate combinatorial usage of SiLIMs in plant cell processes of
different plant tissues, whereas SiLIMs expressed in all four tissues may participate in a broad set
of plant cell processes. The seita.9G458000 was more highly expressed in roots and tassels than
other nine LIM genes, which indicated that seita.9G458000 plays a more important role in roots and
tassel inflorescences.

2.4. Analysis of SiWLIM2b Expression under Various Treatments

By comparing and analyzing the cis-elements in the promoter region of LIM genes in foxtail
millet, we found that the promoter region of seita.9G458000 contained the most cis-elements related to
abiotic stress (27), while the promoter region of seita.9G201000 contained the least cis-elements related
to abiotic stress (14). Therefore, we selected the WLIM2 subfamily gene SiWLIM2b (Figure 1A) for
further study. In order to explore the possible role of SiWLIM2b in foxtail millet, we used qRT-PCR to
analyze the expression of the SiWLIM2b gene in response to different abiotic stresses and exogenous
hormones. We found that SiWLIM2b was up-regulated in response tosalicylic acid (SA), methyl
jasmonate (MeJA), gibberellic acid (GA), abscisic acid (ABA), high Ca2+ (120 ppm), and high salt
(150 mM NaCl) (Figure 4A,B). SiWLIM2b was significantly down-regulated after 2 h of simulated
drought (15% PEG) or high pH (8.0) (Figure 4A,B). Under nitrogen deficiency (ND), SiWLIM2b was
slightly up-regulated (Figure 4B).

2.5. Subcellular Location of the SiWLIM2b Protein

In order to identify the subcellular localization of the SiWLIM2b protein, the full-length coding
sequence (CDS) of the SiWLIM2b gene was cloned into an expression vector containing the GFP tag
(16318hGFP) with expression of the SiWLIM2b-GFP fusion protein driven by the CaMV35S promoter.
The plasmid SiWLIM2b-GFP was co-transformed into tobacco protoplasts with the nucleus marker
AT2G03340-mCherry [49,50]. The SiWLIM2b-GFP fusion protein was mainly distributed in both the
cytoplasm and nucleus, and GFP expressed from an empty 35S::GFP expression vector, which served
as a control, was mainly distributed in the plasma membrane, cytoplasm and nucleus (Figure 4C).
We speculated that the SiWLIM2b protein may act as a transcription factor and may shuttle between
the cytoplasm and nucleus.

2.6. Overexpression of SiWLIM2b Enhances Drought Resistancein Transgenic Rice

Because the SiWLIM2b gene is regulated by drought stress, we wanted to further analyze the
functions of SiWLIM2b in drought resistance. Phenotypic analysis was performed using homozygous
T3 seeds of transgenic rice lines expressing SiWLIM2b. We analyzed the tolerance of SiWLIM2b
transgenic rice under drought stress in a greenhouse and found that three independent transgenic rice
lines grew better than wild type (WT) under drought stress (Figure 5A). Three transgenic lines were
analyzed. At least 25 seedlings from each line were measured. qRT-PCR showed that the SiWLIM2b
gene was more highly expressed in the three transgenic rice lines than in WT (p < 0.01) (Figure 5B).
After drought treatment, WT plants withered and died earlier than the transgenic rice plants, and the
survival rate of the transgenic rice lines was higher than that of WT (p < 0.01) (Figure 5C). Relative water
content analysis showed there was no significant difference between the transgenic lines and WT under
normal conditions, whereas under drought conditions, the three transgenic rice lines had significantly
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higher relative water contents than WT (p < 0.01) (Figure 5D). We measured the malondialdehyde
(MDA) content of transgenic rice and WT, and found that there was no significant difference in the
MDA content under normal conditions, whereas under drought treatment, the MDA content of the
three transgenic rice lines was significantly lower than that of WT (p < 0.01) (Figure 5E). The lower
MDA content indicates that the transgenic lines had a lower degree of membrane damage and higher
drought resistance than the WT.
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Figure 4. Molecular characteristics of the SiWLIM2b gene and Subcellular localization of the SiWLIM2b
protein. (A) SiWLIM2b expression in seedlings treated with ABA, SA, GA, MeJA or PEG. (B) SiWLIM2b
expression in seedlings in the presence of Ca2+, nitrogen-deficient conditions, NaCl or high pH. (C)
Subcellular localization analysis of the SiWLIM2b protein in tobacco protoplasts. The SiWLIM2b-GFP
fusion protein is mainly distributedin the cytoplasm and nucleus. Vertical bars in (B,C) indicate ±SE
of three replicates. ** indicates significant differences in comparison with the control lines at p < 0.01.
* indicates significant differences in comparison with the control lines at p < 0.05. (C) Scale bars = 10
µm.

LIM genes have been shown to regulate the phenylpropanoid secondary metabolic
pathway [5,6,21,29]. Therefore, we analyzed the expression of three genes encoding key rate-limiting
enzymes in the phenylpropane pathway: PAL (phenylalanine ammonia-lyase), 4CL2 (4-coumarate
coenzyme A (CoA) ligase 2) and C3H (coumarate 3-hydroxylase) [51]. The qRT-PCR data showed
that these phenylpropane synthesis-related genes were more highly expressed in the transgenic rice
lines than in WT under both normal growth conditions and under drought treatment (Figure 5F).
In addition, the expression levels of the three genes were significantly higher under drought than
under normal conditions.
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Figure 5. Phenotypic analysis of transgenic and control rice seedlings under drought stress. (A) Growth
of transgenic and control rice seedlings under normal conditions and after drought treatment for 12 days.
(B) The expression level of the SiWLIM2b gene in transgenic rice lines was determined by qRT-PCR.
(C) The survival rates of control rice and transgenic rice lines after drought treatment. (D) The relative
water contents of the control and transgenic rice lines under normal growth conditions and after
drought treatment. (E) The MDA contents of the control and transgenic rice lines under normal growth
conditions and after drought treatment. (F) The expression of genes related to the phenylpropane
secondary metabolic pathway normal growth (CK) and after drought treatment. Vertical bars in (B–F)
indicate ±SE of three replicates. ** indicates significant differences in comparison with the control lines
at p < 0.01. * indicates significant differences in comparison with the control lines at p < 0.05.

3. Discussion

Plants encounter various biotic and abiotic stresses in the stage of growth and development, as one
of the members of plant protein family, LIM proteins are heavily studied. Previous research showed
that plant LIM proteins are mainly involved in actin cytoskeleton remodeling and the transcriptional
regulation of gene expression. Han et al. found that cotton WLIM1a played a role in developing cotton
fibers [21]. Recent studies have showed that LIM gene expression in plants was induced by various
biotic and abiotic stresses. Although the LIM proteins family has been studied extensively in many
crops, knowledge about foxtail millet stress tolerance was limited. Here, a genome-wide analysis of
the LIM family was performed in foxtail millet and 10 LIM genes were identified. Among the 10 LIM
genes, SiWLIM2b was screened to study its function in stress responses and this study will provide
some information towards further study of the LIM gene in other species.

An accurate evolution history is the first step to understanding the evolution relationship of genes,
and may provide some useful information to study the pathway and function they are involved in or
regulated by [52]. To understand the relationship of foxtail millet LIM proteins with other LIM proteins
in different species, a phylogenetic tree of the LIM domain proteins from rice, maize, Arabidopsis and
foxtail millet was constructed. The result showed that foxtail millet LIM proteins shared genes more
closely related with rice and maize LIM proteins than with Arabidopsis LIM proteins, which indicated
that the LIM gene family differentiated after the divergence of monocotyledons and dicotyledons.
These results are consistent with the present understanding of plant evolutionary history [53]. Zhang,
G. Y. et al. revealed five major duplications between chromosomes 2 and 9, 4 and 1, 7 and 1, 6 and
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2, and 5 and 3 [38]. In this study, chromosomal distributionanalysis of the LIM gene family of foxtail
millet showed that the LIM genesof foxtail millet was only distributed on chromosomes 1, 3, 4, 7 and
9. This may indicate that the formation of LIM genes family of foxtail millet occurred after the
chromosome duplication events.

The function of a gene is related to its structure, for example, introns can increase transcription
levels by affecting the transcription rate, nuclear output and transcript stability [54]. Both the functional
domain analysis and exon-intron structure analysis showed that LIM genes were conserved in the same
subgroup, which indicated that LIM genes in the same subgroup have some functional similarities.
Both of the functional domains and exon-intron structures of DA1&DAR subfamily genes is more
complex than that of CRP subfamily genes, which may suggest that substantial differentiations might
have occurred during the evolution of this gene family. The DA1&DAR protein has some roles that
are different to CRP-like protein. For example, the DA1 family also plays a role in regulating the
degradation of abnormal proteins [55,56] and in the cell cycle [57]. DA1 was also found to regulate the
size of seeds and organs in Arabidopsis [58,59].

Cis-regulatory elements in the promoter regions of genes play significant roles in plant stress
responses [60]. Hence, we analyzed the cis-acting elements in promoters of the SiLIM genes and found
elements related to GA, auxin, MeJA, and SA response. These elements play an important role in
many physiological processes, such as plant development, senescence and maturation, secondary
metabolism and response to various environmental stresses [37,61,62]. For example, the P-box and
GARE-motifsare associated with the GA signal transduction pathway, and the CGTCA-motif and
TGACG-motif are associated with the response to MeJA [37,61,62]. In addition, we found the ABRE
in the promoters of SiLIM genes, and confirmed that the bZIP transcription factors AREB1, AREB2,
and ABF3 interact with the ABRE motifs in the DREB2A promoter to co-regulate plant responses
to osmotic stress [63]. All promoters contained more than one element related to drought and ABA
response, such as MYC and MYB elements [44]. Based on this evidence, we speculate that the SiLIM
genes are probably involved in abiotic stress responses.

The LIM genes have been found to be induced by various stresses and hormones in other plants.
The expression levels of PbLIMs were significantly induced by SA, ABA and MeJA in pear [30]. The LIM
genes of tomato were induced by ABA, cold, drought, NaCl and heat treatment [22]. The LIM genes of
Brassica rapa were induced by cold, ABA and pH (pH5, pH7 and pH9) treatments [64]. Similar results
were found in this study. QPCR analysis showed that the SiWLIM2b gene was induced by various
stresses (PEG, Ca2+, ND, NaCl, pH) and exogenous hormones (ABA, SA, MeJA, GA). These studies
may illustrate that the functions of LIM genes in different species appear to be similar. We chose the
SiWLIM2b gene for further study and found that SiWLIM2b was induced by drought. In order to
further study the role of SiWLIM2b in drought resistance, we studied the phenotype of transgenic
rice heterologously by expressing the SiWLIM2b gene under drought conditions. We found that the
SiWLIM2b gene can improve drought resistance when expressed in transgenic rice (Figure 5). MDA can
inhibit the activity of cell protective enzymes and reduce the antioxidant content [65,66]. When the
enzymes and membrane systems of plant tissues are destroyed, the MDA content is greatly increased.
Therefore, MDA reflects the antioxidant capacity of plant tissues, and can also serve as a measure of
plant resistance to external stresses [67]. Determination of the MDA content of transgenic lines and
WT under drought stress showed that under drought stress transgenic lines had much less membrane
damage and higher drought resistance than the kitaake (WT) [65,67]. These results indicate that
the SiWLIM2b gene is involved in drought response and could be used as a new candidate gene in
molecular breeding for crop stress resistance.

A recent study reported that the function of LIM proteins is closely related to its subcellular
localization and LIM proteins with nuclear localized or co-localized in the cytoplasm and nucleus act
in regulation of gene expression [6,14,21]. In this study, we found that the SiWLIM2b protein mainly
accumulated in both the cytoplasm and nucleus, suggesting that it may function in the regulation of
gene expression. In our study, the expression of three genes encoding key rate-limiting enzymes in the
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phenylpropane pathway was up-regulated in the transgenic rice lines. This suggests that SiWLIM2b
gene may be involved in the phenylpropane pathway. It was confirmed that the synthesis substances
of the phenylpropanol pathway greatly enhance the tolerance to drought in plants [24]. Wei et al.
confirmed that the TaMyb1D gene in transgenic tobacco regulated the expression of related genes in the
phenylpropanol metabolism pathway, and over-expression of TaMyb1D enhanced drought resistance of
transgenic tobacco [68]. Similar results were found in our study, three phenylpropane synthesis-related
genes were up-regulated expression in transgenic rice seedlings after drought treatment. This suggests
that over-expression of the SiWLIM2b gene may enhance drought resistance of transgenic rice by
participating in the secondary metabolic pathway of phenylpropane. However, we found that
SiWLIM2b did not have transcriptional activation activity (Supplemental Figure S1). We speculate that
SiWLIM2b may also regulate the expression of genes by interacting with other transcription factors [28].
Further experiments are required to identify the relationship between the SiWLIM2b gene and the
phenylpropanoid pathway and drought resistance.

4. Materials and Methods

4.1. Plant Materials

Foxtail millet seeds were grown in nutrient soil (1:1 mix of nutrient soil and vermiculite) at 28 ◦C
for three weeks, and then subjected tovarious abiotic stresses, namely drought (15% PEG), high salinity
(150 mM NaCl), high pH (8.0) and high Ca2+ (120 ppm), or treatment with exogenous hormones,
namely ABA (20 µM), SA (20 µM), GA (20 µM) and MeJA (20 µM). Seedlings were sampled at different
times after being transferred to a solution containing each substance. In order to subject foxtail millet
seedlings to low nitrogen conditions (ND treatment), foxtail millet seeds were germinated at 28◦C for
2 days, then transferred into Hoagland nutrient solution and grown to the four-leaf stage. Seedlings
were then transferred into nitrogen-free nutrient solution and sampled after 0, 1, 4, 8, 10, 12 and 24 h.
All samples were frozen in liquid nitrogen and stored at −80 ◦C.

4.2. Identification and Phylogenetic Analysis of LIMFamily Genes

The Hidden Markov Model (HMM) of the LIM domain (PF00412) was obtained from Pfam 31.0
(https://en.wikipedia.org/wiki/Pfam, accessed date: 11 August 2018). The putative LIM genes were
identified in the foxtail millet genomic database (Phytozome v12.1, https://phytozome.jgi.doe.gov/pz/
portal.html#, accessed date: 11 August 2018) using ‘LIM’ and ‘PF00412’ as key wordswith a threshold
E values ≤ 1.0. Each putative SiLIM gene sequence was checked using SMART (http://smart.embl-
heidelberg.de/, accessed date: 11 August 2018) to confirm the presence of the LIM domain. The protein
sequences of the Arabidopsis LIM genes were acquired from TAIR (https://www.arabidopsis.org/,
accessed date: 11 August 2018) and those of the rice and maize LIM genes were acquired from the
Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html#, accessed date: 11 August
2018). In order to investigate the evolutionary relationships among the LIM domain proteins in
different plant species, aphylogenetic tree was constructed [69]. All Arabidopsis, rice, maize and foxtail
millet LIM protein sequences were imported using MEGA7.0 [70], and multiple sequence alignments
were performed using ClustalW with the default multiple alignment parameters. The phylogenetic
tree was constructed using the maximum likelihood method. Information of LIM indifferent species
(Arabidopsis, rice, maize) is listed in Supplemental Table S3). The percentage of similarity compared
with the sequences of LIM proteins in foxtail millet and the LIM proteins of maize, rice and arabidopsis
thaliana on the same evolutionary branch is listed in Supplemental Table S4.

4.3. Chromosome Locations and Gene Structures of LIM Family Genes and Identification of Functional
Domains and Cis-Acting Elements

Foxtail millet chromosome lengths were obtained from the file Setaria_italica.JGIv2.0.38.gff3,
and the position of each LIM gene on the foxtail millet chromosomes was obtained from Phytozome
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(https://phytozome.jgi.doe.gov/pz/portal.html#, accessed date: 11 August 2018). All SiLIM genes
were mapped onto the nine foxtail millet chromosomes according their physical position (bp)
using MapGene2Chromosome v2 (http://mg2c.iask.in/mg2c_v2.0/, accessed date: 12 August 2018).
The exon-intron structures of the LIM genes were determined by comparing the CDS with the genomic
sequences using the GSDS (http://gsds.cbi.pku.edu.cn/, accessed date: 12 August 2018) [71].

The SMART online tool (http://smart.embl-heidelberg.de/, accessed date: 11 August 2018) was
used to analyze the functional domains in the SiLIM proteins, and functional domain sketches were
drawn using the ExPAsy-PROSITE website (https://prosite.expasy.org/, accessed date: 13 August
2018). The molecular weights and the oretical isoelectric points of the SiWLIMs were calculated using
the ExPASy online tool (https://web.expasy.org/protparam/, accessed date: 13 August 2018).

To obtain the promoter sequences we downloaded approximately 2.0 Kb of sequence upstream
of each SiLIM coding sequence from the Phytozome database. Cis-acting elements were analyzed
using the plant cis-acting element database PlantCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/, accessed date: 15 August 2018) [72]. Heat map showing the number of cis-acting
elements in the promoters were made using EVOLVIEW (http://www.evolgenius.info/evolview/
#mytrees//, accessed date: 7 September 2018) [73].

4.4. Tissue-Specific Expression Profiling Using RNA-Seq Data

Illumina RNA-seq data for four tissues namely roots, stems, leaves and tassel inflorescences
were downloaded from the European Nucleotide Archive database [SRX128223 (root); SRX12825
(stem); SRX128224 (leaf); SRX128226 (spica)] [47,48]. Four tissues were obtained from young seedlings
of Zhang-gu, which grew in nutrient soil for 40 days in a greenhouse [38]. RNA-seq data were
mapped onto the gene sequences of foxtail millet using CLC Genomics Workbench V4.7.1 tooland
normalized by FPKM (reads per kilobase per million). A heat map showing tissue-specific expression
profiles (log2RPKM values) was made using EVOLVIEW. The expression profiling data are shown in
Supplementary Table S5.

4.5. Total RNA Extraction and qRT-PCR Analysis

Total RNA was extracted from foxtail millet using the Plant Total RNA Kit (Zhuangmeng, Beijing,
China) according to the manufacturer’s manual. The extracted RNA was detected by electrophoresis
on a 1% agarose gel, and the first strand of cDNA was synthesized using the EasyScript One-Step
gDNA Removal and cDNA Synthesis SuperMix kit (TransGen Biotech, Beijing, China). The relative
expression level of the SiWLIM2b gene under various stresses was analyzed by qRT-PCR. The Primer3
website (http://bioinfo.ut.ee/primer3-0.4.0/, accessed date: 4 November 2017) was used to design
primers for qRT-PCR [74,75], and the 2−∆∆Ct method was used to calculate the relative expression level
ofthe SiWLIM2b gene. The actin gene (Genbank number: AF288226) of foxtail millet was used as an
internal control. QRT-PCR was performed for three biological replicates, with three technical replicates
per biological replicate. All primer sequences used are shown in Supplementary Table S6.

4.6. Subcellular Localization of SiWLIM2b

We constructed a vector expressing a GFP-tagged fusion protein for subcellular localization
analysis of the SiWLIM2b protein. A cDNA containing the coding sequence of SiWLIM2b was cloned
into the 16318h GFP vector and expressed under the control of the CaMV35s promoter. The recombinant
plasmids were confirmed by sequencing. The full-length cDNA coding sequences of AT2G03340
which were located in the nucleus [49] were cloned into the mCherry ORF (WRKY25-RFP) under
the control of the CaMV 35S promoter [50]. The plasmid SiWLIM2b-GFP and AT2G03340-mcherry
were co-transformed into tobacco protoplasts using the PEG-mediated method and observed under a
confocal microscope 16h after transformation [76]. The 35S::GFP vector was transformed as the control.

512



Int. J. Mol. Sci. 2019, 20, 1303

4.7. Phenotypic Analysis of Transgenic Rice in a Greenhouse

The SiWLIM2b complete open reading frame (ORF) was amplified by PCR usingthe primers F1
(BamH I) and R1 (Sac I). The amplified PCR fragment was cloned into vector pMWB014 (driven by
the ubiquitin promoter) digested with BamH I and Sac I. The pMWB014-SiWLIM2b was confirmed
by sequencing and transformed into the kitaake rice (WT) cultivar by Agrobacterium-mediated
transformation. The transformed callus was cultured on medium with 1.0 mg/L glufosinate.
Six transgenic rice lines were obtained by using primers F2 (designed according to the CDS of
SiWLIM2b gene) and R2 (designed according to NOS terminator sequence) for PCR verification.
The resulting transgenic rice was cultured to the T3 generation. We selected three transgenic lines in
the T3 generation (OE1135, OE1136, and OE1144) for subsequent functional analysis. To determine
whether transgenic rice seedlings could resist drought stress, we conducted a pot experiment in the
greenhouse. Rice seeds were soaked with 2.5% sodium hypochlorite (NaClO) for 30 min, then rinsed
with tap water 5–6 times. Sterilized seeds were germinated in a 28-degree incubator, and the water
was changed every 12 h. After germination, the seeds wereplanted in nutrient soil and grown to the
three-leaf stage under a 16-h/8-h photoperiod at 30 ◦C. Rice seedlings were then subjected to drought
treatment for 12 days and survival was scored by dividing the number of plants alive after drought
treatment for 12 days by the total number of plants surveyed, using one green leaf as the standard
for survival. Relative water content [77,78] and MDA content [66] were determined in transgenic and
control rice after 5 days of drought treatment. All experiments were set up with three independent
biological replicates.

4.8. Differential Expression of Phenylpropane Secondary Metabolic Pathway Genes in Transgenic and Control
Rice Plants

Expression of phenylpropane secondary metabolic pathway-related genes in control and
transgenic rice was analyzed by qRT-PCR. Rice were grown to the four-leaf stage in Hoagland nutrient
solution, then treated with 6% PEG for three days. RNA was extracted and reverse transcribed into
cDNA, which was used as template for qRT-PCR. Primers used in qRT-PCR are listed in Supplemental
Table S4.

5. Conclusions

A total of 10 LIM protein-coding genes were identified in foxtail millet via a genome-wide analysis.
Analysis of evolutionary relationships indicated that SiLIM genes could be divided into two large
subgroups. The chromosome positions, gene structures, functional domains and promoters of the
SiLIM genes were also analyzed. The SiWLIM2b gene was found to respond to various abiotic stresses
and hormone treatments, and overexpression of the SiWLIM2b gene in rice improved drought tolerance.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/6/
1303/s1.
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Abbreviations

PAL Phe ammonia lyase
ROS Reactive oxygen species
MDA malondialdehyde
4CL2 4-coumarate coenzyme A (CoA) ligase 2
C3H Coumarate-3-hydroxylase
SA salicylic acid
MeJA methyl jasmonate
GA gibberellic acid
ABRE ABA-responsive element
qRT-PCR quantitative real-time PCR
GFP green fluorescent protein
ND nitrogen deficiency
ABA abscisic acid
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Abstract: Brassinosteroids (BRs) are steroid hormones essential for different biological processes,
ranging from growth to environmental adaptation in plants. The plant brassinosteroid-signaling
kinase (BSK) proteins belong to a family of receptor-like cytoplasmic kinases, which have been
reported to play an important role in BR signal transduction. However, the knowledge of BSK
genes in plants is still quite limited. In the present study, a total of 143 BSK proteins were identified
by a genome-wide search in 17 plant species. A phylogenetic analysis showed that the BSK gene
originated in embryophytes, with no BSK found in green algae, and these BSK genes were divided
into six groups by comparison with orthologs/paralogs. A further study using comparative analyses
of gene structure, expression patterns and alternative splicing of BSK genes in Arabidopsis revealed
that all BSK proteins shared similar protein structure with some exception and post-translation
modifications including sumolyation and ubiquitination. An expression profile analysis showed that
most Arabidopsis BSK genes were constitutively expressed in different tissues; of these, several BSK
genes were significantly expressed in response to some hormones or abiotic stresses. Furthermore,
reverse transcription-polymerase chain reaction (RT-PCR) assays showed that BSK5, BSK7, and BSK9
underwent alternative splicing in specific stress induced and tissue-dependent patterns. Collectively,
these results lay the foundation for further functional analyses of these genes in plants.

Keywords: brassinosteroid-signaling kinase; gene family; expression profile; alternative splicing;
intron retention

1. Introduction

As sessile organisms, plants need to proceed in a coordinated manner to adapt to the
constantly changing environment and react to stress conditions for growth and development.
Phytohormones play a crucial role during these processes. Among them, brassinosteroids (BRs)
are generally known as important plant hormones that play fundamental roles in various cellular,
physiological, and developmental processes during plant life cycle [1,2].

To date, the BR signaling pathway has been well established and a number of the intracellular
components of this pathway have been identified by genetic, genomic and proteomic studies. In the
current model of the BR signaling pathway, the BR signal is perceived by BRASSINOSTEROID
INSENSITIVE 1 (BRI1), a membrane-localized receptor kinase [3,4]. The direct binding of the BR
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ligand with BRI1 induces its association BRI1 with its co-receptor BRI1-ASSOCIATED RECEPTOR
KINASE 1 (BAK1), enhancing the signaling output through reciprocal BRI1 transphosphorylation,
inactivation of a glycogen synthase kinase-3 BRASSINOSTEROID INSENSITIVE 2 (BIN2) and
activation of phosphatase BRI1 SUPPRESSOR 1 (BSU1), as well as the downstream transcription
factors BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1) [5–8]. Moreover,
the transcription factor gene family, in turn, controls the expression of numerous target genes, which
control various cellular, physiological, and developmental processes [6,9].

In the initial steps of BR signaling transduction, three receptor-like cytoplasmic kinases
named BRASSINOSTEROID-SIGNALING KINASEs (BSKs) from Arabidopsis have been identified
as BR-responsive proteins, including BSK1, BSK2, and BSK3 [10]. BSK1 and BSK3 interact with BRI1
in vivo and are phosphorylated by BRI1 in vitro [10]. The phosphorylated BSK proteins further activate
downstream phosphatase BSU1 for BR signaling transduction [6,11]. In Arabidopsis, there are 12 BSK
proteins with putative kinase catalytic domain at the N-terminus and tetratricopeptide repeats (TPRs)
at the C-terminus. However, the available results indicate that not all members are involved in BR
signaling only. BSK4, BSK6, BSK7, and BSK8 were reported to play a partial overlapping role in
plant growth as well as in BR signaling with BSK3 [12]. In contrast, BSK3 was found as the only BSK
member involved in BR-mediated plant root growth in a recent study [13]. Unexpectedly, the YODA
mitogen-activated protein kinase pathway is activated by SHORT SUSPENSOR (SSP/BSK12) during
embryogenesis, which has not been shown to be regulated by BRs [14]. In addition, the loss-of-function
mutant bsk5 is sensitive to salt stress and abscisic acid (ABA) hormone [15]. Silencing OsBSK1-2 inhibits
flagellin- and chitin-triggered immune responses in rice [16]. Moreover, the Arabidopsis BSK1 directly
interacts with the immune receptor FLAGELLIN SENSING2 (FLS2) and further phosphorylates
MAPKKK5 for the activation of pattern-triggered immunity (PTI) [17,18]. However, the detailed
characterization of BSK family proteins and their functional importance in plants remains unclear.

In the present study, we screened the available genomes and identified a total of 143 BSK proteins
from 17 plant species. We further performed a detailed analysis of their classification, phylogeny,
and alternative splicing. Finally, we verified the expression profiles of the selected BSK genes in
Arabidopsis by investigating their transcriptional levels upon exposure to abiotic stresses and hormones.
Moreover, a novel post-transcription regulation pattern was found in several BSK genes, and potential
significant functions of BSK genes were proposed. Our results provide important information about
the evolution of the BSK gene family in plants and provide a basis for further studies of the functions
of BSK family proteins.

2. Results

2.1. Identification and Characterization of the Brassinosteroid-Signaling Kinase (BSK) Genes in Plants

In this study, a genome-wide analysis of the BSK gene family was performed on the basis of
the completed genome sequences. Using the Arabidopsis Information Resource (TAIR), PlantGDB,
Phytozome, and National Center for Biotechnology Information (NCBI) databases, we first retrieved
the available BSK sequences from the currently sequenced genomes. A total of 17 plant genomes
were analyzed to identify potential orthologous genes of BSK. These plants, representing the major
clades of plants, included eight dicots (Aquilegia coerulea, Arabidopsis thaliana, Brassica rapa, Glycine max,
Gossypium raimondii, Medicago truncatula, Populus trichocarpa, and Solanum tuberosum), five monocots
(Brachypodium distachyon, Oryza sativa, Setaria italica, Sorghum bicolor, and Zea mays), and another
four plant species (Zostera marina, Ananas comosus, Physcomitrella patens, and Marchantia polymorpha).
The genome-wide analysis led to the identification of 143 BSK proteins in these plants. By investigating
the extent of lineage-specific expansion of the BSK genes in plants, we found that the BSK gene
originated in embryophytes (Figure 1A). Furthermore, almost all selected plants were found to have
at least five BSK genes, with B. rapa having the highest number (21) of BSK genes (Figure 1B) and
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M. polymorpha having only one BSK gene. This result indicated that the BSK genes were subjected to a
large-scale expansion in higher plants.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 3 of 17 

 

 

Figure 1. A comparative analysis of BSK genes in plants. (A) Evolution of core components of 
brassinosteroid (BR) signaling from aquatic plants to land plants indicated by dotted arrows. As 
representatives, component numbers of bryophyte, lycophyte and angiosperm were obtained from 
Marchantia polymorpha, Physcomitrella patens, Selaginella moellendorffii, Arabidopsis thaliana, and Oryza 
sativa, respectively. The numbers of BRI1-like and BSK proteins were indicated within blue and 
yellow circles, respectively. (B) The evolutionary relationships and the numerical details of the BSK 
family of each species. 

2.2. Phylogenetic Analysis of BSK Family Genes 

To explore phylogenetic relationships among the 143 BSK proteins identified in different plant 
species, a neighbor-joining phylogenetic tree was constructed. This analysis divided all BSK proteins 
into six major groups according to the bootstrap values and phylogenetic topology (Figure 2). Only 
one protein from maize, named Zm00008a014861_T01, was in group I, which contained protein with 
longer amino acid sequence (743 aa) and an additional MSP (Major Sperm Protein) domain along 
with a conserved kinase domain and tetratricopeptide repeats (TPRs) (Figure S1). Group II was 
composed of two putative BSK proteins from the monocot seagrass Z. marina. The other four groups 
consisted of the BSK proteins largely from both dicot and monocot species. In particular, the BSK 
proteins from bryophytes including P. patens and M. polymorpha, were integrated into the group III. 
A. comosus and Z. marina belong to the angiosperm species prior to the split of eudicots and 
monocots. The phylogenetic analysis showed that the BSK proteins from A. comosus (Aco018845.1, 
Aco011823.1, Aco014133, Aco010223.1, and Aco000489.1) divided the BSK proteins from dicots and 
monocots in each group. Moreover, other five BSK proteins from Z. marina (Zosma313g00120, 
Zosma1g02160, Zosma37g01020, Zosma41g01020, and Zosma7g01140) further divided the BSK 

Figure 1. A comparative analysis of BSK genes in plants. (A) Evolution of core components
of brassinosteroid (BR) signaling from aquatic plants to land plants indicated by dotted arrows.
As representatives, component numbers of bryophyte, lycophyte and angiosperm were obtained from
Marchantia polymorpha, Physcomitrella patens, Selaginella moellendorffii, Arabidopsis thaliana, and Oryza
sativa, respectively. The numbers of BRI1-like and BSK proteins were indicated within blue and yellow
circles, respectively. (B) The evolutionary relationships and the numerical details of the BSK family of
each species.

2.2. Phylogenetic Analysis of BSK Family Genes

To explore phylogenetic relationships among the 143 BSK proteins identified in different plant
species, a neighbor-joining phylogenetic tree was constructed. This analysis divided all BSK proteins
into six major groups according to the bootstrap values and phylogenetic topology (Figure 2). Only one
protein from maize, named Zm00008a014861_T01, was in group I, which contained protein with
longer amino acid sequence (743 aa) and an additional MSP (Major Sperm Protein) domain along
with a conserved kinase domain and tetratricopeptide repeats (TPRs) (Figure S1). Group II was
composed of two putative BSK proteins from the monocot seagrass Z. marina. The other four groups
consisted of the BSK proteins largely from both dicot and monocot species. In particular, the BSK
proteins from bryophytes including P. patens and M. polymorpha, were integrated into the group III.
A. comosus and Z. marina belong to the angiosperm species prior to the split of eudicots and monocots.
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The phylogenetic analysis showed that the BSK proteins from A. comosus (Aco018845.1, Aco011823.1,
Aco014133, Aco010223.1, and Aco000489.1) divided the BSK proteins from dicots and monocots in
each group. Moreover, other five BSK proteins from Z. marina (Zosma313g00120, Zosma1g02160,
Zosma37g01020, Zosma41g01020, and Zosma7g01140) further divided the BSK members from dicots
into smaller groups. These results could be considered as evidence for lineage-specific expansion of
the BSK genes after the divergence of dicots and monocots.
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gene structures of the BSK from Arabidopsis. The 12 BSK genes from Arabidopsis were located in all 
five chromosomes (Figure 4B). All BSK proteins had a putative kinase catalytic domain at the 
N-terminus and TPR repeats at the C-terminus, whereas BSK2 and BSK12 contained only two TPR 
repeats, one less than that from the other BSK members (Figure 4C). In addition, a glycine-rich 
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Figure 2. Neighbor-joining phylogenetic analysis of BSK genes. The gene tree was constructed using
143 BSK proteins and visualized using Figure Tree v1.4.2. Representative BSK proteins from different
groups were marked with various colors. BSK proteins from dicot plants were in dark, and those from
monocot were in pink. Blue and green ones were from Zostera marina and Ananas comosus, respectively.

2.3. Genomic Structure and Conserved Motif Analysis of the BSK Gene Family

The structure of the BSK genes was analyzed by comparing their full-length coding sequences
(CDS) and the corresponding genomic DNA sequences using the software program GSDS 2.0 (http:
//gsds.cbi.pku.edu.cn/index.php). The exon/intron structure analysis showed that the structures
of all BSK genes exhibited diversity both in their intron numbers and in their lengths (Figure 3).
In particular, the intron numbers of the Arabidopsis BSK genes ranged between 6 and 9 (Figure 4A).
Furthermore, we analyzed the different domain architectures, motif compositions, and gene structures
of the BSK from Arabidopsis. The 12 BSK genes from Arabidopsis were located in all five chromosomes
(Figure 4B). All BSK proteins had a putative kinase catalytic domain at the N-terminus and TPR
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repeats at the C-terminus, whereas BSK2 and BSK12 contained only two TPR repeats, one less than
that from the other BSK members (Figure 4C). In addition, a glycine-rich region and unknown motif
were found at the N-terminus in BSK1 and BSK11, respectively. Previous studies showed that BSK1
was phosphorylated by BRI1 at S-230, and a mutation in the ATP-binding site K-104 led to enzyme
inactivity [10,17]. These conserved sites were also consistent with other BSK family members, except
for BSK12. Moreover, most of the BSK proteins, except for BSK9, had a myristoylation site at the
N-terminus (Figure S2). Other kinds of protein post-translational modifications, including sumoylation
and ubiquitination, were also analyzed. It was found that all BSK family proteins possessed at least
one sumoylation site and multiple ubiquitination sites, some of which were conserved (Figure S2).
For instance, most of the ubiquitination sites were located in the kinase catalytic or TPR domain.
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to various abiotic stresses and hormones, the publicly available transcriptome sequencing and 
microarray datasets were analyzed. The results showed that most BSK members were constitutively 
expressed in different parts at different stages of plant development, while tissue-specific 
expression patterns were also observed (Figure 5A). For instance, BSK1, BSK2, BSK3, and BSK5 were 
expressed at much lower levels in mature pollen, whereas BSK11 and BSK12 were more highly 
expressed. Among the 12 BSK genes, BSK9 was specifically highly expressed in root, while BSK5 was 
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Figure 4. The features of the BSK genes in Arabidopsis. (A) Exon-intron structures of the BSK family
genes. (B) Chromosomal location of BSK genes. (C) Schematic diagram of Arabidopsis BSK genes.
The putative domains or motifs were identified using the Conserved Domain Database (CDD), Pfam
and Simple Modular Architecture Research Tool (SMART) databases with the default parameters.
The kinase domain was labeled in pink. MY, myrislation; TPR: tetratricopeptide repeat; GYR: glycine
rich domain; Un: unknown domain.

2.4. Expression Profiles Analysis of BSK Family Genes from Arabidopsis

To compare the expression patterns of Arabidopsis BSK genes in different tissues or in responses to
various abiotic stresses and hormones, the publicly available transcriptome sequencing and microarray
datasets were analyzed. The results showed that most BSK members were constitutively expressed in
different parts at different stages of plant development, while tissue-specific expression patterns were
also observed (Figure 5A). For instance, BSK1, BSK2, BSK3, and BSK5 were expressed at much lower
levels in mature pollen, whereas BSK11 and BSK12 were more highly expressed. Among the 12 BSK
genes, BSK9 was specifically highly expressed in root, while BSK5 was specifically expressed at very
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low levels during seed development. A cell-specific expression pattern analysis for the BSK family
genes showed that most BSK family members possessed different expression levels within three root
zones (Figure 5B). BSK11 and BSK12 were undetectable, whereas BSK9 and BSK10 were found only in
the differentiation zones. Moreover, the latest RNA-seq transcriptome data analysis showed that the
expression of some BSK family genes were light-dependent (Figure 5C). BSK1, BSK3, BSK5, and BSK8
were found to be highly expressed at night, while their expression was significantly depressed upon
exposure to light. By contrast, BSK6 was expressed in a rhythmic manner independent of light.

Under various abiotic and biotic stress treatments, significant alterations in the transcript amounts
of some BSK family members were observed at certain time points (Figure 6A). For instance, BSK5
and BSK9 showed significant responses to multiple stimuli, while at most times, these transcripts
were down-regulated. BSK6 was upregulated after one hour of exposure to salt or oxidative
stress, whereas BSK2 was strongly repressed after one hour of heat stress. Under phytohormone
treatments, the transcript levels of BSK5, BSK9, and BSK12 showed rapid responses with either up- or
down-regulation (Figure 6B). Surprisingly, only BSK12 was rapidly induced by BL, while the other
three members (BSK1, BSK2, and BSK3) reported to be involved in BR signaling were insensitive to BL
for three hours: this, however, remains to be further elucidated.
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Figure 5. Development- and tissue-specific expression profiles of Arabidopsis BSK genes. (A) Heat map
of the relative expression levels of all identified Arabidopsis BSK genes during development process.
The colour bar represents the expression values. Samples from specific developing stages of Arabidopsis
for gene expression analysis were highlighted with inverted triangles, such as roots from seedlings (1)
and mature plants (2). (B) Expression profiles of BSK genes in specific root regions. DZ: division zone;
EZ: elongation zone; MZ: mature zone. (C) Expression profiles of BSK genes across one light:dark cycle.
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Figure 6. Expression patterns of all identified Arabidopsis BSK genes among hormone and abiotic stress.
Public microarray data sets were obtained from BAR. Heat map representation the BSK genes under
(A) six stress treatments, namely, cold, salt, drought, oxidative, wounding, and heat and (B) seven
hormones, namely, ACC, zeatin, IAA, abscisic acid (ABA), methyl jasmonate (MeJA), gibberellic acid
(GA-3), and brassinolide(BL). The colour bar represents the expression values.

2.5. Diverse Gene Expression Patterns of BSK Family from Arabidopsis Using Reverse
Transcription-Polymerase Chain Reaction (RT-PCR)

The expression profiles of the representative BSK family members that demonstrated a diverse
pattern of induced gene expression were validated by RT-PCR. The results showed that the expressions
of some BSK genes were, indeed, regulated by stress or hormone treatments (Figure 7A). For instance,
BSK1 and BSK3 were shown to significantly respond to salt, cold, and heat stresses after 6 or 24 h.
In response to heat stress, BSK2 was first sharply inhibited (within 30 min of the stress treatment)
and then highly accumulated within one hour, and then kept constant after incubation at the normal
growth condition for an additional three hours. However, it was also found that stress responses
in some BSK genes were inconstant to the trends observed with the microarray data. For example,
BSK2 was found to be significantly depressed by cold and salt stresses in previous studies, but was
observed to be strongly induced in our study.
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The tissue-specific expressional patterns of these BSK family genes were also investigated
(Figure 7B). The results showed that promising expressional levels of BSK2, BSK3, BSK5, BSK7, and
BSK8 were found in leaves, flowers, fluorescents and siliques, which were consistent with the results
from previous analysis. It also showed that all seven BSK genes were pronounced during reproductive
growth. Our results further provided the information on the relative expression of these selected BSK
genes. For instance, BSK1 showed the strongest expression in flower and was dominantly expressed.
Taken together, these results indicated the BSK genes are involved in multiple stress responses and
developmental processes.
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Figure 7. Reverse transcription-polymerase chain reaction (RT-PCR) validation of gene expression
patterns of representative BSK genes under stresses and organs. Expression profiles of selected BSK
genes under stresses (A) and in different tissues (B). For various stresses treatment, 7-day-old seedlings
were subjected to 10 µM ABA, 150 mM NaCl and 4 ◦C on plates, respectively. Heat stress treatment
was monitored with four-week-old seedlings under 42 ◦C for one hour and then recovered at 22 ◦C for
three hours. The intensity corresponding to the individual PCR band was calculated by Image J with
reactions from untreated samples as 1.00. L: leaves; F: flowers; B: buds; S: siliques.

2.6. Alternative Splicing (AS) Analysis for BSK Family Genes in Arabidopsis

The precursor mRNAs (pre-mRNAs) with introns can be spliced by alternative splicing (AS)
to generate multiple mRNAs that are translated into different proteins. By analyzing the genome
annotation obtained from the Phytozome v12.1 database (https://phytozome.jgi.doe.gov), we found
that many BSK genes from different species possessed several transcripts resulting from AS (Figure S3).
In particular, the BSK genes from P. patens underwent extensive AS events, resulting in an increase in
the complexity of the BSK gene family transcriptome (Figure S3K). On the contrary, only one BSK gene
was found to exhibit AS in Arabidopsis and rice.

As annotated in the Phytozome database, BSK5 had two spliced transcripts in Arabidopsis
(Figure S3A). BSK5.1 encodes a complete BSK protein, while the spliced transcript BSK5.2 encodes an
N-terminal-truncated BSK with the first intron retained from BSK5.1. To investigate the expression
patterns of the two transcripts, specific primers were designed for RT-PCR (Figure 8A). Our results
showed that BSK5.1 was the dominant transcript, which was expressed in different tissues and
responded to various environmental stimuli (Figure 8B,C). To our surprise, a third isoform BSK5.3
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was found in siliques (Figure 8B). A sequence analysis indicated two introns retained in BSK5.3,
implying that BSK5 spliced in a tissue-dependent manner.

In addition to BSK5, we also detected a novel splicing transcript of BSK9 in flowers and buds
(Figure 7B). Further analysis showed that the intron between exons 7 and 8 was retained in BSK9
(Figure 9). We further screened the ASIP (Alternative Splicing in Plants) database (http://www.
plantgdb.org/ASIP/) for intron retention (IR) events among the BSK family genes in Arabidopsis, and
there was only one record for BSK7. However, no IR event was detected in BSK7 from the leaves under
normal growth conditions (Figure 9). Instead, this IR event within BSK7 was strongly induced by cold
stress, and this same phenomenon was also found in BSK5 and BSK9. Notably, BSK5.3 was also found
to be specifically induced by heat stress. These results indicated a novel post-transcriptional regulation
pattern in the BSK genes.
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Figure 8. Alternative splicing analysis of BSK5 in Arabidopsis. (A) The scheme shows the primers
(black arrow) used in the PCR. The black boxes represent exons, solid lines represent introns, and green
boxes represent untranslated regions (UTRs). BSK5-ASF, BSK5.3-ASF: forward primers; BSK5-ASR,
BSK5.2-ASR: reverse primers. (B) The mRNA corresponding to the three variants of BSK5 in different
tissues was detected by RT-PCR. The numbers indicate the lengths (bp) of the spliced transcripts and
schematic diagram outlining the organization of the transcript variants were on the right. L: leaves;
F: flowers; B: buds; S: siliques. (C) RT-PCR analysis of the expression profiles of BSK5 variants under
stress treatment.
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3. Discussion

Several studies have reported the roles of BSK proteins from Arabidopsis and rice in BR signaling
and immunity, as well as in abiotic stress responses [10–19]. However, the knowledge of BSK proteins
in other plant species is still quite limited. In the present study, we identified a total of 143 BSK proteins
from 17 plant species. Our analysis showed the evolutionary origin of BSK genes and BR receptor BRI1
or receptor-like genes in embryophytes, indicating the origin of BR signaling in plants (Figure 1A).
A previous study reveals that plant BRI1 is highly conserved across taxa [20]. Taken together, the
origin and development of the BR signaling system seems to be highly relevant with the evolution
from aquatic to terrestrial plants, which have been observed in the ABA signaling system [21].
Bryophytes have an intermediate position between aquatic and terrestrial plants, and the establishment
of the BR signaling pathway might have a great impact on the explanation of the movement of plants
from water to land as an adaptation to environmental conditions. We also found evidence that genome
duplication likely contributed the most to the expansion of the BSK gene family in many plant lineages.
Prior to the split of eudicots and monocots, there was no evidence of whole-genome duplication
(WGD). However, several rounds of WGD or triple genome duplication (WTD) have been reported
in the 12 angiosperms studied here [22,23]. This might result in the expansion of the BSK genes
from angiosperms. Indeed, we found that approximately two-fold expansion in the BSK genes was
identified in the plants with WGD, including A. thaliana, G., P. trichocarpa, and Z. mays. Furthermore,
in B. rapa, we observed over three-fold BSK expansion, which was likely due to WTD.

In Arabidopsis, the BSK gene family includes 12 members, which share many similarities with each
other with some exceptions. For instance, additional motifs were found in BSK1 and BSK11 (Figure 4C).
The glycine-rich (GXXXG) motif, which provides conformational flexibility in the unstructured region,
has been identified in many proteins, but has not yet been characterized in the BSK gene family [24].
It is thus, possible that this motif in BSK1 might confer flexibility in the interaction of BSK with BRI1 or
in homo-dimmer conformation. Post-translational protein modifications, such as phosphorylation and
myristoylation, have been reported in the BSK gene family. In the current study, no myristoylation
site, which is critical for membrane association of BSK was found in BSK9 [17]. A prediction of
the subcellular localization of all BSK proteins from Arabidopsis showed that BSK9, as well as
BSK10 and BSK11, were absent from the plasma membrane, indicating that myristoylation might be
sufficient, but not necessary, to anchor a protein to the membrane (Table S1). Further validation of the
subcellular localization is required to support the accurate role of the myristoylation site. Other kinds
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of post-translational protein modification in this gene family were also investigated. The prediction
results showed that conserved sumoylation and ubiquitination sites were found in all BSK family
proteins (Figure S2). Overall, these post-translational protein modification sites were mainly located in
the N- and C-terminals, where the residues were probably the targets of a SUMO or ubiquitin complex.
Many proteins are both sumoylated and ubiquitinated, and often at the same lysine residues. In most
BSK proteins, some conserved residues were found to serve as both ubiquitination and sumoylation
sites. These two protein modifications can act either synergistically or antagonistically, indicating the
existence of a fine-tuned post-translational regulatory mechanism of the BSK family, which remains to
be elucidated.

In the present study, comprehensive microarray and RNA-seq analyses of the Arabidopsis BSK
proteins at several developmental stages showed that some of these BSK proteins might extensively
function in many tissues (Figure 5). Our RT-PCR data also showed that the selected BSK genes,
including BSK3, BSK7, and BSK8, were expressed in leaves, buds, wide open flowers, and siliques; this
result was consistent with the previous findings (Figure 7B). Some BSK proteins seemed to function in
specific tissues, likely resulting in their sub-functionalization. For instance, BSK12 was upregulated
only at the early stages of see development, whereas the expression of BSK5 was found to be reduced
gradually; this was also verified by our RT-PCR data. BRs were reported to regulate seed size and
shape in Arabidopsis by BZR1-mediated activation and repression of a number of known regulators of
seed size [25]. AtBZR1-like genes are highly conserved in angiosperms, and both soybean GmBZL2
rice OsBZR1 play an important role in seed set/size [26–29]. Thus, it could be possible that BSK5 and
BSK12 function upstream of BZR1 in seed development. BRs were also reported to play important roles
in regulating root meristem maintenance and root elongation [30]. Here, significantly high expression
of BSK9 was observed in the meristematic zone of roots (Figure 6C). It could be exciting to examine the
function of BSK9 in root meristem development. Moreover, the expression of BSK1 was the lowest in
mature pollen among the BSK family genes (Figure 5A). On the contrary, BSK11 and BSK12, which
were in the same sub-group, showed much stronger expression. BRs have been reported to promote
pollen germination and growth [31]. Some BSK downstream genes, including Arabidopsis BES1 and
rice OsBZR1, have been found to be involved in anther and pollen development, indicating that
these BSK members might play a role upstream of them in male gametophyte development [29,32].
In addition, BRs also regulate photomorphogenesis and link with light signals through BES1 [33,34].
Here, we found that several BSK family members showed light-dependent transcriptional regulation.
For instance, the expressions of BSK1, BSK3, BSK5, and BSK8 were significantly upregulated in the
dark and repressed by light (Figure 5C). It will be interesting to investigate the function of these BSK
members upstream of BZR1 in photomorphogenesis, broadening the functions of the BSK gene family.

A systematical microarray analysis of the BSK proteins under distinct abiotic stresses (cold,
salt, drought, et al) and phytohormones (ABA, 1-aminocyclopropane-1-carboxylic acid (ACC),
indole-3-acetic acid (IAA), BR, etc)) based on the Arabidopsis eFP Browser database indicated that most
BSK proteins were involved in these abiotic stress and hormone responses (Figure 6). For instance,
BSK2, BSK3, BSK5, BSK6, and BSK12 were involved in the salt-stress response. Among these BSK
genes, most were repressed by salt stress, whereas BSK6 was constantly upregulated. In addition,
BSK5, BSK9, and BSK12 showed broad responses to multiple stresses. In contrast, only a small number
of BSK genes were regulated by hormones. To our surprise, most BSK members, including BSK1,
showed no response to BRs in 3 hours, whereas BSK12 was sharply induced in 30 minutes, indicating
an unexpected role of BSK12 through BR perception (Figure 6B). Our RT-PCR results further confirmed
that several selected BSK genes indeed showed a response to various abiotic stresses and hormones,
although there was some inconsistency with the microarray data (Figure 7A). For instance, BSK1
was upregulated under salt and cold stresses after 24 hours. Under the same situations, BSK2 and
BSK9 were also highly induced. By contrast, all BSK genes were repressed by heat stress and ABA
the inhibited expression of BSK3, BSK5 and BSK8. Further experiments are required to elucidate the
important roles of these BSK genes in various stress responses.
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Alternative splicing, an important modulator of gene expression, can increase proteome diversity
and regulate mRNA levels by generating multiple transcripts from the same gene [35,36]. In plants,
this post-transcriptional mechanism is noticeably induced by environmental stimuli and plays an
important role in the regulation of gene expression for biotic/abiotic stresse responses as well as
for plant growth and development [37–42]. The RNA-seq analysis has revealed that in Arabidopsis
more than 61% of intron-containing genes and even more undergo alternative splicing under normal
growth and stress conditions, respectively [31]. Notably, IR is the most prevalent form of AS in
higher plants. For instance, the AS forms of Arabidopsis contain an unusually high fraction of retained
introns (above 30%), and more than half of the AS events belong to IR in rice [43–45]. IR is mostly
accepted on account of mis-splicing and thought to be non-functional because they are likely to result
in nonsense-mediated decay [46]. However, several studies have highlighted the functional importance
of intron-retaining mRNAs in plants. IR in the Arabidopsis INDETERMINATE DOMAIN 14 (IDD14)
transcription factor gene generates a competitive inhibitor that modulates starch accumulation in
response to cold stress [47]. IR in the 5′ UTR of the Zinc-Induced Facilitator 2 gene (ZIF2) improves
zinc tolerance in Arabidopsis [48]. HAB1, a group A protein type 2C phosphatase (PP2C), undergoes
IR to produce a splice variant that plays opposing roles in fine-tuning ABA signaling [49]. Thus,
IR should no longer be underestimated and exploring its roles in the development and/or stress
response is of increasing importance. Here we found that the IR event in some Arabidopsis BSK
genes was tissue-specific and responded to stress/hormone. The intron-containing form of BSK9
preferred to express in development stages from buds to flowers, but was spliced completely in
siliques. We also found that cold and heat stresses promoted the IR rate within the first two introns of
BSK5, whereas ABA operated only in the first intron to generate and accumulate differently spliced
transcripts. IR in BSK7 and BSK9 were also specifically induced by cold stress. Although the role of an
individual transcript is largely unknown currently, these observations indicate the post-transcriptional
regulation of these BSK genes in response to environmental stimuli. Future work will be performed
to elucidate the mechanism and physiological significance of tissue-specific and stress-induced IR in
these BSK genes.

Overall, our study represented diverse features of the BSK gene family in Arabidopsis, providing
valuable insights into their important functions.

4. Materials and Methods

4.1. Identification of BSK Family Genes and Phylogenetic Analysis of BSKs in Plants

To identify ortholog(s) of AtBSK1 from Arabidopsis in the plant genome, the amino acid sequence
of AtBSK1 was used as the seed sequence to perform a BLASTp search of the database whole genome
sequences in the Phytozome database (https://phytozome.jgi.doe.gov). A similar method was applied
on AtBRI1. Multiple protein sequence alignment for the deduced amino acid sequences of BSK
proteins from different plant species was performed using the ClustalW software (http://www.
clustal.org/clustal2/) with default settings. Then, the phylogenetic tree was constructed using MEGA
software (Tokyo Metropolitan University, Tokyo, Japan) using the neighbor-joining (NJ) method and
the bootstrap test carried out with 1000 replicates. The phylogenetic trees were visualized using
FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

4.2. Conserved Domain Recognition and Gene Structure Analysis

The CDS and the corresponding genomic sequences of the BSKs from the selected plant species
were retrieved from the databases. Analysis of the exon-intron structures for the BSKs was carried
out using the Gene Structure Display Server (GSDS v2.0, http://gsds.cbi.pku.edu.cn/index.php).
Conserved domain for BSK proteins from Arabidopsis were identified using Conserved Domain Search
Service (CD Search) from NCBI. The protein post-modification analysis was performed using SUMOgo
(http://predictor.nchu.edu.tw/SUMOgo/) and UbiSite (http://csb.cse.yzu.edu.tw/UbiSite) with high
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specificity level of 95%. Subcellular prediction for BSK family genes were performed using Cell eFP
Browser (http://bar.utoronto.ca/cell_efp/cgi-bin/cell_efp.cgi).

4.3. Expression Profiles Analysis Using Microarray and RNA-seq Data

For expression profiling of the BSK genes in Arabidopsis, we utilized the Arabidopsis ATH1
microarray data (Arabidopsis eFP Browser 2.0), root RNA-seq data bases (https://sites.lsa.umich.edu/
pgrp-roots/) and AtRTD2 [50]. Different tissues of Arabidopsis and the seedlings under various stresses
were analyzed. The gene expression patterns of each tissue were analyzed, and the expression values
were log2 transformed from The Bio-Analytic Resource for Plant Biology (BAR). Finally, heat maps of
hierarchical clustering were visualized using the Heml software. For data retrieved from RNA-seq data
bases, the transcript abundance was expressed as fragments per kilobase of exon model per million
mapped reads (FPKM) or Transcript Per Million.

4.4. Plant Materials, Growth Conditions and Stress Treatments

Seeds of Arabidopsis thaliana ecotype Columbia (Col-0) were used in this research. The seeds
were surface sterilized with bleach and washed extensively with sterilized water for three times,
and then incubated in a growth chamber after cold treatment for two days. After growth for one
week, the seedlings were exposed to various stress conditions in plates containing 150 mM NaCl and
10 µM ABA, respectively. For cold and heat treatment, 7-day-old plants were placed at 4 ◦C or 42 ◦C
incubator with normal illumination. Samples from leaves, buds, flowers and siliques were collected
from well-growing plants at the same time. All the plant materials were harvested by liquid nitrogen
cooling before stored at −80 ◦C.

4.5. RNA Extraction and RT-PCR

Isolation of total RNA from treated samples was performed using an RNA extraction kit (Promega,
Madison, WI, USA). The cDNA synthesis was performed with total RNA (2 µg) reverse transcribed
using All-In-One RT MasterMix (Applied Biological Materials, Zhenjiang, China). RT-PCR analysis
was conducted using 2 × T5 Super PCR Mix (Tsingke, Beijing, China) and Taq Master MixTaq mix
(Vazyme Biotech, Nanjing, China). All primers used in this study are listed in Supplementary Table S2.
Quantification for gel intensity was carried out using Image J software (https://imagej.nih.gov/ij/).

5. Conclusions

In this study, we identified a total of 143 BSK proteins from 17 plant species. The phylogenetic
analysis showed that the expansion of the BSK genes originated from embryophytes. A further
comparative study revealed that most of the BSK genes in Arabidopsis were constitutively expressed and
responded to some hormones or abiotic stresses. We also found some interesting post-transcriptional
regulation patterns in BSK5, BSK7, and BSK9. Our results will further provide clues for the functional
analysis of the important functions of BSK family genes in plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/5/1138/s1.
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Abstract: Glycoside hydrolase family 1 (GH1) β-glucosidases (BGLUs) are encoded by a large
number of genes, and are involved in many developmental processes and stress responses in
plants. Due to their importance in plant growth and development, genome-wide analyses have
been conducted in model plants (Arabidopsis and rice) and maize, but not in Brassica species,
which are important vegetable crops. In this study, we systematically analyzed B. rapa BGLUs
(BrBGLUs), and demonstrated the involvement of several genes in pollen development. Sixty-four
BrBGLUs were identified in Brassica databases, which were anchored onto 10 chromosomes,
with 10 tandem duplications. Phylogenetic analysis revealed that 64 genes were classified into
10 subgroups, and each subgroup had relatively conserved intron/exon structures. Clustering
with Arabidopsis BGLUs (AtBGLUs) facilitated the identification of several important subgroups
for flavonoid metabolism, the production of glucosinolates, the regulation of abscisic acid (ABA)
levels, and other defense-related compounds. At least six BrBGLUs might be involved in pollen
development. The expression of BrBGLU10/AtBGLU20, the analysis of co-expressed genes, and the
examination of knocked down Arabidopsis plants strongly suggests that BrBGLU10/AtBGLU20 has
an indispensable function in pollen development. The results that are obtained from this study may
provide valuable information for the further understanding of β-glucosidase function and Brassica
breeding, for nutraceuticals-rich Brassica crops.

Keywords: β-glucosidase; Brassica rapa; BrBGLU10; pollen development; co-expression analysis

1. Introduction

Glycoside hydrolases (EC 3.2.1) are classified into a group of enzymes that hydrolyze the glycosidic
bonds of carbohydrates [1]. At the end of March in 2019, 161 families have been identified and classified
in the CAZy (Carbohydrate-Active enZYmes) database [2,3]. Among these families, the glycoside
hydrolase (GH) family 1 is recognized for its β-glycosidase activity, which largely contributes to
various developmental processes and stress responses in plants [4,5]. Genome-wide analysis of GH1
β-glycosidase genes (BGLUs) has been conducted in three plant species: Arabidopsis, with 48 genes
grouped into 10 subfamilies [6]; rice, with 40 genes grouped into eight subfamilies [5]; and maize,
with 26 genes grouped into four subfamilies [7,8]. Recently, a comparison between the Arabidopsis and
rice BGLUs with respect to sequence identity and expression revealed that these exhibited substantial
tissue specificity and differential responses to various stress treatments, although these have a high
degree of similarity [9]. However, no systematic analysis of BGLUs in Brassica rapa, which is an
important vegetable crop, has been performed to date.
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In addition to classifications based on genomic DNA organization, Arabidopsis BGLUs (AtBGLUs)
could be classified in relation to their known functions, which shows that genes within the
same subfamily may function in similar processes. A large number of AtBGLUs are involved in
flavonoid metabolism: AtBGLU1-6 for flavonol accumulation [10,11], AtBGLU7-11 for anthocyanin
glucosyltransferase [11,12], and AtBGLU12-17 for flavonoid utilization [10,13]. Seven genes (AtBGLU26,
AtBGLU34-39) function as myrosinases for chemical defense against herbivores and pathogen
attacks [14–16]. AtBGLU18 and AtBGLU33 regulate ABA responses by increasing ABA levels through
the hydrolysis of glucose-conjugated ABA (ABA-GE) [17,18]. Scopolin, which is specifically produced
in the roots, and which plays a role in a defense against pathogen attack and abiotic stresses [19,20],
is controlled by ArBGLU21-23 [21,22]. The gene products encoded by AtBGLU45 and AtBGLU46
hydrolyze monolignol glucosides, thereby regulating lignin biosynthesis [23]. AtBGLU42 is involved
in the induction of systemic resistance to bacterial disease, and the release of iron-mobilizing phenolic
metabolites during iron deficiency [24]. However, no gene has been reported, with respect to
pollen development.

During pollen development, the tapetum secretes various components, such as lipidic precursors
and lipidics onto the pollen surface, leading to the formation of sculptured exine and exine cavities
by hydrolyzation and other reactions [25]. In addition to lipid components, pollen wall development
requires the regulation of polysaccharide metabolism [26], suggesting a possible involvement of the
hydrolysis of glycosidic bonds of carbohydrates. Glycoside hydrolase has been reported involved in
the cell wall polysaccharide degradation [27] and their coding genes were downregulated in the OsTDR
(Tapetum Degeneration Retardation) mutant [28] and the sterile floral buds of B. rapa [29], indicating a
possibility that β-glucosidase may play a role in pollen development.

In this study, we systematically identified Brassica rapa β-glycosidase genes (BrBGLUs)
and analyzed their expression patterns and phylogenetic relationships. In addition, in silico
analyses indicated that BrBGLU10/AtBGLU20 have conserved functions during pollen development,
and knocking down AtBGLU20 using antisense oligos in Arabidopsis results in the production of aborted
pollen grains. Furthermore, bioinformatics and molecular analyses provide valuable information on
the function of BrBGLUs during pollen development.

2. Results

2.1. Identification and Chromosomal Distribution of BrBGLUs

After a HMM (Hidden Markov Model) search, 64 BrBGLU genes were identified and designated
as BrBGLU1 to BrBGLU64, according to their positions on the chromosomes (Figure 1). The locus ID,
genome location, coding sequence (CDS) length, and the protein length of the BrBGLUs are listed
in Table 1. The genomic DNA sequences of the BrBGLUs ranged from 390 bp to 9617 bp. While
the average length was 1293 bp, the length of the CDS of the BrBGLUs ranged from 267 bp to 2058
bp. The BrBGLU genes were heterogeneously distributed among all 10 chromosomes of B. rapa.
Chromosome 5 contained the largest number of BrBGLU genes, comprising 15 members (23.4%),
whereas chromosome 2 contained only one gene member. We also detected tandem arrays of the
BrBGLU genes among the 10 B. rapa chromosomes. The tandem array was defined as ‘multiple BrBGLU
genes located in neighboring or the same intergenic region’ [30]. Ten BrBGLU gene clusters were found
on chromosomes A01, A03, A05, A07, and A09. Chromosome 5 contained the maximum number of
clusters, comprising 11 BrBGLUs.

538



Int. J. Mol. Sci. 2019, 20, 1663

Ta
bl

e
1.

C
ha

ra
ct

er
is

ti
cs

of
th

e
G

H
1

(G
ly

co
si

de
hy

dr
ol

as
e

fa
m

ily
1)

ge
ne

fa
m

ily
in

Br
as

si
ca

ra
pa

.

Lo
cu

s
ID

G
en

e
N

am
e

C
D

S
Le

ng
th

(b
p)

Pr
ot

ei
n

Le
ng

th
(a

a)
C

hr
om

os
om

e
G

en
e

St
ar

t
G

en
e

En
d

gD
N

A
Le

ng
th

(b
p)

N
o.

of
Ex

on
s

B
es

tH
it

to
A

ra
bi

do
ps

is
(B

LA
ST

P)

ID
G

en
e

N
am

e
E-

V
al

ue

Br
aA

01
g0

12
49

0.
3C

Br
BG

LU
1

12
90

43
0

C
hr

01
6,

51
6,

50
0

6,
51

9,
45

0
29

50
11

A
T4

G
21

76
0

BG
LU

47
0

Br
aA

01
g0

29
61

0.
3C

Br
BG

LU
2

14
52

48
4

C
hr

01
19

,6
73

,6
93

19
,6

77
,6

20
39

27
12

A
T1

G
61

82
0

BG
LU

46
0

Br
aA

01
g0

29
67

0.
3C

Br
BG

LU
3

15
51

51
7

C
hr

01
19

,7
72

,2
18

19
,7

75
,1

32
29

14
12

A
T1

G
61

81
0

BG
LU

45
0

Br
aA

01
g0

32
34

0.
3C

Br
BG

LU
4

87
3

29
1

C
hr

01
22

,0
83

,9
06

22
,0

86
,7

49
28

43
8

A
T1

G
52

40
0

BG
LU

18
6.

38
×

10
−

85

Br
aA

01
g0

34
68

0.
3C

Br
BG

LU
5

15
45

51
5

C
hr

01
23

,7
47

,7
70

23
,7

50
,4

31
26

61
12

A
T3

G
18

08
0

BG
LU

44
0

Br
aA

01
g0

34
69

0.
3C

Br
BG

LU
6

14
64

48
8

C
hr

01
23

,7
54

,6
77

23
,7

57
,1

45
24

68
10

A
T3

G
18

07
0

BG
LU

43
0

Br
aA

01
g0

40
82

0.
3C

Br
BG

LU
7

13
74

45
8

C
hr

01
27

,4
55

,0
63

27
,4

58
,1

82
31

19
12

A
T3

G
09

26
0

BG
LU

23
0

Br
aA

01
g0

41
99

0.
3C

Br
BG

LU
8

19
26

64
2

C
hr

01
28

,0
48

,4
56

28
,0

52
,0

48
35

92
9

A
T3

G
06

51
0

BG
LU

48
0

Br
aA

01
g0

43
57

0.
3C

Br
BG

LU
9

15
66

52
2

C
hr

01
28

,9
09

,9
91

28
,9

13
,2

18
32

27
13

A
T3

G
03

64
0

BG
LU

25
0

Br
aA

02
g0

23
15

0.
3C

Br
BG

LU
10

16
53

55
1

C
hr

02
13

,5
70

,0
12

13
,5

72
,9

93
29

81
13

A
T1

G
75

94
0

BG
LU

20
0

Br
aA

03
g0

11
77

0.
3C

Br
BG

LU
11

89
4

29
8

C
hr

03
5,

05
9,

60
1

5,
06

2,
34

3
27

42
8

A
T1

G
45

19
1

BG
LU

1
2.

53
×

10
−

60

Br
aA

03
g0

11
78

0.
3C

Br
BG

LU
12

10
23

34
1

C
hr

03
5,

06
3,

80
8

5,
06

6,
44

6
26

38
12

A
T1

G
60

09
0

BG
LU

4
9.

15
×

10
−

82

Br
aA

03
g0

24
57

0.
3C

Br
BG

LU
13

84
6

28
2

C
hr

03
12

,0
73

,1
61

12
,0

75
,7

80
26

19
10

A
T4

G
22

10
0

BG
LU

3
5.

01
×

10
−

68

Br
aA

03
g0

33
95

0.
3C

Br
BG

LU
14

13
98

46
6

C
hr

03
16

,7
98

,3
47

16
,8

01
,1

82
28

35
11

A
T3

G
09

26
0

BG
LU

23
0

Br
aA

03
g0

41
42

0.
3C

Br
BG

LU
15

72
9

24
3

C
hr

03
20

,7
78

,9
80

20
,7

81
,0

62
20

82
5

A
T4

G
22

10
0

BG
LU

3
2.

54
×

10
−

61

Br
aA

03
g0

41
43

0.
3C

Br
BG

LU
16

66
9

22
3

C
hr

03
20

,7
81

,0
85

20
,7

82
,2

78
11

93
7

A
T1

G
60

09
0

BG
LU

4
3.

4
×

10
−

10
0

Br
aA

03
g0

49
73

0.
3C

Br
BG

LU
17

15
63

52
1

C
hr

03
25

,4
28

,2
52

25
,4

30
,9

47
26

95
12

A
T4

G
21

76
0

BG
LU

47
0

Br
aA

04
g0

00
61

0.
3C

Br
BG

LU
18

14
31

47
7

C
hr

04
40

8,
73

4
41

1,
30

3
25

69
11

A
T4

G
27

83
0

BG
LU

10
0

Br
aA

04
g0

02
03

0.
3C

Br
BG

LU
19

14
97

49
9

C
hr

04
1,

22
6,

61
5

1,
23

0,
31

7
37

02
12

A
T3

G
60

14
0

BG
LU

30
0

Br
aA

04
g0

02
04

0.
3C

Br
BG

LU
20

20
58

68
6

C
hr

04
1,

23
8,

40
1

1,
24

5,
72

9
73

28
18

A
T3

G
60

12
0

BG
LU

27
2.

2
×

10
−

14
9

Br
aA

04
g0

10
02

0.
3C

Br
BG

LU
21

13
41

44
7

C
hr

04
7,

88
0,

00
7

7,
88

3,
68

0
36

73
13

A
T5

G
36

89
0

BG
LU

42
0

Br
aA

04
g0

20
96

0.
3C

Br
BG

LU
22

89
1

29
7

C
hr

04
15

,7
76

,9
65

15
,7

80
,6

43
36

78
8

A
T5

G
44

64
0

BG
LU

13
1.

5
×

10
−

10
5

Br
aA

04
g0

23
64

0.
3C

Br
BG

LU
23

16
38

54
6

C
hr

04
17

,3
41

,3
51

17
,3

44
,5

39
31

88
9

A
T2

G
32

86
0

BG
LU

33
0

Br
aA

04
g0

31
09

0.
3C

Br
BG

LU
24

12
33

41
1

C
hr

04
21

,2
18

,4
91

21
,2

21
,7

08
32

17
12

A
T3

G
60

12
0

BG
LU

27
0

Br
aA

04
g0

31
10

0.
3C

Br
BG

LU
25

13
80

46
0

C
hr

04
21

,2
29

,2
82

21
,2

32
,3

23
30

41
11

A
T5

G
24

55
0

BG
LU

32
0

Br
aA

04
g0

31
13

0.
3C

Br
BG

LU
26

26
7

89
C

hr
04

21
,2

48
,0

71
21

,2
48

,6
22

55
1

4
A

T2
G

44
45

0
BG

LU
15

5.
66

×
10

−
85

Br
aA

04
g0

31
14

0.
3C

Br
BG

LU
27

52
5

17
5

C
hr

04
21

,2
49

,4
97

21
,2

51
,1

77
16

80
6

A
T2

G
44

45
0

BG
LU

15
1.

4
×

10
−

11
0

Br
aA

05
g0

04
33

0.
3C

Br
BG

LU
28

16
23

54
1

C
hr

05
2,

19
4,

95
3

2,
19

7,
67

1
27

18
11

A
T3

G
60

12
0

BG
LU

27
0

Br
aA

05
g0

04
34

0.
3C

Br
BG

LU
29

15
27

50
9

C
hr

05
2,

20
1,

54
8

2,
21

1,
16

5
96

17
12

A
T2

G
44

45
0

BG
LU

15
0

Br
aA

05
g0

04
35

0.
3C

Br
BG

LU
30

15
18

50
6

C
hr

05
2,

21
6,

70
5

2,
22

0,
67

4
39

69
12

A
T5

G
44

64
0

BG
LU

13
0

Br
aA

05
g0

04
36

0.
3C

Br
BG

LU
31

13
26

44
2

C
hr

05
2,

22
3,

90
1

2,
22

7,
52

5
36

24
9

A
T2

G
44

46
0

BG
LU

28
2.

7
×

10
−

13
1

Br
aA

05
g0

04
37

0.
3C

Br
BG

LU
32

11
55

38
5

C
hr

05
2,

24
5,

44
8

2,
24

8,
08

7
26

39
7

A
T3

G
60

14
0

BG
LU

30
2.

1
×

10
−

14
0

Br
aA

05
g0

04
38

0.
3C

Br
BG

LU
33

12
81

42
7

C
hr

05
2,

25
5,

90
5

2,
25

8,
98

5
30

80
11

A
T5

G
24

54
0

BG
LU

31
5.

1
×

10
−

14
5

Br
aA

05
g0

04
39

0.
3C

Br
BG

LU
34

15
45

51
5

C
hr

05
2,

26
1,

68
5

2,
27

0,
99

7
93

12
11

A
T2

G
44

49
0

BG
LU

26
0

539



Int. J. Mol. Sci. 2019, 20, 1663

Ta
bl

e
1.

C
on

t.

Lo
cu

s
ID

G
en

e
N

am
e

C
D

S
Le

ng
th

(b
p)

Pr
ot

ei
n

Le
ng

th
(a

a)
C

hr
om

os
om

e
G

en
e

St
ar

t
G

en
e

En
d

gD
N

A
Le

ng
th

(b
p)

N
o.

of
Ex

on
s

B
es

tH
it

to
A

ra
bi

do
ps

is
(B

LA
ST

P)

ID
G

en
e

N
am

e
E-

V
al

ue

Br
aA

05
g0

12
86

0.
3C

Br
BG

LU
35

15
36

51
2

C
hr

05
7,

01
1,

96
2

7,
01

5,
38

8
34

26
11

A
T2

G
32

86
0

BG
LU

33
2.

3
×

10
−

16
2

Br
aA

05
g0

12
87

0.
3C

Br
BG

LU
36

95
7

31
9

C
hr

05
7,

02
3,

18
5

7,
02

8,
48

5
53

00
8

A
T2

G
32

86
0

BG
LU

33
4.

3
×

10
−

10
2

Br
aA

05
g0

15
06

0.
3C

Br
BG

LU
37

14
61

48
7

C
hr

05
8,

60
1,

51
1

8,
60

4,
28

4
27

73
13

A
T5

G
36

89
0

BG
LU

42
0

Br
aA

05
g0

17
77

0.
3C

Br
BG

LU
38

12
78

42
6

C
hr

05
10

,7
58

,1
14

10
,7

60
,7

18
26

04
11

A
T1

G
52

40
0

BG
LU

18
0

Br
aA

05
g0

33
96

0.
3C

Br
BG

LU
39

14
34

47
8

C
hr

05
24

,3
29

,3
47

24
,3

33
,0

54
37

07
12

A
T4

G
27

83
0

BG
LU

10
0

Br
aA

05
g0

37
14

0.
3C

Br
BG

LU
40

13
32

44
4

C
hr

05
25

,6
85

,7
45

25
,6

88
,9

76
32

31
11

A
T3

G
09

26
0

BG
LU

23
0

Br
aA

05
g0

37
15

0.
3C

Br
BG

LU
41

13
74

45
8

C
hr

05
25

,6
91

,3
45

25
,6

94
,8

89
35

44
12

A
T3

G
09

26
0

BG
LU

23
0

Br
aA

05
g0

38
92

0.
3C

Br
BG

LU
42

17
82

59
4

C
hr

05
26

,5
47

,6
00

26
,5

50
,5

24
29

24
11

A
T3

G
06

51
0

BG
LU

48
0

Br
aA

06
g0

02
00

0.
3C

Br
BG

LU
43

13
47

44
9

C
hr

06
1,

22
0,

70
7

1,
22

3,
92

5
32

18
12

A
T1

G
52

40
0

BG
LU

18
1.

5
×

10
−

17
3

Br
aA

06
g0

11
04

0.
3C

Br
BG

LU
44

10
80

36
0

C
hr

06
5,

99
5,

93
1

6,
00

0,
34

1
44

10
8

A
T3

G
21

37
0

BG
LU

19
0

Br
aA

06
g0

24
63

0.
3C

Br
BG

LU
45

15
99

53
3

C
hr

06
17

,0
98

,5
30

17
,1

00
,9

46
24

16
4

A
T5

G
44

64
0

BG
LU

13
0

Br
aA

06
g0

38
72

0.
3C

Br
BG

LU
46

31
2

10
4

C
hr

06
25

,7
58

,7
74

25
,7

59
,1

64
39

0
2

A
T4

G
22

10
0

BG
LU

3
8
×

10
−

52

Br
aA

07
g0

08
03

0.
3C

Br
BG

LU
47

14
34

47
8

C
hr

07
8,

14
5,

28
2

8,
14

7,
91

1
26

29
11

A
T1

G
60

09
0

BG
LU

4
0

Br
aA

07
g0

08
05

0.
3C

Br
BG

LU
48

14
28

47
6

C
hr

07
8,

16
1,

73
4

8,
16

4,
66

6
29

32
12

A
T4

G
22

10
0

BG
LU

3
0

Br
aA

07
g0

11
94

0.
3C

Br
BG

LU
49

76
5

25
5

C
hr

07
11

,6
20

,8
25

11
,6

23
,6

18
27

93
8

A
T3

G
62

75
0

BG
LU

8
3.

75
×

10
−

29

Br
aA

07
g0

24
15

0.
3C

Br
BG

LU
50

15
45

51
5

C
hr

07
18

,9
98

,2
83

19
,0

01
,9

07
36

24
12

A
T3

G
60

13
0

BG
LU

16
0

Br
aA

08
g0

02
60

0.
3C

Br
BG

LU
51

15
15

50
5

C
hr

08
1,

91
5,

01
5

1,
91

7,
83

9
28

24
13

A
T1

G
47

60
0

BG
LU

34
0

Br
aA

08
g0

08
86

0.
3C

Br
BG

LU
52

40
8

13
6

C
hr

08
7,

84
8,

51
2

7,
85

0,
18

9
16

77
4

A
T3

G
09

26
0

BG
LU

23
1.

03
×

10
−

75

Br
aA

08
g0

14
87

0.
3C

Br
BG

LU
53

93
0

31
0

C
hr

08
12

,3
01

,3
55

12
,3

03
,9

70
26

15
7

A
T4

G
22

10
0

BG
LU

3
3.

9
×

10
−

12
7

Br
aA

08
g0

25
77

0.
3C

Br
BG

LU
54

15
06

50
2

C
hr

08
18

,5
52

,7
96

18
,5

56
,4

70
36

74
11

A
T1

G
26

56
0

BG
LU

40
0

Br
aA

09
g0

18
02

0.
3C

Br
BG

LU
55

15
24

50
8

C
hr

09
11

,3
85

,2
73

11
,3

86
,9

48
16

75
2

A
T5

G
44

64
0

BG
LU

13
0

Br
aA

09
g0

38
41

0.
3C

Br
BG

LU
56

15
27

50
9

C
hr

09
30

,2
92

,8
80

30
,2

95
,9

41
30

61
11

A
T1

G
26

56
0

BG
LU

40
0

Br
aA

09
g0

49
95

0.
3C

Br
BG

LU
57

15
42

51
4

C
hr

09
37

,1
57

,6
12

37
,1

60
,2

75
26

63
10

A
T3

G
60

12
0

BG
LU

27
0

Br
aA

09
g0

49
96

0.
3C

Br
BG

LU
58

12
48

41
6

C
hr

09
37

,1
64

,1
82

37
,1

67
,9

06
37

24
10

A
T3

G
60

13
0

BG
LU

16
2.

2
×

10
−

16
5

Br
aA

09
g0

49
97

0.
3C

Br
BG

LU
59

10
47

34
9

C
hr

09
37

,1
69

,3
40

37
,1

73
,1

50
38

10
8

A
T3

G
60

13
0

BG
LU

16
3.

4
×

10
−

16
5

Br
aA

09
g0

49
98

0.
3C

Br
BG

LU
60

13
26

44
2

C
hr

09
37

,1
78

,4
03

37
,1

86
,2

33
78

30
11

A
T3

G
60

14
0

BG
LU

30
2.

6
×

10
−

17
9

Br
aA

09
g0

52
04

0.
3C

Br
BG

LU
61

14
61

48
7

C
hr

09
38

,1
12

,4
98

38
,1

15
,2

45
27

47
11

A
T4

G
27

83
0

BG
LU

10
0

Br
aA

09
g0

52
05

0.
3C

Br
BG

LU
62

11
76

39
2

C
hr

09
38

,1
16

,3
32

38
,1

18
,9

44
26

12
11

A
T4

G
27

83
0

BG
LU

10
9.

8
×

10
−

14
0

Br
aA

10
g0

01
49

0.
3C

Br
BG

LU
63

12
81

42
7

C
hr

10
77

6,
35

4
77

8,
93

2
25

78
11

A
T1

G
02

85
0

BG
LU

11
0

Br
aA

10
g0

12
66

0.
3C

Br
BG

LU
64

15
69

52
3

C
hr

10
10

,4
14

,9
66

10
,4

17
,4

49
24

83
11

A
T5

G
54

57
0

BG
LU

41
0

540



Int. J. Mol. Sci. 2019, 20, 1663Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 3 of 18 

 

 

Figure 1. Chromosomal distribution of the 64 BrBGLU genes identified in this study. The chromosome 
number is indicated above each chromosome. Ten clusters of BrBGLUs are indicated in red boxes. 
Black ovals on each chromosome represent the centromeric regions. 

 

Figure 1. Chromosomal distribution of the 64 BrBGLU genes identified in this study. The chromosome
number is indicated above each chromosome. Ten clusters of BrBGLUs are indicated in red boxes. Black
ovals on each chromosome represent the centromeric regions.

2.2. Phylogenetic and Gene Structure Analysis of BrBGLUs

To understand the evolutionary relationship of the BrBGLU genes, phylogenetic analysis of the
BrBGLU and AtBGULU genes was conducted. To obtain AtBGLUs, HMM searching was performed by
using all of the putative protein sequences of the Arabidopsis genome (ARAPORT11, https://www.
araport.org) as queries. A total of 48 AtBGLU genes were obtained, which agrees with the results
of a previous study [6]. The 64 BrBGLUs and 48 AtBGLUs protein sequences were aligned using
ClustaX2 [31]. An unrooted phylogenetic tree was constructed for the 64 BrBGLUs and 48 AtBGLUs,
using the NJ method in MEGA6 with a Poisson model. All BGLU proteins were classified into
10 distinct subgroups, namely, BGLU-a to BGLU-j (Figure 2). The results of the phylogenetic analysis
were relatively similar to the findings of a previous study using Arabidopsis [6], with a few exceptions.
All B. rapa and Arabidopsis proteins are grouped into 10 subgroups, whereas Arabidopsis subgroups 8
and 9 were combined into a subgroup GH1-c in our analysis. In addition, AtBGLU48 (SENSITIVE TO
FREEZING 2, SFR2), which belongs to a distinct lineage from 10 subgroups in a previous study [6,32],
was incorporated into the GH1-j subgroup, together with BrBGLU8 and BrBGLU42 (Figure 2).

Phylogenetic analysis generated an interesting finding, that the clustering or groupings of genes
were related to the chromosomal locus or function. Based on the functions of the AtBGLUs, flavonol
accumulation (AtBGLU1-6) and anthocyanin glucosyltransferase (AtBGLU7-11)-related genes were
highlighted by subgroup GH1-a [10–12]; flavonoid utilization-related AtBGLUs (AtBGLU12-17) were
represented by the GH1-e subgroup [10,13]; myrosinase-encoding AtBGLUs (AtBGLU34-39) belonged
to the GH1-d subgroup [14–16], and scopolin hydrolysis-related AtBGLUs (AtBGLU21-23) were
grouped into GH1-i [21,22]. Most of the genes within the same clusters on a chromosome were
grouped into the same subfamily, which is similar to the findings using Arabidopsis, i.e., BrBGLU5/6,
BrBGLU11/12, BrBGLU31/32/33, BrBGLU40/41, BrBGLU58/59, and BrBGLU61/62. This clustering
indicates that the BGLU genes may have evolved from an ancestral gene via gene duplication. However,
BrBGLU51 was grouped with six AtBGLUs (AtBGLU34/35/36/37/38/39) in the GH1-d subgroup,
indicating the possible loss of some BGLU genes in B. rapa.
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Figure 2. Phylogenetic reconstruction of GH1 genes of Arabidopsis and Brassica rapa. Multiple sequence 
alignment of GH1 proteins was performed using ClustalX2 with default parameters. The unrooted 
phylogenetic tree was constructed by MEGA 6 with the neighbor-joining (NJ) methods using the 
following parameters: bootstrap values (1,000 replicates) and Poisson model. The tree is divided into 
11 phylogenetic subgroups, designated as GH1-a to GH1-k. Members of Arabidopsis and B. rapa are 
denoted by blue squares and red circles. 

Gene structure was commonly diversified during the evolution of the large number of gene 
families. To expand our knowledge of BrBGLUs in relation to evolution and functional 
diversification, the gene structures of the BrBGLUs were analyzed on the basis of exon–intron 
organization, using GSDS 2.0 [33]. The BrBGLUs exhibited 12 distinct exon–intron organization 
patterns, and the most common organization was 11 exons separated by 10 introns, presenting 19 
members (Table 1 and Figure 3). Most genes contained more than two introns, except for BrBGLU46 
and BrBGLU55, indicating the possible occurrence of alternative splicing during gene expression. The 
AtBGLUs exhibited 10 distinct exon–intron organization patterns, and the pattern with 13 exons was 
the most common [6]. This analysis is consistent with Arabidopsis and rice, where the intron size and 
number of the BGLUs genes are highly variable [5,6]. 

Figure 2. Phylogenetic reconstruction of GH1 genes of Arabidopsis and Brassica rapa. Multiple sequence
alignment of GH1 proteins was performed using ClustalX2 with default parameters. The unrooted
phylogenetic tree was constructed by MEGA 6 with the neighbor-joining (NJ) methods using the
following parameters: bootstrap values (1,000 replicates) and Poisson model. The tree is divided into
11 phylogenetic subgroups, designated as GH1-a to GH1-k. Members of Arabidopsis and B. rapa are
denoted by blue squares and red circles.

Gene structure was commonly diversified during the evolution of the large number of gene
families. To expand our knowledge of BrBGLUs in relation to evolution and functional diversification,
the gene structures of the BrBGLUs were analyzed on the basis of exon–intron organization, using
GSDS 2.0 [33]. The BrBGLUs exhibited 12 distinct exon–intron organization patterns, and the most
common organization was 11 exons separated by 10 introns, presenting 19 members (Table 1 and
Figure 3). Most genes contained more than two introns, except for BrBGLU46 and BrBGLU55, indicating
the possible occurrence of alternative splicing during gene expression. The AtBGLUs exhibited
10 distinct exon–intron organization patterns, and the pattern with 13 exons was the most common [6].
This analysis is consistent with Arabidopsis and rice, where the intron size and number of the BGLUs
genes are highly variable [5,6].
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Figure 3. Exon–intron organization of BrBGLUs in different subgroups. Exons and introns are
represented by blue boxes and black lines, respectively. The phylogenetic tree of each subfamily
was constructed using MEGA6, as described in Figure 1.

2.3. Identification of BrBGLU Genes Involved in Pollen Development

Rice TDR (Tapetum Degeneration Retardation) mutant alters BGLU1 expression with flower
specificity [28], and BGLU1 and BGLU13 are found to be related to male organ development in
Calamus palustris [34]. These previous reports lead to a hypothesis that BrBGLUs are involved in
pollen development. To test this hypothesis, the previously published microarray data relating to male
sterility in B. rapa [29] were re-annotated, using the improved B. rapa genome (version 3.0) [35] and
analyzed based on pollen development (Table S1). A total of 36 BrBGLUs, represented by 88 probes
(or 88 ESTs) showed significant hybridization values, of which 12 BrBGLUs showed over two-fold
change in expression levels between fertile and sterile floral buds: six members were upregulated,
and members were downregulated in fertile buds. Among these genes, four upregulated genes
(BrBGLU10/AtBGLU20, BrBGLU15/AtBGLU3, BrBGLU16/AtBGLU4, and BrBGLU64/AtBGLU41) and
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two downregulated genes (BrBGLU2/AtBGLU46 and BrBGLU19/AtBGLU30) were described as good
candidates that were associated with pollen development. The function of all four upregulated genes
has not been known up to now, but at least three, BrBGLU10, BrBGLU15, and BrBGLU64 appeared
to be related to pollen wall development. In particular, we further analyzed BrBGLU10/AtBGLU20,
as these showed hundred-fold changes between fertile and sterile buds.

2.4. Analysis of the Putative Functions of BrBGLU10/AtBGLU20 in Pollen Development

To gain more insights into the functions of the BrBGLUs during pollen development, BrBGLU10,
which was highly and specifically expressed in fertile buds, was selected for further analysis.
AtBGLU20, the Arabidopsis ortholog of BrBGLU10, was initially named as ATA27, which is one of the
A. thaliana anther-specific expressed genes [36]. To confirm the expression patterns of BrBGLU10 and
AtBGLU20, RT-PCR was conducted (Figure 4A,B). The expression level of BrBGLU10 was specifically
detected at the F1–F3 stages, with highest levels at the F2 stage, representing the tetrad stage,
and AtBGLU20 was specifically expressed before floral stage 12. The RT-PCR results might imply its
important role in pollen development.
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Figure 4. Analysis of expression of BrBGLU10 and AtBGLU20, and Gene Ontology (GO) enrichment of
co-expressed genes. A, Expression of BrBGLU10 in different tissues and floral bud stages in B. rapa.
B, Expression of AtBGLU20 in different tissues and floral bud stages in Arabidopsis. C, Expression
patterns of BrBGLU10 and its co-expressed genes in sterile and fertile B. rapa floral buds, based on
previously published microarray data [29]. D, GO enrichment analysis of genes co-expressed with
BrBGLU10. E, Expression pattern of AtBGLU20 and its co-expressed genes in various tissues of
Arabidopsis, which was performed using the Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-
bin/efpWeb.cgi). F, GO enrichment analysis of genes co-expressed with AtBGLU20. S1–S3 represent
the floral buds from male-sterile B. rapa. S1, before the tetrad stage. S2, after the tetrad stage. S3,
containing aberrant pollen grains. F1–F4 indicate fertile B. rapa floral buds before the tetrad stage (F1),
at the tetrad stage (F2), after the tetrad stage, but before containing mature pollen (F3), and containing
mature pollen (F4). For Arabidopsis, FS1–12, flower stage 1 to stage 12; FS13–14, flower stage 13 to stage
14. PI, probe intensity.

To demonstrate similar or conserved functions between BrBLU10 and AtBGLU20, we isolated
the co-expressed genes of BrBGLU10, using microarray data [29] and AtBGLU20 from the Arabidopsis
eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) [37]. With the Pearson’s correlation
coefficient (PCC) value above 0.90, 183 probes (107 genes) and 25 genes were determined to be
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co-expressed with BrBGLU10 and AtBGLU20, respectively (Figure 4C, E; Tables S2–S3). BrBGLU10 and
its co-expressers were upregulated at the fertile floral bud stage, and the highest expression level was
detected at the F2 stage (Figure 4C), suggesting that BrBGLU10 plays a role during pollen development,
especially from the tetrad stage to that before the mature pollen stage. In Arabidopsis, flower and stamen
development processes were divided into 14 stages and 12 stages, respectively [37–39]. AtBGLU20
and its co-expressers were represented by a high probe intensity (PI) value at flower stages (FS) 9
to 12, indicating that AtBGLU20 plays a role in Arabidopsis pollen development (Figure 4E). We also
conducted Gene Ontology (GO) enrichment analysis to provide more information on the function
of BrBGLU10 and AtBGLU20 (Figure 4D,F). The results showed that genes involved in pollen exine
formation and pollen wall assembly were highly over-represented among genes co-expressed with
BrBGLU10 and AtBGLU20. Taken together, our analysis indicated that BrBGLU10 and AtBGLU20 may
be required for pollen development in both B. rapa and Arabidopsis.

To validate AtBGLU20 function in the pollen development, we generated knockdown mutants of
AtBGLU20 by introducing antisense constructs under the control of the CaMV35S promoter (Figure 5A).
After screening, four independent knockdown lines were obtained with expression levels ranging from
55% to 85% (Figure 5B). However, the AtBGLU20 downregulated plants showed normal vegetative
growth based on morphology (Figure 5C), but produced defective pollen grains relative to the
wild-type plants (Figure 5D). These results indicated that normal pollen development in Arabidopsis
requires sufficient amounts of AtBGLU20. All data obtained from gene expression, co-expression
analysis, and transgenesis led to the conclusion that AtBGLU20 and BrBGLU10 may have indispensable
functions in pollen development in both Arabidopsis and B. rapa, respectively.

1 

 

 

Figure 5. Analysis of WT and AtBGLU20 antisense knockdown mutant Arabidopsis plants. A. Schematic
representation of the AtBGLU20 gene structure and DNA fragment regions for antisense constructs.
The white box indicates the UTR region; gray boxes are exons; lines represent introns. The single
arrow indicates the antisense orientation of the fragments in the constructs. F and R indicate the primer
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positions used in qRT-PCR analysis. B, Analysis of the expression levels of AtBGLU20. Expression
was normalized to that of AtACT7, and represented relative to the expression levels of the WT. Error
bars represent the SD of three biological replicates. C, Morphologies of wild-type Arabidopsis plants
and AtBGLU20 knockdown transgenic plants, which showed no obvious differences in vegetative
growth. Bar = 20 mm. D, Mature pollen grain of WT and AtBGLU20 transgenic plants stained with
modified Alexander solution (Peterson et al., 2010). The well-developed pollen grains were stained red.
Bar = 20 µm. WT, wild-type. 10, 17, 20, and 30 indicate four independent transgenic lines. The number
in the parentheses indicate the percentages of defective pollen grains.

3. Discussion

3.1. Identification and Analysis of BrBGLUs

GH1 family genes play an important role in regulating abiotic and biotic stress responses, as well
as various developmental processes in plants [9,12,14,18,23,40]. Based on the results of an increase
in the number of whole genome sequences from a large number of species, genome-wide analysis
of various gene families has been extensively performed. However, genome-wide identification and
characterization of the GH1 gene family has only been reported in a few plant species, and there is
no information on Brassica species, which are important crops for production of functional foods, as
well as health-promoting compounds. In this study, the isolation of BrBGLUs from B. rapa genome
(Figure 1), the distribution of BrBGLU genes on chromosomes (Figure 1), phylogenetic analysis
(Figure 2), and exon–intron structures (Figure 3) provides substantial information on the functions and
roles of these genes.

Compared with the 49 AtBGLUs and 37 OsBGLUs in Arabidopsis and Rice, respectively [9],
64 BrBGLUs were isolated from the B. rapa genome, which is the largest number so far that has been
reported in plants (Figure 1). The high number of BGLU family members in B. rapa could be related to
the genome triplication event in this lineage [41]. To adapt different new functions that are suitable
for changes in the environment, gene structure was commonly diversified during the evolution of
multigene families [42]. For BGLUs, 13 exon–12 intron organization was considered as the ancestral
gene structure, with the loss of certain introns leading to other gene structures [6]. The exons present in
BrBGLUs varied from 2 to 13, and the most common organization was 11 exons (Figure 3). The introns
in Arabidopsis vary from 0 to 13 [6]. This results suggested that little diversity exists in the gene
structure of BrBGLUs when compared to AtBGLUs.

BrBGLUs may have originated from Arabidopsis, although duplication, gene loss, and functional
diversification may have also occurred. This is supported by the fact that BGLUs from both species
could be grouped into 10 subfamilies, with tandem arrays, as defined by Singh et al., 2013 [39], although
some families were re-grouped or diverged into other subgroups. Figure 2 shows that AtBGLU
subfamilies 8 and 9 [6] were incorporated into one B. rapa subfamily, GH1-c, and BrBGLU51 is composed
of GH1-d with six AtBGLUs (AtBGLU34/35/36/37/38/39), indicating the loss of some BGLUs in
B. rapa. This phenomenon may result from the rapid evolution of genes similar to that previously
observed between Arabidopsis and rice [5]. One more interesting finding was that AtBGLU48 (SFR2)
was incorporated into the GH1-j subgroup, with BrBGLU8 and BrBGLU42 (Figure 2). AtBGLU42 is a
β-glucosidase, but it is divergent from all other AtBGLUs, and more similar to several β-glycosidases
from thermophilic archea and bacteria [32]. SFR2 is involved in the lipid remodeling of the outer
chloroplast membrane during freezing tolerance [43,44]. Because two BrBGLUs in the GH1-j subgroup
had identities between 85% and 87% with AtBGLU2, Brassica genes may have a similar function of
freezing tolerance as that in AtSFR2, although this requires further investigation.

On the basis of Arabidopsis study, most subfamilies of BGLUs in Figure 2 may be associated
with specific functions: GH1-a for flavonoid and anthocyanin metabolism, GH1-e for flavonoid
utilization, GH1-d for myrosinases, and GH1-i for scopolin hydrolysis. At least 12 genes are known
to be involved in flavonoid metabolism in GH1-a: AtBGLU1-6 for flavonol accumulation [10,11],
AtBGLU7-11 as anthocyanin glucosyltransferases [10–12], and AtBGLU15 for flavonol bisglycoside
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catabolism under abiotic stress [13]. AtBGLU12-17 in the GH1-e subgroup code for flavonoid-utilizing
BGLUs in legumes [10]. An examination of the functions of BrBGLUs that are clustered with AtBGLUs
in subgroups GH1a and GH1-e may provide information and understanding into the regulation of
flavonoid biosynthesis in Brassica species.

Several subfamilies may be related to abiotic and biotic stress resistance, such as GH1-b, GH1-c,
GH1-d, GH1-f, and GH1-i. Myrosinases hydrolyze glucosinolates into active forms that are involved
in plant defense against herbivory and pathogens, and in human health promotion [45–48]. AtBGLU26
and AtBGLU34-39 function as myrosinases [14–16]. Except for AtBGLU26 (GH1–h), most genes belong
to the GH1-d subgroup (Figure 2). Understanding myrosinase function in Brassicaceae, which is rich in
glucosinolates, may provide an excellent strategy for breeding health-promoting Brassica crops [49,50].
ABA also functions in stress responses, including drought stress. AtBGLU18 [17] and AtBGLU33 [18]
hydrolyze glucose-conjugated ABA, thereby increasing ABA levels and inducing ABA responses such
as drought tolerance. However, these two proteins are separated into two subfamilies, implying the
presence of more BGLUs for the regulation of ABA levels. Scopolin is one of the coumarins produced
in roots [51], and it plays a role in the defense against pathogen attack and abiotic stresses [19,20].
Three β-glucosidases that hydrolyze scopolin and their encoding genes (AtBGLU21, 22 and 23) have
been characterized [21,22]. The GH1-i subfamily includes these three genes and 11 BrBGLUs, which
should be examined in relation to scopolin production. The GH1-b subfamily includes two monolignol
glucoside hydrolases (AtBGLU45 and AtBGLU46) that control lignin content [23]. Because OsBGLU14,
16, and 18 are involved in lignin biosynthesis with monolignol β-glucosidase activity and compensate
for the Arabidopsis bglu45 mutant [52], BrBGLUs in this subfamily may play similar roles. AtBGLU42
in GH1-c is involved in the induction of systemic resistance to bacterial disease, and the release of
iron-mobilizing phenolic metabolites under iron deficiency [24]. Several genes in this subfamily would
thus be expected to contribute to eliciting defense responses. All of this information may contribute to
future research directions in relation to BrBGLUs.

3.2. The Potential Functions of BrBGLUs During Pollen Development

Previous studies on rice and other plant species have indicated that β-glucosidases play roles
in pollen development [34,36,53]. To identify the BrBGLUs responsible for pollen development,
the previously published microarray data relating to male sterility in B. rapa were re-annotated and
re-analyzed. Among the 36 BrBGLUs, 12 BrBGLUs showed over a two-fold change between fertile and
sterile floral buds (Table S1). However, six genes (four upregulated and two downregulated genes)
were more extensively studied in terms of their role in pollen development. We selected one BrBGLU10
for investigation, the homolog of AtBGLU20, which showed hundreds-fold changes in its expression.

We examined the expression levels of BrBGLU10/AtBGLU20 and analyzed the co-expressed
genes in both B. rapa and Arabidopsis (Figure 4). An assessment of expression levels strongly
suggests that BrBGLU10/AtBGLU20 are involved in pollen development. The cellular contents
from the degeneration of the tapetum supports pollen wall formation and subsequent pollen
release [39]. Mutations in polysaccharide metabolism-related genes lead to defective pollen wall
formation [26]. Glycoside hydrolase has been reported to be involved in the cell wall polysaccharide
degradation [27]. The expression patterns of BrBGLU10 and AtBGLU20 suggest that they might
play a role from the tetrad stage to mature pollen grains (Figure 4A, B), which corresponding to
the tapetum degradation stage [29,39]. Co-expression analysis is a valuable approach for classifying
and visualizing transcriptomic data to identify genes with similar cellular functions and regulatory
pathways [54–56], although this is not always the case [57,58]. In plants, co-expression analysis under
various experimental conditions has been used for predicting gene function [55,59]. Figure 4C,D shows
that this gene possibly regulates pollen development. In particular, GO annotation of co-expressed
genes reflects that pollen wall and exine formation are influenced by BrBGLU10/AtBGLU20, indicating
that the hydrolysis of glucose moieties is necessary for proper pollen development.
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Because BrBGLU10 had a high sequence identity with AtBGLU20 (87% at the nucleotide level and
84% at the amino acid sequence level), both genes may thus have similar functions. Therefore, knocking
down AtBGLU20 may provide direct evidence for its function in pollen development. Figure 5 shows
that the suppression of AtBGLU20 expression had no effect on plant growth and development, although
this aborted pollen production. This result implies that BrBGLU10/AtBGLU20 are critical to pollen
grain development.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Seeds of B. rapa subsp. pekinensis (Chiifu) were germinated in Petri dishes in the dark at 23 ◦C
for two days, then the germinated seeds were transferred to a 4 ◦C growth chamber with 16 h
of light for 25 days to induce vernalization. After vernalization, the seedlings were transplanted
into 15 cm × 15 cm × 18 cm pots containing potting soil and grown in a 23 ◦C growth chamber
with 16 h of light. The floral buds were collected from 10 plants with three biological replicates,
as previously described [29], and stored at −70 ◦C until use. Root and shoot tissues were collected
from three-week-old seedlings without vernalization. Stem tissue was sampled from the plants one
week after bolting.

A. thaliana (L.) Heynh var. Columbia (Col-0) plants were grown under 140 µmol/m2/s light
intensity at 23 ± 1 ◦C with a long day cycle with 16 h of light for plant transformation. Seeds were
sown in 55 mm × 55 mm pots in potting soil, stratified for three days at 4 ◦C, and then transferred
to the growth room. The plants were then kept under a transparent polythene lid for one week to
increase humidity and support equal germination. The plate-cultured seeds were sterilized with 30%
bleach and 0.1% Triton X-100 (Sigma, St. Louis, MO, USA), stratified for three days at 4 ◦C, and sown
in Petri dishes with dimensions of 100 mm × 100 mm × 20 mm. The dishes contained half-strength
MS media (Duchefa Biochemie, Netherlands) supplemented with 0.8% phytoagar and 1% sucrose.

4.2. Antisense Constructs and Plant Transformation

The full-length coding sequence of AtBGLU20 was cloned from first-strand complementary
DNA (cDNA), using the primers BGLU20F (Table S4). Then, the fragments were inserted into T&A
cloning vectors (RBC T&A cloning kit, Real Biotech Corporation, Taiwan). After confirmation of
the AtBGLU20 sequence in the T&A vector by sequencing, the fragment was cloned into pCambina
3300-35S binary vectors and used in plant transformation. Col-0 were used for transformation with
Agrobacterium tumefaciens GV3101 carrying the above binary plasmid using the floral dip method [60].
The transformants were selected on plates containing 25 mg/mL glufosinate in MS medium (Sigma,
St. Louis, MO, USA), and also confirmed by genomic DNA PCR analysis.

4.3. Reverse Transcription PCR and qRT-PCR

Total RNA (1 µg) from each sample was used in reverse transcription. First-strand cDNA
was synthesized with a PrimeScript™ RT reagent kit with a gDNA Eraser kit (TaKaRa, Japan).
The concentration of the synthesized cDNA was determined, and the cDNA was diluted to 20 ng/µL
for PCR analysis. Semi-RT-PCR was performed, which consisted of denaturation at 94 ◦C 5 min;
followed by 25 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 60 s. The qRT-PCR conditions
were pre-denaturation at 95 ◦C for 30 s; followed by 30 cycles of 95 ◦C for 5 s, 60 ◦C for 20 s, and 72 ◦C
for 15 s. All primer sequences used in this study are listed in Table S4. The semi-RT-PCR products
were separated on 1.5% agarose gels, and stained with ethidium bromide. The qRT-PCR results were
analyzed using the 2−∆∆C

T method, with three biological replicates.
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4.4. Pollen Viability

For pollen viability and pollen developmental progression, flowers collected from Col-0 and
AtBGLU20 antisense transgenic plants were fixed in Carnoy’s fixative (6:3:1 alcohol:chloroform:acetic
acid) for 2 h. Then, the anthers were detected and stained with a solution of Malachite green, acid
fuchsin, and Orange G for approximately 12 h, as previously described [61].

4.5. Identification of BrBGLUs and Phylogenetic Tree Construction

The protein sequence of 48 BGLU members were downloaded from TAIR (http://www.
arabidopsis.org/tools/bulk/sequences/index.jsp) [6]. All putative protein sequences of B. rapa
(version 3.0) were downloaded from BRAD (http://brassicadb.org/brad/index.php) [35] and used
as queries to search against the Hidden Markov Model (HMM) profile (Version 3.1b2) with the Pfam
HMM library (Pfam 32.0) [62]. A total of 64 protein sequences with PF00232 (E value below 1E−5)
were obtained, and these sequences were considered as BrBGLUs candidates and used for further
analysis. Multiple sequence alignment of full-length BGLU proteins and phylogenetic tree construction
were conducted using ClustalX2 [31]. The phylogenetic tree was generated by the MEGA6 program,
using the neighbor-joining method with the ‘pairwise deletion’ option and ‘Poisson correction’ model,
with a bootstrap test of 1000 replications [63].

4.6. Chromosomal Location, Nomenclature, and Gene Duplication of BrBGLUs

The position of each BrBGLU on B. rapa chromosomes was identified from BRAD
(http://brassicadb.org/brad/index.php). For nomenclature, the ‘Br’ for B. rapa was added, followed
by BGLU, and numbered according to its position from top to bottom on B. rapa chromosomes 1–10.
MCScanX software was used to search potentially duplicated BrBGLUs [64]. All of the putative protein
sequences of B. rapa (version 3.0) were compared with themselves by BLASTP, with a tabular format
and an e-value of < 10−5. Then, tandem, segmental, and dispersed duplications were identified using
MCScanX, using default criteria.

4.7. Co-Expression and Gene Ontology Enrichment Analysis

AtBGLU20 was used as bait gene for genome-wide co-expression analysis to identify genes
of similar function from Expression Angler [65]. BrBGLU10 was represented by two EST probes
Brapa_ESTC004210 and Brapa_ESTC007739, which were used as bait for co-expression analysis. A cutoff
threshold of 0.90 for the Pearson correlation coefficient was used. The expression pattern analysis
was performed using the Arabidopsis eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.
cgi) [37]. Clustering analysis for categorization was performed with the TIGR Multi-Experiment
Viewer (http://www.tm4.org/mev.html). GO enrichment analysis was performed using agriGO
(http://bioinfo.cau.edu.cn/agriGO/index.php) [66].

4.8. Microarray Analysis

To analyze the gene expression patterns of BrBGLUs in B. rapa during pollen development,
the previously published microarray data relating to male sterility analysis were downloaded from
NCBI’s Gene Expression Omnibus (GSE47665) [29]. The microarray data were re-annotated using
BLASTX by comparing with the newly improved B. rapa reference genome sequence (version 3.0) [35].

5. Conclusions

In conclusion, 64 BrBGLUs have been identified in B. rapa genome, which were classified into
10 subgroups with Arabidopsis counterparts, and the GH1-i subgroup included putative pollen
development-related BrBGLU10. Base on its known function in Arabidopsis, BrBGLUs may participate
in various defense responses against biotic and abiotic stresses, flavonoid metabolism, and pollen
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development. This study has provided valuable information for a better understanding of BGLUs,
and for their biotechnological application to crops.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/7/
1663/s1.
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Abstract: VQ genes play important roles in plant development, growth, and stress responses.
However, little information regarding the functions of VQ genes is available for Eucalyptus grandis.
In our study, genome-wide characterization and identification of VQ genes were performed in
E. grandis. Results showed that 27 VQ genes, which divided into seven sub-families (I–VII), were
found, and all but two VQ genes showed no intron by gene structure and conserved motif analysis.
To further identify the function of EgrVQ proteins, gene expression analyses were also developed
under hormone treatments (brassinosteroids, methyl jasmonate, salicylic acid, and abscisic acid) and
abiotic conditions (salt stress, cold 4 ◦C, and heat 42 ◦C). The results of a quantitative real-time PCR
analysis indicated that the EgrVQs were variously expressed under different hormone treatments
and abiotic stressors. Our study provides a comprehensive overview of VQ genes in E. grandis, which
will be beneficial in the molecular breeding of E. grandis to promote its resistance to abiotic stressors;
the results also provide a basis from which to conduct further investigation into the functions of VQ
genes in E. grandis.

Keywords: VQ genes family; Eucalyptus grandis; expression pattern; plant hormones; abiotic stress

1. Introduction

The VQ protein family either positively or negatively regulates diverse developmental processes,
including plant immunity, abiotic stresses, and growth and development [1]. The expression of
genes, which are related to biological processes and abiotic stresses in plants, is altered in response
to either internal or external signals [1,2]. The VQ genes are a type of plant-specific proteins with a
dramatically conserved VQ motif, which possesses five conserved amino acids in its main protein
sequences FxxVQxhTG [3,4]. Recently, VQ genes have been identified by genome-wide analysis in
numerous plants. There are 34, 39, 51, 29, and 74 members in Arabidopsis [5], rice [6], poplar [7], moso
bamboo [8], and tea [9], respectively. Previous studies have shown that VQ genes played important
roles in resistance to abiotic and biotic stressors [10]. Meanwhile, accumulating researches showed
that many VQ proteins interacted with WRKY transcription factors [1,11]. The WRKY transcription
factors, which harbor a highly conserved WRKYGQK amino acid sequence that is followed by a
zinc-finger motif at the N-terminal domain, are ubiquitous among higher plants [11,12]. The VQ
proteins that contain 50–60 conserved amino acids interact with WRKY transcription factors by the
residues V and Q [13,14]. For example, AtVQ15 plays a negative role in response to osmotic stress [15].
AtVQ23 and AtVQ16 transcript levels were strongly induced by Botrytis cinerea. A study has shown
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that AtVQ22 negatively mediates AtWRKY28 and AtWRKY51 and it is involved with JA (jasmonic
acid) defense [16]. In addition, the transcript levels of many VQ genes in rice differed when exposed
to drought [17]. Moreover, VQ genes can regulate multiple biological processes including plant
growth and development, senescence, and hormone signaling. The GmVQ1, GmVQ6, and GmVQ53
transcripts are highly expressed during seed development in soybean [18]. AtVQ14 and MINI3
interacted and regulated the abundance of mRNA-encoding proteins that participate in the process of
seed development [16]. Specifically, VQ genes function by interacting with the group I or IIc WRKY
transcription factors [4,19,20]. AtVQ23 and AtVQ16 activated AtWRKY33 by binding its C-terminal
WRKY domain and further induced plant defenses [21]. Under salt stress, AtVQ9 expression was
increased and it then interacted with WRKY8 for inhibiting the expression of its target genes to
modulate salinity stress tolerance [22].

The Eucalyptus species are tropical/subtropical woody plants that belong to the Myrtaceae family
of angiosperms. It is also the world’s leading source of woody biomass [23]. Specifically, Eucalyptus
not only provides fuel biomass and directly reduces atmospheric carbon dioxide levels [23,24], but it
also performs a variety of indirect services through its essential oils that are used as a pesticidal
agent and pest repellent [25]. However, Eucalyptus can be affected by a variety of biotic and abiotic
stressors during growth and development, including heat, cold, salt stress, and disease. VQ genes
played a vital role in resistance to abiotic and biotic stressors. Thus, it is necessary to understand the
characteristics and functions of the VQ genes. However, there have been no reports on VQ genes
in E. grandis until now. Fortunately, the availability of the complete E. grandis genome provides an
opportunity to conduct a comprehensive analysis of VQ genes in E. grandis [26].

In this study, VQ genes in E. grandis were identified, and then a bioinformatics analysis was
conducted, including phylogenetic relationships, conserved motifs, homologous pairs, gene structures,
and promoter analysis. Furthermore, the expression of EgrVQ genes was investigated under biotic
stress conditions, such as brassinosteroids (BRs), methyl jasmonate (MeJA), salicylic acid (SA), abscisic
acid (ABA) treatments, and abiotic stresses, such as cold, heat, and NaCl treatments. These results
will provide a solid foundation for elucidating the function of EgrVQ genes in response to biotic and
abiotic stress and further molecular breeding in E. grandis.

2. Results

2.1. Identification of the VQ Gene Family in the E. grandis

In our study, 27 VQ genes were identified, which contained VQ domains using AtVQ genes
performing BLASTP search in the E. grandis genome and VQ conserved domain (PF05678) identification.
Table 1 lists detailed information regarding the VQ genes in E. grandis. These 27 EgrVQ genes were
named from EgrVQ1 to EgrVQ27. Their translated proteins ranged from 101 to 348 amino acids
(AA), with an average of 217 AAs. The predicted molecular weight of the proteins varied from 11.3
to 37.6 kDa, and the pI values ranged from 5.38 to 10.66 (Table 1). By predicting their subcellular
localization, it was also found that 12 EgrVQ genes were located in the chloroplasts, and 14 EgrVQ
genes were located in other compartments.

2.2. Mapping EgrVQ Genes on Chromosomes, Gene Duplication, and Analysis of Paralogs and Orthologs

The chromosomal location illustrated that 27 EgrVQ genes were randomly and unequally
distributed on nine chromosomes (Figure 1). Specifically, chromosome 6 contained eight VQ
genes and chromosome 8 contained five genes, respectively. Meanwhile, the EgrVQ13/EgrVQ14,
EgrVQ19/EgrVQ20, and EgrVQ19/EgrVQ21showed tandem duplication. Consistent with the gene
duplication analysis, we also found that EgrVQ13/EgrVQ14, EgrVQ19/EgrVQ20, EgrVQ19/EgrVQ21,
and EgrVQ20/EgrVQ21 were paralogous pairs. Details from the analysis of paralogs and orthologs
with A. thaliana, poplar, and rice are presented in Table 2.

556



Int. J. Mol. Sci. 2019, 20, 1765

Ta
bl

e
1.

T
he

su
m

m
ar

y
of

27
id

en
ti

fie
d

Eg
rV

Q
ge

ne
s.

N
am

e
G

en
e

ID
C

hr
Lo

ca
ti

on
C

oo
rd

in
at

es
(5

′ –
3′

)
O

R
F

Le
ng

th
(b

p)
Ex

on
s

Pr
ot

ei
n

Le
ng

th
(a

a)
Pr

ot
ei

n
M

W
(D

a)
Pr

ot
ei

n
PI

Su
bc

el
lu

la
r

W
oL

F
PS

O
R

T
Lo

ca
li

za
ti

on
Ta

rg
et

P

Eg
rV

Q
1

Eu
cg

r.A
02

18
2.

1
1

37
11

36
47

..3
71

14
77

8
68

7
1

22
8

22
92

9.
82

9.
50

N
uc

le
us

C
hl

or
op

la
st

Eg
rV

Q
2

Eu
cg

r.A
02

24
2.

1
1

37
82

12
84

..3
78

22
14

7
46

8
1

15
5

16
91

3.
17

7.
92

M
ito

ch
on

dr
io

n
C

hl
or

op
la

st
Eg

rV
Q

3
Eu

cg
r.A

02
45

0.
1

1
39

83
64

60
..3

98
37

32
6

56
7

1
18

8
21

25
2.

59
5.

38
N

uc
le

us
A

ny
ot

he
r

lo
ca

ti
on

Eg
rV

Q
4

Eu
cg

r.A
02

54
4.

1
1

40
67

11
18

..4
06

71
42

3
30

6
1

10
1

11
27

8.
94

9.
36

C
yt

op
la

sm
C

hl
or

op
la

st
Eg

rV
Q

5
Eu

cg
r.B

00
03

5.
1

6
35

37
59

63
..3

53
78

55
7

96
9

1
32

2
34

04
0.

85
10

.0
2

N
uc

le
us

C
hl

or
op

la
st

Eg
rV

Q
6

Eu
cg

r.C
02

62
1.

1
3

51
87

50
30

..5
18

75
67

4
64

5
1

21
5

22
45

4.
41

6.
65

M
ito

ch
on

dr
io

n
C

hl
or

op
la

st
Eg

rV
Q

7
Eu

cg
r.C

02
62

9.
1

3
51

92
75

10
..5

19
28

46
2

83
1

2
27

6
28

70
9.

31
7.

15
N

uc
le

us
C

hl
or

op
la

st
Eg

rV
Q

8
Eu

cg
r.D

00
02

6.
1

4
21

65
78

..2
17

62
7

62
1

20
7

22
66

4.
50

5.
91

N
uc

le
us

A
ny

ot
he

r
lo

ca
ti

on
Eg

rV
Q

9
Eu

cg
r.D

02
20

0.
1

4
35

56
81

37
..3

55
70

17
8

97
2

1
32

3
35

20
9.

97
10

.6
6

N
uc

le
us

A
ny

ot
he

r
lo

ca
ti

on
Eg

rV
Q

10
Eu

cg
r.F

00
30

2.
1

6
56

89
34

3.
.5

69
07

14
96

6
1

32
1

34
59

9.
00

9.
66

N
uc

le
us

C
hl

or
op

la
st

Eg
rV

Q
11

Eu
cg

r.F
00

37
1.

1
6

50
40

55
5.

.5
04

17
63

10
47

1
34

8
37

57
4.

61
9.

99
N

uc
le

us
C

hl
or

op
la

st
Eg

rV
Q

12
Eu

cg
r.F

01
14

8.
1

6
15

72
60

39
..1

57
27

03
8

74
4

1
24

7
26

54
1.

68
9.

01
N

uc
le

us
C

hl
or

op
la

st
Eg

rV
Q

13
Eu

cg
r.F

01
40

7.
1

6
19

29
28

25
..1

92
93

67
1

33
0

1
10

9
12

30
3.

87
7.

79
C

hl
or

op
la

st
A

ny
ot

he
r

lo
ca

ti
on

Eg
rV

Q
14

Eu
cg

r.F
01

40
8.

1
6

19
29

89
31

..1
92

99
26

0
33

0
1

10
9

12
16

1.
73

6.
73

C
yt

op
la

sm
A

ny
ot

he
r

lo
ca

ti
on

Eg
rV

Q
15

Eu
cg

r.F
02

72
3.

1
6

39
35

43
81

..3
93

55
06

7
68

7
1

22
8

24
46

8.
88

9.
47

N
uc

le
us

A
ny

ot
he

r
lo

ca
ti

on
Eg

rV
Q

16
Eu

cg
r.F

03
90

7.
1

6
49

84
78

62
..4

98
48

56
9

66
9

1
22

2
23

85
3.

03
9.

71
N

uc
le

us
A

ny
ot

he
r

lo
ca

ti
on

Eg
rV

Q
17

Eu
cg

r.G
02

31
2.

1
7

43
75

73
42

..4
37

58
65

5
67

5
1

22
4

24
65

6.
69

8.
68

N
uc

le
us

C
hl

or
op

la
st

Eg
rV

Q
18

Eu
cg

r.G
03

21
8.

1
7

52
99

91
48

..5
29

99
88

6
51

0
1

16
9

17
74

4.
58

6.
50

N
uc

le
us

A
ny

ot
he

r
lo

ca
ti

on
Eg

rV
Q

19
Eu

cg
r.H

02
31

7.
1

8
29

62
69

32
..2

96
27

76
4

52
2

1
17

3
18

91
0.

74
9.

93
C

hl
or

op
la

st
A

ny
ot

he
r

lo
ca

ti
on

Eg
rV

Q
20

Eu
cg

r.H
02

31
8.

1
8

29
63

23
00

..2
96

32
90

8
52

2
1

17
3

18
88

3.
63

9.
93

C
hl

or
op

la
st

A
ny

ot
he

r
lo

ca
ti

on
Eg

rV
Q

21
Eu

cg
r.H

02
31

9.
1

8
29

63
66

79
..2

96
38

27
6

54
6

2
18

1
19

91
0.

03
10

.0
5

C
hl

or
op

la
st

Se
cr

et
or

y
pa

th
w

ay
Eg

rV
Q

22
Eu

cg
r.H

04
26

1.
1

8
57

36
43

19
..5

73
64

81
7

36
3

1
12

0
13

29
6.

04
8.

87
N

uc
le

us
C

hl
or

op
la

st
Eg

rV
Q

23
Eu

cg
r.H

04
80

7.
1

8
67

07
42

12
..6

70
75

83
7

84
6

1
28

1
29

27
1.

01
8.

93
N

uc
le

us
A

ny
ot

he
r

lo
ca

ti
on

Eg
rV

Q
24

Eu
cg

r.I
00

01
6.

1
9

22
36

38
..2

24
21

3
54

3
1

18
0

19
89

2.
34

9.
00

N
uc

le
us

A
ny

ot
he

r
lo

ca
ti

on
Eg

rV
Q

25
Eu

cg
r.I

00
22

6.
1

9
46

61
48

5.
.4

66
29

47
72

6
1

24
1

25
29

4.
49

6.
29

N
uc

le
us

C
hl

or
op

la
st

Eg
rV

Q
26

Eu
cg

r.K
01

34
2.

1
11

16
77

12
78

..1
67

72
47

4
74

7
1

24
8

25
71

5.
14

10
.0

8
N

uc
le

us
A

ny
ot

he
r

lo
ca

ti
on

Eg
rV

Q
27

Eu
cg

r.K
01

68
6.

1
11

19
46

60
93

..1
94

67
50

3
84

0
1

27
9

28
77

3.
80

6.
59

N
uc

le
us

A
ny

ot
he

r
lo

ca
ti

on

557



Int. J. Mol. Sci. 2019, 20, 1765
Int. J. Mol. Sci. 2019, 20, x 4 of 17 

 

Figure 1. Chromosomal location of E. grandis VQ genes. Chromosome numbers were indicated above 
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2.3. Identification of Cis-Elements in the Promoter Regions of EgrVQ Genes 

In this study, the identification of cis-regulatory elements was performed in the promoter 
regions of EgrVQ genes (Table 4). The results showed that many stress type cis-elements were 
widespread in the promoter region of EgrVQ genes. Table 3 shows the details information. 
ABA-stress, MeJA-stress, SA-stress, drought-stress, low temperature-stress, dehydration, and salt 
stress response elements were found in the EgrVQs promoter. Interestingly, all of the EgrVQs 
contained a CGTCA-motif and a TGACG-motif, which were involved in the response to MeJA. 
Moreover, all but EgrVQ21 contained an ABRE element. In addition, the MBS, TCA-element, and 
LTR cis-elements, which were involved in the response to SA, drought, and low-temperature, 
respectively, were presented in most of the EgrVQs promoter regions. These results indicated that 
most of the EgrVQ genes might respond to plant biotic and abiotic stresses.   

Figure 1. Chromosomal location of E. grandis VQ genes. Chromosome numbers were indicated above
each chromosome. The size of a chromosome was indicated by its relative length. Gene positions and
chromosome sizes were given in megabases (Mb) to the left of the figure. Tandem duplicated genes
were underlined in red.

Table 2. The summary of paralogous (Egr–Egr) and orthologous (Egr–At, Egr–Os and Egr-Pt) gene pairs.

Egr–Egr Egr–At Egr–Os Egr-Pt

EgrVQ6/EgrVQ7 EgrVQ1/AtVQ24 EgrVQ12/OsVQ3 EgrVQ9/PtVQ3
EgrVQ6/EgrVQ25 EgrVQ5/AtVQ9 EgrVQ12/OsVQ21 EgrVQ9/PtVQ12
EgrVQ19/EgrVQ20 EgrVQ9/AtVQ6 EgrVQ15/OsVQ8 EgrVQ12/PtVQ7
EgrVQ19/EgrVQ21 EgrVQ11/AtVQ9 EgrVQ15/OsVQ15
EgrVQ20/EgrVQ21 EgrVQ12/AtVQ4 EgrVQ24/OsVQ3

EgrVQ12/AtVQ19
EgrVQ12/AtVQ33
EgrVQ13/AtVQ1
EgrVQ13/AtVQ10
EgrVQ14/AtVQ1
EgrVQ14/AtVQ10
EgrVQ15/AtVQ3
EgrVQ15/AtVQ21
EgrVQ16/AtVQ11
EgrVQ24AtVQ31

2.3. Identification of Cis-Elements in the Promoter Regions of EgrVQ Genes

In this study, the identification of cis-regulatory elements was performed in the promoter regions
of EgrVQ genes (Table 4). The results showed that many stress type cis-elements were widespread in
the promoter region of EgrVQ genes. Table 3 shows the details information. ABA-stress, MeJA-stress,
SA-stress, drought-stress, low temperature-stress, dehydration, and salt stress response elements
were found in the EgrVQs promoter. Interestingly, all of the EgrVQs contained a CGTCA-motif and a
TGACG-motif, which were involved in the response to MeJA. Moreover, all but EgrVQ21 contained an
ABRE element. In addition, the MBS, TCA-element, and LTR cis-elements, which were involved in the
response to SA, drought, and low-temperature, respectively, were presented in most of the EgrVQs
promoter regions. These results indicated that most of the EgrVQ genes might respond to plant biotic
and abiotic stresses.
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Table 3. The number of structural analysis of conserved motif FxxVQxxxG in E. grandis and other plants.

Gene Name LTG FTG VTG LTS LTD YTG ITG LTR LTV ATG LTA LSG

Arabidopsis 24 5 2 1 1 1 0 0 0 0 0 0
Poplar 39 11 2 0 0 0 0 0 0 0 0 0

Chinese Cabbage 43 8 3 1 0 1 0 0 1 0 0 0
Soybean 55 15 2 1 0 1 0 1 0 0 0 0

Grapevine 14 3 1 0 0 1 0 0 0 0 0 0
Maize 42 8 6 0 0 0 2 0 0 2 1 0
Rice 28 7 4 0 0 1 1 0 0 0 0 0

Eucalyptus grandis 20 4 2 0 0 0 0 0 0 0 0 1

2.4. Multiple Sequence Alignment and Phylogenetic of EgrVQ Proteins

To obtain the phylogenetic relationship of E. grandis VQ proteins, an unrooted tree was constructed,
including 27 EgrVQ, 51 PtVQ, 34 AtVQ, and 40 OsVQ proteins (Figure 2). The results showed
that EgrVQ proteins were divided into seven sub-families (I–VII). The multiple alignment analysis
showed that the EgrVQ proteins presented four conserved motif variations: FxxVQxLTG(20/27),
FxxVQxFTG(4/27), FxxVQxVTG(2/27), and FxxVQxLSG(1/27) (Figure 3). Among these motifs, LTG,
FTG, and VTG were extensively presented in A. thaliana [20], rice [17], and poplar [7]. However, it was
found that EgrVQ7 protein presented an LSG motif, which was not reported in previous studies. The
details of the conserved motifs in E. grandis are presented in Table 3 and Figure 3.
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Figure 2. Phylogenetic tree of VQ proteins from E. grandis, Arabidopsis, rice, and poplar. ClustalW
softwarealigned the complete amino acid sequences of 27 E. grandis (prefixed with ‘Egr’), 34 Arabidopsis
(prefixed with ‘At’), 40 rice (prefixed with ‘Os’), and 51 (prefixed with ‘Pt’) VQ proteins, and MEGA 7,
with 1000 bootstrap replicates, constructed the neighbor-joining tree.

2.5. Analysis of Gene Structural and Conserved motifs of EgrVQ Genes

To further understand the structural features of the EgrVQ genes, exon/intron structural analysis
was performed and results are shown in Figure 4 and Table 1. Interestingly, 25 EgrVQ genes had
only one exon, while the EgrVQ7 and EgrVQ21 genes had two exons. Subsequently, the conserved
motifs of the EgrVQ proteins were studied. All of the EgrVQ genes contained motif1, which was the
DNA-binding domain of EgrVQ genes (Figure 5). Notably, some motifs appeared in one sub-family of

559



Int. J. Mol. Sci. 2019, 20, 1765

EgrVQ. For example, motif2, motif3, and motif17 only existed in sub-familyV-3, III, and V, respectively,
which indicated that these motifs were the characteristic elements of these sub-families. Meanwhile,
it was found that the same sub-family had similar motifs. For example, sub-familyV-3 genes contained
motif4, motif9, motif1, motif5, motif7, and motif11, whereas sub-familyIII included motif4, motif12,
motif7, motif8, motif1, motif6, and motif3. Figure 5 and Table 4 lists the details.Int. J. Mol. Sci. 2019, 20, x 6 of 17 
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Figure 5. Phylogenetic relationships and conserved motifs of VQ proteins in E. grandis. The left
panel showed the phylogenetic tree of EgrVQ, which was constructed by the neighbor-joining method
based on the results of sequence alignment. Proteins were divided into seven subgroups (marked by
different colors). The right panel showed the distribution of the 20 conserved motifs in the EgrVQ
genes following analysis with Multiple Expectation Maximization for Motif Elicitation (MEME). Each
specific motif was marked by a different colored box, and the motif numbers were included in the
center of each box. The length of each box was proportional to the actual size of the motif.

Table 4. Summary of stresses inducible cis-elements in the promoter regions of VQ genes in E. grandis.

Gene Name ABRE 1 CGTCA-motif 2 TGACG-motif 3 TCA-element 4 MBS 5 LTR 6 DRE 7

EgrVQ1 1 1 1 1 1
EgrVQ2 1 1 1 1 1
EgrVQ3 1 1 1 1
EgrVQ4 1 1 1 1 1
EgrVQ5 1 1 1 1
EgrVQ6 1 1 1 1
EgrVQ7 1 1 1 1
EgrVQ8 1 1 1 1
EgrVQ9 1 1 1 1 1
EgrVQ10 1 1 1 1 1 1
EgrVQ11 1 1 1 1
EgrVQ12 1 1 1
EgrVQ13 1 1 1 1
EgrVQ14 1 1 1 1
EgrVQ15 1 1 1 1 1
EgrVQ16 1 1 1 1 1
EgrVQ17 1 1 1 1
EgrVQ18 1 1 1 1 1
EgrVQ19 2 1 1 1 1
EgrVQ20 1 1 1 1
EgrVQ21 1 1 1 1
EgrVQ22 1 1 1 1
EgrVQ23 1 1 1 1 1
EgrVQ24 1 1 1 1
EgrVQ25 1 1 1 1 1
EgrVQ26 1 1 1 1 1
EgrVQ27 1 1 1 1 1

1 cis-acting element involved in the abscisic acid responsiveness; 2 cis-acting regulatory element involved in the
MeJA-responsiveness; 3 cis-acting regulatory element involved in the MeJA-responsiveness; 4 cis-acting element
involved in salicylic acid responsiveness; 5 MYB binding site involved in drought-inducibility; 6 cis-acting element
involved in low-temperature responsiveness; 7 cis-acting element involved in dehydration, low-temperature,
and salt stresses.

561



Int. J. Mol. Sci. 2019, 20, 1765

2.6. Expression Patters of EgrVQ Genes in Different Tissues of E. grandis

In our study, the expression patterns of EgrVQ genes were examined in different tissues, including
root, xylem, phloem, mature leaves, and young leaves (Figure 6). The majority (88.9%) of EgrVQ
genes were expressed in all tissues. However, almost all EgrVQs showed differential gene expression.
For example, from subfamily I members, EgrVQ2 and EgrVQ22 were relative highly expressed when
compared to other members, EgrVQ13 and EgrVQ14 mainly were expressed in leaves, and EgrVQ18
was not expressed in the root. Moreover, from subfamily V members, when compared to EgrVQ20
and EgrVQ21, EgrVQ9 and EgrVQ11 were relative highly expressed in most tissues. In addition, from
subfamily VII members, EgrVQ1 and EgrVQ26 were very highly expressed in root and xylem tissues
than other tissues. Therefore, EgrVQ1 and EgrVQ26 might participate in root development and play
vital roles in the xylem development of E. grandis.

When considering that 92.6% and 88.9% of EgrVQ genes were expressed in young leaves and
mature leaves, respectively, we selected leaves for determining the expression profiles of EgrVQ genes
in response to different treatments.Int. J. Mol. Sci. 2019, 20, x 9 of 17 
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2.7. Expression Profiles of EgrVQ Genes in Response to Hormones

To investigate the function of EgrVQ genes in response to biotic stresses, we determined the
expression patterns of EgrVQ genes under various plant hormone treatments, including BRs, MeJA,
SA, and ABA (Figure 7). The results showed that the EgrVQ genes were expressed in diverse patterns
under different hormone treatments. Most of the EgrVQ genes presented differential expression under
the different phytohormone treatments. Some differences are extremely significant when compared to
the reference gene EgrEF.

In the BR treatment, most of EgrVQ genes were up-regulated and the EgrVQs were clustered into
three main groups according to their expression patterns (Figure 7A). Group BR-1 contained three
EgrVQs, including EgrVQ19, EgrVQ21, and EgrVQ27, which were significantly decreased with the
increasing duration of BR treatment. There were three EgrVQs in group BR-2 and their expression
levels were dramatically increased at 1 h and 168 h after BR treatment.The rest of the EgrVQ genes
were included in group BR-3, which contained 19 EgrVQs and they were continuously up-regulated.
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Under SA treatment, the EgrVQs were mainly clustered into two groups according to their
expression patterns (Figure 7B). The majority of EgrVQs (22/27) were clustered into group SA-1,
in which the expression levels of EgrVQs were greatly up-regulated at 168 h, but they were not
significantly altered at 1 h to 24 h after SA treatment. This result indicated that the expression of most
EgrVQs was affected by long-term treatment with SA. The rest of the EgrVQs were clustered in group
SA-2 and their expression was significantly reduced or showed no obvious change.
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Figure 7. Expression analysis of 25 EgrVQ genes in E. grandis following brassinosteroid (BR)
(A), salicylic acid (SA) (B), methyl jasmonate (MeJA) (C), and abscisic acid (ABA) (D) treatment,
as determined by Real-Time quantitative PCR (qRT-PCR). The relative expression levels were calculated
using the 2−∆∆Ct method. The heatmap was created using MEV.

In the MeJA treatment, the EgrVQs were mainly clustered into three groups according to their
expression patterns (Figure 7C). In the MeJA-1 group, there were seven EgrVQs, and their expressions
were greatly decreased at 1 h, 24 h, and 168 h after MeJA treatment. The MeJA-2 group contained eleven
EgrVQs, which showed significantly decreased expression at 1 h and then increased the expression at
6 h and reached their maximum expression level and decreased afterward. The rest of EgrVQs were
clustered in group MeJA-3, in which the expression levels of EgrVQs were greatly down-regulated at
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1–24 h, and increased back to the level of the control or increased. However, it was found that EgrVQs
were immediately down-regulated under MeJA treatment.

Under ABA treatment, the expression level of the majority of EgrVQs was obviously reduced
at 168 h and the EgrVQs were mainly clustered into two groups (Figure 7D). In group ABA-1,
the expression of EgrVQs was significantly up-regulated at 1 h and then decreased with increasing
treatment time under ABA treatment. In group ABA-2, there were nine EgrVQs, and their expression
levels increased at 1 h, 6 h, or 24 h.

2.8. Expression Profiles of EgrVQ Genes in Response to Stress Treatments

To research the function of EgrVQ genes in response to abiotic stressors, we investigated the
expression patterns of EgrVQ genes under NaCl, cold, and heat treatments, respectively (Figure 8).
Overall, the EgrVQ genes showed differential expression under the different abiotic stresses. Some
differences are even significant when compared to the reference gene EgrEF. Specifically, most of
EgrVQ genes were up-regulated at 1 h or 6 h and they reached their highest expression levels, but
they were then down-regulated at 168 h. These results indicated that EgrVQ genes could respond to
short-term temperature stress. Interestingly, it was found that similar expression patterns of EgrVQ
genes occurred under cold and heat treatments.Subsequently, EgrVQs were classified into three groups
both in the cold and heat treatments, respectively.
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(C) treatments, as determined by qRT-PCR. The relative expression levels were calculated using the
2−∆∆Ct method. The heatmap was created using MEV.

In group Cold-1 and group Heat-2, there were 10 and 15 EgrVQs, respectively. The expression
patterns of these genes were similar, and their expressions were greatly increased at 6-48 h and then
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decreased after ABA treatment. Similarly, 10 and seven EgrVQs were classified into group Cold-2 and
group Heat-1, respectively. Their expressions levels were greatly increased at 1 h and 6 h, but they then
decreased after ABA treatment. In group Cold-3, EgrVQs were significantly increased at 1 h. In group
Heat-3, EgrVQs were significantly increased at 48 h.

Under NaCl treatment, the EgrVQs were clustered into three groups according to their expression
patterns (Figure 8C). In group NaCl-1, the expression of EgrVQs showed slight decreases with an
increasing treatment time. In group NaCl-2, EgrVQs were down-regulated at 1 h and then up-regulated
with increasing NaCl treatment duration at 6 h and 24 h. The remaining of EgrVQs were classified to
group NaCl-3. In this group, the expression of EgrVQs gradually increased and reached their highest
expression level at 168 h.

3. Discussion

In our study, 27 EgrVQ genes were identified using the genome database in E. grandis.
Subsequently, phylogenetic analysis, conserved motifs, and analysis of cis-elements of EgrVQs were
performed. All of the EgrVQs encoded relatively small proteins of less than 400 amino acids,
and most VQ motif-containing proteins contained FxxVQxLTG(20/27), FxxVQxFTG(4/27), and
FxxVQxVTG(2/27). Moreover, most EgrVQs(25/27) only contained an exon. Our results were
consistent with A. thaliana, poplar, and rice [7,17,20], which indicated that VQ genes were relatively
conservative. However, motif FxxVQxLSG(1/27), which was not shown in A. thaliana, rice, poplar, or
grape, was found in E. grandis (Table 3).

Additionally, according to 20 conserved motifs in the analysis of EgrVQ genes with Multiple
Expectation Maximization for Motif Elicitation (MEME), motif1 was presented in all of the EgrVQ
genes (Figure 5). This result was consistent with other plants, like poplar [7] and moso bamboo [8,27],
implying that the motif 1 imparts specific functions to the VQ protein. Moreover, it was found that
several cis-elements that related to plant hormones and abiotic stressors were identified in the promoter
region of the EgrVQ genes (Table 4). Similarly, most of these cis-elements occurred in other plants, like
rice [17], poplar [7], and bamboo [8,27]. Interestingly, DRE is a cis-acting element that is involved in
salt stress,cold stress, and dehydration, which was only presented in EgrVQ20 and EgrVQ21 (Table 4),
and also seldom occurred in other plants.

In a previous study, VQ proteins participated in regulating diverse developmental processes,
especially in response to biotic and abiotic stressors [20]. SA and JA are vital defense signaling
molecules to response to pathogen infection and other abiotic stress conditions. In our study,
the transcription of most EgrVQ genes was altered under SA and MeJA treatments. Interestingly,
the expression of many EgrVQ genes was significantly increased at 168 h of SA treatment, which was
not studied in moso bamboo [27], A. thaliana [20], and Vitisvinifera [28]. It is worth noting that EgrVQ2,
EgrVQ18, and EgrVQ22, which were homologs of AtVQ23 and AtVQ16, were highly expressed at
168 h under SA treatment. In A. thaliana, the over-expression of AtVQ23 induced hyper-activate
defense-related genes in plants following pathogen infection or SA and MeJA treatments, which
enhanced resistance to infection by Pseudomonassyringae [29]. Meanwhile, AtVQ16 could regulate the
immune response by regulating AtWRKY33 and further stimulating the DNA binding activity [30].
It was also found that EgrVQ22 expression also increased under MeJA treatment. However, EgrVQ2
expression was not significantly changed and EgrVQ18 expression was slightly down-regulated under
MeJA treatment. Hence, these results implied that EgrVQ18 could respond to SA treatment and it
was further involved in SA-mediated defense responses by the long-term effect. EgrVQ22 could also
respond to SA and MeJA treatments.

Moreover, AtVQ22, which was positively regulated by the COI1 (CORONATINEINSENSITIVE1)-
dependent signaling pathway, was a master controller regulating JA-mediated plant response against
insects and pathogens [16,31]. EgrVQ8, which was homologous with AtVQ22, was induced at 6 h
under MeJA treatment and 168 h under SA treatment, indicating that EgrVQ8 has a similar function in
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E. grandis. However, EgrVQ26, which is another homologous gene with AtVQ22, was not changed
under MeJA treatment.

Furthermore, ABA and BR were also important in the response of plants to abiotic stressors [32,33].
In our study, most EgrVQs were up-regulated at 1 h–24 h when the plants were exposed to ABA, which
was similar to moso bamboo VQ genes [8]. Meanwhile, only three genes showed up-regulation and
multiple OsVQ genes showed down-regulation after 12 h under ABA treatment [17]. However, we
found that 22 EgrVQs showed significantly down-regulation at 168 h under ABA treatment. These
results indicated that the VQ genes had special roles in response to ABA treatment in E. grandis. It was
also found that EgrVQ subfamily I members, including EgrVQ2, EgrVQ13, EgrVQ14, EgrVQ22,and
EgrVQ18, were highly expressed under ABA treatment,which was similar with OsVQ6, OsVQ7, and
OsVQ10 belonging to subfamily. These results implied that these genes have similar functions and
they might be related to the ABA signaling pathway. Specifically, AtVQ15 regulated the osmotic
stress tolerance with WRKY25 and WRKY51 in A. thaliana [20]. Its homologous gene, EgrVQ27, was
significantly up-regulated after the ABA treatment, suggesting that EgrVQ27 might affect osmotic
stress tolerance in E. grandis. In addition, we found that most of the EgrVQ genes were highly
expressed under the BR treatment (Figure 7A). BRASSINAZOLE-RESISTANT 1(BZR1), which is a key
transcription factor (TF) in the BRs signal pathway, can trigger the expression of FLS2 and SNC1 to
enhance pathogen resistance in plants [34,35].These results implied that EgrVQ genes might take part
in enhancing the pathogen resistance of the BR signal pathway.

Plants also need to evolve efficient defense systems to protect themselves from abiotic stressors,
like extreme temperature, salt, and so on. AtVQ9 acted as a repressor of WRKY8 to maintain a
balance in the activation of WRKY8-mediated signaling pathways that are involved in salt stress in
A. thaliana [22]. In our study, EgrVQ5 and EgrVQ9, both homologous of AtVQ9, showed the same
expression trends and they were increased at 168 h under NaCl treatment (Figure 8C). This indicated
that the VQ genes were relatively conservative and were also involved in salt stress. In contrast,
another homologous gene, EgrVQ11, was decreased at 168 h. AtVQ15 was induced by dehydration
and high salinity, whereas lines that overexpressed this gene showed an increased desensitivity to
salt stress during seed germination and seedling growth [20,22]. Interestingly, its homologous gene,
EgrVQ1, showed obviously decreased expression under NaCl treatment. We speculate that there is a
difference in the woody and herbaceous plant.

Furthermore, few previous studies have been conducted on the function of VQ genes under
heat and cold stresses in the woody plants. Our results showed that 23 and 24 EgrVQ genes
were up-regulated at 1 h or 6 h, respectively, and then down-regulated at 168 h under cold and
heat treatments, respectively (Figure 8A,B), which was consistent with Chinese Cabbage (Brassica
pekinensis) [36]. It is noteworthy that most of the EgrVQ genes showed similar expression patterns
between heat and cold treatment, suggesting that EgrVQs existed in the same response pathway to
heat and cold stress.

Overall, our results implied various stressors motivated or repressed a batch of EgrVQs. These
results might aid in the selection of available candidate genes in the EgrVQ gene family for deeper
functional characterization.

4. Materials and Methods

4.1. Identification of VQ Gene Family in E. grandis

We conducted a systematic search on related bioinformatics analysis websites in order to acquire
all of the proteins in Eucalyptus. Firstly, the sequences of VQ genes of A. thaliana, rice, and poplar
were downloaded. Afterwards, the VQ genes were searched in E. grandis was using in NCBI (https://
www.ncbi.nlm.nih.gov/), UniProt (https://www.uniprot.org), and EucGenIE (https://eucgenie.org/)
databases. Next, all of the predicted VQ genes were subjected to SMART (http://smart.emblheidelberg.
de/) and Pfam (https://pfam.sanger.ac.uk/) to confirm that they contained the VQ motif (PF05678).
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Lastly, physical parameters of VQ genes, including open reading frame (ORF) length, protein length,
isoelectric point (pI), and molecular weight were calculated in ExPASy (http://www.expasy.org/
tools) [37]. Subcellular localization was predicted using the WoLF PSORT (http://wolfpsort.org/) [38]
and TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/) servers [39].

4.2. Chromosomal Location, Gene Duplication, and Identification of Paralogs and Orthologs of EgrVQ Genes

MapChart 2.30 software drew the picture of chromosomal location [40] on the basis of initial
position information that was provided in Phytozomev12.1.6 (https://phytozome.jgi.doe.gov/pz/
portal.html#). In addition, EgrVQ genes, which are located on duplicated chromosomal blocks, were
considered to undergo segmental duplication [26]. Next, we used a previously described method for
the analysis of paralogs and orthologs [41]. For the elected species, all-against-all nucleotide sequence
similarity searches were done among the protein sequences by BLASTN software [42]. Specifically, in
one species, a pair of matching sequences was shown as pairs of paralogs, which, when aligned, exceed
300bp and the identity was over 40% [7]. In two different species, the two sequences were defined as
orthologs with the reciprocal best hits for each being within >300bp of the aligned sequences from two
different species [7,8].

4.3. Promoter Analysis of EgrVQ Genes

The 2,000-bp upstream sequences of the transcriptional start sites of EgrVQgenes were submitted
to PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [43] to identify the
putative cis-elements.

4.4. Phylogenetic Analysis and Multiple Sequence Alignment of EgrVQ Proteins

Multiple sequence alignment of 27 VQ full-length protein sequences from Eucalyptus was
performed using ClustalX2.11 [44]. A phylogenetic tree was constructed with the neighbor-joining
(NJ) method in MEGA 7 (https://www.megasoftware.net/home) [45], with 1,000 bootstrap replicates.
All VQ protein sequences from A. thaliana, poplarand rice were conducted using ClustalX2.11 and
MEGA7 software.

4.5. Gene Structure and Conserved Motifs Analysis of EgrVQ Genes

The exon-intron structures of the EgrVQ genes were investigated using Gene Structure Display
Server (GSDS: http://gsds.cbi.pku.edu.ch) [46] by aligning cDNA to their corresponding genomic
region. In addition, the Multiple Expectation Maximization for Motif Elicitation (MEME) program
(http://meme-suite.org/tools/meme) [47] was used to identify the conserved motifs. The parameters
were set, as follows: the optimum motif width ranged from 6 to 200, the maximum number of motifs
was 20, and other parameters were set at default.

4.6. Plant Material and Treatments

We used approximately 20 cm tall, six-week-old E. grandis GL1 clones in hydroponics conditions.
The trees were grown in the greenhouse of the Research Institute of Tropical Forestry, Chinese Academy
of Forestry, Guangzhou, China.

Hormone treatments were carried out by spraying the leaves of individual plants with 100 nM
Epi-Brassinosteroid (Epi-BR) and 100 µM ABA, SA, and MeJA, respectively. For the salt stress treatment,
the E. grandis plants were transferred to 200 mM NaCl solution and cultured for a total of 168 h; leaves
were collected after 0, 1, 6, 24, and 168 h. For cold and heat stress treatments, the plants were transferred
into 4 ◦C and 42 ◦C growth chamber. Then leaves were collected after 0, 1, 6, 24, 48, and 168 h of
treatment. All of the samples were immediately frozen in liquid nitrogen and stored at −80 ◦C
for subsequent total RNA extraction. The leaves from at least three plants were collected, and all
treatments were performed in triplicate.

567



Int. J. Mol. Sci. 2019, 20, 1765

4.7. RNA Extraction, Semi-Quantitative Real-Time PCR (RT-PCR), and Real-Time Quantitative
PCR (qRT-PCR)

Total RNA was extracted using Aidlab plant RNA kit (Aidlab Biotech, Beijing, China).
The concentration and qualification were checked by NanoDrop™ One/OneC (ThermoFisher
SCIENTIFIC, Waltham, MA, USA). Total RNA (1.0 µg) was used for first-strand cDNA synthesis
using SuperScriptIII (Invitrogen), following the manufacturer’s instructions. Gene-specific primers
(Supplement Table S1) were designed by using Premier 5.0. qRT-PCR was performed on the Roche
LightCycle 96 by using TB Green Premix Ex TaqII (TliRNaseH Plus) (RR420Q TaKaRa Biotechnology,
Beijing, China), with a total sample volumeof 20 µL. The programs were 95 ◦C for 30 s, then 40 cycles
of 95 ◦C for 5 s, and 65 ◦C for 34 s. The relative expression level was calculated while using the 2−∆∆CT

method [48]. The EgrEF was used as the reference gene [49].

4.8. Statistical Analysis

Statistical analysis was performed using OFFICE Excel and SPSS. The mean values and standard
deviations (SDs) were obtained from three biological and three technical replicates; statistical
significance was showed by one-way ANOVA, LSD (Least-Significant Difference).

5. Conclusions

Recently, an increasing number of VQ genes in different plants were analyzed in genome-wide
characterization and evolutionary studies. However, there is little functional information regarding
VQ genes in the woody plants. Our research showed an overall picture of EgrVQ genes, displaying the
genome-wide identification, characterization, and expression of EgrVQ genes under various stressors.
The results verified that the EgrVQ genes family either positively or negatively regulated multiple
responses, including biotic and abiotic stressors. In addition, this study will provide a theoretical
basis for further study of the mechanism of the stress resistance mechanism of the VQ gene family
and indicated that most of the VQ genes participate between the process of biotic and abiotic stress
resistance of E. grandis.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/7/
1765/s1.
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