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1. Introduction

In recent years, plant genomics has made significant progress following the develop-
ment of biotechnology. Based on traditional genetics, functional genomics covers research
on the genome, transcriptome, proteome, metabolome, bioinformatics, and other interdisci-
plinary disciplines. Researching many genes in the genome and their expression reveals the
gene function, subcellular localization, and interaction, which provides a more systematic
and comprehensive study means for the in-depth understanding of plants [1,2]. At the
same time, crop breeding is crucial for agricultural development. Many high-yield and
environmental adaptability crop varieties have been bred using plant genomics and gene
diversity [3]. Here, we summarized some genomics studies of different species recently
published in IJMS in the hopes of contributing to the advancement of crop breeding.

2. Genomics Studies in Major Food Crops
2.1. In Rice

Rice is one of the most important food crops in the world. Investigating the genes
controlling rice yield, quality, and stress resistance using genomics leads to significant im-
provement. The grain length of rice seed is a crucial trait determining rice yield. In contrast,
japonica rice in the Heilongjiang region of China is significantly shorter than the indica
rice varieties in southern China. Two japonica rice varieties, Pin20 and Songjing 15, with
significant differences in grain shape, were used to map a new QTL qGL9.1 controlling the
grain length, which promotes the study of the molecular mechanism controlling the grain
length of japonica rice and lays the theoretical foundation for japonica rice improvement
in northern China [4]. The salt tolerance of rice is important to improve the adaptation
and yield of rice in saline–alkali soil. Low phosphate root 5 (OsLPR5) and ferroxidase
activity levels were expressed during salt stress. Then, the physiological role of OsLPR5
in salt stress was demonstrated via overexpression and using CRISPR/Cas9-mediated
mutation techniques. This study identified a novel molecular mechanism in which OsLPR5
positively regulates salt tolerance in rice [5]. Perennial rice plays a vital role in protecting
the ecological environment and alleviating the labor shortage of farmers. The development
of axillary buds is a crucial trait of perennial rice (regenerative rice). It was reported that
sucrose promotes the growth of axillary buds and rhizomes, which might be related to
fructose and glucose. The increased osmotic pressure of the cells results in the absorption
of water, which encourages cell growth and eventually leads to the development of axillary
buds and rhizomes [6]. The domestication of wild rice is caused by genomic variation,
including the synonymy codon usage bias (SCUB) due to synonymy nucleotide substitu-
tion. SCUB was affected in the same way during the process of domestication of Asian and
African rice. The analysis of cytosine to thymine transformation mediated via SCUB and
DNA methylation showed the close relationship between genetic variation and epigenetic
variation in domestication [7]. LEAF TIP RUMPLED 1 (LTR1) positively regulates the rice
yield and salt tolerance. This study showed that LTR1 maintained the salt tolerance of
rice by mediating the activities of aquaporins and ion transporters. The research on LTR1
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provides a theoretical basis for studying salt tolerance and high rice yields [8]. NF-YCs
family transcription factors, including seed development, play a key role in plant growth
and development. NF-YC8, 9, 10, 11, and 12 are homologous genes that are expressed at
highly similarity levels in seeds. Systematic genetic experiments suggested that these five
genes synergistically regulate GA and ABA responses, thus affecting the rice seed quality
and germination [9].

2.2. In Wheat

Wheat is the world’s largest cultivated and most widely distributed food crop. Unlike
rice, wheat is a dryland crop. Therefore, it is important to improve wheat’s drought toler-
ance. Two previously reported KASP markers, TaDreb-B1 and 1-FEH w3, were employed
for the marker-assisted selection (MAS) of drought tolerance. These two molecular markers
were used to detect drought tolerance in winter and spring wheat populations, and the
correlation of TaDreb-B1 with drought tolerance was better than that of marker 1-FEH
w3 [10]. Cytokinin is an important hormone that determines the wheat yield. Members of
the TaCKX gene family (GFMs) encode the cytokinin oxygenase/dehydrogenase enzyme
(CKX), which causes the irreversible degradation of cytokinin. Thus, these genes might
regulate wheat yield. It has been speculated that it is feasible to select high-yielding wheat
families using the TaCKX GFMs cross-generation expression pattern [11].

2.3. In Maize

Maize is the world’s most productive food crop per unit area, reaching up to 30,000 kg
per hectare. While abiotic stresses such as drought and salinization severely restrict maize
yield, it is important to resolve the mechanism of maize flowering time and abiotic stress
to improve maize yield and resistance. It has been reported that protein arginine methyl-
transferase (PRMTs) is mainly responsible for the histone methylation of specific plant
arginine residues. Ling et al. found that the overexpression of the maize ZmPRMT gene
in Arabidopsis can promote early flowering and heat tolerance. First, it was reported that
ZmPRMT1 gene regulates the flowering time and resistance to heat stress in plants, which
will provide an essential theoretical basis to further reveal the functions of ZmPRMT gene
and epigenetic regulation mechanism of maize growth and development and response
to abiotic stress [12]. Corn stalks can be used as an animal feed, and sugar in the stalk is
also a carbon source for corn seeds. Increasing the sugar content of corn stalks can not
only promote the development of animal husbandry, but also increase the yield. Chen
et al. investigated 188 waxy, sweet, and hybrid corn resources with different stalk sugar
contents for GWAS analysis. The results showed that the expression levels of six candidate
genes were significantly different among the other stalk sugar-containing materials, which
provides a significant insight into the genomic footprints of stalk sugar content in fresh
corn and facilitates the breeding of corn cultivars with a higher stalk sugar content [13].

3. Genome Research in Cash Crops

The production of cash crops (like cotton, soybean, rapeseed, Brassica oleracea, etc.)
plays a decisive role in industry development, especially the light industry, which is also
the main source of exports, foreign exchange earnings, and increasing national economic
income.

3.1. In Oil Crops

Soybean sterile line SXCMS5A is an H3A cytoplasmic male sterile line (CMS) devel-
oped from JY20. Bai et al. conducted the transcriptome analysis of the sterile line SXCMS5A
and the maintainer line SXCMS5B to find the differentially expressed genes (DEGs) and the
metabolic pathways related to pollen sterilization. These findings might provide useful
information to facilitate soybean hybrid breeding [14]. Excellent root development is an
important factor for plants’ high nitrogen-use efficiency (NUE). Ahmad et al. revealed
16 genes involved in rapeseed root development under low nitrogen (LN) stress through

2



Int. J. Mol. Sci. 2023, 24, 15298

the integrated analysis of GWAS, a weighted gene co-expression network, and DEGs. Seven
of these genes have been previously reported to be associated with root development and
NUE. This study provides genetic/SNPs resources for studying low nitrogen tolerance in
rapeseed [15].

3.2. In Horticultural Crops

Khusnutdinov et al. found that the DNA binding structure of transcription factor
MYBL2-1 (a negative regulator of anthocyanin synthase Dihydroflavonol-4-reductase (DFR))
of purple varieties of Brassica oleracea L. had two SNP mutations, leading to an increase in
DFRs expression. This is the reason for the high anthocyanin content of purple cabbage [16].
Ipomoea aquatica is a leafy vegetable rich in essential amino acids, flavonoids, and various
mineral elements (calcium, potassium, phosphorus, etc.). The role of IabHLHs family
transcription factors in the biosynthesis of anthocyanins in I. aquatica was analyzed using
bioinformatics combined with molecular experiments. This work provides valuable clues
to further explore IabHLH’s function and facilitating the breeding of anthocyanin-rich
varieties of I. aquatica [17]. Improving the cold tolerance of herbaceous peonies (Paeonia
lactiflora) is essential to plant them at low latitudes. Wang et al. modified the previously
reported multi-criteria decision-making (MCDM) model. This model was implemented
to analyze 15 peony varieties at different latitudes. As a result, ‘Meiju’, ‘Hang Baishao’,
‘Hongpan Tuojin’, and ‘Bo Baishao’ were excellent varieties with strong environmental
adaptability. This research can provide a reference for the breeding and cultivating of
perennial herbs [18]. NAC transcription factors are crucial in plant growth, development,
and stress responses. Zhao et al. found that AeNAC83 positively regulates the salt tolerance
of okra (Abelmoschus esculentus). Exactly as the expression of AeNAC83 gene is up-regulated
in okra under salt stress, the down-regulation of AeNAC83 is caused by virus-induced gene
silencing enhanced plant sensitivity to salt stress [19]. Lotus (Nelumbo nucifera), which is in
the Nelumbonaceae family, is a relict plant with crucial scientific research and economic
values. Such as the sequencing of the lotus genome and the assembly of several high-quality
genomes, the investigation of lotus functional genome has been extensively promoted. The
resequencing of natural and genetic populations and different levels of genomic studies
benefit the classification of different lotus germplasm resources and the identification of
genes controlling various traits [20].

3.3. In Other Crops

Liu et al. analyzed the genetic basis of senescence in cotton using 355 upland cotton
accessions planted in multiple environments for GWAS. From the candidate genes that
have been linked, GhMKK9 silencing improves the drought resistance of cotton, whereas
GhMKK9 overexpression accelerates senescence in Arabidopsis [21]. Areca catechu is a com-
mercially important medicinal plant widely cultivated in tropical regions. Zhou et al.
investigated 12 natural resistance-associated macrophage protein (NRAMP) genes from the
whole genome of A. catechu with Fe and Zn deficiency, and their sequence characteristics,
gene structure, phylogeny, promoter sequence, and collinearity were analyzed. This re-
search revealed the regulatory response of NRAMP family genes in A. catechu under Fe
and Zn deficiency stress [22]. Yao et al. treated tartary buckwheat (Fagopyrum tataricum L.)
leaves with different concentrations of H2O2, and then analyzed the growth, photosynthe-
sis, antioxidant enzyme activity, and related gene expression under salt stress. This study
explored the mechanism of H2O2 enhancing salt tolerance of Tartary buckwheat from a
physiological point of view [23].

4. Conclusions and Perspectives

In summary, we reviewed 20 plant genomics articles on different plant species. These
functional gene studies consider the yield, quality, fertility, abiotic stress, and evolution
of rice, wheat, maize, and cash crops. These researchers have made outstanding con-
tributions to plant genomics and provided valuable genetic resources for crop breeding.
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Based on these genetic resources controlling different traits, gene-editing methods, such
as CRISPR-cas9 technology, can alter gene expression to improve the crop yield, quality,
and resistance. Finally, strengthening the interface between the application and industrial-
ization of functional genomics research would help to accurately quantify traits, such as
the crop yield, stress resistance, quality, and nutrient content. Meanwhile, promoting more
efficient and precise crop breeding is expected to bring about new transformations in the
global agricultural field.

Author Contributions: All the authors participated in the editing of this Research Topic. J.H. wrote
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read and agreed to the published version of the manuscript.
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Abstract: Grain length (GL) is one of the crucial determinants of rice yield and quality. However,
there is still a shortage of knowledge on the major genes controlling the inheritance of GL in japonica
rice, which severely limits the improvement of japonica rice yields. Here, we systemically measured
the GL of 667 F2 and 1570 BC3F3 individuals derived from two cultivated rice cultivars, Pin20 and
Songjing15, in order to identify the major genomic regions associated with GL. A novel major QTL,
qGL9.1, was mapped on chromosome 9, which is associated with the GL, using whole-genome
re-sequencing with bulked segregant analysis. Local QTL linkage analysis with F2 and fine mapping
with the recombinant plant revealed a 93-kb core region on qGL9.1 encoding 15 protein-coding genes.
Only the expression level of LOC_Os09g26970 was significantly different between the two parents at
different stages of grain development. Moreover, haplotype analysis revealed that the alleles of Pin20
contribute to the optimal GL (9.36 mm) and GL/W (3.31), suggesting that Pin20 is a cultivated species
carrying the optimal GL variation of LOC_Os09g26970. Furthermore, a functional-type mutation
(16398989-bp, G>A) located on an exon of LOC_Os09g26970 could be used as a molecular marker
to distinguish between long and short grains. Our experiments identified LOC_Os09g26970 as a
novel gene associated with GL in japonica rice. This result is expected to further the exploration of the
genetic mechanism of rice GL and improve GL in rice japonica varieties by marker-assisted selection.

Keywords: Oryza sativa L.; grain length; re-sequencing; fine mapping; P450 protein

1. Introduction

Grain size, a complex quantitative trait involving grain length (GL), grain width (GW),
grain thickness, and the grain length/width ratio (GL/W), is one of the determinants of
grain weight, which not only affects the yield, but also the appearance quality of rice [1,2].
As an important factor affecting rice yield and quality, mining grain-shape-related genes is
an important means to understanding their molecular mechanism and genetic basis. As
of 2023, at least 201 rice grain shape genes have been identified. They are located on all
chromosomes of the rice genome, and most are distributed on chromosomes 1, 2, 5, 6, and
7 (https://pubmed.ncbi.nlm.nih.gov/) (accessed on 7 May 2023). Most of these 201 genes
directly regulate the rice grain shape, and the remaining genes indirectly regulate the grain
size through an interaction network between genes.

Previous studies have found that the major factors affecting grain size include the
ubiquitination-protease pathway, G-protein signaling, mitogen-activated protein kinase
signaling, phytohormone regulation, and various transcriptional regulators [3]. GRAIN
WIDTH 2 (GW2), the first QTL cloned in rice, encodes a RING-type E3 ubiquitin ligase with
ubiquitination and autoubiquitination activity located in the cytoplasm and nucleus [4]; G-
proteins that regulate grain size in rice include the a-subunit encoded by RGA1/D1 [5]; and
the β-subunit encoded by DEP1 [6]. In addition, synthetic-hormone-related genes, such as
OsTAR1 [7] and TGW6 [8], are also involved in the regulation of seed size. Moreover, several
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other transcriptional regulatory modules, such as OsmiR396-OsGRFs [9] and AP2/ERF
modules [10], also play a key role in rice grain shape determination. In sum, rice grain
shape is regulated by multiple factors. Even so, the current molecular network of rice grain
types is still insufficient to explain all of the genetic variations. It is of great importance to
explore new major genes and allelic variations for the high-yield breeding of rice.

It is well known that the grain length of indica rice is longer than that of japonica rice.
Therefore, the excellent allelic variations of some important GL genes cloned at present are
from indica rice. For example, the loss-of-function variations of GS3 [11] and TGW6 [8] are
mostly from indica rice. GS5 is a large grain allelic variation that was retained during the
domestication of indica rice [12]. The overexpression of LG3 [13] and GLW7 [14] in indica
rice can increase the grain length. Using these allelic variations to improve the grain shape
of japonica rice, in addition to the method of breeding offspring through indicia–japonica
hybridization, mutants can be directly obtained through gene editing. However, from the
perspective of the geographical adaptability of subspecies, when using the offspring of
indica–japonica hybridization, it is difficult to obtain materials with an excellent background
of japonica rice, therefore, it is difficult to produce and apply unless it is included in a large
number of molecular breeding works. The materials obtained by gene editing also cannot
be used as cultivated varieties due to a certain degree of growth defects [15]. Considering
this comprehensively, it is wise and efficient to clone new grain shape genes from japonica
rice and apply them to japonica rice breeding.

Heilongjiang Province, as the main production area of early maturing japonica rice
in China, had a planting area of about 6.43 million hectares in 2022, accounting for more
than 15.5% of the national rice area. However, the grain length value of japonica rice in this
region is low compared to indica rice in southern China, which hinders yield improvement.
Therefore, the identification of new alleles controlling grain length from local sources is
significant to increasing rice yield. Recent efforts combining QTL-seq and linkage analysis
have led to the localization of several candidate genes in rice [16–19]. In this study, we
used two japonica rice varieties, Pin20 and Songjing 15 (SJ15), with significant differences in
grain shape, as parents in order to develop the F2:3 population and the BC3F3 population.
Through QTL-seq, linkage analysis, and fine mapping strategies, we identified the long-
grain genes in the large-grain-variety of Pin20. Furthermore, the KASP molecular markers
were developed to identify plants with different grain types. This will facilitate the in-depth
study of grain type improvement and regulatory mechanisms in japonica rice varieties.

2. Results
2.1. Screening and Evaluation of Plant Height

The phenotypic detection showed that there were significant differences in the grain
length (GL) and length–width ratio (GL/W) between SJ 15 and Pin 20 (Table 1, Figure 1A,B).
For the F2:3 population, the variation ranges of GL, grain width (GW), and GL/W were
0.68–1.09 cm, 0.33–0.43 cm, and 1.88–3.09 cm (Table 1, Figure 1C–E), respectively. Except
for grain width, the absolute values of the skewness and kurtosis of GL and GL/W were
less than 1 (Table 1), showing continuous variation and normal distribution, indicating that
these two traits conform to the genetic model of quantitative traits.

Table 1. Phenotypic analysis of grain-shape-related traits of parents and populations.

Traits SJ15 Pin20
F2:3 Population

Mean ± SD Range Skewness Kurtosis

GL (cm) 0.69 1.06 ** 0.85 ± 0.00 0.68~1.09 0.61 0.95
GW (cm) 0.36 0.40 0.37 ± 0.00 0.33~0.43 0.27 1.46

GL/W 1.92 2.65 ** 2.55 ± 0.02 1.88~3.09 0.33 −0.05
** indicates the significant difference detected at p < 0.01 level.
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Figure 1. Phenotypic characteristics of grain shape of the parents and F2:3 population. (A) Perfor-
mance of the mature spikes of the two parents; (B) Comparison of the mature grain types of the two
parents; and (C–E) Frequency distribution of grain length (GL), grain width (GW), and length–width
ratio (GL/W) of rice grains in the F2:3 population. The scale bars for (A,B) were 1 cm.

2.2. Phenotypic Analysis of Extreme DNA Pools of Grain Type

The differences in individual traits had an impact on the genotype frequency analysis
of the DNA hybrid pool on the whole genome. To clarify the differences in the genetic
background between the two DNA pools, 30 long-grain and 30 short-grain lines were
analyzed for GL, GW, GL/W, spike number (PN), number of grains per spike (NGS),
and spike weight per plant (SW). The results showed that there were highly significant
differences in GL and GL/W between the long-grain and short-grain pools, while there were
no significant differences in GW, PN, NGS, and SW (Figure 2). Therefore, the phenotypic
differences between these two DNA mixing pools are distributed only in the GL and GL/W;
thus, we selected 30 representative long-grain individuals and 30 short-grain individuals to
prepare the GL-pool and GS-pool in order to map the candidate genomic loci using bulked
segregant analysis (BSA) and re-sequencing analyses, respectively.
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** indicates the significant difference detected at p < 0.01 level. Each black dot on the box plot
represents the phenotypic value corresponding to a single independent plant.

2.3. Identification of a Major QTL Controlling GL in Rice Using QTL-Seq

A total of 315,277,920 clean reads and 47,291,688,000 bases were obtained by re-
sequencing and data quality control of the two DNA mix pools and both parents (Sup-
plementary Table S1). In addition, the ED (Euclidean distance) and two-tailed Fisher’s
exact test for each bulk were calculated by aligning the sequence with the Nipponbare
reference genome. After calculating a statistical confidence interval of p < 0.01 between the
two extreme phenotypic blocks, a 4.21 Mb (14,240,001 bp–18,445,701 bp) genomic region on
chromosome 9 was identified by overlapping the results of the three algorithms (Table 2,
Figure 3). We designated this QTL as qGL9.1.

Table 2. qGL9.1 association results based on the G-statistic value, ED algorithm, and Fisher algorithm.

QTL Algorithm Start (bp) End (bp) Size (Mb) Gene Number Threshold

qGL9.1
G-statistic 14,185,459 18,445,701 4.26 623 0.01

ED 14,240,001 18,760,000 4.52 669 0.01
Fisher algorithm 13,560,001 19,030,000 5.47 807 0.05Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 16 
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Table 2. qGL9.1 association results based on the G-statistic value, ED algorithm, and Fisher algo-

rithm. 

QTL Algorithm Start (bp) End (bp) Size (Mb) 
Gene 

Number 
Threshold 

qGL9.1 

G-statistic 14,185,459 18,445,701 4.26 623 0.01 

ED 14,240,001 18,760,000 4.52 669 0.01 

Fisher algorithm 13,560,001 19,030,000 5.47 807 0.05 

Figure 3. The results of the QTL-Seq analysis. (A) The G-statistic value to map qGL9.1 based on
SNP. (B) The Euclidean distance algorithm to map qGL9.1. (C) The two-tailed Fisher’s exact test
to map qGL9.1 based on Indel. The blue lines and the red line represent the threshold line, with
confidence levels of 0.95 and 0.99, respectively. The number on the horizontal coordinate represents
the chromosome number. The red wireframe represents the intervals covered by qGL9.1 in different
computational modes.
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2.4. Narrowing of qGL9.1 to a Fine Region

For pyramid qGL9.1, eight KASP (kompetitive allele-specific PCR) markers were
developed for linkage analysis based on the base information provided by re-sequencing
data from Pin20, SJ15, and the two pools, and a significant peak interval was detected in a
448.7-kb region between SNP5 and SNP6 on chromosome 9 when the threshold was 3.0
(Figure 4). The qGL9.1 contributed to 20.09% of the phenotypic variation for GL (Table 3).
The positive-effect allele of qGL9.1 was derived from Pin20.
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Table 3. QTL association results by linkage analysis.

Trait Chr. Position (cM) LOD PVE (%) Add Left CI (cM) Right CI (cM)

GL 9 32.00 7.23 20.09 0.03 27.5 33.5

Note: GL, grain length; Chr., chromosome; cM, centimorgan; LOD, logarithm of the maximum likelihood; PVE,
phenotypic variation explained; Add, additive effect; Left CI, confidence interval on the left side of the linkage
map; and Rigth CI, confidence interval on the right side of the linkage map.

In order to finely localize qGL9.1, we constructed the BC3F2 population and genotyped
the BC3F2 population using the linkage markers of qGL9.1 and six KASP markers consistent
with the genetic background of SJ15 (Figure 5) and finally screened to two recombinants
and obtained the BC3F3 population containing 1570 lines after self-crossing. For the fine
mapping of qGL9.1, three KASP markers between SNP5 and SNP6 were developed from the
re-sequencing data (Supplementary Table S2, Figure 6A). A total of 21 recombinants were
identified by scanning the genotypes of 1570 BC3F3 individuals, and these 21 recombinants
were classified into seven groups (Figure 6B). After progeny tests, the grain lengths of
recombinant groups one and two were biased toward the short-grain parent SJ15, and
the remaining recombinant groups were close to the long-grain parent Pin20. qGL9.1 was
delimited to the 93.0 Kb interval between the SNP10 and SNP11 markers (16.29–16.39 Mb).
According to the MSU Rice Genome Annotation Project Release 7 [20], there are 15 protein-
coding genes on the qGL9.1 locus (Figure 6C), and information on SNP/InDel in the qGL9.1
region (upstream, UTR3, downstream, and exonic) is listed in Supplementary Table S3.
We found that 10 of the 15 genes had sequence differences in the promoter, exon, or
downstream regions.
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2.5. Candidate Gene Analysis

Through the qRT-PCR analysis of 10 genes with sequence variation (Figure 7), it was
found that significant differences in the relative expression of LOC_O09g26970 between
Pin20 and SJ15 occurred in samples from the 2 cm, 5 cm, and 7 cm panicles, while no
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significant differences were found in the relative expression of the 13 cm panicles. The
results showed that the relative expression of LOC_Os09g26970 in Pin 20 was higher
than that in SJ15 at the early stage of panicle development. The expression levels of the
other nine genes were not significantly different at the grain development stage. We
further analyzed the structural domains of 15 genes through the Pfam database, an-
notated them using the Ensembl database, and found that LOC_Os09g26970 encodes
a cytochrome P450 family protein CYP92A8 (Supplementary Table S4). In addition,
using the results of gene annotation based on the re-sequencing data, through path-
way significant enrichment analysis, it was found that 616 genes in the 4.2 Mb inter-
val were significantly enriched in arginine and proline metabolism (ko00330), nitrogen
metabolism (ko00910), cysteine and methionine metabolism (ko00270), pentose phosphate
pathway (ko00030), and glycolysis/gluconeogenesis (ko00010) (Figure 8). Among them,
five genes (LOC_Os09g26940, LOC_Os09g26950, LOC_Os09g26960, LOC_Os09g26970, and
LOC_Os09g26980) in the candidate interval were significantly enriched in brassinolide
biosynthesis (ko00905) (Supplementary Table S5). The genes encoding the cytochrome
P450 family proteins have been shown to play an important role in regulating rice grain
shape, especially D11 [21], GW10 [22], and other proteins encoding the cytochrome P450
family, which plays an active role in controlling grain size through the BR pathway. There-
fore, as a P450 family protein significantly enriched in the BR pathway, we believe that
LOC_Os09g26970 is a candidate gene for qGL9.1.
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2.6. The Significant Association of LOC_Os09g26970 with the SNP

Sanger sequencing analysis identified 13 nSNPs on LOC_Os09g26970 (Supplementary
Table S6). The 13 SNPs were previously identified in the 3010 Rice Genome Project and
the Rice Functional and Genomic Breeding (RFGB) v2.0 database [23,24]. Among them,
10 SNPs (Chr9-16397163, Chr9-16397736, Chr9-16397760, Chr9-16397792, Chr9-16398197,
Chr9-16398200, Chr9-16398479, Chr9-16398989, Chr9-16399274, and Chr9-16399673) con-
stituted nine haplotypes, and Hap1, Hap5, Hap6, Hap8, and Hap9 were mainly dis-
tributed in indica rice. Hap2, Hap3, and Hap4 were mainly distributed in japonica rice
(Supplementary Table S7). The germplasm of Hap9, consistent with the Pin 20 genotype,
and the Hap2, consistent with the SJ15 genotype, differed significantly between GL and
GW, and the other haplotypes caused significant phenotypic differences in GL, GW, and
GL/W. (Supplementary Table S8). It is worth noting that the haplotype Hap9 contributes
to the optimal GL (9.36 mm) and GL/W (3.31), suggesting that Pin20 is a cultivated species
carrying the optimal grain length variation of LOC_Os09g26970.

In order to obtain a molecular marker that could distinguish the grain length phenotype,
we designed a KASP marker for an nSNP of the LOC_Os09g26970. SNP10 accurately divided
the genotypes of 92 individuals in the 94 BC3F3 lines into Pin20 and SJ15 genotypes (Figure 9).
These clustering results clearly distinguished the two alleles, therefore, the KASP8 marker
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was used to genotype the rice plants. Of the plants with the Pin20 allele, SNP10 identified
89.8% of the plants showing long-grain phenotypes. In contrast, SNP10 was able to identify
86.0% of the short-grain phenotype plants carrying the SJ15 genotype (Supplementary Table
S9). This result implies that SNP10 can effectively distinguish the grain length of rice and can
be used as an important molecular marker for breeding improvement.
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Figure 9. A total of 94 BC2F4 lines were genotyped with SNP10. (A) A demonstration of the
genotyping effect of SNP10. Yellow fluorescence and red fluorescence indicate individuals with
genotypes of Pin20 and SJ15, respectively. Black squares represent spotting holes without samples.
The calls for the LOC_Os09g26970-Pin20 allele were clustered near the Y-axis, while the calls for the
LOC_Os09g26970-SJ15 allele were clustered on the X-axis. (B) HEX, Hexachlorofluorescein; and FAM,
6-Carboxyfluorescein.

3. Discussion
3.1. QTL-Seq Analysis Combined with a Screening of Recombinant Plants Can Efficiently
Fine-Map Candidate Genes

Grain length is a significant factor that limits rice yield. Improving and utilizing the
large-effect genomic loci associated with GL is essential to increase rice yield. The authors
of previous studies have carried out extensive QTL analyses and localized a group of genes
that are associated with GL in rice. For example, PGL1 [25] and BG1 [26] positively regulated
GL by increasing the cell size, whereas SG1 [27], SDF5 [28], OsGDI1 [29], and TGW6 [8]
negatively regulated rice GL by reducing the cell size. However, the strategy of isolating
genes by map-based cloning is time-consuming and labor-intensive. In recent years, with
the development and application of biological high-throughput sequencing technology
and bioinformatics analysis technology, the efficiency of mining QTL has significantly
improved. The combination of traditional QTL mapping and QTL-seq can effectively
and quickly identify the GL major QTL interval. For example, the GL locus qTGW5.3
was mapped to a 5 Mb physical interval by QTL-seq. Furthermore, the recombinants
and the progeny tests delimited the candidate region of qTGW5.3 to 1.13 Mb [30]. Due
to the lack of further mapping populations and recombinant plants, the candidate genes
of qTGW5.3 have not been identified. In this study, qGL9.1 was isolated from Pin20 by
using the QTL-seq strategy based on the ED, Fisher algorithm, and G value method, and
qGL9.1 was associated with a single strong peak in the three calculation models (Figure 3).
This shows a significant difference in the allele ratio between the two mixed pools. To
fine map the qGL9.1 candidate gene, several approaches have been used to narrow down
the genomic region associated with qGL9.1. Firstly, qGL9.1 was fine-mapped to a 93 Kb
interval containing 15 annotated genes by using the recombinant plants to optimize the
target interval (Figure 3). LOC_Os09g26970 was further anchored as the most reliable
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candidate for qGL9.1 by expression analysis and functional annotation of the candidate
genes. Therefore, qGL9.1 can be considered the most significant target for GL in exploring
candidate genes. Our study is a good example of using QTL-seq combined with fine
mapping to mine candidate genes to obtain major QTL intervals.

3.2. LOC_Os09g26970 on qGL9.1 Links to Grain Length in Rice

LOC_O09g26970 is a cytochrome P450 structural domain (PF00067) gene, and the cy-
tochrome P450 gene family is one of the largest supergene families in plants [31]. There are
356 P450 genes in the rice genome, and P450 plays an important role in various biochemical
pathways that produce primary and secondary metabolites [32], some of which are essential
for controlling plant cell proliferation and expansion. The proteins encoding cytochrome
P450 families such as D11 [21], GW10 [22], BSR2 [33], GL3.2 [34], and GE [35] play an im-
portant role in regulating rice grain shape. In particular, the P450 family proteins encoded
by D11 and GW10 play an active role in controlling the grain size through the biosynthetic
pathway of brassinolide. In plants, BR is an essential steroid hormone that regulates many
processes during plant development. It is involved in various biological reactions, such as
stem elongation and vascular differentiation [36], especially in the regulation of grain size.
Based on the re-sequencing data, this study found that LOC_Os09g26970 was significantly
enriched by KEGG enrichment analysis, which was related to the biosynthesis of brassi-
nolide (ko00905). Therefore, it is speculated that the pathway of qGL9.1 regulating grain
shape is likely to be similar to that of D11 and GW10. We further sequenced the CDS region
of LOC_Os09g26970 and found that there were 13 SNPs within it. Some of the haplotypes
showed significant differences in grain length and grain width. We speculated that this
locus was functional for grain length and grain width, but only showed differences in grain
length in the genetic population of this study, which may have been caused by limited
genetic variation. Next, we will construct various transgenic materials, such as knockout,
overexpression, and complementation of LOC_Os09g26970, to verify its biological function
in regulating rice grain length and analyze whether the effect of LOC_Os09g26970 on grain
length is affected by the BR pathway by applying exogenous BR.

3.3. Breeding Value and Potential of qGL9.1

In general, the cooking and eating quality of japonica rice is better than that of indica rice.
While indica rice has longer grains and a better appearance quality than japonica rice, the
quality of indica rice with long grains is often inferior to that of japonica rice [2,37]. In recent
years, the molecular breeding and utilization of grain shape genes in indica and japonica
rice completed several important tasks. New indica hybrid rice varieties, Taifengyou 55 and
Taifengyou 208, with an improved grain yield and quality were developed by pyramiding
semi-dominant GS3 and GW7TFA alleles from tropical japonica rice varieties [38]. The GW8
and GS3 alleles were polymerized into HJX74 to produce short and wide grains, resulting in
the breeding of Huabiao 1 [12]. Using the deletion of TGW6 and its alleles in the functional
region, the functional marker CAPs6-1 of TGW6 was developed and screened in order to
quickly screen rice varieties carrying TGW6 [39]. In this study, allelic variation A from
japonica Pin20 was present in a small number of indica rice samples, but has not been
identified in other japonica rice samples, indicating that LOC_Os09g26970 may be a rare
grain shape regulator in japonica rice germplasm. In addition, 10 SNPs in the coding region
of LOC_Os09g26970 had nine haplotypes in 3010 rice germplasms. The grain length of the
germplasm containing the Pin20 genotype was 9.36 mm, while the average grain length
of the other haplotypes was 8.60 mm. Therefore, Hap9 is the optimal haplotype of grain
length, and Hap9 has the largest GL/W, which is an ideal allelic variation related to grain
length. In addition, the GL/W of the germplasm corresponding to the nine haplotypes
showed long-grain characteristics (the minimum GL/W was 2.52). Therefore, the nine
haplotypes of LOC_O09g26970 are helpful to determine the grain length of rice germplasm.
Moreover, we selected one SNP from Hap9 as a molecular marker to analyze the individuals
with significant differences in grain length in the BC3F3 population and found that SNP10
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could be used as a target for marker grain length. Next, in India–japonica hybrid breeding,
the selection of Hap9 can not only retain the excellent quality traits of japonica rice, but
also help to improve its grain length. The KASP marker used in the study is a marker
that is closely linked to GL, and it can be directly used for molecular-assisted selection.
In addition, this locus can be inherited by offspring by inter-japonica hybridization, and
long-grain varieties can be directly selected by conventional breeding methods.

4. Materials and Methods
4.1. Plant Materials

In this study, two japonica varieties, short-grain female parent SJ15 and long-grain
male parent Pin20, were used as parental lines to develop 667 F2 individuals and the
corresponding F2:3 population. The F2 population was planted during the normal growing
season (from April to October) and the mature seeds were harvested subsequently. All
667 F2:3 lines were used for grain type identification after maturity. To fine map the target
gene, one F2 individual plant with long grains was selected to obtain BC3F1 seeds by
backcrossing with SJ15, and a BC3F1 individual plant with a long-grain phenotype was self-
crossed to generate the BC3F2 (725 individuals) and BC3F3 (1570 individuals) populations.
The 667 F2:3 individuals were used for QTL-seq and QTL mapping, and BC3F2 and BC3F3
were used to fine-map the qGL9.1 candidate gene. All of the lines and their parents
were planted at the Northeast Agricultural University experimental station (Heilongjiang
Province, China; 47◦98 N, 128◦08 E; 128 m above sea level).

4.2. Evaluation of Grain Type for Rice

The grain size of the F2:3 and BC3F3 populations was investigated when the rice was
fully mature. We collected all of the spikes of each line in envelopes, placed them in natural
light to dry, and then put them in an oven at 37 ◦C for one week. Three main spikes of
each line, with approximately the same appearance, were randomly selected and used to
measure the spike length and spike grain number. The grain length (GL) and grain width
(GW) of 10 seeds of each line were measured with vernier calipers and the ratio of GL to
GW was calculated. The phenotypic data for each line were measured in three replicates,
and their average was used for data statistics.

4.3. Construction of Segregating Pools and Whole-Genome Re-Sequencing

Young leaves from 667 individuals of the F2 population were collected separately for
total genomic DNA extraction using a modified cetyltrimethylammonium bromide (CTAB)
method [40]. Then, the genomic DNA of 30 extremely GL-type and 30 extremely GW-type
individuals were selected as two bulked pools. To simplify the following description,
we abbreviated the GL-type DNA pool as GL-pool, and the GW-type DNA pool as GW-
pool. For GL-pool, GW-pool, and the two parents, isolated DNA was quantified using
a Nanodrop 2000 spectrophotometer (Thermo Scientific, Fremont, CA, USA). All DNA
from the GL-pool and GW-pool was quantified at precise concentrations with a Qubit®

2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). Equal amounts of DNA from the
GL-pool and GW-pool plants were mixed. The four DNA libraries were sequenced on
the Illumina MiSeq platform using the MiSeq Reagent Kit v2 (500 cycles) (Illumina Inc.,
San Diego, CA, USA).

4.4. QTL-Seq Analysis

The raw sequencing data were filtered using an internal Perl script, provided by
Biomarker Technology Co. Ltd. (Beijing, China). These high-quality data were then mapped
to the Nipponbare-Reference-IRGSP-1.0 [41] using the Burrows–Wheeler aligner [42]. Using
the Picard tool (https://sourceforge.net/projects/picard/) (accessed on 8 June 2021), repeat
reads were removed based on the clean reads located in the reference genome. The SNP
and InDel (1–5 bp) calling was realized with GATK [43], using the default settings. A
series of filters were also used to obtain highly accurate SNP and InDel sets [44]. The
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association analysis was performed using the ED [45], calculation of the G statistic [46,47],
and two-tailed Fisher’s exact test [48] based on SNP. Finally, the overlapping interval of the
three methods was used as the QTL interval.

4.5. Further Mapping of the qGL9.1

To further delimit the position of qGL9.1, we developed KASP markers linked to the
qGL9.1 interval, and then KASP marker primers were designed with Primer 5 software (Pre-
mier Biosoft International, Corina Way, Palo Alto, CA, USA) based on the re-sequencing data
of the two parents. The 5′ end of each KASP marker forward primer was ligated with FAM
(5′-GAAGGTGACCAAGTTCATGCT-3′) and HEX (5′-GAAGGTCGGAGTCAACGGATT-3′)
linker sequences. All polymorphic markers between the parents were selected and 667 F2
individuals were genotyped using polymorphic markers to construct linkage maps and
narrow down the candidate regions using the inclusive composite interval mapping (ICIM)
module of QTL IciMapping 4.2. (http://www.isbreeding.net) (accessed on 19 June 2023)
and are listed in Supplementary Table S2. The threshold of the LOD score for declaring the
presence of a significant QTL was determined by a permutation test with 1000 repetitions at
p < 0.001. Then, 725 BC3F2 individuals and 1570 BC3F3 individuals were used to screen the
recombinants across the kompetitive allele-specific PCR (KASP) markers between the target
regions. Each KASP marker contained two allele-specific forward primers and one common
reverse primer. The reaction mixture was prepared according to the protocol described by
KBiosciences (http://www.ksre.ksu.edu/igenomics) (accessed on 19 June 2023). All of the
KASP primers are listed in Supplementary Table S2.

4.6. Fine Mapping and Candidate Gene Screening of qGL9.1

To fine map qGL9.1, the plants with interval heterozygous qGL9.1 in the BC3F2 pop-
ulation were identified by the KASP marker, and the BC3F3 secondary population was
obtained by selfing. The BC3F3 population was genotyped, and the recombinant plants were
screened to achieve fine-mapped qGL9.1. The main methods of mining candidate genes
were as follows: (1) Ensembl (http://ensemblgenomes.org/) (accessed on 19 June 2023)
was used to annotate the candidate genes, and the possible domains of candidate genes
were detected by the Pfam database (http://pfam.xfam.org/) (accessed on 19 June 2023).
(2) Mutant genes were screened according to sequencing information. (3) The genes with
sequence variation were analyzed by using qRT-PCR. When the young panicles began
to differentiate, those of Pin 20 and SJ15 were sampled at the lengths of 2cm, 5cm, 7cm,
and 13cm. The expression characteristics of the candidate genes between the parents were
analyzed by using qRT-PCR.

The total RNA of the rice was extracted according to the steps of the GeneCopoeia-
BlazeTaq™ SYBR® Green qPCR Mix 2.0 extraction kit, and RNA purification and reverse
transcription were carried out according to the steps of SIMGEN of Hangzhou Xinjing
Biological Reagent Co., Ltd (No.8, Xiyuan 1st Road, Xihu District, Hangzhou, Zhejiang,
China). Amplification was performed with a Roche LightCycler96 fluorescence quantitative
PCR instrument at Northeastern Agricultural University. According to the transcription
sequence of the gene, the specific primers of the candidate gene were designed with Premier
5.0 software, and the sequence is shown in Supplementary Table S10. The original Actin1 in
the rice was used as the internal reference [49], and the specificity of the primers was based
on the standard melting curve. Three replicates were set for each sample, and the relative
expression of genes in tissues was calculated using the the 2-∆∆Ct method. qRT-PCR
analysis was performed as previously described [50].

4.7. Haplotype Analysis of Candidate Genes

According to the RFGB database (Haplotype analysis module of https://www.rmbreeding.
cn/index.php (accessed on 19 June 2023)), the differential bases in the coding region of can-
didate genes between parents were searched, and the haplotypes of these differential bases
in 3010 rice varieties and the variation of each haplotype in the different rice germplasms
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were analyzed. The phenotypic data of the grain length, grain width, and aspect ratio in
the RFGB database and their genomic information were used to analyze the differences
between the different haplotypes of the candidate genes.

4.8. Development of KASP Markers and Validation of GL

To verify the above-identified LOC_Os09g26970 with GL potential, two non-synonymous
SNPs (nSNPs) were screened from the exons of LOC_Os09g26970, and the corresponding
KASP markers were developed. The upstream and downstream 100-bp sequences of the target
nSNPs were extracted from the Nipponbare genome sequence. Each KASP marker contained
two allele-specific forward primers and a common reverse primer. The reaction mixture was
prepared according to the instructions of KBiosciences (http://www.ksre.ksu.edu/igenomics
(accessed on 19 June 2023)), and the KASP primers are shown in Supplementary Table S2.

5. Conclusions

In this study, we used F2 and BC3F3 populations to identify a major QTL qGL9.1
controlling rice grain length from long-grain variety Pin20 by re-sequencing and fine
mapping. Furthermore, combined with functional annotation, variation detection, and
qRT-PCR analysis, the gene LOC_Os09g26970 encoding a P450 protein was identified as a
candidate gene for qGL9.1. LOC_Os09g26970 and was divided into nine haplotypes in 3010
rice germplasm, and Hap9, which was consistent with the genotype of Pin20, contributed
the most to the grain length among all of the haplotypes. In summary, we found a new
grain length gene in early-maturing japonica rice in the northernmost part of China, and the
molecular breeding application of this gene will hopefully assist in tackling the difficult
situation of improving the yield of early-maturing japonica rice.
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Abstract: Due to the advances in DNA markers, kompetitive allele-specific PCR (KASP) markers
could accelerate breeding programs and genetically improve drought tolerance. Two previously
reported KASP markers, TaDreb-B1 and 1-FEH w3, were investigated in this study for the marker-
assisted selection (MAS) of drought tolerance. Two highly diverse spring and winter wheat popu-
lations were genotyped using these two KASP markers. The same populations were evaluated for
drought tolerance at seedling (drought stress) and reproductive (normal and drought stress) growth
stages. The single-marker analysis revealed a high significant association between the target allele of
1-FEH w3 and drought susceptibility in the spring population, while the marker–trait association was
not significant in the winter population. The TaDreb-B1 marker did not have any highly significant
association with seedling traits, except the sum of leaf wilting in the spring population. For field
experiments, SMA revealed very few negative and significant associations between the target allele
of the two markers and yield traits under both conditions. The results of this study revealed that the
use of TaDreb-B1 provided better consistency in improving drought tolerance than 1-FEH w3.

Keywords: kompetitive allele-specific PCR; genetic validation; water deficit; MAS

1. Introduction

Wheat (Triticum aestivum L.) is the main source of nutrition for one-third of the world’s
population [1]. It is now necessary, despite limited resources, to improve wheat production
to fulfill the demand for food. To meet this need, the breeding of high-yielding cultivars is
essential. Years of conventional and molecular breeding in wheat have greatly improved
wheat yield. Understanding genetic principles, phenotypic evaluation, and selection
through traditional breeding methods has resulted in significant improvements in wheat
productivity [2,3]. However, increasing productivity in the face of global warming and
weather variability will be a difficult task. Due to unpredictable crop loss, abiotic stresses
influence wheat yield and can lead to a food supply deficit. Drought and heat are the
two most significant abiotic factors that limit wheat yield [4–6]. Many researchers have
identified drought tolerance in wheat over the past few decades, but they have not been
able to improve the crops’ drought tolerance due to a variety of causes. First, the diverse
changes in several physiological parameters of the plant caused by drought need to be
quantified and better understood. Second, the selection process is impacted by the genotype
x environment interaction (GE), where the environment is often variable. Third, drought
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is a very complicated feature that is regulated by numerous genes, the majority of which
contribute only minimally genetically. To improve wheat’s ability to tolerate drought, all of
these three reasons should be taken into consideration. Additionally, the complexity of
the wheat genome is one of the most significant elements reducing the effectiveness of the
process of increasing drought tolerance in wheat.

The wheat breeding program aims to screen as many as wheat genotypes for their
tolerance to drought to select promising drought-tolerant genotypes that can be crossed to
produce wheat cultivars that have a high tolerance to drought stress. However, phenotypic
evaluation is labor and takes a lot of time to achieve [7,8]. DNA markers linked to target
traits can be used through marker-assisted selection (MAS) to accelerate breeding programs.
The development of molecular markers has three main limitations: (1) a functional marker
must be developed based on the gene sequence, or the markers must be tightly linked or co-
segregated with the genes controlling the traits; (2) they should also be broadly applicable
to various cultivars and geographical areas; and (3) when used in breeding programs, the
markers should be inexpensive [9]. Unfortunately, most traditional molecular markers,
including those developed over the past 30 years (such as RAPD, AFLP, SSR, and RFLP)
are not on target gene sequences and frequently exist at high genetic distances from genes.
In addition, cultivars showing desired marker genotypes may not necessarily have the
targeted genes—a phenomenon known as “false positives” in MAS practice. Additionally,
while choosing markers, many markers have low polymorphism [9,10].

Single nucleotide polymorphisms (SNPs) are base pair substitutions, deletions, or
insertions that occur as point mutations in a genome. An efficient, homogenous, and
fluorescence-based method called kompetitive allele-specific PCR (KASP) genotyping al-
lows for the detection and calculation of SNPs such as insertions and deletions [11–13].
KASP is a uniplex and flexible genotyping platform that efficiently and cheaply provides
high throughput [14]. Breeding program improvement could be greatly sped up by con-
verting traditional functional markers (FMs) to KASP tests.

KASP is rarely used to investigate the effects of drought on wheat at the seedling stage,
two KASP markers, namely TaDreb-B1 and 1-FEH w3 from Dreb and Fehw3 genes, were
reported with their association with drought tolerance [15]. Only two studies tested these
markers with their association with yield under normal conditions and drought tolerance
at the germination stage, and those studies were by Rehman et al. [16] and Mohamed
et al. [17], respectively. Therefore, insufficient information is provided about these two
markers for drought tolerance to be used in MAS, in which big germplasm can be screened.
Validating DNA markers is an important step before utilizing them in MAS to achieve
fruitful improvement for target traits. Such validation of markers should be significantly
tested in a different genetic background, or their effects can still be significantly detected
when tested in different locations and/or years [18]. Moreover, the marker–trait association
should be tested in diverse populations that have high genetic variation, which is very
important to truly investigate the association of the tested markers with the target traits for
MAS. The aims of this study are to test the association between drought tolerance and two
KASP markers (TaDreb-B1 and 1-FEH w3 markers) and investigate their effectiveness for
marker-assisted selection to improve drought tolerance in wheat.

2. Results
2.1. KASP Genotyping

The distribution of two wheat populations based on TaDreb-B1 and 1-FEH w3 KASP
markers is shown in Figure 1. In general, the blue dots are the FAM- homozygous allele and
refer to the marker’s target allele. The red dots are the HEX homozygous allele (non-target
allele). Green dots are heterozygous alleles, and black dots stand for no call.

22



Int. J. Mol. Sci. 2023, 24, 8986

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 14 
 

 

and refer to the marker’s target allele. The red dots are the HEX homozygous allele (non-
target allele). Green dots are heterozygous alleles, and black dots stand for no call. 

 
Figure 1. The result of KASP genotyping in spring and winter populations using TaDreb-B1 and 1-
FEH w3 KASP markers. T:T (blue) and G:G (red) homozygous allele and T:G (green) heterozygous 
allele for TaDreb-B1. C:C (blue) and T:T (red) homozygous allele and C:T (green) heterozygous allele 
for 1-FEH w3. 

According to Figure 1, the winter population (WP) had 125 genotypes containing the 
homozygous allele (T:T) for TaDreb-B1 and 119 genotypes containing the homozygous al-
lele (C:C) for 1-FEH w3. Additionally, the red groups in the WP containing 23 genotypes 
had homozygous alleles (G:G) for TaDreb-B1, and 28 genotypes had homozygous alleles 
(T:T) for 1-FEH w3. The heterozygous alleles (T:G and C:T) in the WP were shown in 9 and 
10 genotypes for TaDreb-B1 and 1-FEH w3, respectively. 

The spring population (SP) had 98 genotypes with the homozygous allele (T:T) in the 
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(T:G and C:T) in the SP were present in 5 and 6 genotypes for TaDreb-B1 and 1-1-FEH w3, 
respectively. 
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types had only the TaDreb-B1 target allele), 1-FEH w3 (genotype had only the 1-FEH w3 
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Figure 1. The result of KASP genotyping in spring and winter populations using TaDreb-B1 and
1-FEH w3 KASP markers. T:T (blue) and G:G (red) homozygous allele and T:G (green) heterozygous
allele for TaDreb-B1. C:C (blue) and T:T (red) homozygous allele and C:T (green) heterozygous allele
for 1-FEH w3.

According to Figure 1, the winter population (WP) had 125 genotypes containing
the homozygous allele (T:T) for TaDreb-B1 and 119 genotypes containing the homozygous
allele (C:C) for 1-FEH w3. Additionally, the red groups in the WP containing 23 genotypes
had homozygous alleles (G:G) for TaDreb-B1, and 28 genotypes had homozygous alleles
(T:T) for 1-FEH w3. The heterozygous alleles (T:G and C:T) in the WP were shown in 9 and
10 genotypes for TaDreb-B1 and 1-FEH w3, respectively.

The spring population (SP) had 98 genotypes with the homozygous allele (T:T) in the
TaDreb-B1 and 144 genotypes with the homozygous allele (C:C) in the 1-FEH w3. Addi-
tionally, 83 genotypes had the homozygous allele (G:G) for TaDreb-B1, and 45 genotypes
had the homozygous allele (T:T) for 1-FEH w3 in the red groups. The heterozygous alleles
(T:G and C:T) in the SP were present in 5 and 6 genotypes for TaDreb-B1 and 1-1-FEH w3,
respectively.

The genotypes in each population were classified into four groups: TaDrebB1 (geno-
types had only the TaDreb-B1 target allele), 1-FEH w3 (genotype had only the 1-FEH w3
target allele), TaDrebB1&1-FEH w3 (genotype had the two target alleles), and Non (geno-
type did not have any target alleles) (Figure 2). The spring population had 61 genotypes
with only TaDreB1, and this was higher than those genotypes in the winter population
(5 genotypes). For genotypes having only 1-FEH w3, a set of 27 genotypes in the winter
population was found to have only 1-FEH w3, and this number was higher than those in
the spring population (23 genotypes). Interestingly, 62% (98 genotypes) of genotypes in the
winter population possessed both favorable marker alleles together, while this percentage
was only 37% in the spring population (75 genotypes). A total of 25 genotypes had no
favorable marker allele in the spring genotypes, while only five genotypes in the winter
population had no favorable marker allele.
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2.2. The Diversity of TaDreb-B1 and 1-FEH w3 Markers

The marker allele frequency, marker allele diversity, and PIC for both marker alleles
in the two wheat populations are presented in Figure 3. In the WP and SP, the TaDreb-B1
gene frequency was detected at 0.84 and 0.54, respectively. Moreover, the gene diversity of
TaDreb-B1 in the WP and SP was 0.26 and 0.50, respectively. PIC values for TaDreb-B1 were
0.23 and 0.37 in WP and SP, respectively.
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Figure 3. Diversity features. Gene frequency, gene diversity, and polymorphism information content
(PIC) of TaDreb-B1 and 1-FEH w3 markers in each population.

The gene frequency of 1-FEH w3 was 0.81 in the WP and 0.76 in the SP. Furthermore,
the gene diversity of 1-FEH w3 in the WP and SP was 0.31 and 0.36, respectively, while the
PIC values for 1-FEH w3 were 0.26 and 0.30 in WP and SP, respectively.

2.3. Single-Marker Analysis
2.3.1. Seedling Stage

Highly significant variation was found among genotypes in each population for all
phenotypic traits scored [19,20]. In this study, a non-significant effect was found between
the two markers and seedling traits of the WP. On the other hand, in the SP, the TaDreb-B1
marker was not significantly associated with all traits except the SLW (p-value < 0.05).
The 1-FEH w3 marker had a highly significant effect on all traits except DTR, with p-values
of 0.00001, 0.00000022, and 0.0004 for SLW, DTW, and RB, respectively.
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The allele effect of the two markers on the seedling traits in both populations is
presented in Figure 4. In the SP, the allele C and T of the 1-FEH w3 and Ta-Dreb-B1,
respectively, increased SLW and DTR and decreased DTW and RB. In the WP, the target
allele of the TaDreb-B1 marker had, on average, decreased SLW and RB and increased DTW
and DTR. The target allele of the 1-FEH w3 in the WP, on the other hand, increased SLW,
DTW, and DTR, while, it decreased RB.
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Figure 4. Box plots showing the difference between genotypes with the target allele and without the
target allele for each marker in both populations scored at the seedling stage. F, NF, D, and ND refer
to Fehw3, non-Fehw3, TaDreb-B1, and non-TaDreb-B1. (SLW) the sum of leaf witling, (DTW) days to
wilting, (RB regrowth biomass), and (DTR) days to recovery. *, ** refer to significance at 0.05, and
0.01, respectively. ns refers to non-significant p values.
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2.3.2. Field Experiments

Highly significant genetic variation was found among all genotypes in the winter
population for all traits in the two locations in Nebraska, USA [21]. A significant difference
was found between the two locations in the rainfall data (Supplementary Table S1), with
averages of 3.09 cm and 1.36 cm for Lincoln and North Platte, respectively.

Highly significant variation was found for the same traits among genotypes in spring
wheat (Supplementary Figures S1–S4). Soil moisture at 10 and 35 cm under drought
stress in the two growing seasons are presented in Supplementary Table S2. Soil moisture
(volume %) at 10 cm depth was 19.0 and 19.9% in 2018 and 2019, respectively, while it was
35.4 and 35.5% at 35 cm depth in the two growing seasons, respectively.

For the WP, the marker–trait association between the two KASP markers and the
spike-related traits (SL, GNPS, SPS, and TKW) in the two distinct rainfall environments
(Lincoln and North Platte) is presented in Table 1. The association between TaDreb-B1 and
spike traits in both locations was non-significant. In Lincoln, the 1-FEH w3 marker was
found to be significant for all traits except TKW, with negative target allele effects on SL,
GNPS, and SPS. No significant association was found between the 1-FEH w3 marker and
spike traits in North Platte.

Table 1. Marker–trait association analysis between the two KASP markers and spike traits under
Lincoln and North Platte (low rainfall environment) in the winter population.

Location Trait Gene/Target Allele p-Value Effect of Target Allele

Lincoln SL 1-FEH w3/C 0.01727 ** −0.38931
TaDreb-B1/T 0.30918 0.17946

GNPS 1-FEH w3/C 0.00517 ** −3.2963
TaDreb-B1/T 0.66216 0.56407

SPS 1-FEH w3/C 0.03281 ** −0.53918
TaDreb-B1/T 0.95199 0.01643

TKW 1-FEH w3/C 0.78477 0.44653
TaDreb-B1/T 0.44112 −0.17361

SL 1-FEH w3/C 0.50759 0.08685
TaDreb-B1/T 0.53501 0.08919

GNPS 1-FEH w3/C 0.60044 0.34391
North Platte TaDreb-B1/T 0.63706 0.33435

SPS 1-FEH w3/C 0.79417 −0.0495
TaDreb-B1/T 0.89495 0.0268

TKW 1-FEH w3/C 0.48396 −0.3992
TaDreb-B1/T 0.16237 −0.8338

(SL) Spike length, (SPS) number of spikelets per spike, (GNPS) grain number per spike, and (TKW) thousand-
kernel weight. ** refers to significance at p ≤ 0.01.

In the SP, the association between the two KASP markers and spike traits in two
growth seasons (2018 and 2019) under control and drought conditions is shown in Table 2.
Under control conditions, a significant association was found between SL and TaDreb-B1
and between 1-FEH w3 and GNPS in the 2019 growing season. While under drought
conditions in two seasons (2018 and 2019), TaDreb-B1 and 1-FEH W3 were significantly
associated with SL and GNPS, respectively.
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Table 2. Marker–trait association analysis between the two KASP markers and spike traits under
control and drought conditions in two growing seasons (2018 and 2019) in the spring population.

Environment Trait Gene/Target Allele p-Value Effect of Target Allele

Control 2018
SL 1-FEH w3/C 0.647 −0.307

TaDreb-B1/T 0.105 −0.882
GNPS 1-FEH w3/C 0.143 −5.190

TaDreb-B1/T 0.169 4.115
SPS 1-FEH w3/C 0.941 −0.033

TaDreb-B1/T 0.788 0.103
TKW 1-FEH w3/C 0.852 −0.297

TaDreb-B1/T 0.461 −1.002
Drought 2018

SL 1-FEH w3/C 0.371 −0.381
TaDreb-B1/T 0.000096 ** −1.393

GNPS 1-FEH w3/C 0.021180 * 3.464
TaDreb-B1/T 0.191 5.059

SPS 1-FEH w3/C 0.831 −0.078
TaDreb-B1/T 0.613 0.152

TKW 1-FEH w3/C 0.966 −0.073
TaDreb-B1/T 0.330 −1.382

Control 2019
SL 1-FEH w3/C 0.500 −0.358

TaDreb-B1/T 0.00037 ** −1.540
GNPS 1-FEH w3/C 0.02732 * −6.738

TaDreb-B1/T 0.836 0.519
SPS 1-FEH w3/C 0.420 −0.374

TaDreb-B1/T 0.523 0.251
TKW 1-FEH w3/C 0.503 −0.455

TaDreb-B1/ T 0.082 −0.942
Drought 2019

SL 1-FEH w3/C 0.651 −0.198
TaDreb-B1/T 0.00051 ** −1.246

GNPS 1-FEH w3/C 0.00811 ** −8.161
TaDreb-B1/T 0.524 -d1.588

SPS 1-FEH w3/C 0.356 −0.377
TaDreb-B1/T 0.201 0.444

TKW 1-FEH w3/C 0.802 −0.358
TaDreb-B1/T 0.546 −0.718

(SL) Spike length, (SPS) number of spikelets per spike, (GNPS) grain number per spike, and (TKW) thousand-
kernel weight, *, ** significant at p ≤ 0.05 and p ≤ 0.01, respectively.

3. Discussion
3.1. Diversity of KASP Markers

Improving drought tolerance in wheat remains an important task for breeders and
geneticists in the face of climate change consequences, including drought stress. DNA
markers can be used to accelerate breeding programs. However, they should be validated
in different genetic backgrounds to be used for marker-assisted selection to improve target
traits. Two KASP markers for TaDreb-B1 and 1-FEH w3 genes were reported with their
association with drought tolerance in wheat [15,16].
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In the current study, two wheat populations were used to test the association be-
tween the two markers and drought tolerance at seedling and reproductive growth stages.
The two populations facilitated reliable investigations on the effectiveness of these two
markers in marker-assisted selection because they were produced differently, had different
genetic backgrounds, represented two growth types of wheat (winter and spring), and
each one had sufficient genotypes (>100 individuals)—recommended to test marker–trait
association [22,23].

Both KASP markers were able to separate the genotypes into three clear groups (target
allele, non-target allele, and heterozygous/heterogeneous). The diversity features of the
two markers were extensively studied. The gene frequency of 1-FEH w3 was 0.76 and 0.81
for the spring and winter populations, respectively, which was higher than the frequency
(0.28) reported by Rehman et al. [16] in a set of 153 Pakistani hexaploid wheat cultivars.
For TaDreb-B1, the frequency of the target allele was 0.54 and 0.84 for the spring and winter
populations, respectively, which was also higher than the frequency of the same allele (0.31)
reported by Rehman et al. 2021. In the Pakistani hexaploid wheat cultivars, the PIC for
TaDreb-B1 and 1-FEH w3 genes was 0.33 and 0.34 [16], respectively, which were near the
PIC values reported in this study for the two genes in both populations. Therefore, both
markers can be classified as moderately informative (0.25 < PIC < 0.50), according to Bostein
et al. [24]. So, TaDrebB1 and 1-FEH w3 KSAP markers provided very useful information
about the diversity among wheat genotypes and can also be used in diversity studies.
The PIC and gene diversity values are an excellent indicator of informative markers that
can be used for genetic diversity studies [25–27].

The association between the two target alleles for both markers and drought tolerance
at seedling and adult growth stages were investigated. The same traits were recorded in
both populations. Unfortunately, very few studies have investigated the effect of these two
KASP markers on drought tolerance in the field. Mohamed et al. [17] tested the association
between the two KASP markers and germination traits in wheat under 25 and 30% of
polyethylene glycol (PEG). The association between yield traits under normal conditions
and these two markers was studied by Rehman et al. [16].

3.2. Seedling Experiments

For the seedling experiment, SLW, DTW, RB, and DTR are very important traits
that have a direct association with drought tolerance [28]. SLW and DTW are tolerance
traits that indicate water deficit on wheat leaves, while RB and DTR are recovery traits
indicating the ability of plants to recover and form new shoots after prolonged drought
stress [29]. All these traits are highly heritable, so they are very useful for selection to
drought tolerance [19,20,29,30]. In the WP, the non-significant association between the two
markers and the seedling traits under drought stress indicated that there was no effect
on improving drought tolerance for those genotypes that had the target allele. However,
it was noted the genotypes that had allele (T) of TaDreb-B1 had, on average, less leaf
wilting symptoms, higher days to wilting, higher regrowth after drought, and lower days
to recovery. The target allele (C) of 1-FEH w3 gene, on the other hand, was found to
increase SLW, decrease DTW, decrease RB, and increase the DTR. Therefore, this allele can
be considered, on average, to decrease drought tolerance. In the SP, the allele C of 1-FEH w3
gene was found to be highly significant and correlated with drought susceptibility for all
seedling traits. The target allele of TaDreb-B1, on average, was non-significantly associated
with seedling traits but, on average, the genotypes possessing this allele had high SLW,
high DTW, low DTR, and low RB. Germination is a growth stage before the seedling stage.
No significant association was identified between the two KASP markers and germination
traits (germination %, germination rate, shoot length, root length, number of roots, fresh
and dry weight, and water content) under severe drought stress induced by PEG [17].
Additionally, no clear allele effect, on average, regarding drought tolerance, was found for
all traits under both PEG treatments.
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3.3. Field Experiments

For the field experiment, both populations were evaluated under normal irrigation
(SP) or high-rainfall (WP) and drought or low-rainfall conditions in two different countries
(Egypt and USA). The significant differences in the WP between the two locations in the
rainfall indicated that the genotypes at North Platte were exposed to greater drought
stress compared to those grown in Lincoln. For the spring population, the soil moisture
(volume %) was approximately 19% and 35% at 10 and 35 cm depth. In wheat, the optimum
volumetric soil moisture content remaining at field capacity was about 45 to 55% (three feet
below the soil surface for clay soils and 15 to 20% at the wilting point [31], which is defined
as the soil water content when plants growing in that soil wilt and fail to recover their
turgor upon rewetting, indicating successful drought stress occurred in spring genotypes).

Under normal (SP) and high-rainfall (WP) conditions, the target allele (C) for the
1-FEH w3 was found to be significantly associated with low GNPS (C19), while in the
spring population, it was associated with low SPS, low GNPS and short SL (Lincoln) in
the winter population. Additionally, it had a negative effect, on average, on TKW in both
populations. These results agreed with previous results reported by Rehman et al. [16],
who found that the favorable allele (C) of 1-FEH w3 was significantly associated with
decreased grain number per spike (GPS). They also found a non-significant association
between the 1-FEH w3 marker and TKW; however, in both populations, in the genotypes
that had the C allele, TKW decreased compared to the genotypes that carried the other
allele (T). For the TaDreb-B1 marker, the target allele (T) was significantly associated with
decreased spike length. In the study of Rehman et al. [16], the target allele of the TaDreb-
B1 was significantly associated with increased grain number per spike. In the current
study, all genotypes in both populations carrying the target allele (T) of the TaDreb-B1 had,
on average, higher GNPS and SPS than the group with the nontarget allele (C). The target
allele (T) decreased TKW in both populations. Although Rheman et al. [16] reported a
non-significant association between the TaDreb-B1 and TKW, on average, the genotypes
carrying the target allele had higher TKW than the other group.

Under low-rainfall and drought stress conditions, the allele C of the 1-FEH w3 gene
was significantly associated with increased GNPS in D18 and decreased GNPS in D19 in
the spring population, indicating an environmentally sensitive effect on GNPS across the
two years under drought stress. The same markers did not show a significant association
in the winter population under low-rainfall environments. The TaDreb-B1 markers had
a significant association with decreased SL in D18 and D19 in the spring population.
On average, the target allele of the TaDreb-B1 (T) increased SPS and GNPS (except D19)
in both populations. Unfortunately, no previous study investigated the marker–trait
association between markers and yield traits under drought stress conditions.

To summarize the effects of two markers in both populations in the current study, the
allele effect (on average) of the target alleles of each marker for each trait is illustrated in
Figure 5. In total, it seemed that TaDreb-B1 had more positive effects in most of the traits at
the seedling stage and adult growth stages than the 1-FEH w3 marker (four traits). Notably,
on average, all genotypes carrying the target allele (T) of TaDreb-B1 had higher GNPS
(except D19) and SPS than non-allele genotypes under both conditions in both populations.
The findings of Rehman et al. [16] (under normal conditions) support this result. Therefore,
the TaDreb-B1 marker might be more effective in MAS than the 1-FEH w3 marker.

The SNP alleles of 1-FEH w3 were reported by Zhang et al. [32]. The flanking sequence
including the target allele (C) was blasted in EnsemblePlant (https://plants.ensembl.org/
Triticum_aestivum/Info/Index (accessed on 15 May 2023). The blast results revealed that
the sequence was located within the TraesCS6B02G080700 gene model, which is known as
1-FEH w3 (https://knetminer.org/Triticum_aestivum/ (accessed on 15 May 2023). Zhang
et al. [32] tested the expression of 1-FEH w3 in two contrasting wheat genotypes for drought
tolerance. They found that 1-FEH w3 had a higher expression in the drought tolerant
genotype than in the drought susceptible genotype. The tolerant genotype had the allele
C, while the susceptible genotype had the T allele. This marker segregated very well in
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the doubled haploid population (DH) derived from the crossing of two genotypes. In the
DH population, the 1-FEH w3 allele (C) was found to be significantly associated with high
thousand-grain weight under drought and well-watered conditions. Additionally, the
target allele (C) of 1-FEH w3 had a non-significant association with kernel number per spike.
The DH population only exhibited the variation observed between the two parents. But the
diverse populations provide more genetic variation and diversity, making them ideal for
identifying alleles and their real effects using marker–trait association analysis [33,34]. In a
study by Yáñez et al. [35], the expression of 1-FEH w3 gene was studied in eight contrasting
wheat genotypes that were selected based on the drought tolerance index. They found
that the 1-FEH w3 gene had a higher expression in the susceptible genotype Fontagro 69
than the tolerant genotype LE2384 at 0, 14, and 21 days after anthesis under water stress.
Moreover, the susceptible genotype had a higher thousand kernel weight under normal
and drought stress than the tolerant genotype and vice versa for the number of kernels
per spike, number of spikelets per spike, and grain yield per plant. This result further
supports that 1-FEH w3 as a KASP marker had a non-stable effect on drought tolerance
in wheat. As drought tolerance is a complex trait controlled by many genes, it seems that
the target allele for the Fewh3 gene may have only small effects on drought tolerance in
wheat. It could be that the other genotypes that did not have the target allele include other
drought-tolerant genes. In wheat, the negative and non-significant effect of the C allele of
the 1-FEWHw3 gene was found at the germination stage [17] and also at the adult growth
stage in a large number of highly diverse wheat genotypes [16].
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KASP markers are very important for marker-assisted selection to rapidly and geneti-
cally target traits [36]. Therefore, KASP markers should be validated in a large number of
genotypes with high genetic diversity before use in MAS.

4. Material and Methods
4.1. Plant Material

The plant material used in this study consisted of two wheat populations (winter
and spring). The winter population consisted of 157 randomly selected genotypes from
the 270 F 3:6 lines (Nebraska Duplicate Nursery 2017). Details about the production and
pedigree of the population were previously published in Eltaher et al. [21]. All genotypes in
the winter population (WP) were highly diverse, representing the preliminary yield trial of a
standard breeding program [27]. The spring population (SP) consisted of 198 highly diverse
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wheat genotypes, representing 22 different countries [19]. The list of genotypes in both
populations is presented in Supplementary Table S3. The genotypes from SP were collected
from the U.S. National Plant Germplasm System database (https://www.ars-grin.gov/
(accessed on 15 May 2023), while the genotypes in WP were from Nebraska Winter Wheat
Breeding program (https://agronomy.unl.edu/small-grains (accessed on 15 May 2023).

4.2. Seedlings Experiments

Both populations were previously evaluated under seedling drought stress using the
same protocol with very slight modifications in the duration of drought stress. Drought
tolerance was evaluated in the spring population by Ahmed et al. [19], while the winter
population was evaluated by Eltaher et al. [21].

In both populations, all genotypes were exposed to natural drought stress by water
withholding after all plants reached two expanded leaves in the winter population and
one expanded leaf in the spring. When 70% of genotypes had full wilting, the drought
treatment was ended. Then, all plants were cut and re-irrigated to test their recovery after
prolonged drought stress. Four traits were selected from Ahmed et al. [19]. These traits
were the sum of leaf witling (SLW), days to wilting (DTW), regrowth biomass (RB), and
days to recovery (DTR). Low values of SLW and DTR and high values of RB and DTW
indicated tolerance to drought. These traits have a direct relation to seedling drought stress.

The genotypes in spring and winter population were evaluated in seven and three
replications, respectively.

4.3. Field Experiments

Important spike traits in the winter population were scored under a higher-rainfall
environment (HR) located in Lincoln, NE, and a lower-rainfall environment (LW) located
in North Platte, NE, USA by Eltaher et al. [21] in two replications each. The climate
data, including temperature and precipitation for the two locations, are presented in
Supplementary Table S1.

In this study, the spring population was evaluated under normal and drought stress
conditions for two growing seasons (2018 and 2019) at the Experimental Field Station,
Assiut University, Egypt, where soil and clay were used in two replications in each of the
conditions. In each growing season, the genotypes in the control conditions were irrigated
eight times during the growing season, while the irrigation was stopped after two times
irrigation at the booting stage in the drought conditions.

Spike length (SL), number of spikelets per spike (SPS), grain number per spike (GNPS),
and thousand-kernel weight scored in the spring population, and the data of the same
traits were taken from Eltaher et al. [21] for the winter population. Soil water moisture was
estimated under drought stress at 10 and 35 cm depth according to method described by
Kumar [37].

4.4. DNA Extraction and Kompetitive Allele-Specific PCR (KASP) Genotyping

All genotypes in both populations were sown, and when all plants reached the one
leaf stage, the leaves of each genotype were harvested for DNA extraction. All genotypes
in the spring and winter populations are highly homozygous. DNA extraction was per-
formed using the BioSprint 96 automatic DNA extractor. For KASP genotyping, the DNA
concentrations of all samples were diluted at 50 ng/µL according to LGC Genomics manual
instructions. All samples were arrayed in a 384-well plate for KASP PCR. In each well,
a 10 µL reaction (5 µL of DNA and 5 µL of the KASP reaction mix, including 0.14 µL of the
primer assay mix from LGC-Genomics, Middlesex, UK) was used.

Two KASP markers for TaDreb-B1 and 1-1-FEH w3 genes were ordered from the
Integrated DNA Technologies (IDT) laboratory (Redwood City, CA, USA) (Supplementary
Table S4). Thermal cycling conditions lasted 15 min at 94 ◦C. This was followed by 10 cycles
of touchdown PCR as follows: 94 ◦C for 20 s and 65–57 ◦C for 60 s (dropping to 0.8 ◦C per
cycle). This was followed by 26 cycles of regular PCR as follows: 94 ◦C for 20 s and 55 ◦C
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for 60 s. The 384-well plate was read via FLUOstar Omega fluorescence. To determine
the absence or presence of the TaDreb-B1 and 1-FEH w3 genes, the target allele (presence
of gene) was labelled with FAM (blue), while the non-target allele A (absence of gene)
was labelled with HEX (red). The analysis of KASP-PCR products was performed using
Klustercaller v2.22.0.5 software, and SNPs of each gene were labelled using SNPviewer
software (LGC, Biosearch Technologies, Beverly, MA, USA). The analysis of KASP markers
in the two populations was done in 2022.

4.5. Diversity and Single-Marker Analysis

In each population, the polymorphic information content, gene diversity, and gene
frequency were estimated for each KASP marker using Power marker software [38].

To test marker–trait association, the SNPs of each gene were analyzed with all traits
scored in this study in both populations by single-marker analysis (SMA). The SMA was
performed using R software according to the following model [39]:

Y = µ + f (marker) + error

where Y is the trait value, µ is the nursery mean, and f (marker) is a function of the
molecular marker [40].

The significant marker–trait association was determined to be at a significant level of
p < 0.05. The phenotypic variation explained by marker and gene effect was calculated from
the statistical model [39]. Box plots showing the difference between genotypes having the
target allele and without the target allele were created using the R package ‘ggplot2’ [41].

5. Conclusions

In conclusion, two highly diverse populations representing winter and spring types
were used to investigate the effectiveness of two KASP markers, 1-FEH w3 and TaDreb-B1,
on improving drought tolerance in wheat for MAS. The results of this study suggest that
the use of 1-FEH w3 as a KASP marker for MAS to improve drought tolerance in wheat
is extremely questionable. TaDreb-B1 provided better consistency in improving drought
tolerance than 1-FEH w3. However, the promising marker allele TaDreb-B1 should be
validated further in different genetic backgrounds.
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Abstract: Members of the TaCKX gene family (GFMs) encode the cytokinin oxygenase/dehydrogenase
enzyme (CKX), which irreversibly degrades cytokinins in the organs of wheat plants; therefore, these
genes perform a key role in the regulation of yield-related traits. The purpose of the investigation was
to determine how expression patterns of these genes, together with the transcription factor-encoding
gene TaNAC2-5A, and yield-related traits are inherited to apply this knowledge to speed up breeding
processes. The traits were tested in 7 days after pollination (DAP) spikes and seedling roots of
maternal and paternal parents and their F2 progeny. The expression levels of most of them and the
yield were inherited in F2 from the paternal parent. Some pairs or groups of genes cooperated, and
some showed opposite functions. Models of up- or down-regulation of TaCKX GFMs and TaNAC2-5A
in low-yielding maternal plants crossed with higher-yielding paternal plants and their high-yielding
F2 progeny reproduced gene expression and yield of the paternal parent. The correlation coefficients
between TaCKX GFMs, TaNAC2-5A, and yield-related traits in high-yielding F2 progeny indicated
which of these genes were specifically correlated with individual yield-related traits. The most
common was expressed in 7 DAP spikes TaCKX2.1, which positively correlated with grain number,
grain yield, spike number, and spike length, and seedling root mass. The expression levels of TaCKX1
or TaNAC2-5A in the seedling roots were negatively correlated with these traits. In contrast, the
thousand grain weight (TGW) was negatively regulated by TaCKX2.2.2, TaCKX2.1, and TaCKX10 in
7 DAP spikes but positively correlated with TaCKX10 and TaNAC2-5A in seedling roots. Transmission
of TaCKX GFMs and TaNAC2-5A expression patterns and yield-related traits from parents to the F2

generation indicate their paternal imprinting. These newly shown data of nonmendelian epigenetic
inheritance shed new light on crossing strategies to obtain a high-yielding F2 generation.

Keywords: parental imprinting; transgenerational epigenetics; paternal inheritance; wheat; TaCKX
expression; cytokinin; yield

1. Introduction

Bread wheat (Triticum aestivum) is the most important cereal crop in the temperate
climate and provides a staple food for more than a third of the world’s population [1].
It belongs to the Triticeae tribe, which also includes barley, rye, and triticale. Among
the species, wheat has the largest and most complex hexaploid genome (2n = 6x = 42),
which consists of the three homoeologous subgenomes A, B, and D. Each gene present as
homologues A, B, and D could retain its original function or, as a result of independent
evolution, develop heterogeneous expression, and/or one or two copies may be silenced
or deleted [2,3].

Cytokinins (CKs) perform a basic role in the growth, development, and productivity
of any plant species, including wheat [4]. Their content in developing spikes of wheat
is correlated with grain yield, grain number and weight, TGW, chlorophyll content in
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flag leaves, and seedling root weight [5–9]. There are two types of cytokinins, isoprenoid
and aromatic. The most important and widely occurring are isoprenoids, cis-zeatin (cZ),
trans-zeatin (tZ), isopentenyl adenine (iP), and dihydrozeatin (DZ), and fewer aromatic
forms, e.g., benzylaminopurine (BA). The content of active forms in plant tissues and
organs depends on metabolic processes, such as biosynthesis, degradation, inactivation,
and reactivation. Active forms and their ribosides can also be transported throughout the
plant [10]. Enzymes for all metabolic processes are encoded by members of the gene family
(GFMs) [11–15]. One of the most important processes is the irreversible degradation of
cytokinins by TaCKX GFMs. There are 13 basic TaCKX GFMs, 11 of which have homoeologs
in subgenomes A, B, and D. Two of them, TaCKX2.2.2 and TaCKX2.2.3, are located only
in the D subgenome [11]. The CKX GFMs encode the cytokinin oxidase/dehydrogenase
enzyme. Their role in the regulation of yield-related traits in wheat [5–7,11] and other
species were already shown [4,16–18]. Decreased expression of the TaCKX1 or TaCKX2
genes significantly influenced TGW, seed number, and chlorophyl content in flag leaves,
and the effect was dependent on the silent gene and/or genotype [5–7]. The TaCKX4
copy number affected grain yield and chlorophyl content in flag leaves [19]. Haplotype
variants of TaCKX6-D1 (actually TaCKX2.2.1-3D) were associated with TGW [20], and the
allelic variant of TaCKX6a02 (annotated as TACKX2.1) influenced grain size, filling rate,
and weight [21]. In addition to yield, some CKX GFMs influence other pleiotropic traits,
including root growth, nutrient accumulation, and abiotic stress responses [18,22,23]. These
genes could also be regulated at the transcriptional level by transcription factors (TFs),
especially those belonging to the NAC family; however, knowledge about their function is
still very limited [24]. A promising NAC-encoding candidate with a role in yield-related
traits is TaNAC2-5A [25,26]. As reported, overexpression of the gene delayed leaf senescence
and increased nitrate uptake and concentration, root growth, and grain yield under field
conditions. It is interesting to note that in a controlled environment, TaNAC2-5A was
negatively correlated with the activity of the CKX enzyme in seedling roots and the number
of tillers [8].

Crossbreeding and selection are basic steps in crop improvement, and the only po-
tential limitation is too narrow genetic variability. Therefore, it is important to know how
yield-related traits are inherited. Moreover, traits, including stably integrated transgenes
and edited genes, are inherited according to Mendelian rules [27–30]. An exception to
Mendel’s principles that encompass both groups of genes is epigenetic inheritance [31] or
the polygenic nature of genomic architecture for the linked traits, which can be regulated
by transcription factors [32–34] or other gene regulatory networks [35].

The pattern of gene expression could be considered a trait with its own type
of inheritance.

This concept, reviewed by Yoo et al. [2], called parental expression additivity, is defined
as the arithmetic average of the expression of the parental genes. Expression additivity
of parental genes is observed in the offspring of the diploid species. The deviation of
additivity called parental non-additive expression is mainly found in the offspring of
polyploid species. A bias when the expression of the offspring is similar to that of one of
the parents is called expression-level dominance. If total offspring expression is lower or
higher than in both parents, the phenomenon is called transgressive expression, and when
the contribution of the parental homeologs to the total gene expression is unequal, it is
named homeolog expression bias. All this deviation from additivity can be explained as a
result of different factors, such as the influence of one of the parental genomes, epigenetic
regulation, balance of gene dosage, and cis- and/or trans-regulatory elements [2].

Expression-level dominance, which is of uniparental origin, is also called genomic
imprinting [36,37]. This phenomenon of epigenetic origin is the result of the asymmetries
of DNA and histone methylation between maternal and paternal plants. Male and female
genotypes are multicellular in origin; therefore, primary gene imprinting can occur in
egg cells, central cells, and sperm and, subsequently, in the triploid endosperm or, less
frequently, in the diploid embryo [37]. Generally, conservation of imprinting is limited
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across other crops; however, these genes that show conserved imprinting in cereals showed
positive selection and were suggested to perform a dose-dependent function in the regula-
tion of seed development [38]. However, as recently documented by Rodrigues et al. [39],
most genes imprinted in the endosperm of seeds were imprinted across cultivars, extending
their functions to chromatin and transcriptional regulation, development, and signaling.
Only 4% to 11% of the imprinted genes showed divergent imprinting.

Imprinted gene expression affects mostly single genes or groups of genes. Most of
them are maternally expressed and inherited [36,40,41]. The best recognized is the maternal
effect of genes during embryo development [42]. Early development in Arabidopsis is
coordinated by the supply of auxin from the mother integuments of the ovule, which is
required for the correct embryo development of embryos [40]. The genomic imprinting of
the cereal endosperm influences the timing of endosperm cellularization [43]. An example
of imprinted maternally expressed genes in cereals is a polycomb group, which is important
for the cellularization of endosperm in rice [44]. Reciprocal crosses between tetraploid and
hexaploid wheats showed that imprinted genes were identified in endosperm and embryo
tissue, supporting the predominant maternal effect on early grain development [45]. Pater-
nally expressed imprinted genes were associated with hybrid seed lethality in Capsella [46].
In maize, the Dosage-effect defective1 (ded1) locus that contributes to seed size was found to
be paternally imprinted [47]. The gene encodes a transcription factor that is specifically
expressed during early endosperm development. There is also evidence that small RNAs
might determine the paternal methylome by silencing transposons [48]. In addition to these
reports, it is very difficult to find examples of paternally inherited genes, especially in cere-
als. Many studies have indicated dynamic changes in the epigenetic state, including DNA
methylation, chromatin modifications, and small RNAs, which are observed during the
reproductive development of plants [49,50]. The spatiotemporal pattern of gene expression,
imprinting, and seed development in Arabidopsis endosperm is predominantly regulated
by small maternal RNAs; however, they also originate from the paternal genome and the
seed coat [51]. As reported by Tuteja et al. [52], imprinted paternally expressed genes, but
not maternally expressed genes, in Arabidopsis evolve under positive Darwinian selection.
These genes were involved in seed development processes, such as auxin biosynthesis
and epigenetic regulation. Imprinted paternally expressed genes are mainly associated
with hypomethylated maternal DNA alleles, which can be repressed by small genic RNAs
and rarer with transposable elements [49,53]. Epigenetic changes can be developmentally
regulated (developmental epigenetics). The state in which changes in DNA methylation
are stable between generations and heritable is called transgenerational epigenetics [54].

Several TaCKX GFMs and TaNAC2-5A (NAC2) were previously selected as important
regulators of yield-related traits. To determine how the expression patterns of selected
genes are inherited in the developing spikes and seedling roots of the parents and the F2
generation, we used a reciprocal crossing strategy. The research hypothesis assumed that
knowledge of inheritance of gene expression patterns that regulated yield-related traits
indicated the way of selection of genotypes in wheat breeding. There is a research gap in
documenting the inheritance of expression patterns for yield-related genes. We found that
most of the genes in the F2 generation were expressed in a pater-of-origin-specific manner,
which shed new light on the ways of selecting wheat lines and the breeding strategy.

2. Results
2.1. Reciprocal Crosses Indicate That the Expression Patterns of Most of the TaCKX GFM and
Yield-Related Traits Are Mainly Inherited from the Male Parent

Relative values (related to the female parent = 1.0) of the expression profiles of TaCKX
GFM and NAC2 in 7 DAP spikes, seedling roots, and phenotypic traits in the female
parent, male parent, and their six F2 progeny from one reciprocal cross of S12B × S6C
(C1) and S6C × S12B (C2) are presented in Figure 1. The same data obtained in reciprocal
crosses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × D19
(C6); D19 × KOH7 (C7) and KOH7 × D19 (C8) are visualized in Figure S1. S6C, the
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paternal parent of the S12B × S6C cross (C1), showed higher expression of TaCKX1 and
NAC2 and lower expression of TaCKX5 and TaCKX10 in spikes than the maternal parent
(S12B). The expression of TaCKX1, NAC2, TaCKX5, and TaCKX11 in the spikes of the F2
progeny of this cross was higher (Figure 1A). In the reverse cross (S6C × S12B), when S12B
was a paternal component (Figure 1B), TaCKX1 and NAC2 were expressed at low levels,
TaCKX5 and 10 were highly expressed in spikes compared to the maternal parent (S6C),
and in F2, TaCKX1 and NAC2 were expressed at low levels, and TaCKX9, 10, 11, and 5
were upregulated. In seedling roots, the paternal component of S12B × S6C (Figure 1A)
showed high expression of TaCKX5 and NAC2 and low expression of TaCKX10 and 11 in
the parental parent compared to the maternal parent. In the roots of the F2 progeny of
this cross, TaCKX5 and NAC2 were highly expressed, and TaCKX11 was downregulated.
The expression data in the parents of the reverse cross, in which S12B was the paternal
component, were opposite. Their F2 progeny showed a strong upregulation of TaCKX8, 10,
and 11 and a downregulation of TaCKX1, TaCKX3, and NAC2 in seedling roots. The total
grain yield and the number of seeds in F2 of S12B× S6C were low, similar to the male parent
(Figure 1A). The root weight in the F2 progeny of the same cross (S12B × S6C) was lower
than that in the parents. The same yield components in the opposite cross (S6C × S12B)
were high in one F2 sibling, comparable to the maternal parent in two progeny and lower
than in the parents in three of them (Figure 1B). Interestingly, the root mass in F2 was higher
than that in both parents.
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parent or paternal parent, respectively (* 0.05 > p ≥0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the 
ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 
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 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
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Figure 1. Example of TaCKX GFM and NAC2 expression profiles in 7 DAP spikes, seedling roots, and
phenotypic traits in the maternal parent, paternal parent, and their six F2 progeny, from reciprocal
cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with standard
deviation. Black and red asterisks indicate statistical significance compared to the maternal parent or
paternal parent, respectively (* 0.05 > p ≥ 0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the ANOVA
test followed by the LSD post hoc test (STATISTICA 10, StatSoft).
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As presented in Table 1 by colours, most of the expression patterns tested for TaCKX
GFM and NAC2 are inherited from the male parent (red). For example, up-regulated in
7 DAP spikes of the paternal parent TaCKX1 and NAC2 compared to the maternal parent
is up-regulated in F2 as well. The upregulated TaCKX5 and NAC2 and downregulated
TaCKX11 in seedling roots of the paternal parents are similarly expressed in an F2. To
summarize, the expression levels of all tested TaCKX GFMs and NAC2 in 7 DAP spikes,
in addition to being represented in different crosses, showed similar expression patterns
to the paternal parents and were independent of the cross path. Among the TaCKX GFMs
in 7 DAP spikes, which showed the paternal expression patterns were TaCKX1, 2.1, 2.2.2,
5, 9, 10, and 11. In the seedling roots, there were TaCKX5, 11, NAC2; TaCKX10, 11, NAC2;
TaCKX1, 11, NAC2; TaCKX10; 1, 3, 5, 8, 10, 11, NAC2; TaCKX1, 8, 10, NAC2; and 3, 5, 8, 11;
NAC2 (all tested but represented in different crosses). The only exceptions are TaCKX5
in 7 DAP spikes of S12B × S6C (C1) and TaCKX3 in seedling roots of KOH7 × D16 (C4),
whose expression level is similar to that of the maternal parent (green).

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression
levels in 7 DAP spikes and seedling roots of the maternal parent (M), the paternal parent (P) and their
F2 progeny from cresses of D16× KOH7 (C3) and KOH7× D16 (C4); D19× D16 (C5) and D16× D19
(C6); D19 × KOH7 (C7) and KOH7 × D19 (C8), and high (↑) and low (↓) parameters of yield and
root mass. Character colours indicate similar patterns of gene expression and yield-related traits in
F2 and paternal parent (red) or in F2 and maternal parent (green).

M P F2
C1 = S12B × S6C

CKX expression 7 DAP CKX1↓ CKX1↑ CKX1, 11↑↑
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 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

NAC2↓ NAC2↑ CKX5, NAC2↑
CKX5, 9↑ CKX5, 9↓

CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX3↓ CKX3↑, NAC2↑
CKX11, 10↑ CKX11, 10↓ CKX11↓

yield-related traits yield↑ yield↓ yield↓↓
CKX act. spike= CKX act. spike= CKX act. spike↓↓

root=↓ root=↑ root=↓
CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑

C2 = S6C × S12B
CKX expression 7 DAP CKX5, 9↓ CKX5, 9↑ CKX9, 10, 11, 5↑
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rocal cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with 
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ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression 
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their F2 progeny from cresses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × 
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F2 and paternal parent (red) or in F2 and maternal parent (green). 

 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓
CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓
yield-related traits yield↓ yield↑ yield=↓

CKX act. spike= CKX act. spike= CKX act. Spike=
root↑ root=↓ root↑↑

CKX act. root↑ CKX act. root↓ CKX act. root=
C3 = D16 × KOH7

CKX expression 7 DAP CKX11↓↓ CKX11↑↑ CKX5, 9↑↑
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Figure 1. Example of TaCKX GFM and NAC2 expression profiles in 7 DAP spikes, seedling roots, 
and phenotypic traits in the maternal parent, paternal parent, and their six F2 progeny, from recip-
rocal cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with 
standard deviation. Black and red asterisks indicate statistical significance compared to the maternal 
parent or paternal parent, respectively (* 0.05 > p ≥0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the 
ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression 
levels in 7 DAP spikes and seedling roots of the maternal parent (M), the paternal parent (P) and 
their F2 progeny from cresses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × 
D19 (C6); D19 × KOH7 (C7) and KOH7 × D19 (C8), and high (↑) and low (↓) parameters of yield and 
root mass. Character colours indicate similar patterns of gene expression and yield-related traits in 
F2 and paternal parent (red) or in F2 and maternal parent (green). 

 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑
CKX10↑ CKX10↓

CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX1, 5, 10, 11↓↓ CKX1, 5, 10, 11↑↑ CKX1, 8, 11, NAC2↑↑
yield-related traits yield↑ yield↓ yield↓

CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓
root=↑ root=↓ root=

semi-empty spikes↑↑↑
C4 = KOH7 × D16

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5, 9↑↑
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Figure 1. Example of TaCKX GFM and NAC2 expression profiles in 7 DAP spikes, seedling roots, 
and phenotypic traits in the maternal parent, paternal parent, and their six F2 progeny, from recip-
rocal cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with 
standard deviation. Black and red asterisks indicate statistical significance compared to the maternal 
parent or paternal parent, respectively (* 0.05 > p ≥0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the 
ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression 
levels in 7 DAP spikes and seedling roots of the maternal parent (M), the paternal parent (P) and 
their F2 progeny from cresses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × 
D19 (C6); D19 × KOH7 (C7) and KOH7 × D19 (C8), and high (↑) and low (↓) parameters of yield and 
root mass. Character colours indicate similar patterns of gene expression and yield-related traits in 
F2 and paternal parent (red) or in F2 and maternal parent (green). 

 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

CKX11↑↑ CKX11↓↓ CKX11, NAC2↓↓
CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓

39
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Table 1. Cont.

M P F2
CKX expression root CKX3, 8↓ CKX3, 8↑ CKX8↑↑
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3,10↓
NAC2↑↑ NAC2↓↓

yield-related traits yield↓ yield↑ yield↑
CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=

root↓ root↑ root=↓
C5 = D19 × D16

CKX expression 7 DAP CKX2.2.2↑ CKX2.2.2↓ CKX2.2.2↓
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Figure 1. Example of TaCKX GFM and NAC2 expression profiles in 7 DAP spikes, seedling roots, 
and phenotypic traits in the maternal parent, paternal parent, and their six F2 progeny, from recip-
rocal cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with 
standard deviation. Black and red asterisks indicate statistical significance compared to the maternal 
parent or paternal parent, respectively (* 0.05 > p ≥0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the 
ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression 
levels in 7 DAP spikes and seedling roots of the maternal parent (M), the paternal parent (P) and 
their F2 progeny from cresses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × 
D19 (C6); D19 × KOH7 (C7) and KOH7 × D19 (C8), and high (↑) and low (↓) parameters of yield and 
root mass. Character colours indicate similar patterns of gene expression and yield-related traits in 
F2 and paternal parent (red) or in F2 and maternal parent (green). 

 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

CKX10↓ CKX10↑ CKX9↑
CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)
yield-related traits yield↑ yield↓ yield↓↓

CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑
root= root= root↓

semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑
C6 = D16 × D19

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑
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Figure 1. Example of TaCKX GFM and NAC2 expression profiles in 7 DAP spikes, seedling roots, 
and phenotypic traits in the maternal parent, paternal parent, and their six F2 progeny, from recip-
rocal cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with 
standard deviation. Black and red asterisks indicate statistical significance compared to the maternal 
parent or paternal parent, respectively (* 0.05 > p ≥0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the 
ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression 
levels in 7 DAP spikes and seedling roots of the maternal parent (M), the paternal parent (P) and 
their F2 progeny from cresses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × 
D19 (C6); D19 × KOH7 (C7) and KOH7 × D19 (C8), and high (↑) and low (↓) parameters of yield and 
root mass. Character colours indicate similar patterns of gene expression and yield-related traits in 
F2 and paternal parent (red) or in F2 and maternal parent (green). 

 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

CKX10↑ CKX10↓ CKX1, 10, 11, NAC2↓
CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX1, 3, 10, 11↓ CKX1, 3,10, 11↑ CKX8, 10↑
yield-related traits yield↓ yield↑↑ yield↑

CKX act. spike=↑ CKX act. spike= ↓ CKX act. spike=
root= root= root↓

C7 = D19 × KOH7
CKX expression 7 DAP CKX2.1, 11, NAC2↓ CKX2.1, 11, NAC2↑ CKX10↑
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Figure 1. Example of TaCKX GFM and NAC2 expression profiles in 7 DAP spikes, seedling roots, 
and phenotypic traits in the maternal parent, paternal parent, and their six F2 progeny, from recip-
rocal cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with 
standard deviation. Black and red asterisks indicate statistical significance compared to the maternal 
parent or paternal parent, respectively (* 0.05 > p ≥0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the 
ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression 
levels in 7 DAP spikes and seedling roots of the maternal parent (M), the paternal parent (P) and 
their F2 progeny from cresses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × 
D19 (C6); D19 × KOH7 (C7) and KOH7 × D19 (C8), and high (↑) and low (↓) parameters of yield and 
root mass. Character colours indicate similar patterns of gene expression and yield-related traits in 
F2 and paternal parent (red) or in F2 and maternal parent (green). 

 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

CKX9↑ CKX9↓ CKX2.2.2, 9↓
NAC2↓

CKX expression root NAC2↓↓ NAC2↑↑
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX1, 10, 11↓ CKX1, 10, 11↑ CKX11↑
CKX3, 5, 8↑ CKX3, 5, 8↓ CKX3, 5, 8, 10↓

yield-related traits yield↑ yield↓ yield↓
CKX act. spike= CKX act. spike= CKX act. spike↑

root=↑ root=↓ root=
semi-empty spikes↑ semi-empty spikes↑↑

C8 = KOH7 × D19
CKX expression 7 DAP CKX5, 9, 10↓ CKX5, 9, 10↑ CKX9, 10↑
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Figure 1. Example of TaCKX GFM and NAC2 expression profiles in 7 DAP spikes, seedling roots, 
and phenotypic traits in the maternal parent, paternal parent, and their six F2 progeny, from recip-
rocal cresses of S12B × S6C, C1 (A) and S6C × S12B, C2 (B). The data represent mean values with 
standard deviation. Black and red asterisks indicate statistical significance compared to the maternal 
parent or paternal parent, respectively (* 0.05 > p ≥0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001) using the 
ANOVA test followed by the LSD post hoc test (STATISTICA 10, StatSoft). 

Table 1. TaCKX GFMs and NAC2 with high (↑), very high (↑↑), low (↓) or very low (↓↓) expression 
levels in 7 DAP spikes and seedling roots of the maternal parent (M), the paternal parent (P) and 
their F2 progeny from cresses of D16 × KOH7 (C3) and KOH7 × D16 (C4); D19 × D16 (C5) and D16 × 
D19 (C6); D19 × KOH7 (C7) and KOH7 × D19 (C8), and high (↑) and low (↓) parameters of yield and 
root mass. Character colours indicate similar patterns of gene expression and yield-related traits in 
F2 and paternal parent (red) or in F2 and maternal parent (green). 

 M P F2 
 C1 = S12B × S6C     

CKX expression 7 DAP CKX1↓  CKX1↑  CKX1, 11↑↑ 
 NAC2↓ NAC2↑ CKX5, NAC2↑ 

 CKX5, 9↑ CKX5, 9↓  
CKX expression root CKX5, NAC2↓↓ CKX5↑↑ CKX5↑↑↑, NAC2↑ 

 CKX3↓  CKX3↑, NAC2↑  
 CKX11, 10↑ CKX11, 10↓ CKX11↓ 

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike= CKX act. spike= CKX act. spike↓↓ 
 root = ↓ root=↑ root = ↓ 

CKX11↑ CKX11↓ CKX11, NAC2↓
CKX2.1, NAC2=↑ CKX2.1, NAC2=↓ CKX2.1, 2.2.2↓

CKX expression root CKX8↓↓ CKX8↑↑ CKX3, 8↑↑
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 CKX act. root↓↓ CKX act. root↑↑ CKX act. root↑↑ 
 C2 = S6C × S12B    

CKX expression 7 DAP CKX5, 9↓  CKX5, 9↑ CKX9, 10, 11, 5↑ 
 CKX1, 2.1, NAC2↑ CKX1, 2.1, NAC2↓ CKX1, NAC2↓ 

CKX expression root CKX10, 11↓↓ CKX10, 11↑↑ CKX5, 8, 10, 11↑↑ 
 CKX1, 3, 5, NAC2↑ CKX1, 3, 5, NAC2↓ CKX1, 3, NAC2↓ 

yield-related traits yield↓ yield↑ yield=↓ 
 CKX act. spike= CKX act. spike= CKX act. Spike= 
 root↑ root=↓ root↑↑ 
 CKX act. root↑ CKX act. root↓ CKX act. Root= 
 C3 = D16 × KOH7     

CKX expression 7 DAP CKX11↓↓  CKX11↑↑  CKX5,9↑↑ 
 CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↑   

 CKX10↑ CKX10↓   
CKX expression root NAC2↓↓ NAC2↑↑ CKX3↓ 

 CKX1, 5, 10, 11↓↓  CKX1, 5, 10, 11↑↑  CKX1, 8, 11, NAC2↑↑  
yield-related traits yield↑ yield↓ yield↓ 

 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike↓↓ 
 root=↑ root=↓ root= 
    semi-empty spikes↑↑↑ 
 C4 = KOH7 × D16   

CKX expression 7 DAP CKX9, 10↓ CKX9, 10↑ CKX5,9↑↑ 
 CKX11↑↑  CKX11↓↓  CKX11, NAC2↓↓  

 CKX2.1, 2.2.2↑ CKX2.1, 2.2.2↓ CKX2.1, 2.2.2↓ 
CKX expression root CKX3, 8↓ CKX3,8↑ CKX8↑↑ 

 CKX1, 5, 10, 11↑ CKX1, 5, 10, 11↓ CKX3, 10↓ 
 NAC2↑↑  NAC2↓↓   

yield-related traits yield↓ yield↑ yield↑ 
 CKX act. spike = ↓ CKX act. spike=↑ CKX act. spike= 
 root↓ root↑ root=↓ 
 C5 = D19 × D16   

CKX expression 7 DAP CKX2.2.2↑  CKX2.2.2↓  CKX2.2.2↓ 
 CKX10↓ CKX10↑ CKX9↑ 

CKX expression root CKX 5, 8, NAC2↑ CKX5, 8, NAC2↓↓ CKX3, 5, 8, 11↓  
 CKX1, 3, 10, 11↑ CKX1, 3, 10, 11↓ (CKX10, NAC2↑)  

yield-related traits yield↑ yield↓ yield↓↓ 
 CKX act. spike=↓ CKX act. spike=↑ CKX act. spike=↑ 
 root= root= root↓ 
 semi-empty spikes↓ semi-empty spikes↑ semi-empty spikes↑↑↑ 
 C6 = D16 × D19   

CKX expression 7 DAP CKX2.2.2, 5, 9↓ CKX2.2.2, 5, 9↑   
 CKX10↑  CKX10↓ CKX1, 10, 11, NAC2↓ 

CKX expression root CKX5, 8, NAC2↓↓ CKX5, 8, NAC2↑↑ CKX1, NAC2↑↑ 
 CKX1, 3, 10, 11↓ CKX1, 3, 10, 11↑ CKX8, 10↑ 

yield-related traits yield↓ yield↑↑ yield↑ 
 CKX act. spike=↑ CKX act. spike=↓ CKX act. spike= 
 root= root= root↓ 
 C7 = D19 × KOH7   

CKX expression 7 DAP CKX2.1, 11, NAC2↓  CKX2.1, 11, NAC2↑  CKX10↑ 
 CKX9↑ CKX9↓ CKX2.2.2, 9↓ 

    NAC2↓ 

CKX3, 5↓ CKX3, 5↑ CKX1, 10, NAC2↓
NAC2↑↑ NAC2↓↓

yield-related traits yield↓ yield↑↑ yield↑↑
CKX act. spike= CKX act. spike= CKX act. spike↑

root=↓ root=↑ root=
Bold—cross number and parents.

Yield-related traits are represented by total grain yield and root mass (Table 1). In-
terestingly, grain yield in 7 out of 8 crosses is inherited from the paternal parent. The
exceptions are the F2 progeny of S6C × S12B (C2), which show very large differences in
yield, exceeding parental data. The root mass in F2 was lower than that in both parents or
higher than that in both parents. In the first case, the root mass in the paternal parent was
higher than that in the maternal parent, and in the second, the root mass in the paternal
parent was lower than that in the maternal parent.
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The results of crossing the low-yielding maternal parent with the higher-yielding
paternal parent and their accompanying up- or down-regulated TaCKX GFMs and NAC2 in
F2 generations are presented in Figure 2.
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Figure 2. Models of up- (↑) or down-regulation (↓) of TaCKX GFMs and NAC2 in low-yielding
maternal parent crossed with higher-yielding paternal parent and their F2 progeny.

Depending on the crosses, downregulation of TaCKX5 with TaCKX9 and upregulation
of NAC2 in spikes of the low-yielding maternal parent and the opposite regulation of
these genes in spikes of the higher-yielding paternal parent resulted in high-yielding F2,
characterized, as in the paternal component, by a higher expression level of TaCKX9 and a
lower expression level of NAC2. Upregulation of TaCKX2.1 and 11 in spikes of the maternal
parent and downregulation of these genes in the paternal parent were associated with
downregulation of TaCKX11 in high-yielding F2. Similarly, the upregulation of TaCKX2.2.2
and the downregulation of TaCKX10 in the spikes of the low-yielding maternal parent
and opposite regulation of these genes, and the yield in the paternal parent, resulted in
the downregulation of TaCKX2.2.2 and the upregulation of TaCKX10 in the spikes of the
high-yielding F2. The expression of TaCKX3 in seedling roots of the high-yielding paternal
parent and F2 was upregulated. However, TaCKX8 expression was upregulated, and NAC2
was downregulated in the same organ of the paternal parent, but these genes were up- or
down-regulated in F2, depending on the cross.

2.2. Cooperating and Opposite-Functioning Genes

TaCKX5 with TaCKX9 (yellow) and TaCKX2.1 with TaCKX11 (green) showed coordi-
nated up- or downregulation in 7 DAP spikes of the paternal parent of C1, C2, C6, and
C8 crosses; and C3, C4, C7, and C8 crosses, respectively (Table 2). Higher expression of
TaCKX5 and 9 in this parent was associated with a higher yield in F2. However, a higher
coordinated expression of TaCKX2.1 with TaCKX11 in the paternal parent determined a
lower yield in F2, and, in contrast, a lower expression of these two genes in the paternal
parent was associated with a higher yield.

In the 7 DAP spikes, the paternal parent of the C3, C4, C5, and C6 crosses, TaCKX2.2.2,
showed opposite expression to TaCKX10 (blue), and upregulation of the first and down-
regulation of the second were associated with lower yield (but not in C6). In the paternal
parent of the C1, C2, C7, and C8 crosses, NAC2 was oppositely expressed to TaCKX9; in
these crosses, a high yield was observed when TaCKX9 was upregulated and NAC2 was
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downregulated, and vice versa (only in C7 and C8). Furthermore, upregulated TaCKX5 and
downregulated TaCKX1 were associated with high root mass in C2 and conversely in the
reverse cross (C1).

Table 2. Coordinated expression of TaCKX GFMs and NAC2 genes in 7 DAP spikes and seedling
roots of the paternal parent (P) of four reciprocal crosses.

Cross P Spike
P Expr. +/P expr. −

P Root
P Expr. +/P Expr. −

F2 Spike/Root
(Yield, Root Mass in F2)

C1 1, NAC2/5, 9 3, 5, NAC2/10, 11 NAC2+/NAC2+
y−, r = −, As−−

C2 5, 9/1, NAC2 10, 11/3, 5, NAC2 NAC2−/NAC2−
y = −, r+, As =

C3 2.1, 11, 2.2.2/10 NAC2, 1, 5, 10, 11/3 10−, 11+/10+,11+, NAC2+ y−, r=,
As−, s-e+++

C4 9, 10/2.1, 11, 2.2.2 3, 8/1, 5, 10, 11, NAC2 10+, 11−/10−, 11−, NAC2− y+,
r = −, As=

C5 2.2.2/10 ?/3, 5, 8, NAC2, 1, 10, 11 10−/10−, NAC2−
y−, r−, As = +, s-e+++

C6 2.2.2, 5, 9/10 3, 5, 8, NAC2, 1, 10, 11/none 5+, 10−/ 5+, 10+, NAC2+
y+, r−, As=

C7 2.1, 11, NAC2/9 1, 10, 11, NAC2/3, 5, 8 11+, NAC2+/11+, NAC2+
y−, r=, As+, s-e+++

C8 5, 9, 10/2.1, 11, NAC2 3, 5, 8/NAC2 5+, NAC2−/5+, NAC2−
y++, r=, As+

P—paternal parent; expr.+—upregulated; expr.—downregulated; 1, 3, 5, 9 . . . -TaCKX GFMs, As—CKX activity
spike; s-e+++—high number of semi-empty spikes, y—yield, r—root mass.

Among the TaCKX genes coordinately expressed in the paternal seedling roots were
TaCKX3, 5, and 8 (green) in C5, C6, C7, and C8 crosses; TaCKX3 and 8 (green) in C1 and
C2 crosses; TaCKX10, 11, and 1 (yellow), and NAC2 in C3 to C7 crosses; and TaCKX10
and 11 (yellow) in C1 and C2 crosses. However, in one reciprocal cross, C3 and C4, the
expression of TaCKX3 and TaCKX5 was opposite, and in the case of upregulation of TaCKX3
and downregulation of TaCKX5, the grain yield in F2 was higher.

In three reciprocal crosses, NAC2 was downregulated in paternal roots (C2, C4, and
C8), and in two of them (C2 and C8), NAC2 was downregulated in paternal spikes as well.
This negative regulation of NAC2 occurred in the F2 progeny, which was accompanied by a
higher yield and a higher or similar to the parents’ mass of the seedling roots. In contrast,
in another way crosses, when expression of NAC2 was increased in paternal roots (C1, C3,
and C7) and was upregulated in paternal spikes, the same was observed in F2 progeny,
characterized by lower yield and lower or similar to the parent mass of the roots.

The higher yield in F2 has been associated with the same or higher CKX activity, as
in the paternal parent, in 7 DAP spikes. A higher number of semi-empty spikes, which
occurred in low-yielding F2 of the C3, C5, and C7 crosses, was accompanied by downregu-
lated TaCKX10 and/or upregulated TaCKX11 in 7 DAP spikes and upregulated TaCKX10,
11, and NAC2 or downregulated TaCKX10 and NAC2 in seedling roots.

2.3. The Correlation Coefficients between TaCKX GFMs and NAC2 Expression, CKX Activity, and
Yield-Related Traits Were Significant for Both Parents or the Maternal or Paternal Parent Separately

The correlation coefficients between TaCKX GFMs and NAC2 expression, CKX activity,
and yield-related traits in reciprocal crosses were analyzed separately for the maternal
parent and F2, paternal parent, and F2 for each cross (Table S1).

2.4. Correlations between TaCKX GFM and NAC2 Expression and Yield-Related Traits in the
Group of Maternal Plants, and F2 and Paternal Plants, and F2 of Reciprocal Crosses

Seed number and spike number were positively correlated (Tables 3 and S1); however,
each of these yield-related traits was correlated with different TaCKX GFMs.
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2.4.1. Seed Number

The decrease in seed number in maternal plants and their F2 (M and F2) of the C1 cross
(S12B × S6C) was strongly negatively correlated with upregulated TaCKX1 and TaCKX5 in
spikes and positively correlated with the downregulated TaCKX11 in the seedling roots of
F2. There was no significant correlation between the expression of TaCKX GFM and the
yield-related traits in the groups of paternal plants (P) and F2 in the same cross, and M and
F2, and P and F2 in the reverse, C2 cross. The F2 progeny in this reverse cross showed a
similar yield and greater root mass compared to the parents.

In both M and F2, and P and F2 of C3, the decrease in seed number was strongly
positively correlated with TaCKX2.1 and TaCKX2.2.2 in spikes and positively correlated
with TaCKX3 and TaCKX8 but negatively correlated with TaCKX11 in seedling roots. These
correlations were not significant in the reverse, C4 cross, in which the M (KOH7) and F2
plants showed higher yields.

The decrease in seed number in M × F2 of C5 was negatively correlated with TaCKX1
in spikes and positively correlated with downregulated TaCKX3 and 5, and upregulated
NAC2 in seedling roots. There were also positive correlations of TaCKX3 in roots between P
and F2 of the same cross. These correlations were not significant in the reverse C6 cross;
however, F2 of this cross was characterized by higher yield and similar root mass than in
the parents.

The increase in seed number was strongly positively correlated with downregulated
TaCKX2.1 in spikes and negatively correlated with downregulated TaCKX1 in the seedling
roots only in F2 progeny of a C8 cross, 14K (in the case of P × F2 only for TaCKX2.1).

2.4.2. Spike Number

The decrease in the number of spikes in M × F2 and P × F2 of the C1 cross was
strongly positively correlated with TaCKX2.1 and TaCKX2.2.2 in spikes and positively
correlated with TaCKX11 in seedling roots (only in M × F2). There was also a significant
and positive correlation between the expression of TaCKX2.2.2 and the number of spikes in
the reverse C2 cross of M and F2. Furthermore, in the same cross, the spike number was
negatively correlated with downregulated NAC2, but only in the P × F2 group. There were
no significant correlations between TaCKX GFM expression and spike number in M × F2
and P × F2 spikes of C3 and C4. However, there was a strong and positive correlation of
the spike number with TaCKX8 in the roots of C3 and TaCKX5 in the roots of C4.

The decreased spike number in M × F2 and P × F2 of C5 was not correlated with
any TaCKX expressed in the spikes but was negatively correlated with TaCKX1, positively
correlated with TaCKX5, and positively correlated with NAC2 expressed in the seedling
roots. Conversely, in reverse C6 cross, there was a positive correlation of the spike number
with TaCKX2.1 in a P × F2, which resulted in a higher yield phenotype in the F2.

The spike number in C7 and C8 crosses was not correlated with the level of expression
of any gene tested in the spikes; however, it was negatively correlated with the expression
of TaCKX1, 5, and 8 in seedling roots.

2.4.3. TGW

TGW was positively correlated with TaCKX2.1, 10, and NAC2 in spikes of M and F2
of C1 and with TaCKX2.2.2 of P and F2 of the same cross. There was no correlation in F2
between the expression of the genes tested and TGW in spikes of the C2 and roots of the
C1 and C2 crosses. There were no correlations between the TGW and TaCKX genes in
the spikes and roots of C3. However, there was a negative correlation of this trait with
TaCKX2.2.2 in spikes and positive correlations with TaCKX10 and NAC2 in roots of the
reciprocal C4 cross. Positive correlations of NAC2 with TGW were also observed in the
roots of C5 but not in those of C6. Negative correlations of TaCKX2.1 and 2.2.2 in spikes
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with TGW were observed in both reciprocal crosses, C7 and C8. Additionally, TaCKX9 was
negatively correlated with the trait in M + F2, TaCKX5 was positively correlated with the
trait in P + F2 of C7, and TaCKX10 was negatively correlated with TGW in P + F2 of C8.
There was no correlation between TGW and any gene expression in roots.

2.4.4. Root Mass

The mass is positively correlated with the expression of TaCKX5, 11, and NAC2 in
spikes of M + F2 of C1 and negatively correlated with NAC2 in M + F2 of C2. A positive
correlation between root mass and TaCKX11, and NAC2 was also visible in P + F2 of C3,
and a negative correlation between trait and NAC2 expression was also observed in spikes
of M + F2 of C5 and P + F2 of C7. Furthermore, in the C1 cross, this trait was negatively
correlated with the expression of TaCKX1, 3, 10, and NAC2 in roots of M + F2 and with
TaCKX11 in roots of P + F2. There were also positive correlations between root mass and
TaCKX1 (M + P of C3), root mass and TaCKX2.1 (P + F2 of C4; P + F2 of C5; M + F2 of C6), and
root mass and TaCKX2.2.2 (P + F2 of C4; M + F2 and P + F2 of C6). The expression of another
gene, TaCKX10, in spikes, was positively correlated with root mass in P + F2 of C4 but
negatively correlated in M + F2 of C8. Correlations between root mass and gene expression
tested in roots were dependent on the parent and cross. There were negative correlations
with TaCKX1 in 5 out of 16 combinations tested, negative correlations with TaCKX3 in
3 combinations, but positive correlations in two combinations, positive correlations with
TaCKX5 in two combinations, and single positive or negative correlations with TaCKX8, 11,
and NAC2. The root mass in single combinations was positively correlated with the yield
(twice), height of the plant (once), and length of the spike (once), and negatively correlated
with seed number of seeds (twice).

2.4.5. Semi-Empty Spikes

The number of semi-empty spikes was positively correlated with the expression of
TaCKX9 in the P + F2 C1, C2, and M + F2 C3 crosses, positively correlated with TaCKX5 in
the M + F2, and P + F2 C1 and C6 crosses, and positively correlated with TaCKX10 in the
M + F2 C7 and P + F2 C8 crosses, all expressed in 7 DAP spikes. The negative correlation
between the number of semi-empty spikes and TaCKX2.1 was in P + F2 of C5, and between
the same trait and TaCKX11 was in P + F2 of C3. In seedling roots of various crosses, this
trait was mainly negatively correlated with TaCKX5, 8, 10, and NAC2.

Generally, negative correlations between the expression of TaCKX2.1, 2.2.2, and 10
in spikes and TGW, seed number, seed yield, and spike number were correlated with
higher yield, and positive correlations were correlated with lower yield. On the other hand,
positive correlations between the expression of these genes and root mass determine a
higher yield in F2. Higher yield in F2 is also associated with balanced CKX enzyme activity
in spikes and seedling roots.

A summary of the regulation of yield-related traits by TaCKX GFMs and NAC2 in the
high-yielding progeny of F2 is presented in Figure 3.
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3. Discussion

Common wheat is a very important cereal crop for feeding the world’s population;
therefore, continued improvement of the yield of this species is significant. CKX GFMs
have already been documented to perform a pivotal role in determining yield-related traits
in many plant species, including wheat [4,12]. The genes are tissue-specific; they encode
cytokinin oxidase/dehydrogenase, the enzyme that irreversibly degrades cytokinins. We
have already characterized the role of TaCKX1 and TaCKX2 in the regulation of yield traits
in awnless and owned-spike cultivars [5–7]. The range of natural variation in the expression
levels of most TaCKX genes among breeding lines and cultivars was very high, indicating
the possibility of selecting beneficial genotypes for breeding purposes [8]. Therefore, we
were interested in how the expression of these genes is inherited.

3.1. The Expression Patterns of Most TaCKX GFMs and TaNAC2-5A Are Mainly Inherited from
the Paternal Parent

Comparison of the expression patterns of most of the TaCKX GFMs and yield-related
traits between parents and F2 progeny in all reciprocal crosses tested indicated their in-
heritance from the paternal parent. This rule includes expression patterns in both tissues
tested, 7 DAP spikes, and seedling roots, and all TaCKX GFMs and TaNAC2-5A tested were
represented in different crosses. The exception was TaCKX5 expressed in 7 DAP spikes, and
TaCKX3 expressed in seedling roots, for which the expression level in single crosses was
inherited from the maternal parent. Furthermore, high or low yield was predominantly
inherited from the paternal parent, and root mass was inherited from both parents or in one
reciprocal cross from the maternal parent. We have not found such examples of inheritance
in the literature; however, some deviations from parental additivity of expression in poly-
ploid plants were described [2]. An example of such non-additive gene expression takes
place when the gene expression level in progeny is higher than that of one parent. The
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expression level dominance of one parent, also called genomic imprinting, is epigenetic in
origin and was investigated primarily at the molecular level in plants and animals [36,37].
The main regulators of gene imprinting are DNA and histone methylation asymmetries
between parental genomes. Most of the imprinted genes in the endosperm of grains of
different rice cultivars are imprinted across cultivars, and their functions are associated with
the regulation of transcription, development, and signaling [39]. Imprinting might affect a
single gene or a group of genes. Genes that showed conserved imprinting in cereals have
been shown to reveal positive selection and were suggested to regulate seed development
in a dose-dependent manner [38]. The only example of a paternally imprinted locus in
maize is ded1, which encodes a transcription factor specifically expressed during early
embryo development and activates early embryo genes that contribute to grain set and
weight [47]. To our knowledge, there are no examples of paternally inherited expression
patterns. According to Arabidopsis research, imprinted paternally expressed genes during
seed development are mainly related to hypomethylated maternal alleles, repressed by
small RNAs or less frequently with transposable elements [48,49]. Contrary to developmen-
tal epigenetics, in the case of transgenerational epigenetics, these epigenetic changes do not
reset between generations, and this type of inheritance is more related to plants than ani-
mals (heritable changes in DNA methylation) [54]. Therefore, we suggest that this paternal
inheritance of selected TaCKX GFMs is an effect of transgenerational epigenetic changes,
not reset between generations. These heritable epigenetic changes might be effects of DNA
methylation, repression of maternal alleles by small RNAs, transposable elements, or, most
likely, transcription factors. From our in silico analysis and expression analysis (Iqbal
et al., not published yet), several NAC transcription factors appear to strongly regulate the
expression of TaCKX GFMs and TaIPT GFMs, influencing yield-related traits [24].

3.2. Cooperation of TaCKX GFMs and TaNAC2-5A in the Determination of Yield-Related Traits

The coordinated high or low level of expression of a few groups of genes in the paternal
parent positively or negatively regulates higher or lower yield. In two reciprocal crosses,
where both TaCKX5 and TACKX9 showed high expression in 7 DAP spikes of the paternal
parent, the yield in the F2 progeny was high and vice versa. In others, the high yield in
the F2 progeny was determined by a low level of expression of TaCKX2.1 and TaCKX11 in
spikes of the paternal parent and high levels of their expression in the maternal parent. The
level of expression of TaNAC2-5A in the paternal parent and/or F2 was in opposition to
TaCKX5 and 9; however, it was in agreement with TaCKX11 and TaCKX2.1, suggesting their
role in the regulation of transcription of these genes. In fact, it was proven by correlation
analysis of its expression with yield-related traits [8]. Opposite cooperation of some of the
genes in paternal spikes, which resulted in high or low yield in F2, has also been observed.
The high level of expression of TaCKX2.2.2 and the low level of expression of TaCKX10
predominantly resulted in the low yield in F2 progeny and vice versa.

Such common rules of gene expression in the paternal parent associated with yield in
the paternal parent and F2 progeny were also observed in the seedling roots. The high level
of expression of TaCKX3 and TaCKX8 in the paternal parents of three reciprocal crosses
resulted in high yield in the F2 progeny and vice versa. The expression of TaNAC2-5A
in spikes and seedling roots of high-yielding paternal parents and F2 progeny showed a
predominantly low expression level and inversely. These principles of paternal inheritance
of selected TaCKX GFMs and TaNAC2-5A expression associated with high yield could be
directly involved as molecular markers in high-yielding wheat breeding.

3.3. Regulation of Yield-Related Traits by TaCKX GFMs and TaNAC2-5A in the F2 Generation

The grain number, grain yield, spike number, and TGW were strongly positively
correlated with TaCKX2.1 and TaCKX2.2.2 independent of the parent; however, only in
the crosses resulted in decreased yield. In contrast, negative correlations were observed
between TaCKX2.1, TaCKX2.2.2, and TGW in a reciprocal cross of C7/C8 and TaCKX2.2.2 in
a one-way cross (C4), in which the F2 progeny had a higher yield. All these correlations
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prove our earlier observations [6,7]. Modified wheat lines with 60% decreased expression
of TaCKX2.2.2, and a slight decrease in the TaCKX2.2.1 and 2.1 genes exhibit a significantly
higher TGW and slightly increased yield [7]. Interestingly, this result was observed in
cultivars and breeding lines that represent awnless spikes. In the owned-spike cultivar,
silencing of the TaCKX2 genes co-expressed with other TaCKX resulted in decreased yield;
however, TGW was at the same level as in non-silent plants [5]. Furthermore, a strong
feedback mechanism for regulation of the expression of TaCKX2 and TaCKX1 genes was
observed in both awnless and owned-spike cultivars [5–7]. Silencing of TaCKX2 genes
upregulated the expression of TaCKX1 and vice versa. This feedback mechanism could
explain the observed positive correlations of the TaCKX2 genes with yield-related traits in
low-yielding F2 progeny and negative correlations in high-yielding F2 progeny. A similar
mechanism is visible when we analyze individual traits in high-yielding F2, such as grain
number, grain yield, and spike number. These traits are promoted by up-regulated in 7 DAP
spikes TaCKX2.1 and down-regulated TaCKX1. Silencing of HvCKX1 in barley, which is an
ortholog of TaCKX1, decreased CKX enzyme activity and led to increased seedling root mass
and higher plant productivity [55]; however, knock-out of this gene caused a significant
decrease in CKX enzyme activity but no changes in grain yield were observed [56]. These
differences might be explained by differences in the level of decreased gene expression,
which variously coordinate the expression of other genes, regulate phytohormone levels,
and determine particular phenotypes, as was already documented in wheat [5,7].

The association of TaCKX2 genes with yield-related traits has also been reported in
different wheat cultivars or genotypes. Zhang et al. [20] showed that TaCKX6 (renamed
by Chen et al. [11] TaCKX2.2.1-3D), which is an ortholog of rice OsCKX2 associated with
grain number [57], is related to grain weight. Another allele of CKX2, TaCKX6a02 [21],
annotated as TACKX2.1 [58], significantly correlated with grain size, weight, and grain
filling rate. Wheat plants with silenced by RNAi expression of TaCKX2.2.1-3A (originally
TaCKX2.4) showed a strong correlation with the number of grains per spike implied by
more filled florets [59]. Since TaCKX2.2.1-3D was associated with grain weight, these
differences in functions between TaCKX2.2.1-3A and TaCKX2.2.1-3D were interpreted as
subgenome-dependent.

Grain number was also negatively correlated with TaCKX1 and TaCKX5, and grain
yield was negatively correlated with TaCKX1, predominantly for M and F2, which were
characterized by decreased grain number and lower yield. This observation is also in
agreement with previous research. The silencing of TaCKX1 caused an increase in spike
number and grain number but a decrease in TGW because this trait is opposite to grain
number [6]. The low-yield progeny of F2 showed positive correlations between the expres-
sion of TaCKX11, 3, 5, and 8, and NAC2 in the seedling roots and the grain number, the
spike number and the grain yield; however, the higher-yield progeny of F2 displayed a
negative correlation between TaCKX1 and these yield-related traits in the seedling roots of
some crosses. In summary, high-yielding F2 was the result of upregulation of TaCKX2.1 in
spikes and downregulation of TaCKX1 in seedling roots. As documented earlier, TaCKX11,
5, 8 and TaNAC2-5A are expressed in all organs, and their expression is correlated with the
expression of spike-specific TaCKX2 and TaCKX1 [8,58].

Rice OsCKX11 is an orthologue of wheat TaCKX11 and is highly expressed in the
roots, leaves, and panicles. The gene was shown to coordinate the simultaneous regulation
of leaf senescence and grain number by the relationship of source and sink [60]. Since
TaCKX11 is expressed in seedling roots and highly expressed in leaves, inflorescences,
and 0, 7, and 14 DAP spikes, it could perform a similar function. This is partly proven by
silencing of the TaCKX2 genes in awnless spikes of cv. Kontesa, which resulted in significant
upregulation of TaCKX11 and growth of TGW, and chlorophyll content in flag leaves [7]. In
contrast, TaCKX11 is significantly negatively regulated by TaCKX1, resulting in a higher
spike number and grain number [6]. Its orthologue in rice, OsCKX11, was found to regulate
leaf senescence and grain number by the coordinated source and sink relationship [60].
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Based on a summary of the regulation of yield-related traits in high-yielding F2, it is
possible to identify singular genes or groups of genes that are up- or down-regulated in
7 DAP spike or seedling roots and specifically regulate yield-related traits. Upregulated in
spikes TaCKX2.1 and downregulated in seedling roots TaCKX1 were found to determine
grain number, grain yield, spike number, and spike length. Furthermore, upregulated in
7 DAP spikes TaCKX10 and downregulated TaNAC2-5A, together with others, depending
on cross, control spike length, semi-empty spikes, root mass, and increased grain yield. As
discussed above, high TGW is in contrary to high grain number and partly grain yield and
was strongly determined by downregulated TaCKX2.2.2 together with TaCKX2.1 in 7 DAP
spikes and upregulated TaCKX10 and NAC2 in seedling roots. The upregulated in seedling
roots TaNAC2-5A participates in the determination of TGW and plant height, and the
downregulation of TaNAC2-5A in seedling roots controls the development of semi-empty
spikes and root mass.

In previous research, TaNAC2-5A has been documented as a gene encoding a nitrate-
inducible wheat transcription factor. Overexpression of the gene improved root growth,
grain yield, and grain nitrate concentration [25]. This is in agreement with our observations
of growth of TGW but not enhanced roots. The increase was argued to be the consequence
of regulation of nitrate concentration and its remobilization in developing grains by direct
binding of the TaNAC2-5A protein to the promoter of the nitrate transporter, TaNRT2.5-3A
and positive regulation of its expression [61]. The expression of TaNAC2-5A is coregulated
by expressed in 7 DAP spikes TaCKX2 genes and expressed in 7 DAP spikes and seedling
roots TaCKX1 gene [5,7]. Independent of awnless or awned-spike genotype, downregula-
tion of TaCKX2 genes by RNAi significantly increased TaNAC2-5A expression, resulting
in higher chlorophyll content in flag leaves and delayed leaf senescence. As discussed
above, the strong feedback mechanism between the TaCKX2 and TaCKX1 genes implies
that downregulation of TaCKX1 resulted in opposite results. Similar to our observations
in wheat, an ortholog of TaNAC2-5A in rice, OsNAC2, was described as a negative regu-
lator of crown root number and root length [62]. Its expression was positively correlated
with cytokinin synthesis genes, OsIPT3, 5, the gene determining the formation of active
cytokinins, OsLOG3, and negatively correlated with OsCKX4 and 5. The authors concluded
that OsNAC2 stimulated cytokinin accumulation by suppressing CKX expression and stim-
ulating IPT expression by binding the OsNAC protein to the promoters of these genes.
Therefore, OsNAC2 functions as an integrator of cytokinin and auxin signals that regulate
root growth. In our experiments, orthologous to OsCKX4, TaCKX4 was not tested due to
its weak expression in roots. However, the up-regulated expression of highly specific in
seedling roots TaCKX3 and TaCKX8 [8,58] was antagonistically regulated by TaNAC2-5A in
these organs, positively influencing seedling growth. Furthermore, our in silico analysis of
TaNACs with TaIPTs and TaCKXs showed that the same NAC proteins might join promotor
sites of cytokinin synthesis and cytokinin degradation genes in wheat (Iqbal et al., not
published yet).

4. Materials and Methods
4.1. Plant Material

Five common wheat breeding lines and cultivars (Triticum aestivum L.), named S12B,
S6C, D16, KOH7, and D19, which showed differences in the expression levels of TaCKX
GFMs and TaNAC2-5A (NAC2) in 7 DAP spikes, seedling roots, and yield-related traits
were selected for the study. They were used in four reciprocal crosses: (1) S12B × S6C and
S6C × S12B (C1 and C2, respectively); (2) D16 × KOH7 and KOH7 × D16 (C3 and C4,
respectively); (3) D19× D16 and D16× D19 (C5 and C6, respectively); and (4) D19× KOH7
and KOH7 × D19 (C7 and C8, respectively) to obtain the F1 and F2 generations. The
experimental tissue samples were collected from the parental lines and their F2 progeny
growing in a growth chamber during the same period.

Ten seeds of each genotype germinated in Petri dishes for five days at room temper-
ature in the dark. Six out of ten seedlings from each Petri dish were replanted in pots
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with soil. The plants were grown in a growth chamber under controlled environmental
conditions with 20 ◦C day/18 ◦C night temperatures and a 16 h light/8 h dark photoperiod.
The light intensity was 350 µmol s−1·m−2. The plants were irrigated three times a week
and fertilized once a week with Florovit according to the manufacturer’s instructions.

The following tissue samples in three biological replicates were collected: 5-day-old
seedling roots, which were cut 0.5 cm from the root base before replanting in the pots,
and first 7 DAP) spikes from the same plants grown in the growth chamber. All of these
samples were collected at 9:00 a.m. The collected material was frozen in liquid nitrogen
and kept at −80 ◦C until use.

4.2. Cross-Breeding

The maternal plant was deprived of its own anthers so that it would not self-fertilize,
then pollinated by transferring three anthers from the paternal plant for each ovary of the
maternal parent plant and placed in an isolator. The seeds were harvested.

4.3. RNA Extraction and cDNA Synthesis

Total RNA from 7 DAP spikes and roots from 5-day-old seedlings was extracted
using TRI Reagent (Invitrogen, Lithuana) according to the manufacturer’s protocol. The
concentration and purity of the isolated RNA were determined using a NanoDrop spec-
trophotometer (NanoDrop ND-1000, Thermi Fisher Scientific, Wilmington, DE, USA), and
the integrity was checked on 1.5% (w/v) agarose gels. To remove residual DNA, RNA
samples were treated with DNase I (Thermo Fisher Scientific, Lithuana). Each time, 1 µg
of good quality RNA was used for cDNA synthesis using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Lithuana) following the manufacturer’s
instructions. The cDNA was diluted 20 times prior to use in the RT-qPCR assays.

4.4. Quantitative RT-qPCR

RT-qPCR assays were performed for 10 genes: TaCKX1, TaCKX2.1, TaCKX2.2.2, TaCKX3,
TaCKX5, TaCKX8, TaCKX9, TaCKX10, TaCKX11, and TaNAC2-5A. The sequences of the
primers for each gene are shown in Table S2. All real-time reactions were performed
on a Rotor-Gene Q (QIAGEN Hilden, Germany) thermal cycler using 1× HOT FIREPol
EvaGreen qPCR Mix Plus (Solis BioDyne, Estonia), 0.2 µM of each primer and 4 µL of
cDNA in a total volume of 10 µL. Each reaction was carried out in three biological and
three technical replicates in the following temperature profile: initial denaturation and
polymerase activation of 95 ◦C–12 min (95 ◦C–25 s, 62 ◦C–25 s, 72 ◦C–25 s) × 45 cycles,
72 ◦C–5 min, with melting curve at 72–99 ◦C 5 s per step. The expression of TaCKX genes
was calculated according to the two standard curve method using ADP-ribosylation factor
(Ref 2) as a normalizer. The relative expression for each TaCKX GFM and TaNAC2-5A was
calculated in relation to the control female parents, set as 1.00.

4.5. Analysis of CKX Activity

CKX enzyme activity was performed in the same samples subjected to TaCKX gene ex-
pression analysis according to the procedure developed by Frebort et al. [63] and optimized
for wheat tissues. The plant material was powdered with liquid nitrogen using a hand
mortar and extracted with a 3-fold excess (v/w) of 0.2 M Tris–HCl buffer, pH 8.0, containing
1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.3% Triton X-100 ((St. Louis, MO, USA).
Plant samples were incubated in a reaction mixture consisting of 100 mM McIlvaine buffer,
0.25 mM of the electron acceptor dichlorophenolindophenol and 0.1 mM of substrate (N6-
isopentenyl adenine). The volume of the enzyme sample used for the assay was adjusted
based on the enzyme activity. The incubation temperature was 37 ◦C for 1–16 h. After
incubation, the reaction was stopped by adding 0.3 mL of 40% trichloroacetic acid (TCA)
and 0.2 mL of 2% 4-aminophenol (PAF). The product concentration was determined by
scanning the absorption spectrum from 230 nm to 550 nm. The total protein concentration
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was estimated based on the standard curve of bovine serum albumin (BSA) according to
the Bradford procedure [64].

4.6. Measurement of Yield-Related Traits

Morphometric measurement of yield-related traits of selected genotypes was per-
formed. The described traits were plant height, spike number, semi-empty spike number,
tiller number, spike length, grain yield, grain number, TGW, and 5-day seedling root weight.

4.7. Statistical Analysis

Statistical analysis was performed using Statistica 13 software (StatSoft). The normality
of the data distribution was tested using the Shapiro–Wilk test. The significance of the
changes was analyzed using ANOVA variance analysis and post hoc tests. The correlation
coefficients were determined using parametric correlation matrices (Pearson’s test) or a
nonparametric correlation (Spearman’s test).

5. Conclusions

We indicate, for the first time, that the pattern of expression of selected TaCKX GFMs
and TaNAC2-5A, and grain yield in wheat, is paternally inherited by the F2 generation.
Pater-origin transmission of gene expression levels sheds new light on the method of
parent selection and crossing to obtain high-yielding phenotypes. We also showed which
genes cooperate together by upregulation or downregulation and which function in the
opposite manner in establishing yield-related traits. This knowledge can be applied to
select the desirable phenotype in F2. For example, a high-yielding paternal parent with
downregulated, compared to the maternal parent, expression of TaCKX2.1 and TaCKX11
in 7 DAP spikes and upregulated expression of TaCKX3 and TaCKX8 and downregulated
TaNAC2-5A in seedling roots is expected to transmit this pattern of expression to F2, which
will result in a high yield. The main problem is the antagonistic expression patterns of
genes for some important yield-related traits, such as grain number, grain yield, and
spike number, to TGW, which is the result of the feedback mechanism of the regulation
of expression between TaCKX1 and TaCKX2 genes and others. The expression analysis of
TaNAC2-5A and the in silico analysis of TaNAC GFMs revealed that the encoded proteins
participate in the regulation of transcription of selected TaCKX genes responsible for
cytokinin degradation and TaIPT genes responsible for cytokinin biosynthesis. Therefore,
TaNACs are important additional regulators of yield-related traits in wheat, which should
be taken into consideration in wheat breeding.

6. Patents

Nadolska-Orczyk A., Szala K., Dmochowska-Boguta M., Orczyk W. Wzory ekspresji
genów jako nowe markery molekularne produktywności zbóż oraz sposób przekazywania
wysokiej produktywności I strategia selekcji wysokoplonujących odmian zbóż. (Patterns of
gene expression as new molecular markers of cereal productivity and a way of transfer of
high yield and the strategy for selecting high-yielding cereal varieties). Patent application
filed with the Polish Patent Office (UP RP) 23 January 2023, nr P.443557.
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Abstract: Salinity is a major abiotic stress that harms rice growth and productivity. Low phosphate
roots (LPRs) play a central role in Pi deficiency-mediated inhibition of primary root growth and
have ferroxidase activity. However, the function of LPRs in salt stress response and tolerance in
plants remains largely unknown. Here, we reported that the OsLPR5 was induced by NaCl stress and
positively regulates the tolerance to salt stress in rice. Under NaCl stress, overexpression of OsLPR5
led to increased ferroxidase activity, more green leaves, higher levels of chlorophyll and lower MDA
contents compared with the WT. In addition, OsLPR5 could promote the accumulation of cell osmotic
adjustment substances and promote ROS-scavenging enzyme activities. Conversely, the mutant lpr5
had a lower ferroxidase activity and suffered severe damage under salt stress. Moreover, knock out
of OsLPR5 caused excessive Na+ levels and Na+/K+ ratios. Taken together, our results exemplify a
new molecular link between ferroxidase and salt stress tolerance in rice.

Keywords: rice; salinity; OsLPR5; ferroxidase; stress

1. Introduction

Soil salinity is a global environmental problem and an important abiotic stress factor
that limits the germination, growth and productivity of plants [1]. High concentrations
of salt affect various plant physiological and biochemical processes, causing ionic toxicity,
osmotic stress, ROS accumulation and nutritional imbalance [2]. Rice is one of the principal
cereal crops for the world’s population and is salt-sensitive in the seedling and reproductive
stages [3]. To ensure food security, we need to combat the rising threat of soil salinity and
develop and grow grain output under saline conditions [4,5]. However, the research on
salt tolerance started relatively late in rice compared with in Arabidopsis, and although
numerous salt-responsive genes have been identified, very few have been successfully
applied in rice [6,7]. Genetic studies aimed at identifying genes underlying salt tolerance
and elucidating the corresponding mechanisms are becoming more urgent [8].

Plants have evolved various systems to sense and adapt to a high salinity environ-
ment. With salt stress, plants absorb excess Na+ from soil solution into their roots, which
moves sequentially to the shoots and throughout the leaves, ultimately inhibiting the
absorption of other nutrients such as K+ [9,10]. To maintain cellular Na+/K+ homeostasis,
a series of Na+/H+ antiporter, high-affinity K+ transporters (HKT) and Cl- channels help
the Na+ efflux, uptake restriction and compartmentalize into the vacuole [2,11–13]. Pro-
line biosynthesis-related genes such as OsP5CS and OsP5CR and trehalose-6-phosphate
synthase/phosphatase-related genes such as OsTPP1 and OsTPS1 can promote the ac-
cumulation of osmolytes and protect rice from osmotic stress under saline conditions in
rice [14,15]. In addition, plants have enzymatic scavengers and nonenzymatic antioxi-
dants to mitigate oxidative stress caused by ROS accumulation. Enzymatic scavengers
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include superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glu-
tathione peroxidases (GPXs), glutathione peroxidase (GR), glutaredoxin (GRX), glutathione
S-transferase (GST) and respiratory burst oxidase homologs (RBOHs) [6,16,17]. Ascorbic
acid, glutathione, carotenoids, flavonoids, alkaloids, phenolic compounds and tocopherol
are nonenzymatic antioxidants [1]. In addition to the above physiological mechanisms,
there are many functional proteins, transcription factors, hormones, etc., involved in signal-
ing and resisting salt stress.

Low phosphate roots (LPRs) encode the multicopper oxidase domain-containing pro-
tein, named for its function in Pi deficiency-mediated inhibition of primary root growth [18].
In Arabidopsis, LPR1 interacts genetically with the P5-type ATPase PDR2 in the endoplamic
reticulum (ER), and it plays an opposite role in mediating root meristem growth responses
to Pi and Fe availability [19]. Furthermore, LPR1 encodes a cell-wall-targeted ferroxidase
and function in iron-dependent callose deposition in low Pi conditions [20]. There are five
homologs of LPR1 in rice (OsLPR1-5), and significant increases in the relative expression
levels of OsLPR3 and OsLPR5 could be triggered under Pi deficiency [21]. Similar to
Arabidopsis, it was reported that OsLPR5 was located in the ER and the cell wall, had
ferroxidase activity and was required for normal growth and maintenance of phosphate
homeostasis in rice [22]. Moreover, the concentration of Fe (III) and total Fe were increased
in the roots and shoots of OsLPR5-overexpressing plants [22]. Therefore, OsLPR5 has a
broad spectrum influence on Fe homeostasis and plant development. However, little is
known about LPRs functions in abiotic stress response and tolerance.

Although the important roles of OsLPR5 have been reported in plants, its function
in salt stress response and tolerance has yet to be defined. In this study, we identified the
expression level of OsLPR5 and ferroxidase activity under NaCl stress. The physiologi-
cal roles in salt stress and tolerance were further identified through overexpression and
CRISPR/Cas9-mediated mutation of OsLPR5. We have uncovered a previously unknown
role that OsLPR5 positively regulates the salt stress tolerance in rice.

2. Results
2.1. OsLPR5 Is Induced under Salt Stress and Exhibits Higher Expression in Vegetative Organs

To determine the effect of salt stress on the relative transcriptional level of OsLPR5,
two-week-old wild-type seedlings were treated for 48 h with 120 mM NaCl. The results
showed that salt stress triggered a significant induction of OsLPR5 in the roots and shoots
(Figure 1A,B). Furthermore, since OsLPR5 encodes a ferroxidase, the ferroxidase activity in
wild-type seedlings was also measured with or without NaCl treatment, showing that the
activity was significantly induced by salt stress (Figure 1C). The above results suggested
that OsLPR5 may play a role in response to salt stress. We examined the expression
patterns of OsLRP5 by qRT-PCR in various wild-type tissues, and it was found that the
transcriptional level of OsLPR5 could be determined both in vegetative and reproductive
organs, but was far higher in vegetative organs in the tillering stage (Figure 1D).

2.2. Overexpression of OsLPR5 Increased Tolerance to Salinity Stress in Seedling Stage

To investigate the functional role of OsLPR5 in regulating the salt stress response, we
constructed a knock-out mutant by CRISPR/Cas9 and transgenic lines overexpressing
OsLPR5. Two independent mutants (lpr5-1 and lpr5-2) were generated and their editing
sites were identified (Figure 2A). The expression levels of OsLPR5 in the overexpressing
lines (#1, #2 and #3) were increased by more than 1000-fold compared with the wild type,
as determined by qRT-PCR (Figure 2B). Two overexpressing lines (#1 and #3) were then
selected for further study. Consistently, the ferroxidase activities extracted from the plant
total protein in overexpressing seedlings were significantly elevated compared to the WT.
In contrast, lpr5-1 and lpr5-2 showed lower ferroxidase activities compared to the WT
(Figure 2C). Then, the overexpressing seedlings (#1 and #3) were treated with 100, 120,
150 and 200 mM NaCl for 7 days to investigate whether OsLPR5 is involved in affecting
salt tolerance (Figures S1 and S2). It was found that OE-OsLPR5 seedlings suffered less
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damage, had more green leaves and were less sensitive to salt stress compared with the
WT at different levels of salt stress (Figures S1 and S2).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 13 
 

 

 
Figure 1. Expression pattern of OsLPR5. Time course of OsLPR5 under salt stress conditions (120 mM 
NaCl) in roots (A) and shoots (B) at the seedling stage via qPCR analysis. (C) The ferroxidase activity 
of total protein from wild type (WT) under normal and salt stress conditions. Asterisks represent sta-
tistical difference at * p < 0.05. (D) Expression patterns of OsLPR5 in different tissues containing root, 
stem, leaf panicle and glume by RT-qPCR. Data are shown as means ± SD (n = 3). 

2.2. Overexpression of OsLPR5 Increased Tolerance to Salinity Stress in Seedling Stage 
To investigate the functional role of OsLPR5 in regulating the salt stress response, we 

constructed a knock-out mutant by CRISPR/Cas9 and transgenic lines overexpressing 
OsLPR5. Two independent mutants (lpr5-1 and lpr5-2) were generated and their editing sites 
were identified (Figure 2A). The expression levels of OsLPR5 in the overexpressing lines (#1, 
#2 and #3) were increased by more than 1000-fold compared with the wild type, as deter-
mined by qRT-PCR (Figure 2B). Two overexpressing lines (#1 and #3) were then selected for 
further study. Consistently, the ferroxidase activities extracted from the plant total protein 
in overexpressing seedlings were significantly elevated compared to the WT. In contrast, 
lpr5-1 and lpr5-2 showed lower ferroxidase activities compared to the WT (Figure 2C). Then, 
the overexpressing seedlings (#1 and #3) were treated with 100, 120, 150 and 200 mM NaCl 
for 7 days to investigate whether OsLPR5 is involved in affecting salt tolerance (Figures S1 
and S2). It was found that OE-OsLPR5 seedlings suffered less damage, had more green 
leaves and were less sensitive to salt stress compared with the WT at different levels of salt 
stress (Figures S1 and S2). 

Figure 1. Expression pattern of OsLPR5. Time course of OsLPR5 under salt stress conditions (120 mM
NaCl) in roots (A) and shoots (B) at the seedling stage via qPCR analysis. (C) The ferroxidase activity
of total protein from wild type (WT) under normal and salt stress conditions. Asterisks represent
statistical difference at * p < 0.05. (D) Expression patterns of OsLPR5 in different tissues containing
root, stem, leaf panicle and glume by RT-qPCR. Data are shown as means ± SD (n = 3).
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brane lipid peroxidation (malondialdehyde (MDA)) under salt treatment, which indicated 
that the mutation of OsLPR5 caused an increased sensitivity to salt stress (Figure 3D,E). In 
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Figure 2. Identification of lpr5 mutants and overexpressed lines. (A) Sequence analysis of lpr5-1 and
lpr5-2 mutants generated by CRISPR/Cas9. The red arrow indicates the target site. (B) Expression
analysis of the OsLPR5 gene in overexpressed transgenic lines. Asterisks represent statistical differ-
ences at ** p < 0.01. (C). The ferroxidase activity assay in WT and OsLPR5 transgenic seedlings. Equal
amounts of total protein from leaves of WT, OE-OsLPR5 and lpr5 seedlings were incubated with the
substrate Fe(NH4)2(SO4)2·6H2O. Data are shown as the means ± S.D (n = 3). Significant differences
(p < 0.05) are indicated by different letters.
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OE-OsLPR5 (#1 and #3), lpr5-1, lpr5-2 and WT seedlings were subsequently stressed with
120 mM NaCl for further phenotypic observation. Notably, the results showed that lpr5-1 and
lpr5-2 had significantly reduced fresh weights and seedling heights after salt stress compared
with the WT (Figure 3A–C). Moreover, both lpr5-1 and lpr5-2 contained extremely lower levels
of total chlorophyll and much higher levels of an indicator of membrane lipid peroxidation
(malondialdehyde (MDA)) under salt treatment, which indicated that the mutation of OsLPR5
caused an increased sensitivity to salt stress (Figure 3D,E). In contrast, overexpressing OsLPR5
in rice increased the tolerance to salt stress, with a lower fresh weight loss, seedling height
inhibition and MDA content and higher levels of chlorophyll compared with the WT under
NaCl treatment (Figure 3A–E). Collectively, the above results suggest that OsLPR5 regulates
the salinity stress tolerance by acting as a new positive regulator in rice.
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2.3. OsLPR5 May Influence Osmotic Adjustment and ROS-Scavenging Enzyme Activities 
Upon exposure to salt stress, plants accumulate compatible osmolytes and promote the 
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Figure 3. OsLPR5 contributes to the salinity tolerance of rice. (A) Phenotype of wild-type and OsLPR5
transgenic seedlings exposed to salinity stress for 7 days. Scale bars, 2 cm. (B–E) Measurement of
fresh weight (B), seedling height (C), the total chlorophyll (D) and MDA (E) contents in wild-type and
OsLPR5 transgenic seedlings exposed to salinity stress for 7 days. Data are shown as means ± S.D
(n = 3). Different letters indicate significant differences between means as determined using an
ANOVA followed by Duncan’s test (p < 0.05).

62



Int. J. Mol. Sci. 2023, 24, 8115

2.3. OsLPR5 May Influence Osmotic Adjustment and ROS-Scavenging Enzyme Activities

Upon exposure to salt stress, plants accumulate compatible osmolytes and promote the
biosynthesis of a set of ROS-scavenging systems to resist osmotic and oxidative stress [1].
Therefore, we determined the contents of osmolytes, including soluble protein and proline,
in plants. Under normal conditions, there were no significant differences among OE-
OsLPR5 (#1 and #3), lpr5-1, lpr5-2 and WT seedlings. Under NaCl treatment, lpr5-1 and
lpr5-2 contained markedly lower soluble protein and proline than OE-OsLPR5 and WT
(Figure 4). Moreover, the OE-OsLPR5 (#1 and #3) seedlings accumulated much higher levels
of proline content than the WT (Figure 4). Consistent with this, the ROS scavenging enzyme
activities in lpr5-1 and lpr5-2, including superoxide dismutase (SOD), ascorbate peroxidase
(APX) and catalase (CAT), were also significantly lower than OE-OsLPR5 and WT, whereas
these enzyme activities were higher in OE-OsLPR5 compared to lpr5-1, lpr5-2 and WT
seedlings (Figure 4). Taken together, OsLPR5 appeared to promote the accumulation of cell
osmotic adjustment substances and promote ROS-scavenging enzyme activities in response
to osmotic and oxidative stress induced by salt stress in rice.
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Figure 4. Measurement of the content of soluble protein, proline and ROS-scavenging enzyme
activities of SOD, APX and CAT in leaves of wild-type, OE-OsLPR5 and lpr5 transgenic seedlings
under normal conditions or exposure to salt stress for 7 days. Different letters indicate significant
differences between means as determined using an ANOVA followed by Duncan’s test (p < 0.05).

2.4. Mutation of OsLPR5 Mainly Influence Na+ Levels under NaCl Stress

Excessive Na+ uptake and altered Na+/K+ homeostasis in shoots lead to leaf damage
when exposed to high salt concentrations. Thus, the contents of Na+ and K+ were measured
in the rice shoots with or without NaCl treatment. Under normal conditions, there were no
significant differences in Na+ content among the plants (Figure 5). The Na+ levels of all
seedlings tested were dramatically increased after 120 mM NaCl treatment, especially in
lpr5-1 and lpr5-2 (Figure 5). However, except for the higher K+ level of lpr5-2, the contents
in other plants were not much different, which suggested that OsLPR5 may not directly
regulate K+ homeostasis. Similar to the Na+ levels, the Na+/K+ ratios also showed a sharp
increase under salt stress, especially in lpr5-1 and lpr5-2 (Figure 5). These results imply that
mutation of OsLPR5 mainly causes excessive Na+ levels, Na+/K+ ratios and salt sensitivity.
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2.5. OsLPR5 Significantly Changes the Expression Levels of Salt Stress and Iron
Homeostasis-Related Genes in Rice

Rice will suffer from osmotic stress, oxidative stress and excessive Na+ uptake when
exposed to high salt concentrations. Under NaCl treatment, lpr5 contained markedly lower
proline levels and much higher levels of Na+ than OE-OsLPR5 and WT (Figures 4 and 5).
Therefore, we evaluated the relative expression levels of the key proline-synthesis-related
gene (OsP5CS1) and high-affinity sodium transporter (OsHKT2;1) in WT, OE-OsLPR5 and
lpr5 seedlings under normal and NaCl treatment conditions by qRT-PCR [23–25]. The
results showed that the expression levels of OsP5CS1 and OsHKT2;1 were significantly
upregulated in WT and OE-OsLPR5 after NaCl treatment, but downregulated in lpr5
seedlings (Figure 6). Moreover, the expression of these two genes was most significantly
upregulated in the overexpressing seedlings, which is consistent with their increased salt
tolerance (Figure 6). Fe is essential for the synthesis of ferredoxins and other redox-related
proteins participating in a variety of physiological activities in plants [9,26]. Ai et al.
reported that overexpression of OsLPR5 elevated the concentrations of Fe (III) in the xylem
sap and total Fe in rice [22]. In grasses, the acquisition and mobilization of Fe (III) mainly
occurs through a chelation-based approach (Strategy II). The YS1-like (YSL) family have
been reported to play important roles in this approach. OsYSL15, one of the rice YSL genes
played a positive role in Fe uptake and distribution during the first stages of growth [27].
Therefore, the relative expression levels of OsYSL15 was analyzed in WT, OE-OsLPR5 and
lpr5 seedlings. Under normal conditions, the transcript level in WT, OE-OsLPR5 and lpr5
seedlings exhibited no significant difference. However, its level was remarkedly increased
in OsLPR5-overexpressing seedlings in response to salt stress (Figure 6). We speculated
that this was related to the increased ferroxidase activity and concentration of Fe (III) in
OsLPR5-overexpressing seedlings.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 6. Relative expression levels of stress-related genes in leaves of wild-type, OE-OsLPR5 and lpr5 
transgenic seedlings under normal conditions or exposure to salt stress for 4 h. Different letters indicate 
significant differences between means as determined using an ANOVA followed by Duncan’s test (p 
< 0.05). 

3. Discussion 
3.1. OsLPR5 and Ferroxidase Activities Are Induced under Salt Stress 

LPRs are highly expressed in roots and play important roles in root meristem develop-
ment under low Pi in Arabidopsis (LPR1 and LPR2) and rice (OsLRP5) [19,22]. Here, we also 
used qRT-PCR analyses to determine the expression patterns of OsLRP5 in different tissues, 
and found consistent higher expression levels in roots and also in the leaves and stems at 
the tillering stage (Figure 1D). This may be due to the different tissues and periods of the 
samples tested in our study. The results suggested the broad spectrum influence of OsLRP5 
on plant growth in rice. Therefore, we investigated the relative transcription levels of 
OsLRP5 in roots and shoots under NaCl treatment to determine whether this gene was in-
volved in the salt stress response. It showed that salt stress triggered a significant induction 
of OsLPR5 both in the roots and shoots, which suggested its possible role in the regulation 
of salt stress (Figure 1A,B). 

Both LPR1 and OsLRP5 have ferroxidase activity in Arabidopsis and rice by catalyzing 
the oxidation of Fe (II) to Fe (III) using O2 as a substrate [19,20,22]. In Arabidopsis, the fer-
roxidase activity in root extracts was up to 5-fold higher in LPR1-overexpressing lines com-
pared with the wild type (Col) [20]. By detecting the ferroxidase activity of heterologously 
expressed purified pGS::GST::OsLPR5 fusion proteins in E. coli, OsLPR5 also showed fer-
roxidase activity [22]. In addition, the activity was significantly higher in the roots of 
OsLPR5-overexpressing lines under Pi-sufficient and Pi-deficient conditions [22]. Consistent 
with this, our study confirmed that the ferroxidase activity was significantly higher in the 
shoots of OsLPR5-overexpressing lines (#1 and #3) than in the WT (Figure 2C). Moreover, 
the mutants (lpr5-1 and lpr5-2) showed lower ferroxidase activities compared with the WT 
(Figure 2C). We further measured the ferroxidase activities in WT at the seedling stage with 
or without NaCl stress and found a significantly increased activity under NaCl stress (Fig-
ure 1C). These results indicated that ferroxidase activity was approximately correlated with 
OsLPR5 transcription levels. 

3.2. OsLPR5 Positively Regulates the Tolerance to Salinity Stress 
Salinity stress can cause various physiological and biochemical changes, including 

ionic toxicity, osmotic stress, ROS accumulation and nutritional imbalance [2]. Enhanced 
salt-tolerant plants generally have higher chlorophyll and proline contents, lower MDA con-
tent and ROS communication and increased ROS-scavenging enzyme activities, for example, 
in OsR3L1 and OsMADS25 overexpressing seedlings [14,28]. Consistent with this, the 
OsLPR5-overexpressing lines (#1 and #3) had higher fresh weights and chlorophyll contents, 
lower MDA contents, higher proline contents and increased ROS-scavenging enzyme activ-
ities than the WT after NaCl stress. In contrast, the mutants (lpr5-1 and lpr5-2) suffered more 

Figure 6. Relative expression levels of stress-related genes in leaves of wild-type, OE-OsLPR5 and
lpr5 transgenic seedlings under normal conditions or exposure to salt stress for 4 h. Different letters
indicate significant differences between means as determined using an ANOVA followed by Duncan’s
test (p < 0.05).

64



Int. J. Mol. Sci. 2023, 24, 8115

3. Discussion
3.1. OsLPR5 and Ferroxidase Activities Are Induced under Salt Stress

LPRs are highly expressed in roots and play important roles in root meristem develop-
ment under low Pi in Arabidopsis (LPR1 and LPR2) and rice (OsLRP5) [19,22]. Here, we
also used qRT-PCR analyses to determine the expression patterns of OsLRP5 in different
tissues, and found consistent higher expression levels in roots and also in the leaves and
stems at the tillering stage (Figure 1D). This may be due to the different tissues and periods
of the samples tested in our study. The results suggested the broad spectrum influence
of OsLRP5 on plant growth in rice. Therefore, we investigated the relative transcription
levels of OsLRP5 in roots and shoots under NaCl treatment to determine whether this gene
was involved in the salt stress response. It showed that salt stress triggered a significant
induction of OsLPR5 both in the roots and shoots, which suggested its possible role in the
regulation of salt stress (Figure 1A,B).

Both LPR1 and OsLRP5 have ferroxidase activity in Arabidopsis and rice by catalyzing
the oxidation of Fe (II) to Fe (III) using O2 as a substrate [19,20,22]. In Arabidopsis, the
ferroxidase activity in root extracts was up to 5-fold higher in LPR1-overexpressing lines
compared with the wild type (Col) [20]. By detecting the ferroxidase activity of heterolo-
gously expressed purified pGS::GST::OsLPR5 fusion proteins in E. coli, OsLPR5 also showed
ferroxidase activity [22]. In addition, the activity was significantly higher in the roots of
OsLPR5-overexpressing lines under Pi-sufficient and Pi-deficient conditions [22]. Consis-
tent with this, our study confirmed that the ferroxidase activity was significantly higher in
the shoots of OsLPR5-overexpressing lines (#1 and #3) than in the WT (Figure 2C). More-
over, the mutants (lpr5-1 and lpr5-2) showed lower ferroxidase activities compared with the
WT (Figure 2C). We further measured the ferroxidase activities in WT at the seedling stage
with or without NaCl stress and found a significantly increased activity under NaCl stress
(Figure 1C). These results indicated that ferroxidase activity was approximately correlated
with OsLPR5 transcription levels.

3.2. OsLPR5 Positively Regulates the Tolerance to Salinity Stress

Salinity stress can cause various physiological and biochemical changes, including
ionic toxicity, osmotic stress, ROS accumulation and nutritional imbalance [2]. Enhanced
salt-tolerant plants generally have higher chlorophyll and proline contents, lower MDA
content and ROS communication and increased ROS-scavenging enzyme activities, for
example, in OsR3L1 and OsMADS25 overexpressing seedlings [14,28]. Consistent with this,
the OsLPR5-overexpressing lines (#1 and #3) had higher fresh weights and chlorophyll
contents, lower MDA contents, higher proline contents and increased ROS-scavenging
enzyme activities than the WT after NaCl stress. In contrast, the mutants (lpr5-1 and lpr5-2)
suffered more severe yellowing, chlorophyll destruction and osmotic stress and had a
lower ROS scavenging ability after salt stress (Figures 3 and 4). Consist with this, the
transcriptional level of OsP5CS1 was significantly upregulated in OE-OsLPR5 after NaCl
treatment (Figure 6). These results indicated that OsLPR5 positively regulates the tolerance
to salt stress.

An elevated Na+/K+ ratio is a characteristic manifestation of ionic toxicity with salt
stress. For example, there was a higher K+/Na+ ratio and an enhanced salt tolerance in
OsSTAP1 overexpressing lines compared to the WT [29]. In our study, both the Na+ levels
and Na+/K+ ratios were elevated in the mutants (lpr5-1 and lpr5-2) compared with the WT,
consistent with the salt-hypersensitivity phenotype (Figure 5). Unexpectedly, overexpres-
sion of OsLPR5 did not decrease the Na+ level or Na+/K+ ratio after NaCl stress, as they
were approximately the same as those in the WT (Figure 5). We speculated that OsLPR5
confers salt tolerance primarily at other physiological levels. The root system is the first
tissue to perceive salt stress, and a greater root volume under salt stress in overexpressing
OsAHL1, OsHAL3 and OsMADS25 seedlings exhibited enhanced salt avoidance [1,30].
Similar to this, the primary root length was longer in OsLPR5-overexpressing lines than
the WT at the seedling stage (Figure S3). On the other hand, there have been reports that
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the expression levels of OsIRO2, OsIRT1, OsNAS1, OsNAS2, OsYSL15 and OsYSL2 were
enhanced by a saline-alkaline environment and the plants could acquire Fe more efficiently,
thus contributing to a higher accumulation of Fe [6,31]. The increased concentration of Fe
(III) and total Fe in the roots and shoots of OsLPR5-overexpressing plants may be one of
the reasons for its improved salt tolerance [22]. In addition, the transcriptional levels of
OsHKT2;1 and OsYSL15 were significantly upregulated in OE-OsLPR5 after NaCl treat-
ment. We speculated that OsLPR5 may influence the salt stress tolerance by regulating the
expressions of OsHKT2;1 and OsYSL15. However, the detailed molecular mechanisms and
genetic pathways of OsLPR5-mediated salt tolerance remain to be elucidated.

Taking our current results together with those of previous studies, OsLPR5 is a newly
identified gene belong to LPRs that significantly improves the salt stress tolerance in rice.
We investigated the plant height and thousand-grain weight of OE-OsLPR5 in the mature
stage and found that overexpressing OsLPR5 causes a slight decrease in both agronomic
traits (Figure S4). However, further work is needed to explore the potential use of OsLPR5
in breeding salt-tolerant rice varieties.

4. Materials and Methods
4.1. Experimental Materials and Stress Treatment

The rice variety japonica cv. Nipponbare was used as the wild type (WT) and genetic
transformation in this study. For salt stress, the sterilized seeds were germinated in water
at 32 ◦C and then grown in culture solution (1.15 mM (NH4)2SO4, 0.2 mM NaH2PO4,
1 mM CaCl2, 1 mM MgSO4, 0.4 mM K2SO4, 0.009 mM MnCl2, 0.075 mM (NH4)6Mo7O24,
0.019 mM H3BO3, 0.152 mM ZnSO4, 0.155 mM CuSO4 and 0.02 mM Fe-EDTA, pH 5.8) in a
growth chamber at 32 ◦C light/28 ◦C dark. The 14-day-old seedlings of WT and transgenic
lines were treated with 100, 120, 150 and 200 mM NaCl for one week. Seedlings grown
in nutrient solution without NaCl served as controls. After treatment, the fresh weight
and shoot length of each plant were measured. Each treatment experiment was performed
with three replicates with twelve seedlings. Statistically significant differences (p < 0.05 or
p < 0.01) were identified by an ANOVA followed by Duncan’s test.

4.2. RNA Isolation and qRT-PCR

Total RNA was extracted from rice tissues using Trizol (Hlingene, Shanghai, China)
according to the manufacturer’s instructions. For RT-qPCR analyses, 1 µg of RNA sam-
ple was depleted of genomic DNA and reverse-transcribed into cDNA using HifairIII 1st
Strand cDNA Synthesis SuperMix (YEASEN, Shanghai, China). The Hieff qPCR SYBR
Green Master Mix premix (YEASEN, Shanghai, China) was used in qRT-PCR experiments.
The reaction was performed with biological triplicates as described previously [32]. The
transcription levels were calculated by the 2−∆∆CT values with the expression of the ubiqui-
tin gene as the internal control to normalize gene expression data. The primers used in this
experiment are listed in Table S1.

4.3. Vector Constructs and Rice Genetic Transformation

To construct the OE-OsLPR5 plasmid, the coding sequence of OsLPR5 was cloned
and constructed into the pCAMBIA1300-UBI-RBCS vector using the Hieff Clone® Plus
One Step Cloning Kit (YEASEN, Shanghai, China). For lpr5 mutant construction, the
CRISPR/Cas9 system was used based on a previous report [33]. The specific CRISPR target
site was designed in the protein-encodable region by the CRISPR-GE Software Toolkit
(http://crispr.hzau.edu.cn/CRISPR2/, accessed on 16 March 2023) [34]. The annealed
19-bp genomic DNA was ligated into pYLgRNA-OsU3 using T4 ligase (New England Bio-
labs, Shanghai, China). All constructs were transferred into Agrobacterium tumefaciens strain
EHA105 and genetically transformed into Nipponbare by the Agrobacterium-mediated
transformation method to generate transgenic lines following a previous report [35]. The
specific primers are listed in Supplemental Table S1.
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4.4. Chlorophyll Content Assay

For total chlorophyll content measurements, 0.1 g of fresh leaves with or without
treatment were chopped and put into 10 mL of ethanol/acetone (1:1) mixed solution.
Then, pigments were extracted in the dark for 48 h until the leaves turned completely
white. Absorbance values at 663 nm and 645 nm were measured with an ultraviolet
spectrophotometer. Each sample had three biological replicates. The chlorophyll contents
were calculated according to a previously described process [36].

4.5. Physiological Measurements

The free proline content in leaves was measured by the sulfosalicylic acid method ac-
cording to a previous method [37]. Briefly, 0.2 g of leaves from control and treatment plants
were homogenized in solution (3% sulfosalicylic acid/glacial acetic acid/2.5% ninhydrin
hydrate 1:1:2), followed by inoculation in a 100 ◦C water bath for 15 min. After cooling,
toluene was added and the UV absorption of the toluene layer at 520 nm was measured.
The proline content was calculated according to the standard curve. The soluble protein in
leaves was homogenized with a Coomassie brilliant blue solution and measured at 595 nm.
For MDA content, 0.2 g of leaves was powdered and homogenized in solution (0.25% TBA
dissolved in 10% TCA). After centrifugation, the supernatant was inoculated in a 95 ◦C
water bath for 15 min. After cooling, the absorptions at 532 nm, 600 nm and 450 nm were
measured [38].

The antioxidant enzyme activities were measured according to a previous method [14,39].
Briefly, fresh leaves from control and treatment plants were ground by liquid nitrogen
and then homogenized with potassium phosphate buffer (pH 7.2). For analyses of APX
activity, 5 mM vitamin C (AsA) was added and the absorption at 290 nm was measured.
The APX activity was determined by the degradation rate of AsA. The total CAT activity
was measured by the rate of decomposition of H2O2 at 240 nm. The SOD activity was
assayed by monitoring the percentage of inhibition of the pyrogallol autoxidation at 320 nm.
Statistically significant differences (p < 0.05) were identified by an ANOVA followed by
Duncan’s test.

4.6. Quantification of Na+ and K+ Concentrations

The shoots of rice seedlings from WT and transgenic plants with or without treatment
were collected for the determination ion concentrations. All the samples were oven-dried
at 105 ◦C for 30 min and 75 ◦C for 48 h. The Na+ and K+ concentrations of each sample
were determined according to a previous report [40]. Statistically significant differences
(p < 0.01) were identified by an ANOVA followed by Duncan’s test.

4.7. Determination of Ferroxidase Activity

To determine the ferroxidase activity of plants, total plant proteins were extracted
from seedlings of the wild type and transgenic plants as described previously [41]. Samples
were ground with liquid nitrogen and immersed in extracted solution containing a Protease
inhibitor cocktail. Then, the total plant proteins were obtained by centrifugating twice
at 4 ◦C and collecting the supernatant. For ferroxidase assays, the reaction contained
1050 µL buffer (450 mM Na-acetate (pH 5.8), 100 mM CuSO4), 225 µL substrate (357 mM
Fe(NH4)2(SO4)2·6H2O, 100 mM CuSO4) and 30 µL plant protein. The solution was mixed
gently and 16 µL 18 mM ferrozine was added to quench the rection at regular intervals.
The reaction mixture without substrate was used as control. The activity of ferroxidase was
assayed by the rate of Fe2+ oxidation, which was calculated from the decreased absorbance
at 560 nm according to the method in [20,22].

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24098115/s1.
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Abstract: Areca catechu is a commercially important medicinal plant widely cultivated in tropical
regions. The natural resistance-associated macrophage protein (NRAMP) is widespread in plants
and plays critical roles in transporting metal ions, plant growth, and development. However, the
information on NRAMPs in A. catechu is quite limited. In this study, we identified 12 NRAMPs genes
in the areca genome, which were classified into five groups by phylogenetic analysis. Subcellular
localization analysis reveals that, except for NRAMP2, NRAMP3, and NRAMP11, which are localized
in chloroplasts, all other NRAMPs are localized on the plasma membrane. Genomic distribution
analysis shows that 12 NRAMPs genes are unevenly spread on seven chromosomes. Sequence
analysis shows that motif 1 and motif 6 are highly conserved motifs in 12 NRAMPs. Synteny analysis
provided deep insight into the evolutionary characteristics of AcNRAMP genes. Among the A. catechu
and the other three representative species, we identified a total of 19 syntenic gene pairs. Analysis of
Ka/Ks values indicates that AcNRAMP genes are subjected to purifying selection in the evolutionary
process. Analysis of cis-acting elements reveals that AcNRAMP genes promoter sequences contain
light-responsive elements, defense- and stress-responsive elements, and plant growth/development-
responsive elements. Expression profiling confirms distinct expression patterns of AcNRAMP genes
in different organs and responses to Zn/Fe deficiency stress in leaves and roots. Taken together,
our results lay a foundation for further exploration of the AcNRAMPs regulatory function in areca
response to Fe and Zn deficiency.

Keywords: Areca catechu; NRAMP; Fe and Zn deficiency; stress response; gene expression

1. Introduction

Metal ions play a key role in maintaining the stability of plant physiological and
biochemical functions. For example, Fe is an essential element involved in cell respiration,
photosynthesis, and the catalytic reaction of metalloproteins, while Zn is a structural
cofactor of a variety of enzymes and proteins [1,2]. The balance of metal ions in the plant
is also necessary for plant development. A high concentration of free iron (Fe3+/Fe2+)
generates oxygen and hydroxyl radicals through the Fenton reaction, which causes a redox
reaction and accumulation of superoxide compounds, resulting in intracellular damage to
DNA and lipids [3]. Meanwhile, Fe deficiency can also affect plant growth and development.
Similarly, excess zinc binds to sulfur, nitrogen, and oxygen-containing functional groups
in biological molecules due to its upregulated high affinity, which, in turn, interferes with
their biological activities. Zn deficiency leads to the oxidative destruction of chlorophyll,
lipids, and proteins [4].
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The maintenance of metal ion balance in plants is mainly achieved through the syn-
ergies of various metal transporters, including zinc-regulated transporters iron-regulated
transporter-like proteins (ZIP), NRAMP, cation diffusion facilitator proteins (CDF), heavy
metal ATPase (HMA), yellow stripe-like (YSL), and ATP-binding cassette (ABC) trans-
porters [5,6]. Of these, the NRAMP proteins are a vital membrane transporter family that
exist widely in plants, which are mainly involved in the transport of divalent metal cations
such as Zn, Fe, and Cu. Moreover, the NRAMP proteins play a principal role in regulating
and maintaining the homeostasis of Mn/Fe in plants [7,8]. NRAMP was first found in mice.
Subsequently, NRAMP was verified as a metal transporter in diverse organisms including
fungi, animals, and plants [9,10]. In the previous study, the roles of NRAMP proteins have
been explored in some plant species, including model plants, forest trees, and horticultural
plants [10–15]. Different NRAMPs enable the trafficking of different essential or toxic metal
ions. For instance, Arabidopsis AtNRAMP6 is considered a transporter of cadmium [16],
while AtNRAMP1 is a Mn transporter. AtNRAMP3 and AtNRAMP4 are responsible for
the transportation of Fe and Mn [17]. Rice OsNRAMP3 is identified as a Mn transporter,
while OsNRAMP5 is identified as a Mn/Cd transporter [18,19]. In addition, OsNRAMP4
plays a key role in the trafficking of trivalent Al ions [20]. In summary, NRAMP proteins
are critical members of the membrane transporter family involved in metal ion transport,
absorption, intracellular transport, and detoxification.

Areca catechu (areca palm) is an evergreen tree of the genus Areca in the palm family,
which is native to Malaysia and widely cultivated in tropical Asia. In our previous studies,
we treated areca seedlings with Fe and Zn deficiency and found a significant decrease in iron
and zinc content in the roots [21]. In this study, 12 NRAMP genes were identified from the
whole genome of A. catechu, and their sequence characteristics, gene structure, phylogeny,
promoter sequence, and collinearity were analyzed. Furthermore, the expression levels
of these genes in different tissues and under the condition of Fe and Zn deficiency were
studied. This work provides a basis for further investigating NRAMP function and areca
response to Fe and Zn deficiency.

2. Results
2.1. Identification and Characterization of AcNRAMPs

Twelve AcNRAMP candidates were identified in the A. catechu genome (Figure 1A,
Table S2). The amino acid lengths of 12 AcNRAMP proteins altered from 120 (AcNRAMP5)
to 971 (AcNRAMP2), while the molecular weight changed from 13.86–106.01 KDa. The the-
oretical isoelectric point (pI) of AcNRAMP proteins varied from 4.5 (AcNRAMP10)–9.14 (Ac-
NRAMP5). The instability index (Ii) ranged from 25.75 (AcNRAMP10) to
47.77 (AcNRAMP2). Only two AcNRAMP proteins had Ii larger than 40. The aliphatic
index (Ai) analysis shows that AcNRAMP2 has the maximum Ai at 82.84, while AcN-
RAMP12 has the minimum Ai at 132.44. In addition, the grand average of hydropathicity
(GRAVY) of all AcNRAMP proteins was positive except for AcNRAMP2. Prediction of
subcellular localization reveals that all AcNRAMP proteins are localized to the plasma
membrane except for AcNRAMP2, AcNRAMP3, and AcNRAMP11 (Figure 1B).

2.2. Duplication Analysis and Phylogenetic Analysis of AcNRAMPs

To understand the genomic distribution of 12 AcNRAMPs, their chromosomal lo-
cation was analyzed. The twelve genes were located on seven chromosomes, of which
chromosome two had a maximum of three genes (Figure 2A). To reveal the AcNRAMP
collinear gene pairs, the syntenic gene analysis was carried out. The results show that
only one collinear AcNRAMP (AcNRAMP3–AcNRAMP4) is identified in the areca genome
(Figure 2A). To shed light on the possible evolutionary process of AcNRAMPs, the syn-
tenic relationships of AcNRAMP genes with the other plant species were investigated,
including dicot A. thaliana (belongs to the Brassicaceae), monocot O. sativa (belongs to
the Poaceae), and C. nucifera (belongs to the Palmae). Three AcNRAMP homologous
genes pairs are detected between A. catechu and A. thaliana (AcNRAMP1–AT5G67330.1;
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AcNRAMP4–AT2G23150.1; AcNRAMP4–AT5G67330.1) (Figure 2B, Table S3). Five Ac-
NRAMP homologous gene pairs are identified between A. catechu and O. sativa (AcN-
RAMP1–Os12t0581600-01; AcNRAMP1–Os03t0208500-01; AcNRAMP2–Os07t0155600-01;
AcNRAMP4–Os03t0208500-01; AcNRAMP6–Os06t0676000-01) (Figure 2C, Table S3). A total
of 11 AcNRAMP homologous gene pairs are identified between A. catechu and C. nucifera (Ac-
NRAMP1–GZ08G0188430.1; AcNRAMP1–GZ09G0194900.1; AcNRAMP1–GZ15G0285060.1;
AcNRAMP2–GZ03G0077500.1; AcNRAMP4–GZ08G0188430.1; AcNRAMP4–GZ09G0194900.1;
AcNRAMP4–GZ15G0285060.1; AcNRAMP6–GZ01G0002400.1; AcNRAMP7–GZ07G0166110.1;
AcNRAMP12–GZ02G0049210.1; AcNRAMP14–GZ08G0185160.1) (Figure 2D, Table S3).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 1. Physicochemical properties of AcNRAMPs (A) and prediction of subcellular localization 
(B). 

2.2. Duplication Analysis and Phylogenetic Analysis of AcNRAMPs 
To understand the genomic distribution of 12 AcNRAMPs, their chromosomal 

location was analyzed. The twelve genes were located on seven chromosomes, of which 
chromosome two had a maximum of three genes (Figure 2A). To reveal the AcNRAMP 
collinear gene pairs, the syntenic gene analysis was carried out. The results show that only 
one collinear AcNRAMP (AcNRAMP3–AcNRAMP4) is identified in the areca genome 
(Figure 2A). To shed light on the possible evolutionary process of AcNRAMPs, the 
syntenic relationships of AcNRAMP genes with the other plant species were investigated, 
including dicot A. thaliana (belongs to the Brassicaceae), monocot O. sativa (belongs to the 
Poaceae), and C. nucifera (belongs to the Palmae). Three AcNRAMP homologous genes pairs 
are detected between A. catechu and A. thaliana (AcNRAMP1–AT5G67330.1; AcNRAMP4–
AT2G23150.1; AcNRAMP4–AT5G67330.1) (Figure 2B, Table S3). Five AcNRAMP 
homologous gene pairs are identified between A. catechu and O. sativa (AcNRAMP1–
Os12t0581600-01; AcNRAMP1–Os03t0208500-01; AcNRAMP2–Os07t0155600-01; 
AcNRAMP4–Os03t0208500-01; AcNRAMP6–Os06t0676000-01) (Figure 2C, Table S3). A 
total of 11 AcNRAMP homologous gene pairs are identified between A. catechu and C. 
nucifera (AcNRAMP1–GZ08G0188430.1; AcNRAMP1–GZ09G0194900.1; AcNRAMP1–
GZ15G0285060.1; AcNRAMP2–GZ03G0077500.1; AcNRAMP4–GZ08G0188430.1; 
AcNRAMP4–GZ09G0194900.1; AcNRAMP4–GZ15G0285060.1; AcNRAMP6–
GZ01G0002400.1; AcNRAMP7–GZ07G0166110.1; AcNRAMP12–GZ02G0049210.1; 
AcNRAMP14–GZ08G0185160.1) (Figure 2D, Table S3). 

Figure 1. Physicochemical properties of AcNRAMPs (A) and prediction of subcellular localization (B).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Chromosomal location of AcNRAMP genes. (A) Chromosomal location of AcNRAMPs and 
their collinear gene pairs in A. catechu genome. The outer ring to the inner ring represents 16 
chromosomes, gene density, and GC contents, respectively. (B–D) Syntenic analysis of AcNRAMPs 
between A. catechu and A. thaliana, A. catechu and O. sativa, and A. catechu and C. nucifera, 
respectively. The gray lines among each chromosome represent all gene pairs between A. catechu 
and other plant species, while the red lines represent the gene pairs associated with AcNRAMP 
genes. 

To uncover the selection pressure on NRAMP genes during evolution, we calculated 
the non-synonymous substitution rate (Ka), the synonymous substitution rate (Ks), and 
their ratio (Ka/Ks) of homologous NRAMP genes in A. catechu, A. thaliana, O. sativa, and 
C. nucifera (Figure 3; Table S4). The results show that the Ka/Ks values vary greatly (from 
0.0797 to 0.6172) but are less than 1, suggesting purifying selection on these genes. 
Generally, the Ka/Ks ratios of AcNRAMPs and OsNRAMPs gene pairs are larger than 
those of AcNRAMPs and CnNRAMPs gene pairs, implying faster evolutionary rates of 
AcNRAMP genes on O. sativa than on C. nucifera (Table S4). 

Figure 2. Chromosomal location of AcNRAMP genes. (A) Chromosomal location of AcNRAMPs
and their collinear gene pairs in A. catechu genome. The outer ring to the inner ring represents
16 chromosomes, gene density, and GC contents, respectively. (B–D) Syntenic analysis of AcNRAMPs
between A. catechu and A. thaliana, A. catechu and O. sativa, and A. catechu and C. nucifera, respectively.
The gray lines among each chromosome represent all gene pairs between A. catechu and other plant
species, while the red lines represent the gene pairs associated with AcNRAMP genes.
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To uncover the selection pressure on NRAMP genes during evolution, we calculated
the non-synonymous substitution rate (Ka), the synonymous substitution rate (Ks), and
their ratio (Ka/Ks) of homologous NRAMP genes in A. catechu, A. thaliana, O. sativa, and
C. nucifera (Figure 3; Table S4). The results show that the Ka/Ks values vary greatly
(from 0.0797 to 0.6172) but are less than 1, suggesting purifying selection on these genes.
Generally, the Ka/Ks ratios of AcNRAMPs and OsNRAMPs gene pairs are larger than those
of AcNRAMPs and CnNRAMPs gene pairs, implying faster evolutionary rates of AcNRAMP
genes on O. sativa than on C. nucifera (Table S4).
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Figure 3. Comparison of NRAMP homologous genes substitution rate. (A) The number distribution
of the collinear gene pairs in three species. Ac: A. catechu; At: A. thaliana; Os: O. sativa; Cn: C. nucifera.
(B–D) The Ka, Ks, and Ka/Ks distribution of the NRAMP duplicated genes.

To clarify the phylogenetic relationships among NRAMP homologs in different plant
species, a total of 25 NRAMP proteins from A. thaliana (6), O. sativa (7), and A. catechu (12)
were used to establish a phylogenetic tree (Figure 4). According to the topology of the
phylogenetic tree, 25 NRAMP were subdivided into five subgroups (group 1–group 5).
AcNRAMP genes are distributed in all five subgroups, among which group 2 has the largest
number (Figure 4).

2.3. Sequence Features of AcNRAMPs

To illustrate the sequence features of the AcNRAMPs, the MEME program was used
to analyze their conserved motifs. In total, six conserved motifs (motif 1–6) are found in
12 AcNRAMP protein sequences. AcNRAMP proteins within the identical subgroup have
similar motifs (Figure 5A,B). Motif 1 and motif 6 are present in all proteins. Most of the
AcNRAMP proteins have motifs 2 and 3. Only AcNRAMP5 proteins contain two motifs,
including motif 1 and motif 6. The analysis of gene structures reveals a great change in
introns number within 12 AcNRAMP genes (from 3 to 14), while the number distribution
of UTR varies from 1 to 3 (Figure 5C). Furthermore, the frequencies of amino acids on
the respective position within the sequences of six motifs in the AcNRAMPs are highly
different, which are worthy of further elucidation (Figure 5D).
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Figure 5. The sequence features of the AcNRAMP genes. (A) The phylogenetic tree has 12 AcNRAMPs.
(B) The motif distribution in the 12 AcNRAMPs. The various colored rectangles represent motifs
1 to 6; the black solid lines indicate the sequences outside motifs; the bar scale below represents the
number of amino acids. (C) The gene structures of the 12 AcNRAMPs. The green ellipses and orange
ellipses represent exons and untranslated regions (UTR), respectively; the black solid lines linked
with the ellipse indicate the introns; the bar scale below represents the gene length. (D) Sequence
logos of conserved amino acid residues sequences. The X-axis represents the position of the different
amino acids in each motif, while the Y-axis represents the bit value of each amino acid.

2.4. Cis-Acting Elements of AcNRAMPs

To gain more insight into the possible regulatory factors of 12 AcNRAMP genes, the
Plant CARE online program was employed to analyze their cis-acting elements. We identified
25 types of cis-acting elements and classified them into three categories, namely, phytohormone-
responsive elements (PREs), defense- and stress-responsive elements (DSREs), and plant
growth/development-responsive elements (GDREs) (Figure 6). Of these, the PREs are
the most abundant with eight types, containing the ABA-responsive elements such as
ABRE, the MeJA-responsive elements such as CGTCA motif and TGACG motif, the auxin-
responsive elements such as AuxRR-core, the gibberellin-responsive elements such as
P-box and TATC-box, and the other elements such as TCA element and TGA element.
The DSREs have 12 types, containing ATC motif, Box 4, GA motif, GARE motif, GATA
motif, G-box, I-box, MRE, Sp1, TCCC motif, and TCT motif. However, only five types of
GDREs are identified, containing ARE, LTR, MBS, GCN4 motif, and RY element. Moreover,
AcNRAMP9 and AcNRAMP10 have almost identical cis-acting elements. Box 4 is present in
all AcNRAMPs as the light-responsive element (Figure 6).

76



Int. J. Mol. Sci. 2023, 24, 7383

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 17 
 

 

2.4. Cis-Acting Elements of AcNRAMPs 
To gain more insight into the possible regulatory factors of 12 AcNRAMP genes, the 

Plant CARE online program was employed to analyze their cis-acting elements. We 
identified 25 types of cis-acting elements and classified them into three categories, namely, 
phytohormone-responsive elements (PREs), defense- and stress-responsive elements 
(DSREs), and plant growth/development-responsive elements (GDREs) (Figure 6). Of 
these, the PREs are the most abundant with eight types, containing the ABA-responsive 
elements such as ABRE, the MeJA-responsive elements such as CGTCA motif and TGACG 
motif, the auxin-responsive elements such as AuxRR-core, the gibberellin-responsive 
elements such as P-box and TATC-box, and the other elements such as TCA element and 
TGA element. The DSREs have 12 types, containing ATC motif, Box4, GA motif, GARE 
motif, GATA motif, G-box, I-box, MRE, Sp1, TCCC motif, and TCT motif. However, only 
five types of GDREs are identified, containing ARE, LTR, MBS, GCN4 motif, and RY 
element. Moreover, AcNRAMP9 and AcNRAMP10 have almost identical cis-acting 
elements. Box 4 is present in all AcNRAMPs as the light-responsive element (Figure 6). 

 
Figure 6. Cis-acting elements of AcNRAMPs. The bar chart represents the total number of cis-acting 
elements within each AcNRAMP. The heatmap shows the number distribution of different cis-
acting elements within each AcNRAMP. 

  

Figure 6. Cis-acting elements of AcNRAMPs. The bar chart represents the total number of cis-acting
elements within each AcNRAMP. The heatmap shows the number distribution of different cis-acting
elements within each AcNRAMP.

2.5. Expression Analysis of AcNRAMPs in Different Tissues and under Fe and Zn Deficiency

To elucidate the role of AcNRAMP genes in different tissue and their response to Fe
and Zn deficiency, the expression profiles of AcNRAMP genes were analyzed by calculating
gene FPKM values (Table S5). Tissue-specific expression analysis reveals that AcNRAMP2,
AcNRAMP8, and AcNRAMP11 are highly expressed in underground roots, and AcNRAMP4
and AcNRAMP6 are highly expressed in aerial roots. The expression levels of AcNRAMP3
are higher in the endosperm than that in the other tissues. AcNRAMP4 is generally highly
expressed in most tissues of areca, especially in aerial roots. AcNRAMP5 is highly expressed
in flowers and pericarp. AcNRAMP7 is absent from flowers, while the high expression
level of AcNRAMP7 is found in leaves and veins. AcNRAMP8 is specifically up-regulated
in underground roots. AcNRAMP9 and AcNRAMP10 are up-regulated in female flowers
compared to other tissues. Furthermore, AcNRAMP11 is only up-regulated in flowers and
underground roots, while AcNRAMP12 shows a higher expression level in leaves and veins
(Figure 7A, Table S5). These results suggest that AcNRAMP proteins play vital roles in
metal transportation in different areca tissues. Furthermore, the relative expression of six
randomly selected AcNRAMP genes in female and male flower samples was detected by
qRT-PCR. The results show that the gene expression trends determined by qRT-PCR and
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RNA-seq are highly consistent, which indicates that transcriptome data are reliable and
reproducible (Figure 7B).
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To further explore the response of AcNRAMPs to Fe and Zn, the expression of Ac-
NRAMP in leaves and roots of areca seedlings under Fe and Zn deficiency conditions
was analyzed (Table S6). In roots, AcNRAMP1 and AcNRAMP4 are up-regulated under
Zn/Fe deficiency stress, while AcNRAMP7 is down-regulated. AcNRAMP3 is up-regulated
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in Fe-deficient roots, while AcNRAMP10 is up-regulated in Zn-deficient roots (Figure 8).
In leaves, we find that AcNRAMP1, AcNRAMP9, and AcNRAMP10 are highly expressed
in the first leaf (L1) treated with iron deficiency. Under the condition of zinc deficiency,
AcNRAMP1, AcNRAMP2, AcNRAMP3, AcNRAMP6, AcNRAMP8, AcNRAMP11, and Ac-
NRAMP12 also show a high expression pattern in L1 (Figure 8). In addition, compared
with the third leaf (L3), Zn/Fe deficiency treatment greatly affects the expression level of
the AcNRAMPs gene in L1 (Figure 8). Furthermore, our previous study also suggests that
the transcriptome data are reliable and reproducible [21]. These results suggest that the
AcNRAMPs family plays an important role in coping with Zn/Fe deficiency stress in Areca.
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3. Discussion

The plant NRAMP gene family belongs to the conserved metal transport family in
natural evolution, which is mainly responsible for the absorption, transport, and intracellu-
lar stability of Fe, Mn, and other metal ions [7,22]. In addition, the NRAMP gene family
also plays a critical regulatory role in photosynthesis, protein activity maintenance, and
abiotic stress response [23]. In previous studies, the members of the NRAMP gene family
have been identified in diverse plant genomes, including A. thaliana [11], O. sativa [12],
P. alba [10], P. vulgaris [13], T. cacao [14], and B. napus [15]. In this study, we identified
12 NRAMP genes in the A. catechu genome. Notably, the NRAMP genes in Arabidopsis were
classified into two subfamilies. However, we identified five subfamilies of NRAMP genes
in areca, suggesting that AcNRAMPs in areca may evolve a series of new functions.

The analysis of physicochemical properties helps decipher the potential functional
natures of proteins. For instance, analysis of the protein pI value provides us with an
important reference index for protein purification. Similar to other gene family members,
12 AcNRAMP proteins include both basic and acidic proteins [24–26]. All AcNRAMPs
are considered thermostable proteins due to their Ai value being higher than 71. In
contrast, most of AcNRAMP (10/12) are considered unstable proteins in a test tube due to
their Ii values being higher than 40. In addition, except for AcNRAMP2, all AcNRAMP
proteins have GRAVY values lower than zero, suggesting their soluble nature. Different
organelle localization of NRAMP proteins shows different functions in plants. For example,
a previous study shows that AtNRAMP6 is localized in the Golgi/trans-Golgi network
and contributes to maintaining intracellular Fe homeostasis [27]. Additionally, AtNRAMP1
is localized on the plasma membrane and participates in Fe/Mn transportation [28]. In
rice, most of the NRAMP protein members are also localized on the plasma membrane and
are associated with the transport of various intracellular metal ions [17,29]. In the present
study, subcellular localization predicts that most AcNRAMP genes are localized on the
plasma membrane, indicating that most AcNRAMP genes transport ions on the membrane,
and some AcNRAMP genes are located in chloroplast, indicating that they transport ions
between organelles.

Numerous studies have found that plant NRAMP family genes are associated with
the uptake and transport of various divalent metal ions [30]. In A. thaliana, AtNRAMP1
expression can be induced under iron deficiency in the root system, and overexpression
lines show high tolerance to iron. These results indicate that AtNRAMP1 can regulate iron
metabolism balance in roots [31]. In addition, AtNRAMP1 also has the function of absorbing
and transporting manganese and iron. Similar to AtNRAMP1, AtNRAMP2 is mainly
expressed in the root tip and is involved in manganese ion transport [32]. AtNRAMP3
and AtNRAMP4 expression is induced under iron deficiency stress and can regulate the
homeostasis of iron and manganese ions in cells [33,34]. Furthermore, the Atnramp6 mutant
shows higher cadmium tolerance than the wild type [27]. Recently, in other plants, an
increasing number of NRAMP genes have been proven to play a pivotal role in maintaining
the balance of iron, manganese, and zinc in cells [35–37]. In our study, we also analyzed the
expression profiles of AcNRAMPs in different tissues of areca. We found that AcNRAMP1,
AcNRAMP4, AcNRAMP6, AcNRAMP7, and AcNRAMP12 are up-regulated in leaves and
veins, indicating that they may be involved in the transfer of metal elements. AcNRAMP3,
AcNRAMP4, AcNRAMP11, and AcNRAMP12 are up-regulated in the underground roots,
indicating that these four genes may be involved in the accumulation of metal elements in
the underground roots. Overall, the expression profile of AcNRAMP family genes varies
between different organs, suggesting that these genes may exert their functions in specific
areca tissues.

Studies have shown that seven NRAMP genes are present in O. sativa. Of these,
OsNRAMP1 is primarily located on the plasma membrane and is significantly up-regulated
in response to Fe deficiency [38]. Aside from transporting Fe, OsNRAMP1 also facilitates
the movement of Cd across the membrane [39]. Moreover, OsNRMAP5 plays a crucial role
in the transportation of Fe, Mn, and Cd in O. sativa, thereby significantly contributing to the

80



Int. J. Mol. Sci. 2023, 24, 7383

overall growth and development of the plant [40,41]. In this study, we further analyzed the
expression profiles of AcNRAMP family genes in areca seedlings under the Zn/Fe deficiency
stress. We observe that iron deficiency stress can induce the high expression of AcNRAMP1,
AcNRAMP9, and AcNRAMP10 in areca L1, suggesting that these genes might be the main
iron transporter in areca during the iron deficiency stress. Meanwhile, the expression level
of AcNRAMP12 is higher in iron-deficient roots than in normal areca seedlings, indicating
a vital role in iron uptake and transport in roots. Furthermore, the expression levels
of AcNRAMP1, AcNRAMP2, AcNRAMP3, AcNRAMP6, AcNRAMP8, AcNRAMP11, and
AcNRAMP12 are significantly higher in the zinc-deficient group than those in the control
group, suggesting that these genes may be involved in zinc ion transport. Additionally, we
identified three AcNRAMP genes (AcNRAMP2, AcNRAMP4, and AcNRAMP12) that are
closely related to areca roots’ tolerance to zinc deficiency stress.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

An A. catechu cultivar “Reyan NO.1”, was selected as experimental material in this
study. The six-month-old areca seedlings were cultured in Hoagland solution for adaptive
cultivation. After two weeks, the seed bulbs of areca seedlings were removed from the base
of the stem. Subsequently, the seedlings were cultured in whole nutrient solution (CK),
Fe-deficient medium (CK without Fe-(Na)2EDTA), and Zn-deficient medium (CK without
Zn2+), respectively.

4.2. Identification of AcNRAMP Genes in A. catechu

The conserved domain of NRAMP protein (PF01566) was obtained from the Pfam
database. The AcNRAMP candidates were preliminarily retrieved from the A. catechu
genome using hidden Markov model (HMM) search with an E-value lower than 10−5 based
on the methods by Krogh et al. [42]. Pfam Database (http://pfam.xfam.org/) (accessed
on 10 January 2023) and SMART (http://smart.embl-heidelberg.de/) (accessed on 10
January 2023) were used to determine the predicted protein as a member of the transporter
gene family.

4.3. Analysis of Physicochemical Properties of AcNRAMPs

The physicochemical properties of AcNRAMP proteins were analyzed by using Ex-
PASy6 (https://web.expasy.org/protparam/) (accessed on 12 January 2023) [43], and their
subcellular localization was predicted using Plant-mPLoc (http://www.csbio.sjtu.edu.cn/
bioinf/plant-multi/) (accessed on 12 January 2023) [44].

4.4. Analysis of Evolutional Relationships of NRAMP Genes in A. catechu, O. sativa, and
A. thaliana

The sequences of AtNRAMPs and OsNRAMPs were obtained from TAIR (https:
//www.arabidopsis.org/) (accessed on 12 January 2023) and the Rice Annotation Project
Database, (https://rapdb.dna.affrc.go.jp/download/irgsp1.html) (accessed on 12 January
2023), respectively. ClustalW was performed to align all sequences with default parameters,
and then a phylogenetic tree was constructed using a neighbor-joining (NJ) method of
MEGA-X [45]. The bootstrap replications were set as 1000 to test the NJ tree reliability. The
Evolview8 program was employed to visualize the phylogenetic tree [46].

4.5. Analysis of Sequence Features, Chromosome Distribution, and Syntenic Relationships of
AcNRAMPs

The MEME online (https://meme-suite.org/meme/tools/meme) (accessed on
12 January 2023) was performed to analyze conserved motifs shared among AcNRAMP
genes [47,48]. The TBtools software (version. x64_1_0987657) was used to visualize the
AcNRAMP gene structure according to the CDS and genomic DNA sequences of AcNRAMP
genes [49]. Furthermore, the TBtools software was performed to visualize the information
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of genome-wide chromosomal density and the distribution of AcNRAMPs across all chro-
mosomes of A. catechu based on the genome annotation files. The genes distributed on
scaffolds were excluded. The TBtools were employed to analyze the syntenic relationships
of AcNRAMPs genes in interspecies (A. catechu vs. A. thaliana, A. catechu vs. C. nucifera, and
A. catechu vs. O. sativa) and intraspecies.

4.6. Analysis of Cis-Acting Elements

Upstream 2,000 bases from the first ATG of CDS of AcNRAMP genes were regarded
as promoter sequences, which were acquired from the A. catechu genome. The cis-acting
elements of these sequences were identified using PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) (accessed on 18 January 2023).

4.7. Transcriptomic Data Analysis of AcNRAMPs

In this experiment, three individual areca seedlings from each group were separately
collected as three biological replicates. RNA from a total of 27 samples was extracted and
subjected to high-throughput sequencing on the Illumina Hiseq 4000 platform at Biomarker
Technologies Co. (Beijing, China). After filtering out low-quality reads, clean reads were
aligned to the areca reference genome. Gene expression analysis was performed using
BMKCloud (www.biocloud.net) (accessed on 18 January 2023). The expression profiles
of AcNRAMPs under Fe and Zn deficiency conditions were analyzed by calculating the
fragments per kilobase per million mapped reads (FPKM) of AcNRAMPs based on the
RNA-seq data. The genes with expression levels that met the standards (|log2FC| > 1,
FDR < 0.05, and p-value < 0.05) were considered differentially expressed genes (DEGs). The
heatmap representing the expression levels of AcNRAMP genes was plotted using TBtools.
The RNA-seq raw data were deposited at NCBI (accession number: PRJNA767949).

4.8. qRT-PCR Analysis

The RNA quick isolation kit (Tiangen, Beijing, China) was used to extract the high-
quality total RNA from the areca samples, and the One-Step gDNA Removal and cDNA
Synthesis SuperMix (Tiangen, Beijing, China) was used to synthesize cDNA. The qRT-PCR
was conducted to analyze the relative expression of AcNRAMPs. Primer Premier 5.0 was
used to design the qRT-PCR primers of the AcNRAMP genes (Table S1). The qRT-PCR
used β-actin as an internal reference gene. The 20 µL qRT-PCR reaction mixture contained
10 µL of 2 × SYBR Green Master Mix (Tiangen, Beijing, China), 1 µL of forward and reverse
primers, 1 µL of forward and reverse primers, 1 µL cDNA template, and 7 µL ddH2O. The
qRT-PCR program follows 94 °C hold for 30 s, 40 cycles at 94 ◦C, hold for 30 s, and 60 ◦C
hold for 30 s. The final results were analyzed by using the 2−∆∆Ct method. All experiments
were repeated with three biological and technical replicates.

5. Conclusions

NRAMP proteins play pivotal roles in plant biological processes, including the traffick-
ing of metal ions, plant growth, and development. However, the information on NRAMPs
in A. catechu, a commercially important medicinal plant of the palm family, is still unclear.
In this study, the total members of the NRAMP gene family in the areca genome were
identified. Subsequently, the sequence characteristics, gene structure, phylogeny, promoter
sequence, and collinearity of all AcNRAMP genes were comprehensively analyzed. Fur-
thermore, the expression levels of these genes in different tissues and under the condition
of Fe and Zn deficiency were studied. The results reveal that AcNRAMP genes exert their
functions in specific areca tissues and play key roles in areca response to Fe and Zn defi-
ciency. This work provides a valuable reference for the in-depth study of the function of
the AcNRAMP gene in coping with Fe and Zn deficiency stress in areca.
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Abstract: The basic helix-loop-helix (bHLH) proteins compose one of the largest transcription factor
(TF) families in plants, which play a vital role in regulating plant biological processes including growth
and development, stress response, and secondary metabolite biosynthesis. Ipomoea aquatica is one of
the most important nutrient-rich vegetables. Compared to the common green-stemmed I. aquatica,
purple-stemmed I. aquatica has extremely high contents of anthocyanins. However, the information
on bHLH genes in I. aquatica and their role in regulating anthocyanin accumulation is still unclear. In
this study, we confirmed a total of 157 bHLH genes in the I. aquatica genome, which were classified
into 23 subgroups according to their phylogenetic relationship with the bHLH of Arabidopsis thaliana
(AtbHLH). Of these, 129 IabHLH genes were unevenly distributed across 15 chromosomes, while
28 IabHLH genes were spread on the scaffolds. Subcellular localization prediction revealed that most
IabHLH proteins were localized in the nucleus, while some were in the chloroplast, extracellular
space, and endomembrane system. Sequence analysis revealed conserved motif distribution and
similar patterns of gene structure within IabHLH genes of the same subfamily. Analysis of gene
duplication events indicated that DSD and WGD played a vital role in the IabHLH gene family
expansion. Transcriptome analysis showed that the expression levels of 13 IabHLH genes were
significantly different between the two varieties. Of these, the IabHLH027 had the highest expression
fold change, and its expression level was dramatically higher in purple-stemmed I. aquatica than that
in green-stemmed I. aquatica. All upregulated DEGs in purple-stemmed I. aquatica exhibited the same
expression trends in both qRT-PCR and RNA-seq. Three downregulated genes including IabHLH142,
IabHLH057, and IabHLH043 determined by RNA-seq had opposite expression trends of those detected
by qRT-PCR. Analysis of the cis-acting elements in the promoter region of 13 differentially expressed
genes indicated that light-responsive elements were the most, followed by phytohormone-responsive
elements and stress-responsive elements, while plant growth and development-responsive elements
were the least. Taken together, this work provides valuable clues for further exploring IabHLH
function and facilitating the breeding of anthocyanin-rich functional varieties of I. aquatica.

Keywords: gene family; cis-acting element; gene duplication events; evolutionary relationship;
gene expression

1. Introduction

The bHLH proteins comprise one of the largest transcription factor (TF) families in
eukaryotes including plants, animals, and fungi. The bHLH TF contains two functional
conserved domains with a total of approximately 60 amino acid residues, namely the N-
terminal basic region composed of 13–17 amino acids and the C-terminal HLH region with
40–50 amino acids, respectively. Typically, the basic region of bHLH TF in plants possesses
a highly conserved HER motif that can specifically bind to the cis-acting element E-box
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(CANNTG) or G-box (CACGTG) within the promoter region of the target gene. The HLH
region consists of two relatively conserved amphipathic α-helices that are separated by an
intervening loop of variable length, which is required for the formation of bHLH dimers
through protein-protein interaction to modulate the expression of downstream genes that
correlated with diverse signaling pathways [1–4]. With the increasing publications of plant
genome data, bHLH TFs in numerous plant species have been identified at the whole
genome level. For instance, there are 602 bHLH genes in the Brassica napus genome [5],
208 in the Zea mays genome [6], 162 in the Arabidopsis thaliana genome [7], 115 in the
Vitis davidii genome [8], and 141 in the Hordeum vulgare genome [9]. The bHLHs exert a
broad range of functions in various biological processes of diverse plant species [3,10,11].
For instance, Arabidopsis flowering bHLHs are involved in the regulation of flowering
time by activating the gene encoding CONSTANS (CO) protein [12]. Rice bHLH gene
INCREASED LAMINA INCLINATION1 (ILI1) participates in brassinosteroid-mediated
plant development by serving as a downstream target of BRASSINAZOLE-RESISTANT1
(BZR1) TF [13]. In apple, MdbHLH33 facilitates plant cold stress tolerance and anthocyanin
accumulation by positively regulating the expressions of the C-repeat binding factor (CBF)
TF gene and dihydroflavonol 4-reductase (DFR) gene [14].

Anthocyanins are ubiquitous secondary metabolites generated from the branch of
the phenylpropanoid biosynthesis pathway. As water-soluble pigments, anthocyanins are
widely distributed in diverse plant organs and tissues and give rise to colors varying with
pH value, playing a crucial role in plant pollination and seed dispersal. As natural antioxi-
dants, anthocyanins can help plants defend against various stresses including drought, low
temperature, and ultraviolet radiation [15,16]. Consuming a diet high in anthocyanins can
enhance immunity and delay the aging process in humans [17]. The key structural genes
and regulatory genes involved in the hierarchical regulatory networks governing the antho-
cyanin biosynthetic pathway are well-studied in many plant species [18,19]. The structural
genes involved in the anthocyanin biosynthetic pathway are classified into two categories,
namely the early biosynthetic genes (EBGs) and late biosynthetic genes (LBGs). Enzymes
encoded by EGBs are responsible for producing large amounts of anthocyanin precursors
while those encoded by LBGs are involved in the generation of various anthocyanins [20,21].
Studies showed that the expression of the EBGs is mainly activated or repressed by the
MYB TFs, while the LBGs are coordinately modulated by the members of the MYB, bHLH,
and WDR TF families [22–24]. Of these TFs, the bHLHs act as an essential cofactor of the
MYBs and WDRs and play a central role in the late stage of anthocyanin biosynthesis.

Since the first bHLH protein associated with anthocyanin biosynthesis was discovered
in maize, a growing understanding of bHLH functions regulating anthocyanin production
in plants was carried out. In Arabidopsis thaliana, a bHLH TF TRANSPARENT TESTA8
(TT8) regulates the expression of the LBG DFR and BANYULS (BAN) genes which in turn
modulate the seed coat pigmentation [25]. In Chrysanthemum morifolium, CmbHLH2 serves
as the essential partner of CmMYB6 to facilitate the expression of CmDFR and thereby en-
hance anthocyanin accumulation [26]. In Malus domestica, the MdbHLH3 gene was induced
by low-temperature stress and promoted fruit coloration by activating the anthocyanin
biosynthetic genes (ABGs) including MdUFGT and MdDFR [27]. In contrast, the StbHLH1
gene of Solanum tuberosum was down-regulated under high-temperature stress and led to
the reduction of anthocyanin contents in flesh by affecting the expression of the ABGs [28].
In Populus, the PdbHLH (a homolog of TT8 in Arabidopsis) acts as an efficient enhancer of
PdMYB118 to promote the expression of the ABGs and thereby promotes the anthocyanin
production under wound [29]. In Vitis vinifera, the VvMYC1 that has been characterized as
bHLH TF cooperates with several MYB TFs to participate in the transcriptional cascade
involved in the regulation of anthocyanin accumulation in berries [30]. In mulberry fruits,
the bHLH3 was implicated in maintaining flavonoid homeostasis, which regulated the fruit
coloration by affecting the anthocyanin compositions [31]. These studies demonstrated
that bHLH TFs act as vital regulators of anthocyanin biosynthetic pathways in diverse
plant species.
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I. aquatica has a wide distribution in tropical and subtropical regions. As a health-
promoting leafy vegetable, I. aquatica is rich in essential amino acids, flavonoids, and
diverse mineral elements such as calcium, potassium, and phosphorus [32,33]. Moreover,
I. aquatica was used in traditional medicine as a remedy for different diseases including liver
disorders, diabetes, and in the treatment of heavy metal intoxication [34–36]. Our previous
study revealed that the purple-stemmed I. aquatica has extremely high anthocyanin contents
relative to the common green-stemmed I. aquatica [37]. To understand the possible roles of
bHLH TF related to anthocyanin biosynthesis in I. aquatica, we comprehensively analyzed
the members of the bHLH gene family and their expression patterns by combining bioinfor-
matics and experimental methods. Our study laid a foundation for further exploring the
roles of IabHLHs in regulating anthocyanin biosynthesis in I. aquatica.

2. Results
2.1. Identification of IabHLH Genes in the I. aquatica Genome

To identify the members of the IabHLH gene family, the HMM profile of bHLH and the
AtbHLH protein sequences were used as queries to search against the I. aquatica genome.
After combining the above results, the redundant sequences and the sequences without
the bHLH domain were eliminated based on the running consequences of Pfam, CDD,
and SMART programs (Figure 1A). A total of 157 IabHLH genes were identified, which
were named IabHLH001–IabHLH157 according to their positions on the chromosomes and
scaffolds (Table S1). The physicochemical properties of proteins play a crucial role in the
bio-function and conformation of proteins. As shown in Figure 1B and Table S2, the length
of IabHLHs ranged from 140 aa (IabHLH099) to 701 aa (IabHLH022), and their molecular
weight (MW) varied from 15.8 kDa (IabHLH099) to 76.5 kDa (IabHLH014). The IabHLH023
had the highest theoretical isoelectric point (pI), with a value of 9.59, while IabHLH136
had the lowest, with a value of 4.8. Except for IabHLH027, IabHLH071, and IabHLH141,
the remaining IabHLHs had instability index (Ii) values greater than 40. In addition, 66 of
the 157 IabHLHs had aliphatic index (Ai) values lower than 71. Analysis of the grand
average of hydropathicity index (GRAVY) showed that all IabHLHs had negative GRAVY
values. Subcellular localization prediction of IabHLHs showed that 139, 13, 4, and one
bHLH were localized in the nucleus, chloroplast, extracellular space, and endomembrane
system, respectively (Table S2).
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2.2. Synteny Analysis of IabHLHs

To understand the IabHLH gene distribution in the I. aquatica genome, their genomic
location was analyzed. A total of 129 of the 157 IabHLH genes were unevenly distributed
on 15 chromosomes, while the remaining genes were spread on the scaffolds (Figure 2A
and Table S1).

To reveal the IabHLH collinear gene pairs in the I. aquatica genome, the analysis of
intraspecific collinearity was performed. A total of 61 IabHLH colinear gene pairs were
identified in the I. aquatica genome, of which 44 gene pairs were mapped on the chromo-
somes (Figure 2A). To explore the potential evolutionary process of IabHLH genes, we
conducted the analysis of interspecific syntenic relationships among IabHLH genes and the
other plant species’ genomes, including plants of the Convolvulaceae family (Ipomoea batatas),
Brassicaceae family (A. thaliana), and Poaceae family (Oryza sativa). As shown in Figure 2B,
the highest number of homologous gene pairs were identified between IabHLH genes
and I. batatas, with 239, indicating the closest evolutionary distances between the IabHLH
gene family and I. batatas. As shown in Figure 2C,D, a total of 127 and 43 homologous
gene pairs were identified between I. aquatica and A. thaliana, and between I. aquatica and
O. sativa, respectively, suggesting a closer evolutionary relationship of the IabHLH gene
family with A. thaliana than with O. sativa. Moreover, 26 IabHLH genes were shared among
all homologous gene pairs (Table S3), inferring their relative conservation in the plant
evolutionary process.

2.3. Phylogenetic Relationships of IabHLHs and AtbHLHs

To gain further insights into the potential biological functions of IabHLHs, the phylo-
genetic relationships of IabHLHs and well-characterized AtbHLHs were analyzed. The
topology of the phylogenetic tree indicated that the IabHLH genes could be clustered into
23 subfamilies, including Ia, Ib(1), Ib(2), II, III(a+c), III(d+e), IIIb, IIIf, IVa, IVb, IVc, IVd, Va,
Vb, VII(a+b), VIIIa, VIIIb, VIIIc(1), VIIIc(2), IX, XI, XII, and orphans. The IabHLHs were
not clustered together with AtbHLHs in the subfamilies X, XIII, XIV, and XV. In addition,
3 IabHLH orphans were not gathered in the same node (Figure 3A). The subfamily Ib(2) was
the largest, with 27 IabHLH genes, followed by subfamily XII, with 22 IabHLH genes, while
the subfamily II and VIIIc(1) were the smallest, with only one IabHLH gene (Figure 3A).
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2.4. The Sequence Features of the IabHLHs

To investigate the sequence characteristics of the IabHLHs, the multiple sequence
alignments of 157 IabHLH protein sequences were carried out. The results showed that
the IabHLH proteins contained the typical conserved structure of basic-helix-loop-helix
(Figure 4A,B). A total of 16 amino acids had values of frequency greater than 50%. Of these,
the highly conserved amino acids with a frequency greater than 85% were identified within
the basic region (including Glu-5, Arg-8, and Arg-9), helix 1 region (including Leu-19 and
Pro-24), and helix 2 region (Leu-51).

2.5. Conserved Motifs, and Exon-Intron Structures of IabHLH Genes

To further understand the functional and structural features of the IabHLH proteins,
the MEME program was performed to analyze the conserved motifs within the IabHLHs.
Ten conserved motifs were identified, of which motif 1 and motif 2 were present in all
IabHLHs. The IabHLHs within the same group had similar motif distributions, such as
the motifs of the IabHLHs in the subfamily Va, IVc, and Ib(1), indicating their similar
functions. Motif 5 was only found in the IabHLHs of the subfamily Ib(2), which may
impart a specific function to these IabHLHs (Figure 5A,B). The analysis of exon-intron
structures within 157 IabHLH genes showed that the number of introns ranged from 0 to 11
(Figures 5C and S1, Table S1). The IabHLH144 in the subfamily Va had the highest number
of introns, while a total of 11 IabHLH genes in the subfamilies III(d+e) and VIIIb were
not disrupted by an intron. Most IabHLH genes from the same subfamily had similar
exon-intron structures.
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structure of the 157 IabHLH genes. The green rectangles indicate exons, while the orange rectangles
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2.6. Analysis of Gene Duplication Events of IabHLH Genes

To explore the potential driven force of the IabHLH gene family expansion, the Dup-
Gen_finder was performed to analyze gene duplication events, including WGD (whole-
genome duplication), TD (tandem duplication), PD (proximal duplication), TRD (trans-
posed duplication), and DSD (dispersed duplication). A total of 227 duplicated gene
pairs derived from five duplication events were identified, with the maximum number of
duplicated gene pairs derived from DSD duplication events (126 duplicated gene pairs),
followed by WGD-derived duplicated gene pairs with 61. In contrast, TD and PD duplica-
tion events had the fewest number of duplicated gene pairs with only five. Moreover, we
identified 30 TRD-derived duplicated gene pairs (Figure 6A and Table S4). These results
suggested that the DSD and WGD duplication events played a pivotal role in the IabHLH
gene family expansion.
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Figure 6. Gene duplication events of IabHLH genes. (A) The number distribution of IabHLH dupli-
cated gene pairs in five duplication events. (B–F) The Ka, Ks, and Ka/Ks value distribution of the
duplicated gene pairs in five gene duplication events. The DSD, WGD, TRD, PD, and TD events were
from (B–F), respectively. More information concerning the duplicated genes in five gene duplication
events was shown in Table S4.

To investigate the selection pressure on the IabHLH genes, the values of the non-
synonymous substitution rate (Ka), the synonymous substitution rate (Ks), and Ka/Ks of
the duplicated gene pairs derived from five replication events were calculated. As shown in
Figure 6B–F, the values of Ka/Ks of all duplicated gene pairs were lower than 1, indicating
these genes were subjected to the purifying selection.

2.7. Expression Levels of IabHLHs in Two Varieties

The purple-stemmed I. aquatica, which is abundant in anthocyanins, exhibits distinct
phenotypic differences relative to the common green-stemmed I. aquatica (Figure 7A). To
explore the role of the IabHLH genes in anthocyanin accumulation in the stems of I. aquatica,
we analyzed the RNA-seq datasets from the purple-stemmed and green-stemmed varieties.
Herein, the expression levels of 157 IabHLH genes in two varieties were quantified by
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calculating gene FPKM values according to the RNA-seq datasets. At this end, the IabHLHs
with expression levels that met the criteria (|log2FC| > 1, FDR < 0.05, and p-value < 0.05)
were considered differentially expressed genes (DEGs). A total of 13 DEGs were identified
between the two varieties, including six upregulated DEGs (priority of the fold change:
IabHLH027 > IabHLH130 > IabHLH084 > IabHLH022 > IabHLH112 > IabHLH085) and seven
downregulated DEGs (priority of the fold change: IabHLH037 > IabHLH114 > IabHLH142
> IabHLH057 > IabHLH030 > IabHLH043 > IabHLH116) in the purple-stemmed I. aquatica
compared to the green-stemmed I. aquatica (Table S5). Of these, the log-transformed fold
change of IabHLH027 belonging to subfamily XII between the two varieties was the highest,
with 11.3, suggesting its potential positive role in regulating anthocyanin biosynthesis in
I. aquatica. Contrarily, the IabHLH037 belonging to subfamily Ia was significantly down-
regulated in purple-stemmed I. aquatica. The expression trends of 13 DEGs determined by
RNA-seq were validated using qRT-PCR. As shown in Figure 7B–G, the expression trends
of all upregulated DEGs were highly consistent with those detected by qRT-PCR. However,
three downregulated DEGs including IabHLH142 (Figure 7J), IabHLH057 (Figure 7K), and
IabHLH043 (Figure 7M) determined by RNA-seq had opposite expression trends of those
detected by qRT-PCR.
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Figure 7. Expression analysis of the 13 DEGs. (A) The phenotype of two varieties. The G_S represents
green-stemmed I. aquatica, while the P_S represents purple-stemmed I. aquatica. Scale bars are 2 cm.
(B–N) The qRT-PCR validation of the expression trends of 13 DEGs was determined by RNA-seq. The left
Y-axis and histogram indicated the relative expression levels of the IabHLH gene quantified by qRT-PCR.
The right Y-axis and histogram indicate the FPKM values of the IabHLH gene obtained by RNA-seq
datasets. Statistical analysis was performed using Student’s t-test. Data are shown as mean ± SD of
three biological replicates. The *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively.
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2.8. Analysis of Cis-Acting Elements of DEGs

To gain more information concerning the potential regulatory functions of 13 DEGs, the
cis-acting elements within their promoter regions were analyzed by using the PlantCARE
program. Except for the common cis-acting elements (TATA-box and CAAT-box) and ones
of unknown function, a total of 338 cis-acting elements were detected in 13 DEGs, which
were categorized as four classes, including stress-responsive elements, phytohormone-
responsive elements, and plant growth and development-responsive elements (Table S6). Of
these, the light-responsive elements were the largest, with 20 types including 172 elements,
followed by the phytohormone-responsive elements, with 10 types including 104 elements,
while the plant growth and development-responsive elements were the least, with only two
types including 12 elements. The stress responsive-elements were 50, which were classified
into five types. The number distribution of each cis-acting element differs in different
DEGs. The light-responsive elements and the phytohormone-responsive elements were
detected in all DEGs. Except for the IabHLH114, all DEGs had stress-responsive elements
(Figure 8A), indicating their importance in plant stress response. The IabHLH027 with
the highest expression fold change between the two varieties was rich in light-responsive
elements and phytohormone-responsive elements, suggesting a critical role in regulating
light and phytohormone signaling pathways in I. aquatica.
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In addition, the number of elements that belonged to the respective class varied greatly.
The top five elements of the light-responsive elements were G-Box, Box 4, GT1-motif, TCT-
motif, and AE-box. The AREs were the most abundant elements of stress-responsive
elements, accounting for 42%. Among the phytohormone-responsive elements, the ABREs
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were the most numerous elements, accounting for 46%. Only one circadian-related element
was detected in the plant growth and development-responsive elements (Figure 8B).

3. Discussion

Basic-helix-loop-helix (bHLH) proteins are widely found in eukaryotic organisms,
which compose one of the largest transcription factor families in plants [38]. bHLH proteins
play a vital role in regulating plant biological processes, including plant growth and
development, metabolic activities, and various stress responses [39,40]. The increasing
release of numerous plant genomic databases facilitates genome-wide identification of
transcription factors. To date, large amounts of bHLH transcription factors have been
identified in diverse plant species at the whole genome level, including model plants such
as Arabidopsis thaliana [7] and Nicotiana tabacum [41], grain crops such as Oryza sativa [42]
and Zea mays [6]; vegetable crops such as Brassica rapa [43] and Solanum lycopersicum [44],
and fruit trees such as Vitis vinifera [45] and Malus×domestica [46]. Intriguingly, the number
of bHLH genes varied among different plants, while it was not proportional to their genome
sizes. Moreover, studies showed that the number of bHLH genes in higher plants is higher
than that in lower plants [5,47], suggesting a pivotal role of bHLHs in higher plants. In
this study, a total of 157 bHLH genes were detected in the I. aquatica genome based on
its high-quality genome data [33]. Most IabHLH proteins were acidic and thermostable.
All IabHLH proteins were hydrophilic, a principal property for transcription factors to
perform their biological functions. Subcellular localization prediction showed that most
IabHLH proteins were localized in the nucleus, while some were localized in the chloroplast,
endomembrane system, and extracellular space, inferring that IabHLH proteins might
play a distinct role in different plant organelles. These results laid a foundation for further
exploring the biological function of IabHLH genes.

Studies have shown that the bHLH gene family was subdivided into a distinct number
of subgroups in plants, probably due to the lack of definite classification criteria for low-
conserved sequences outside the bHLH domain. Yang et al. identified 175 bHLH genes
in Malus × domestica and classified them into 23 subgroups [46]. Sun et al. subdivided
159 bHLH genes of Solanum lycopersicum into 21 clades [44]. A total of 115 bHLH genes
in Vitis davidii were gathered into 25 branches [8], while 94 bHLH genes in Vitis vinifera
were clustered into 15 subclasses [45]. In the present study, phylogenetic analysis of bHLH
sequences from I. aquatica and A. thaliana indicated that the 157 IabHLH genes could be
subdivided into 23 subgroups, with three orphan genes. Compared to the AtbHLH gene
family, although the members of the IabHLH gene family were lost in X, XIII, XIV, and XV
subfamilies, the IabHLH genes in 11 subgroups (including Ia, Ib (1), Ib (2), III (a+c), IIIb,
IVa, IVc, IVd, Va, Vb, IX, XII) have expanded, suggesting their key roles in the biological ac-
tivities of I. aquatica. Moreover, three IabHLH proteins (including IabHLH014, IabHLH089,
and IabHLH138) were found in the IIIf subfamily. Some reports showed that the bHLHs in
O. sativa belonging to the IIIf subfamily were associated with the regulation of anthocyanin
biosynthesis [48,49]. However, the expression levels of these three IabHLH genes have no
significant difference between purple-stemmed I. aquatica and green-stemmed I. aquatica,
probably other IabHLH genes participate in the regulation of purple color formation in the
I. aquatica stems.

Similar to the previous reports, two adjacent highly conserved motifs and highly
conserved gene structural patterns within each subclass were identified [5,50]. Studies
have shown that Glu-5 and Arg-8/Arg-9 in the basic region of the bHLH structural domain
play an important role in DNA binding, while Leu-19 and Leu-51 in the HLH region may
be required for dimerization [1,51]. In the present study, the highly conserved amino acids
were identified within the basic region (including Glu-5, Arg-8, and Arg-9), helix 1 region
(Leu-19), and helix 2 region (Leu-51) (Figure 4).

Gene duplication events play an indispensable driving role in gene family expansion,
which includes WGD, DSD, PD, TRD, and TD [52]. The expansions of the F-box gene
family in Gossypium hirsutum were mainly impacted by the WGD and TD [53], while
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the WGD, TRD, and DSD play a dominant role in the expansions of the P-type ATPase
gene family in Pyrus bretschneideri [54]. Similar to previous studies on BAHD and MYB
gene families [52,55], the DSD and WGD made significant contributions to the expansions
of the IabHLH gene family. The selection pressure could be estimated by calculating
the Ka/Ks value. The Ka/Ks value of one, greater than one, and less than one indicated
neutral evolution, positive selection (Darwinian selection), and negative selection (purifying
selection), respectively [56,57]. The Ka/Ks values of all duplicated gene pairs in five gene
duplication events were less than 1, indicating that IabHLH genes were subjected to the
purifying selection. In addition, the syntenic relationship analysis between I. aquatica
and other plant species verified closer evolutionary distance between similar plant taxa,
suggesting the reliability of the analysis approach.

As transcription factors, the bHLH proteins directly or indirectly regulate the expres-
sion level of structural genes and thereby modulating anthocyanin biosynthesis. In grape
berries, the expression level of VdbHLH037 was highly correlated with anthocyanin accumu-
lation in different varieties. Transgenic expression of VdbHLH037 into Arabidopsis resulted
in significant upregulation of structural genes involved in anthocyanin biosynthesis and
high accumulation of anthocyanins. In strawberry fruits, FvbHLH9 positively regulates
light-dependent anthocyanin biosynthesis by forming a heterodimer with HY [58], while in
rapeseed, BnbHLH92a impinges on the biosynthesis of anthocyanins by interacting with the
BnTTG1 [59]. In the present study, we found that the expression level of 13 IabHLH genes
exhibited significant differences between purple-stemmed I. aquatica and green-stemmed I.
aquatica. Of these, six DEGs were dramatically upregulated in purple-stemmed I. aquatica
compared to green-stemmed I. aquatica. In particular, the IabHLH027 belonging to the
subgroup XII exhibited approximately 8-fold higher in purple-stemmed I. aquatica than that
in green-stemmed I. aquatica (Figure 7B). The bHLHs of subgroup XII were correlated with
positive regulation of the brassinosteroid (BR) signaling pathway [60]. Previous reports
showed that BR together with other phytohormone signaling led to the enhancement of
anthocyanin accumulation in plants and this process was potentially regulated by ternary
MYB-bHLH-WD transcriptional complexes [61,62]. RNA-seq is widely recognized as a
highly reliable and accurate method for quantifying gene expression levels, and therefore,
additional qRT-PCR validation on RNA-seq results may not always be necessary when
using the same samples as those used in RNA-seq. However, given the limited availability
of RNA-seq samples and the potential for depletion, qRT-PCR validation of the gene of
interest would be valuable when analyzing additional samples grown under the same
conditions [63]. In this study, we conducted qRT-PCR analysis on additional samples
and observed discrepancies in the expression trends of three downregulated differentially
expressed genes (DEGs) between RNA-seq and qRT-PCR. These inconsistencies may be
attributed to methodological biases that can affect the accuracy of the results obtained
from each method [64–66]. The expression profiles of genes are closely related to their
cis-regulatory elements. For instance, some bHLH genes in Hordeum vulgare containing
several drought induction-associated cis-elements within the promoter regions significantly
responded to drought stress stimulation [9]. The Brassica napus bHLH genes that possess
abundant phytohormone-responsive elements were positively regulated upon exposure to
more than one phytohormone, such as auxin (IAA), gibberellin (GA3), cytokinin (6-BA),
abscisic acid (ABA), and ethylene (ACC) [5]. In the present study, we discovered that all
DEGs had plentiful light-responsive elements and phytohormone-responsive elements,
suggesting their essential function in I. aquatica’s response to light and phytohormone
signaling. Taken together, these findings provide us valuable clues for further exploring
the molecular function of IabHLH in regulating purple color formation in I. aquatica stems.

4. Materials and Methods
4.1. Identification of bHLH Genes in the I. aquatica Genome

The whole genome database of I. aquatica (BioProject: PRJCA002216) was used as the
reference genome. The full-length sequences of AtbHLH proteins were retrieved from
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the TAIR (https://www.arabidopsis.org/. accessed on 1 August 2022). The BLASTP was
performed to search against the I. aquatica proteome using AtbHLHs as queries. The HMM
(Hidden Markov Model) profile of the bHLH domain (PF00010) was downloaded from the
Pfam database (http://pfam-legacy.xfam.org/family/PF00010. accessed on 1 August 2022),
which was used to retrieve putative bHLH genes from the I. aquatica genome. The results of
the two searches were integrated to obtain candidate IabHLH genes. The online program
CDD (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi. accessed on 8 August
2022), SMART (http://smart.embl-heidelberg.de/. accessed on 7 August 2022), and Pfam
(http://pfam-legacy.xfam.org/search#tabview=tab1. accessed on 7 August 2022) were
used to verify the structure of candidate IabHLH genes, while the redundant sequences and
the sequences without bHLH structural domains were manually deleted.

4.2. Analysis of Physicochemical Parameters of IabHLH Proteins

The physicochemical characteristics of the IabHLH proteins were analyzed using the
ExPASy program (http://web.expasy.org/protparam/. accessed on 22 November 2022),
including the number of amino acids, molecular weight (kDa), theoretical isoelectric point
(pI), instability index (Ii), aliphatic index (Ai), and grand average of hydropathicity index
(GRAVY). Subcellular localization prediction of IabHLHs was carried out using BUSCA
(http://busca.biocomp.unibo.it/. accessed on 13 January 2023).

4.3. Analysis of Phylogenetic Relationships of IabHLHs and AtbHLHs

The AtbHLH protein sequences without conserved bHLH domain were
excluded [43,60,67,68]. The ClustalW2.0 program with default parameters was used to per-
form multiple sequence alignment of IabHLHs and AtbHLHs, and then the phylogenetic
tree was constructed using the neighbor-joining (NJ) method within MEGA-X (bootstrap
value: 1000) [69]. The phylogenetic tree was visualized using the online tool Evolview-
v2 [70] (https://evolgenius.info/. accessed on 13 January 2023). The TBtools (version 1.108)
software was used to visualize the sequence logo of the IabHLH domain.

The SWISS-MODEL (https://www.swissmodel.expasy.org/. accessed on 14 January
2023) homology modeling was performed to predict protein tertiary structures. The PyMOL
(version 4.6) was used to visualize the protein tertiary structural models [71].

4.4. Analysis of Conserved Motif, Gene Structure, and Cis-Acting Elements

The conserved motif within IabHLH proteins was analyzed using the online program
MEME (https://meme-suite.org/meme/tools/meme. accessed on 10 December 2022).
The GFF annotation file of I. aquatica was used to obtain the intron-exon distributions of
the IabHLHs.

The promoter sequences of the IabHLH genes (the upstream 2000 bp sequences from
CDS of IabHLH genes) were extracted using TBtools based on the full-length DNA se-
quences of the I. aquatica genomes. The PlantCare online database (http://bioinformatics.
psb.ugent.be/webtools/PlantCare/html/, accessed on 1 January 2023) was used to predict
the cis-acting elements within promoter regions of IabHLHs. The results were visualized
using TBtools.

4.5. Analysis of Chromosomal Distribution, Collinearity, and Gene Duplication Events

The chromosomal distribution of IabHLHs and the gene density within the chromo-
some of I. aquatica were visualized using TBtools. The collinearity relationships of I. aquatica,
A. thaliana, Ipomoea batatas, and Oryza sativa were analyzed using Multiple Collinearity Scan
Toolkit (MCScanX), The results were visualized using the “Advanced Circos” function
within TBtools [72].

Gene duplication events of IabHLHs were analyzed using the dupGen_finder pipeline,
which includes WGD (whole-genome duplication), TD (tandem duplication), PD (prox-
imal duplication), TRD (transposed duplication), and DSD (dispersed duplication). The
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MYN method within KaKs_Calculator 2.0 (https://GitHub.com/qiao-xin/scripts_for_gb.
accessed on 23 December 2022) was used to calculate the value of Ka, Ks, and Ka/Ks.

4.6. Plant Materials and Sampling

The purple-stemmed I. aquatica and green-stemmed I. aquatica were cultivated by
cutting in Hoagland nutrient solution at 28 ◦C with a light cycle of 16 h (light)/8 h (dark).
The uniformly colored stems of two varieties were harvested after four weeks of culture
and immediately frozen in liquid nitrogen for a moment, which was then stored at −80 ◦C
until use.

4.7. Transcriptome Analysis of IabHLH Genes

The transcript abundance of IabHLH genes was quantified by calculating the value
of FPKM (fragments per kilobase per million mapped reads) obtained from the RNA-seq
data (BioProject: PRJNA814206). The genes with expression levels that met the criteria
(|log2FC| > 1, FDR < 0.05, and p-value < 0.05) were considered differentially expressed
genes (DEGs).

4.8. qRT-PCR Analysis

Total RNA was extracted from the stems of two varieties using the RNAprep Pure
extraction kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. The
RNA quality was assessed using the microspectrophotometer K5600C (KAIAO, Beijing,
China) and agarose gel electrophoresis. The cDNA was synthesized using the FastKing
cDNA kit (Tiangen, Beijing, China). The gene-specific primers were designed using Primer
Premier 6.0 (Table S7). The reaction mixture of qRT-PCR includes 10 µL 2xSYBR green mix
(ChamQ Universal SYBR qPCR Master Mix), 1 µL cDNA, 1 µL primers (0.5 µL forward
primer and 0.5 µL reverse primer), and 8 µL PCR-grade water. The qRT-PCR was conducted
on the QuantStudio Real-Time Fluorescence PCR System (ThermoFisher, MA, USA). The
conditions of two-step qRT-PCR are as follows: 95 ◦C 3 min followed by 40 cycles of 95 ◦C
10 s and 55 ◦C 30 s. The GAPDH gene of I. aquatica was used as the internal reference gene.
The relative expression of the target gene was calculated using the 2−∆∆Ct method. Data
were plotted using GraphPad Prism 8.

5. Conclusions

In this study, a total of 157 bHLH genes were identified in I. aquatica at the whole
genome level, which were subdivided into 23 subgroups. The bHLHs within the identical
subgroup had similar motifs and gene structures. The DSD and WGD duplication events
made significant contributions to the expansion of the IabHLH gene family. All duplicated
gene pairs were subjected to the purifying selection. A total of 13 DEGs were identified
between the purple-stemmed and green-stemmed varieties. The expression profiling
revealed that the IabHLH027 belonging to subgroup XII was dramatically upregulated
in the purple-stemmed I. aquatica relative to the green-stemmed I. aquatica, suggesting a
potential positive role in regulating anthocyanin accumulation in the I. aquatica stems. Our
study provides important gene candidates for further exploring the regulatory network of
anthocyanin biosynthesis of I. aquatica.
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Abstract: The growing region of herbaceous peony (Paeonia lactiflora) has been severely constrained
due to the intensification of global warming and extreme weather events, especially at low latitudes.
Assessing and selecting stress-tolerant and high-quality peony germplasm is essential for maintaining
the normal growth and application of peonies under adverse conditions. This study proposed a
modified multi-criteria decision-making (MCDM) model for assessing peonies adapted to low-
latitude climates based on our previous study. This model is low-cost, timesaving and suitable
for screening the adapted peony germplasm under hot and humid climates. The evaluation was
conducted through the analytic hierarchy process (AHP), three major criteria, including adaptability-
related, ornamental feature-related and growth habits-related criteria, and eighteen sub-criteria were
proposed and constructed in this study. The model was validated on fifteen herbaceous peonies
cultivars from different latitudes. The results showed that ‘Meiju’, ‘Hang Baishao’, ‘Hongpan Tuojin’
and ‘Bo Baishao’ were assessed as Level I, which have strong growth adaptability and high ornamental
values, and were recommended for promotion and application at low latitudes. The reliability and
stability of the MCDM model were further confirmed by measuring the chlorophyll fluorescence of
the selected adaptive cultivars ‘Meiju’ and ‘Hang Baishao’ and one maladaptive cultivar ‘Zhuguang’.
This study could provide a reference for the introduction, breeding and application of perennials
under everchanging unfavorable climatic conditions.

Keywords: multi-criteria decision-making (MCDM); analytic hierarchy process (AHP); herbaceous
peony; germplasm resources; breeding; global warming; low latitudes

1. Introduction

The importance of plant breeding for sustainable development is rising rapidly due
to extreme weather events and changed climates [1–3]. Utilizing adapted germplasms
ensures a sustained yield production and minimizes the negative impacts of climate change
on agriculture and landscape ecosystems [4,5]. Breeding a new adapted cultivar is a very
time-consuming and tedious process [6]. However, introducing and selecting promising
genotypes directly from different latitudes or wild resources could considerably shorten the
process [7,8]. Introducing new crops or cultivars—in particular, the introduction between
different latitudes—not only leads to the diversification of agricultural production and
applications but also has positive effects on biodiversity and ecosystem services [9,10].
In addition, the selected elite germplasms could be used as parental materials to carry
out further precise breeding and research work on the molecular mechanism of stress
resistance [11]. However, the introduction and selection are very limited to economic plants
at low latitudes.
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Herbaceous peony (Paeonia lactiflora) is a world-renowned economic crop with high
ornamental, edible, medicinal and ecological values [3,12,13]. In recent years, herbaceous
peonies have gained a new reputation as high-end cut flowers. Up to now, cut peonies
have been produced in over 25 countries, with primary markets in Europe, Asia and
the United States. Only in Europe, trade in cut peonies has increased 50-fold in the last
30 years, from three million stems produced in the Netherlands at the end of the 1980s to
about 140 million stems from 20 countries (data from: Royal Flora, Y. Kohavi). Despite its
popularity in the international market, the cultivation area of the peony is gradually limited
due to the global warming. At low latitudes (N 30◦00′–S 30◦00′ areas), the situation is even
worse, and the cultivation of the peony has encountered unprecedented challenges [12,14].
High temperatures in the spring (an average of 17–27 ◦C), especially combined with
high precipitation (an average of 127–147 mm, data from https://zh.weatherspark.com
(accessed on 10 September 2021)), can cause stem bending, flower bud abortion and severe
diseases (Figure 1A–H). High temperatures in the summer, which extreme temperatures
usually exceed 40 ◦C, could lead to severe heat damage and premature withering of the
aboveground parts (Figure 1I–K) [12]. Easily formed insufficient chilling requirements due
to high temperatures in the autumn and winter affect the establishment and release of
dormancy and subsequent normal flowering and vegetative growth (Figure 1L,M) [15,16].
These problems have directly caused the decline of the ornamental value and application
of the peony under everchanging unfavorable climatic conditions [17]. Thus, the main
goal for improving the herbaceous peony at low latitudes is the screening and breeding of
adapted cultivars [18].
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Figure 1. Challenges encountered in the cultivation and application of the herbaceous peony at low
latitudes. (A–H) High spring temperatures and high humidity caused stem bending, flower bud
abortion and severe diseases; (I–K) High summer temperatures induced heat damage and premature
withering of aboveground parts; (L,M) High autumn and winter temperatures caused insufficient
chilling requirement and induced subsequent abnormal flowering and vegetative growth.

There have been many studies on the introduction, cultivation and comprehensive
evaluation of the peony, but most of them were carried out at mid and high latitudes;
little work has been undertaken at low latitudes [18,19]. Liu et al. (2019) carried out a
comprehensive evaluation of fifteen introduced peony cultivars in the Luoyang alpine
region, Henan Province, based on an evaluation model with a global weight of 0.52 for
flowering-related traits [19]. Four excellent cultivars were selected by Wu et al. (2014) using
the AHP method in Beijing, China, which was established with the numbers of flowers,
flower diameter, stem diameter and florescence of every single flower as the four highest
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weighted indices [20]. Obviously, the introduction and comprehensive evaluation of the
peony at these mid and high latitudes were mostly aimed at screening the peony germplasm
with high ornamental value rather than for adaptive cultivation [18,19]. The few studies
that are available have focused primarily on screen-adapted herbaceous peonies basically
conducted at mid-latitudes [21]. We have carried out the resource evaluation of the peony
at low latitudes, but due to the limited cultivation experience, the establishment of the
evaluation model also focused on the selection of high ornamental resources [18]. With
longer practice and scientific research work carried out at low latitudes and continuous
consultation with experts and farmers in relevant fields, adaptability, especially heat
resistance, has been identified as key factor affecting the cultivation of the peony [12].
Therefore, it is especially important to establish an integrated evaluation methodology with
adaptability as a major consideration to screen elite peony germplasms for sustainable
growth at low latitudes [7,22].

The development of an integrated evaluation approach frequently encounters with
complex multi-criteria situations [23]. A multi-criteria decision-making (MCDM) model
is proven to be one of the better tools to address such complex selection issues [24,25].
Construction of a MCDM model typically includes three steps: selection of the criteria
indices, weighting of the criteria indices and multi-criteria decision analysis [7,26]. The
analytic hierarchy process (AHP) is one of the best subjective weighing methods for ob-
taining weights of each alternative in an MCDM approach, which was first established
by Saaty (1980) [27,28]. The AHP approach helps decision-makers to convert subjective
evaluation into objective measures, increasing the validity, efficiency and credibility of the
results. It also allows for the combination of qualitative and quantitative factors in the total
evaluation [29]. In recent years, MCDM has found its grounding application in various
fields and disciplines, such as astronomy, environmental ecology, energy science and ar-
tificial intelligence [30–34]. In the agricultural context, MCDM model has been applied
to a variety of crops and economic plants [35–38]. In miscanthus (Miscanthus spp.), the
MCDM model was applied to select high-biomass and high-quality miscanthus varieties for
bioenergy production [7]. Similarly, the model has also been used to select the most suitable
table grape variety intended for organic viticulture [39]. Continuing under the scope of
agriculture, only few studies concerning the selection of species or cultivars for adaptive
cultivation under MCDM strategies [40]. Moreover, methods for selecting germplasms
have primarily focused on food crops with little to no emphasis on the ornamental crops,
such as herbaceous peony [18].

This study creates a multi-criterion integrated decision support framework for select-
ing an elite herbaceous peony germplasm at low latitudes. The MCDM model established
in this study is an extension and improvement of our previous study, aiming to evaluate
the comprehensive application of herbaceous peony at low latitudes [18]. The model
reconstructed the AHP system, increased adaptability and growth habits-related indices,
while reduced reproductive traits and ornamental values-related indices. In addition, the
weight of adaptability-related indices was improved via a pairwise comparison. Finally,
the model could accurately screen adaptive peony germplasm at low-latitudes and shorten
the screening time from six years to three years. The establishment of this model fills a gap
in the screening of adapted peonies and greatly facilitates the selection of elite germplasm
at low latitudes

The paper structure is organized as follows. Section 2 shows the results associated with
the MCDM model, providing an elaborate display of the case study. Section 3 discusses
the application of the model and future perspectives. Section 4 describes the methodology,
presenting the steps of the development and the application of the MCDM model. The
objectives of this research were to: (1) develop a modified MCDM model for evaluating the
comprehensive application of herbaceous peony at low latitudes and (2) select representa-
tive peony cultivars with strong adaptability for future crossbreeding and studies on the
mechanism of stress resistance. This study could promote the cultivation and application
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of peony at low latitudes and provide a reference for the adaptive cultivation of perennial
plants in the context of global warming.

2. Results
2.1. Local Weights of Criteria and Sub-Criteria Indices

Local weights of each criterion were calculated based on expert scoring (Table 1).
Consistency index (CI) and consistency ratio (CR) values for each matrix were obtained
and all of the CR values < 0.1 (Table 1), which indicated that the consistency of judgment
matrix was acceptable.

Table 1. The local weights of criteria and consistency test of the pairwise comparison matrix.

Matrixes Criteria Local Weights Consistency Test
λmax CI CR

A-B

Adapted peony cultivars at low latitudes (A)

3.009 0.005 0.009
Adaptability (B1) 0.540

Ornamental features (B2) 0.297
Growth habits (B3) 0.163

B1-C

B1

4.010 0.003 0.004
Heat damage level (C1) 0.423

Root rot rate (C2) 0.227
Disease rate (C3) 0.227
Survival rate (C4) 0.122

B2-C

B2

7.346 0.058 0.042

Flower number per plant (C5) 0.261
Group blooming period (C6) 0.261

Flower type (C7) 0.090
Proportion of flowering plant (C8) 0.136

Aborted flowers per plant (C9) 0.075
Blooming period per flower (C10) 0.118

Flower diameter (C11) 0.058

B3-C

B3

7.037 0.006 0.005

Stem bending degree (C12) 0.297
Plant height (C13) 0.097
Plant width (C14) 0.056

Stem number (C15) 0.097
Stem diameter (C16) 0.178

Dates of bud break (C17) 0.178
Chlorophyll content (C18) 0.097

A is the main objective, B1–B3 are the three criteria and C1–C18 are the eighteen sub-criteria in this study; λmax is
the largest eigenvalue of the pairwise comparison matrix.

Global weights of criteria and sub-criteria were calculated by using Equation (8)
(Table 2). Generally, adaptability was the most important criteria, up to 54%, followed by
ornamental features criteria (23%) and growth habits criteria, which is the least important
one (16%) (Table 2).

The heat damage level (C1), root rot rate (C2), disease rate (C3), flower number per
plant (C5) and group blooming period (C6) were the top five sub-criteria indices of global
weight in the whole MCDM model. However, the top three sub-criteria in the global
weight ranking were all adaptability-related indices (Table 2). Among the ornamental
features-related criteria, the flower number per plant (C5) and group blooming period (C6)
were the two sub-criteria with the largest proportion, both of which were 0.078 (Table 2). In
growth habits-related sub-criteria, stem bending degree (C12) and dates of bud break (C17)
were the most two crucial indices, which were 0.048 and 0.029, respectively (Table 2).
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Table 2. Global weights of the three criteria and eighteen sub-criteria.

Criteria (B) Weights Sub-Criteria (C) Global Weights Ranking

Adaptability (B1) 0.54

Heat damage level (C1) 0.228 1
Root rot rate (C2) 0.123 2
Disease rate (C3) 0.123 3
Survival rate (C4) 0.066 6

Ornamental features (B2) 0.30

Flower number per plant (C5) 0.078 4
Group blooming period (C6) 0.078 5

Flower type (C7) 0.027 12
Proportion of flowering plant (C8) 0.041 8

Aborted flowers per plant (C9) 0.023 13
Blooming period per flower (C10) 0.035 9

Flower diameter (C11) 0.017 14

Growth habits (B3) 0.16

Stem bending degree (C12) 0.048 7
Plant height (C13) 0.015 15
Plant width (C14) 0.009 18

Stem number (C15) 0.015 17
Stem diameter (C16) 0.029 11

Dates of bud break (C17) 0.029 10
Chlorophyll content (C18) 0.015 16

2.2. Observations of Adaptability-Related Traits

We have carried out the introduction, cultivation and breeding of herbaceous peony at
low latitudes since 2012 [18]. High temperature and high humidity were found the most
important factors restricting the popularization and application of peony under relatively
high temperatures at low latitudes (Figure 1). In this study, we observed four adaptability-
related sub-indices: heat damage level, root rot rate, disease rate and survival rate. ‘Hang
Baishao’, ‘Meiju’, ‘Bo Baishao’ and ‘Hongpan Tuojing’ performed extremely well in these
four sub-criteria indices. Specifically, these four cultivars both showed low disease rates,
root rot rates and heat damage levels and maintained almost 100% survival rates after
three years of cultivation (Figure 2). On the contrary, some cultivars, such as ‘Zhuguang’,
‘Taohua Feixue’ and ‘Yangfei Chuyu’ showed obvious unsuitability after introduced at
low latitudes (Figure 2). These three cultivars observed gradually increased disease rates,
even close to 100%, and severe heat damage and root rot, ultimately resulted in a low
survival rate (Figure 2). However, most cultivars, such as ‘Zaohong’, ‘Yanzi Xiangyang’,
‘Zifeng Chaoyang’, ‘Qing Yunhong’ and ‘Shanhe Hong’ showed moderate performances in
these four adaptability-related traits, and the final survival rate was between 50% and 70%
after three years of cultivation. In addition, although some of the cultivars have excellent
performances in some aspects of the adaptability, it is hard to combine various resistances,
such as ‘Qihua Lushuang’ and ‘Chishao’, which have strong resistance to disease and root
rot but lack heat resistance (Figure 2).
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(A) Disease rate; (B) Survival rate after three years; (C) Root rot rate; (D) Heat damage level. Values
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2.3. Observations of Ornamental Features-Related Traits

The ornamental features-related traits of fifteen herbaceous peony cultivars were
shown in Figure 3. ‘Bo Baishao’, ‘Qihua Lushuang’, ‘Liantai’ and ‘Chishao’ performed well
in several important ornamental features-related traits, such as flower number per plant,
proportion of flowering plant and blooming period per flower, while ‘Zaohong’, ‘Yangfei
Chuyu’ and ‘Zhuguang’ performed poorly in these flowering indices (Figure 3A–C). All cul-
tivars showed little difference in the flower diameter indices, within the range of 10–15 cm.
Notably, the flower diameters of ‘Hangbaishao’ and ‘Meiju’ decreased obviously after
three years (Figure 3D). ‘Qihua Lushuang’ had the highest number of aborted flowers per
plant in 2018, but sharply reduced by 2021, contrary to the performance of ‘Hang Baishao’
(Figure 3E). ‘Zaohong’ and Chishao’ bloom early and have a long group blooming period,
while ‘Taohua Feixue’ and ‘Shanhe Hong’ have a late and short group flowering period
(Figure 3F).
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Figure 3. Observations and changes of ornamental features-related indices of the fifteen peony
cultivars. (A) Flower number per plant; (B) Proportion of flowering plant; (C) Blooming period per
flower; (D) Flower diameter; (E) Aborted flowers per plant; (F) Group blooming period. Values
represent the means ± standard deviation of three replicates.

2.4. Observations of Growth Habits-Related Traits

‘Bo Baishao’, ‘Qihua Lushuang’, ‘Hongpan Tuojing’ and ‘Hang Baishao’ had relatively
high plant heights and widths, while ‘Taohua Feixue’, ‘Yangfei Chuyu’ and ‘Zhuguang’
were cultivars with very limited plant height and width (Figure 4A,B). The plant heights and
widths decreased in most cultivars, while increased in ‘Yanzi Xiangyan’, ‘Zifeng Chaoyang’,
‘Zaohong’ and ‘Hongpan Tuojing’ from 2018 to 2021. Besides, the plant heights of ‘Shanhe
Hong’ and ‘Qihua Lushuang’ increased, but the plant width declined after three years
(Figure 4A,B). Similarly, stem numbers of most cultivars decreased after three years, on the
contrary, stem diameter of most cultivars increased (Figure 4C,D). The cultivars showed
differences in the stem bending degree indices—in particular, ‘Hang Baishao’, ‘Meiju’,
‘Hongpan Tuojing’ and ‘Chishao’ performed extremely low degrees of stem bending.
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However, the rest of the cultivars performed poorly in this crucial index, with stem bending
exceeding 20 degrees, and some cultivars, such as ‘Yanzi Xiangyan’ and ‘Qihua Lushuang’,
even exceeded 40 degrees (Figure 4E). In the observation of bud break, most cultivars
bud burst in the middle and early March, while a few cultivars, such as ‘Zaohong’, ‘Yanzi
Xiangyang’ and ‘Zifen Chaoyang’, sprouted in the middle and late February (Figure 4F).
In addition, most cultivars had chlorophyll content between 50–60 during full blooming,
except for ‘Zaohong’, ‘Shanhe Hong’ and ‘Liantai’ (Figure 4G).
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2.5. Evaluation of Comprehensive Performance of the Fifteen Cultivars by the MCDM Model

Details in comprehensive scores and levels of the fifteen cultivars were presented in
Table 3. ‘Meiju’ acquired the highest points 89.56, and ‘Hang Baishao’ was ranked second,
with 85.05 points, followed by ‘Hongpan Tuojing’ and ‘Bo Baishao’, which were the four
cultivars with over 80 points. These four cultivars with more than 80 points were classified
as level I, indicating they have excellent comprehensive performance and are recommended
as germplasms for cultivation and application at low latitudes. The comprehensive scores of
‘Qihua Lushuang’, ‘Liantai’, ‘Chishao’, ‘Qing Yunhong’, ‘Zifeng Chaoyang’ and ‘Zaohong’
were between 60–80 points and classified as level II, indicating that their comprehensive
performance is ordinary and could be used as alternative application materials. At the
bottom of the ranking, ‘Yanzi Xiangyang’, ‘Shanhe Hong’, ‘Taohua Feixue’, ‘Yangfei Chuyu’
and ‘Zhuguang’ were listed. These five cultivars were scored below 60 points and were
classified as level III, not recommended for use at low latitudes (Table 3).

Table 3. Statistics of comprehensive evaluation points and rating levels of the fifteen herbaceous
peony cultivars.

Cultivars Adaptability Ornamental Features Growth Habits Points LevelsC1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18

Meiju 22.85 6.60 12.28 12.28 5.22 7.84 1.80 2.72 1.50 3.55 1.74 3.17 1.03 0.59 1.03 1.90 1.90 1.55 89.56 I
Hang Baishao 22.85 6.60 12.28 12.28 5.22 2.61 0.90 4.08 1.50 2.37 1.16 4.76 0.52 0.59 1.55 2.85 1.90 1.03 85.05 I

Hongpan Tuojing 22.85 4.40 12.28 12.28 5.22 5.22 0.90 2.72 1.50 1.18 1.74 4.76 1.03 0.59 1.55 2.85 1.90 1.03 84.02 I
Bo Baishao 15.23 6.60 12.28 12.28 7.84 7.84 0.90 4.08 0.75 2.37 1.74 3.17 0.52 0.30 1.55 2.85 1.90 1.55 83.73 I

Qihua Lushuang 7.62 6.60 12.28 12.28 7.84 7.84 1.80 4.08 0.75 3.55 1.74 1.59 0.52 0.59 1.55 1.90 1.90 1.03 75.44 II
Liantai 15.23 4.40 12.28 12.28 2.61 5.22 1.80 2.72 2.25 2.37 1.74 3.17 1.55 0.89 1.55 1.90 1.90 0.52 74.39 II

Chishao 7.62 4.40 12.28 12.28 5.22 7.84 0.90 4.08 2.25 2.37 1.16 4.76 1.03 0.59 1.55 1.90 0.95 1.55 72.73 II
Qing Yunhong 22.85 6.60 8.18 4.09 2.61 2.61 2.70 2.72 2.25 2.37 1.16 1.59 1.03 0.59 0.52 2.85 2.85 1.03 68.62 II

Zifeng Chaoyang 15.23 4.40 12.28 8.18 2.61 5.22 2.70 1.36 2.25 2.37 1.16 1.59 1.03 0.59 1.55 1.90 2.85 1.03 68.32 II
Zaohong 15.23 4.40 8.18 8.18 2.61 5.22 2.70 1.36 1.50 2.37 1.16 1.59 0.52 0.89 1.03 1.90 1.90 0.52 61.27 II

Yanzi Xiangyang 7.62 4.40 12.28 8.18 2.61 2.61 0.90 1.36 2.25 1.18 1.74 1.59 1.55 0.89 0.52 0.95 2.85 1.03 54.52 III
Shanhe Hong 7.62 4.40 8.18 4.09 2.61 2.61 1.80 1.36 2.25 1.18 0.58 1.59 1.55 0.89 1.03 1.90 1.90 0.52 46.07 III
Taohua Feixue 7.62 2.20 4.09 4.09 2.61 5.22 1.80 1.36 1.50 3.55 1.16 3.17 0.51 0.30 0.52 0.95 1.90 1.55 44.11 III
Yangfei Chuyu 7.62 2.20 4.09 8.18 2.61 2.61 1.80 1.36 1.50 2.37 1.16 1.59 0.51 0.30 0.52 1.90 0.95 1.03 42.30 III

Zhuguang 7.62 2.20 4.09 4.09 2.61 2.61 2.70 1.36 2.25 2.37 1.16 3.17 0.52 0.89 0.52 0.95 1.90 0.51 41.53 III

The full name of the sub-criteria C1–C18 were listed in Table 1.

2.6. Chlorophyll Fluorescence of the Selected Adaptive and Maladapted Cultivars

‘Meiju’ and ‘Hang Baishao’ were screened two adaptive cultivars while ‘Zhuguang’
was the maladapted cultivar based on the comprehensive evaluation. Chlorophyll fluores-
cence of the three cultivars was detected in the summer of 2021. The maximum quantum
yield of photosystem II (Fv/Fm), nonphotochemical quenching (NPQ), quantum efficiency
of photosystem II (YII), photochemical quenching coefficient (qP) values of the three culti-
vars overall decreased first and then stabilized while apparent electron transfer rate (ETR)
behaves in the opposite under high summer temperatures (Figure 5). Among three culti-
vars, ‘Meiju’ produced significantly the highest values of the four chlorophyll fluorescence
indicators, followed by ‘Hangbaishao’ and the lowest values were recorded in ‘Zhuguang’
and were correlated with the chlorophyll fluorescence colors (Figure 5). Additionally, the
chlorophyll fluorescence values of the cultivars were consistent with the comprehensive
scores calculated by the MCDM model (Table 3).
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3. Discussion
3.1. The Necessity of Introduction and Selection of Adaptive Peony Germplasm at Low Latitudes

Herbaceous peony is a famous ornamental crop worldwide, with the widespread
popularity of cut flowers in recent years [17,41]. However, peony is often subjected to
multiple abiotic stresses of high temperature and humidity, which seriously and initially
affect its normal growth and subsequent flowering under environmental conditions at low
latitudes [42,43]. Global warming exacerbates the problem, and extreme temperatures at
low latitudes commonly exceed 40 ◦C in the summer [2,12]. Thus, evaluating germplasm
resources, particularly for the purpose of selecting resistant species, is a fundamental work
of peony breeding [18]. Numerous introduction and evaluation studies have been carried
out in a variety of food crops, but few in ornamental crops, such as herbaceous peony [44].
In fact, herbaceous peony is an ornamental perennial with strong adaptability and could
widely distributed in temperate regions of the Northern Hemisphere [13]. Moreover, there
are plentiful wild resources, medicinal and ornamental species or cultivars of peonies
(both herbaceous peony and tree peony) existed in the mid-latitude region of China, it
is completely achievable to directly select excellent existing peony germplasms based
on introduction and resource evaluation at low latitudes [18,45]. Therefore, screening or
breeding adapted peony germplasm has important theoretical and practical significance in
low-latitude areas, especially in the context of global warming [12,42].

3.2. The Development of a Specific Objective-Based Comprehensive Evaluation Model

All models are not omnipotent, their accuracy depends on the specific application
purpose [46]. Some common steps in the construction of a completed MCDM evaluation
model include: selecting indices, creating criteria and assigning weights (Figure 6). First
and foremost, these steps should be completed in accordance with the specific purpose and
characteristics of the target plant [18]. When selecting energy-related agronomic traits, dry
matter yield is the primary index for screening elite germplasms [7]; when evaluating the
rapeseed varieties, economic criterion is the most important index [37]; when establishing
a model for selecting herbaceous peony species under protective cultivation conditions,
ornamental characteristics are almost all considerations [37]. In this study, the MCDM
model was aimed at solving the problem of adaptability in the process of introduction
and cultivation of peony at low latitudes and, secondly, considering ornamental values
and growth habits. As a consequence, the weights of the three criterion layers of the
MCDM model were: adaptability (B1) > ornamental features (B2) > growth habits (B3),

113



Int. J. Mol. Sci. 2022, 23, 14342

and the adaptability (B1) criteria had the highest weight in the criterion layer, up to 0.54
(Table 2). Additionally, the heat damage level (C1), root rot rate (C2) and disease rate
(C3) were the top three evaluation sub-criteria of the MCDM model (Table 2), which is
in line with our expectations. Specifically, these three adaptability-related sub-criteria
have been widely used in studies of peony, rapeseed and grape [19,37,39]. In addition,
these sub-criteria could typically reflect the stress resistance to high temperature and high
humidity environments based on our cultivation practice at low latitudes. Therefore, the
evaluation model established in this study was in accordance with our research purpose.
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3.3. Selection of Elite Peony Germplasms at Low Latitudes

‘Meiju’, ‘Hang Baishao’, ‘Hongpan Tuojing’ and ‘Bo Baishao’ were the four culti-
vars that scored over 80 points and classified as level I by the MCDM model (Table 3).
These four cultivars both have excellent comprehensive performances in adaptability, or-
namental features and growth habits, especially in terms of strong heat and humidity
resistance, recommended as elite germplasms for cultivation and application at low lat-
itudes (Figures 2–4). These cultivars could also be valuable for breeding brilliant new
germplasms with strong stress resistance [47,48]. In terms of this study, these four cultivars
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and ‘Zhuguang’, a representative unsuitable cultivar, could be used as contrasting plant
materials to determine the mechanisms governing the differences in the mechanism of
stress tolerance in peony [48]. Notably, Liu et al. screened ‘Taohua Feixue’ and ‘Yangfei
Chuyu’ as excellent cultivars for planting in Guanzhong area of Shaanxi Province by AHP
method in 2013, while in this study, these two cultivars were scored below 60 points [21].
This indicates that the performance of the same cultivar varies greatly in different regions,
further emphasizing the necessity for comprehensive evaluation of germplasm to reduce
economic costs before large-scale introduction of cultivation. In addition, ‘Yanzi Xiangyang’
showed a tendency to gradually adapt at low latitudes after three years of cultivation, with
fewer diseases, improved flowering number and flowering rate and increased plant height
and plant width, which deserves a longer time observation (Figures 2–4).

3.4. Accuracy and Reliability of the MCDM Model

The MCDM model constructed in this study aimed to represent an integrated eval-
uation research strategy based on multi-year cultivation, multi-indices observations and
specific application purposes rather than a fixed formula (Figures 6 and 7). The weights of
sub-criteria indices will fluctuate once the tested germplasms change since the objective
weight value varies with the measured data. The peonies adopted in this study were
carefully selected cultivars with different performances in stress resistance and ornamen-
tal characteristics at low latitudes based on previous studies [12,18/]. In particular, the
native-specific cultivar ‘Hangbaishao’, which has been proved to be an elite germplasm
at low latitudes, was added as a reference for comparing selection results [12,18,49]. In
the evaluation of this study, ‘Hang Baishao’ still performed excellently and ranked second
overall (Table 3), which on the one hand showed the rationality and accuracy of this model,
on the other hand, it re-emphasized the value of this native germplasm.
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Chlorophyll fluorescence reflects photosynthetic performance and stress in algae and
plants, is now widespread in various studies [50–52]. Sharma et al. have successfully identi-
fied wheat (Triticum aestivum L.) cultivars in tolerance to heat stress by using Fv/Fm [53]. In
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addition to screening for heat-tolerant wheat, chlorophyll fluorescence has also been used as
a method for screening potential wheat cultivars adapted to water deficit environments [54].
In the herbaceous peony, the chlorophyll fluorescence intensity was consistent with the
results of comprehensive heat tolerance assessment of different peony cultivars [12]. Thus,
in this study, the model was further validated in identified cultivars ‘Meiju’, ‘Hang Baishao’
and ‘Zhuguang’ by the detection of chlorophyll fluorescence. The result showed that the
chlorophyll fluorescence values of the cultivars were consistent with the comprehensive
scores calculated by the MCDM model (Figure 5 and Table 3). Furthermore, we have
previously conducted principal component analysis (PCA) and subordinate function value
analysis on six peony cultivars introduced from different latitudes, ‘Hang Baishao’ and
‘Meiju’ were determined to be the most heat-tolerant cultivars, while ‘Zhuguang’ was
determined to be the most heat-sensitive one of the six cultivars [12]. Although different
evaluation methods were used, the evaluation results were highly consistent, which further
demonstrated the reliability and stability of the MCDM model established in this study.

3.5. Limitations, Recommendations and Future Perspectives

The MCDM model is low-cost, timesaving and suitable for screening adapted peony
germplasm under hot and humid climates. Fifteen tuberous roots and nine square meters of
land surface are sufficient for screening one cultivar. By using this model, it takes only three
years to screen the expected cultivars, which is three years less than using our previous
model. The model proposed in this study can be directly used at low latitudes, specifically,
substituting the observational data of the tested cultivar into the model, then calculate the
comprehensive evaluation points, and if it is greater than 80 points, the cultivar is selected.
This model requires certain modifications for use in other perennials or geophytes, in that
case, due to the specific characteristics of each plant, the major importance is to consider
local experts’ knowledge and experience, which would possibly add, remove or modify
important criteria. Nevertheless, we do not recommend its use in cases where there are
large differences in climate and species, as the present model involves a limited number of
criteria that may require fundamental modifications.

The model is also a continuous improvement model that will advance in the future.
It is well known that with the increasing global warming, the growing environment of
plants may face more severe deterioration in the future. This model will be modified
accordingly, for example, adding indices such as heat stress oxidation and high light
damage, or changing the weights of some indices. In addition to the model itself, this study
also aims to provide a research strategy (Figure 6) for other plants with similar situations
as peony.

4. Materials and Methods
4.1. Development of a MCDM Model

Figure 6 structurally displayed the main process of developing a complete MCDM
model of herbaceous peony in this study. The criteria indices in the current study were
selected based on information from the literature and multi-years practice of cultivation
(Section 4.1.1). The weights of these criteria and sub-criteria were calculated by the AHP
method (Section 4.1.2), and the elite cultivars were selected via the final comprehensive
evaluation (Section 4.1.3). The detailed steps are described in the following sections:

4.1.1. Identify Relevant Criteria Indices

The criteria indices were selected through the following two steps in current study:
(1) The literature on traits related to comprehensive evaluation of peony cultivation and
application, especially when introduced from regions of different latitudes and encountered
unfavorable climatic conditions. All reported traits were compared and selected after
preliminary screening; (2) Identifying the main limiting factors of peony through years of
practice of cultivation at low latitudes. High temperature and high humidity were found
the most important factors restricting the popularization and application of peony through
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years of practice of cultivation at low latitudes (Figure 1). Considering the two main limiting
factors, heat damage level, root rot rate, disease rate and survival rate were identified as
the corresponding adaptability indices, which have been proven in our previous studies to
respond well to the resistance of peonies to humid and hot environments. Based on the
above, the core traits with high recommendations were selected for the model establishment
(Table 4).

Table 4. Details of evaluation indices and measurements.

Criteria Sub-Criteria Definitions and Measurements Objective References

Adaptability
Heat damage level C1

HDL was classified into six categories
according to the proportion of leaves that

showed signs of discoloration..
Minimize [12,18]

Root rot rate C2

Rot rate of peony root and the rate
corresponding to different waterlogging

tolerance is 0–30% (strong), 30–60%
(medium) and 60–100% (weak).

Minimize [19]

Disease rate C3 Number of diseased plants/number of
healthy plants. Minimize [18,21]

Survival rate C4
Number of surviving plants after three

years of cultivation/total number of
plants at the beginning.

Maximize [18,21]

Ornamental
features

Flower number per
plant C5 Average number of normally

open flowers. Maximize [18,19]

Group blooming
period C6

The day number between the date of the
first flower blooming and the date of the

last flower falling of a group plants.
Maximize [18]

Flower type C7
According to the shape of the petal,

flowers are characterized as
different types.

Valved, complex [17,19]

Proportion of
flowering plant C8 Number of flowering plants/total

number of plants. Maximize [21]

Aborted flowers
per plant C9

Aborted flowers were defined as Flowers
could not open and always maintain in
the small size and juvenile stage during

the full-blooming period.

Minimize [20]

Blooming period
per flower C10 Days between the date of the petal

blooming and the first petal falling. Maximize [18]

Flower diameter C11 Average flower diameter in full bloom. Maximize [19]

Growth habits

Stem bending
degree C12 The angle between the stem and the

vertical direction of the ground. Minimize [20,21]

Plant height C13 The distance (cm) from the ground to the
top of the plant. Medium [21]

Plant width C14 Maximum width (cm) of aboveground
projection of the plant. Medium [21]

Stem number C15
A mature and normal stem has at least
three compound leaves and the height

should be more than twenty cm.
Maximize [21]

Stem diameter C16 Diameter of a plant’s mature and healthy
stem five centimeters above. Maximize [20]

Dates of bud break C17
Bud break is the opening of bud scales
and the emergence of delicate shoots or

leaves. emerged.
Earlier [18,55]

Chlorophyll content C18 Average chlorophyll content of peony
leaves on May 15. Maximize [12]

4.1.2. Weighting the Criteria Indices

AHP is one of the most common subjective methods and was adopted to weight
the criteria indices in the present study [56]. Its weighting procedures are described as
follows [57]:

Step 1: Building the AHP system

The AHP system is usually defined as a tree, where the main objective is the target
layer (A), like the top of the tree; the criteria indices are the second layer (B) for evaluating
the target layer, like the trunk; the third layer is the specific sub-criteria (C), and the
alternatives are the roots [46,58]. In present study, the AHP system was built in four levels
from top to bottom (Figure 7). The selection of adapted peony cultivars at low latitudes (A)
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is the main objective. The adaptability-related (B1), ornamental features-related (B2) and
growth habits-related (B3) traits were selected as the three criteria indices. The eighteen
specific traits belonging to the three main criteria indices are: heat damage level (C1), root
rot rate (C2), disease rate (C3), survival rate (C4), flower number per plant (C5), group
blooming period (C6), flower type (C7), proportion of flowering plant (C8), aborted flowers
per plant (C9), blooming period per flower (C10), flower diameter (C11), plant height
(C12), plant width (C13), stem number (C14), stem diameter (C15), stem bending degree
(C16), dates of bud break (C17) and chlorophyll content (C18), respectively (Figure 7). The
fifteen peony cultivars are the alternatives. Observations and measurements of these traits
(sub-criteria indices) and their references were shown in Table 4.

Step 2: Constructing the pairwise comparison matrix

In this step, the priority weights of the above-mentioned sub-criteria indices are
calculated using a square matrix of pairwise comparisons, as shown in Equation (1) [59].

A
(
aij
)

nxn =




a11 a12 . . . a1j . . . a1n
a21 a22 . . . a2j . . . a2n
. . . . . . . . . . . . . . . . . .
ai1 ai2 . . . aij . . . ain
. . . . . . . . . . . . . . . . . .
an1 an2 . . . anj . . . ann




, (1)

where i represents the serial number of the former traits, j represents the serial number
of the latter traits and n represents the total number of traits in matrix A. aij is the ratio
of the importance of the ith trait compared with the jth trait, and it is scored according to
Table 5 [60,61].

Table 5. Scales of pairwise comparison.

Scales Definition Explanation

1 Equal importance Two activities contribute equally to the objective
3 Slight importance Experience and judgment moderately favor one activity over another
5 Strong importance Experience and judgement strongly favor one activity over another
7 Very strong importance An activity is strongly favored and its dominance demonstrated in practice
9 Extreme importance An activity is extremely favored and its dominance demonstrated in practice

2, 4, 6, 8 Intermediate values Importance between two corresponding adjacent levels above mentioned

The importance definition between different traits is in accordance with the description proposed by Saaty (1980) [28].

Survey experts and front-line workers in the related field to confirm the importance of
these selected traits based on the above steps [62]. A panel of four experts and two workers
was contacted and asked about the quantification of the importance of the criteria included
in the AHP system (Figure 7). The experts responded to a special questionnaire created for
this study, an example of the questionnaire was shown in Table 6.

Table 6. An example of AHP questionnaire used to determine the relative importance of a criteria.

Importance More Important Equal Less Important Criteria9 8 7 6 5 4 3 2 1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9

Adaptability

√
Adaptability√

Ornamental features√
Growth habits

Ornamental
features

√
Adaptability√

Ornamental features√
Growth habits

Growth habits

√
Adaptability√

Ornamental features√
Growth habits

The ratio of the importance is in accordance with Table 5.
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The pairwise comparison matrix was then established after expert judgment in this
study (Table 7).

Table 7. The pairwise comparison matrix established in this study.

Judgment Matrix

A-B

A B1 B2 B3
B1 1 2 3
B2 1/2 1 2
B3 1/3 1/2 1

B1-C

B1 C1 C2 C3 C4
C1 1 2 2 3
C2 1/2 1 1 2
C3 1/2 1 1 2
C4 1/3 1/2 1/2 1

B2-C

B2 C5 C6 C7 C8 C9 C10 C11
C5 1 1 3 2 4 2 4
C6 1 1 3 2 4 2 4
C7 1/3 1/3 1 1/2 2 1/2 2
C8 1/2 1/2 2 1 2 1 2
C9 1/4 1/4 1/2 1/2 1 2 1

C10 1/2 1/2 2 1 1/2 1 3
C11 1/4 1/4 1/2 1/2 1 1/3 1

B3-C

B3 C12 C13 C14 C15 C16 C17 C18
C12 1 3 4 3 2 2 3
C13 1/3 1 2 1 1/2 1/2 1
C14 1/4 1/2 1 1/2 1/3 1/3 1/2
C15 1/3 1 2 1 1/2 1/2 1
C16 1/2 2 3 2 1 1 2
C17 1/2 2 3 2 1 1 2
C18 1/3 1 2 1 1/2 1/2 1

The ratio of the importance is in accordance with Table 5.

Step 3: Normalizing the pairwise comparison matrix

Normalize the pairwise comparison matrix using Equation (2).

w′ij =
wij

∑n
i=1 wij

(2)

where wij represents the pairwise comparison value, and wij
′ is the pairwise comparison

value after normalization [63].

Step 4: Calculating consistency ratio of the pairwise comparison matrix

Assess the eigenvalue and the eigenvector using Equations (3)–(5):

wi =
∑n

j=1 w′ij
n

(3)

W =




w1
w2
. . .
wi
. . .
wn




(4)

λmax =
1
n ∑n

i=1(AW)i/wi (5)

where wi is the eigenvalue, W is the eigenvector of the matrix A and λmax is the largest
eigenvalue of the pairwise comparison matrix.
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Check the consistency index using Equations (6) and (7):

CR =
CI
RI

(6)

CI =
λmax− n

n− 1
(7)

where n denotes the number of criteria, and CR and CI are the consistency ratio and
consistency index of the pairwise comparison matrix. RI represents the random consistency
index that was introduced by Saaty [58], shown in Table 8.

Table 8. Random Index (RI) values.

Number of Criteria 1 2 3 4 5 6 7 8 9 10

RI 0.0 0.0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

When CR < 0.1, the consistency degree of judgment matrix A is considered to be
within the allowable range, and the eigenvectors of A could be performed to carry out
the weight vector calculation [64]; however, if CR ≥ 0.1, the judgment matrix A should be
considered for correction [65,66].

Step 5: Computing the global weights

The matrix A in the criteria level contains a series of criteria indices, including (a1,a2,
. . . ,ai, . . . ,an), their eigenvalues should be (w1,w2, . . . ,wi, . . . ,wn), respectively; Matrix B
in the sub-criteria level belonging to ai contains several sub-criteria indices, including (b1,b2,
. . . ,bα, . . . ,bβ), their eigenvalues then should be (w1

′,w2
′, . . . ,wα

′, . . . ,wβ
′), respectively.

Finally, the global weights of (b1,b2, . . . ,bα, . . . ,bβ) should be (wiw1
′,wiw2

′, . . . ,wiwα
′,

. . . ,wiwβ
′), respectively [58].

Wg = wi wα
′ (8)

where Wg is the global weight of the sub-criteria; wi is the local weight of criteria and wα’
is the local weight of sub-criteria.

4.1.3. Evaluating the Comprehensive Points of Alternatives

The rating scale of all sub-criteria was established based on the literature review, basic
knowledge of the various traits of the peony and cultivation practice at low latitudes. The
rating scale was divided into three levels, including highly relevant, moderately relevant
and slightly relevant with scores of 1, 2/3 and 1/3, respectively (Table 9).

Evaluate the comprehensive points of alternatives by accumulating the scores of all
sub-criteria (Equation (9)) [63]. The alternatives are rated according to the comprehensive
evaluation score, with points between 80 and 100 as Level I; between 60 and 80 as Level II;
between 0 and 60 as Level III.

P = 100 ∑n
i=1 WgiRi (9)

where P is the comprehensive evaluation points; Wgi is the global weight of the i-th
sub-criteria; Ri is the score of the i-th sub-criteria.
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Table 9. Rating scale of all sub-criteria.

Sub Criteria
Score

References1/3 2/3 1

Heat damage level (C1) 4–5 3.5–4 3–3.5 [12,18]
Root rot rate (C2) Weak Medium Strong [19]
Disease rate (C3) 40–80% 20–40% 0–20% [18,21]
Survival rate (C4) <60% 60–80% >80% [18,21]

Flower number per plant (C5) <2 2-4 >4 [18,19]
Group blooming period (C6) <10 days 10–15 days >15 days [18]

Flower type (C7) Single or lotus form Anemone or Crown form Proliferation form [19]
Proportion of flowering plant (C8) <50% 50–80% >80% [21]

Aborted flowers per plant (C9) >2 1-2 <1 [20]
Blooming period per flower (C10) <5 days 5–6 days >6 days [18]

Flower diameter (C11) <11 cm 11–13 cm >13 cm [19]
Stem bending degree (C12) >30 ◦C 10–30 ◦C <10 ◦C [20,21]

Plant height (C13) >60 or <40 cm 50–60 cm 40–50 cm [21]
Plant width (C14) >60 or <40 cm 50–60 cm 40–50 cm [21]

Stem number (C15) <4 4-5 >5 [21]
Stem diameter (C16) <5 mm 5–6 mm >6 mm [20]

Dates of bud break (C17) Later than March 15 March 1–March 15 Earlier than March 1 [18]
Chlorophyll content (C18) <50 50-55 >55 [12]

4.2. Application of the MCDM Model—A Case Study

To testify the feasibility of this developed model for comprehensive evaluation of
herbaceous peony, fifteen representative peony germplasms (Paeonia lactiflora) have been
selected as a case study (Figure 8). Among these fifteen cultivars, fourteen cultivars were
selected midlatitude cultivars introduced from Heze City (E 34◦39′-35◦52′, N 114◦45′-
116◦25′), Shandong Province, and one cultivar. ‘Hang Baishao’. was selected native low-
latitude cultivar (Figure 8) [18]. ‘Hang Baishao’ is a unique traditional Chinese herbaceous
peony with strong resistance to heat and humidity and low-chilling requirement trait and
can be long cultivated at low latitudes in China [48,49,55]. These fifteen cultivars belong to
five flower forms and have different performances in stress resistance and growth habit
based on the previous studies [12,18].

In autumn of 2017, four-year-old peony tuberous roots of these fifteen cultivars were
cultivated in the low-latitude Perennial Flower Resources Garden of Zhejiang University in
Hangzhou (E 118◦21′-120◦30′, N 29◦11′-30◦33′), Zhejiang Province, China. Hangzhou has
a subtropical monsoon climate, mild and humid. Spring is warm and humid. Summer is
hot, with lots of rain and frequently occurring extreme high temperatures (Figure 9). The
average annual temperature in Hangzhou is 15–17 ◦C. The average annual precipitation
is 1100–1600 mm, and the average humidity is 76% [67]. The air temperature during the
growing seasons in 2018–2021 were shown in Figure 9.

Normal field management and fertilization were carried out after introduction. Pe-
ony tuberous roots were planted in full sun with rich soil and great drainage. Fertilizer
applications were conducted twice times a year, the first time was made during budding
and flowering in the spring, and the second time was carried out in the fall to produce
roots. Phosphate fertilizer was used in the spring, and compost was used in the fall. In the
late summer, when peony leaves lose their luster, turn colors and begin to die back for the
winter, cut back peony stems to three to four inches above the ground and throw away the
leaves. Additionally, these peony plants were grown under natural sunlight without any
shade in summer.
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The seventeen criteria were observed in the field in 2018 and 2021. Fifteen plants
(three biological replicates and five plants per replicate) of each cultivar were monitored,
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and details of the observations and measurements of evaluation indices were listed in
Table 4. The data of the tested cultivars were substituted into the model to calculate the
comprehensive evaluation point, and the cultivar was selected when the value was greater
than 80 points. The selected brilliant cultivars will continue to be observed for a longer
time to confirm whether the model is reliable.

4.3. Chlorophyll Fluorescence Determination of Selected Adapted and Maladapted Cultivars

Chlorophyll fluorescence is now widespread, used to monitor the photosynthetic
performance of plants [52], especially the parameter Fv/Fm, which has been widely used
to identify heat-tolerant genotypes as a physiological marker [50,68]. We have previously
measured Chlorophyll fluorescence of peony cultivars from different latitudes and found
that the parameters can accurately reflect the heat resistance of peony [12]. In this study,
heat damage level is also a crucial sub-criterion for screening adaptive peony cultivars.
Therefore, comparing the evaluation results obtained from the MCDM model with the
observation results of Chlorophyll fluorescence indices could confirm whether the model is
reliable. For validation, this study only selected the most adapted and maladapted cultivars
evaluated by the MCDM model, as well as the verified reference fine peony ‘Hang Baishao’,
for Chlorophyll fluorescence determination. The chlorophyll fluorescence characteristics
were observed by an Imaging-PAM Chlorophyll fluorescence system (Hansatech Instru-
ments, Norfolk, England). After a 30-min dark adaptation, the basal fluorescence (Fo) and
Fv/Fm were measured on three sun-exposed, fully expanded leaves per cultivar (three
biological replicates, one plant per replicate) at 10:00 a.m. on July 15 in 2021. NPQ, YII, qP
and ETR parameters were also measured according to Li et al. (2021) [69].

4.4. Data Analysis

The experiments mentioned in this study were following a completely randomized
design. Analysis of variance (ANOVA) was adopted to determine the statistical signif-
icance of the differences using SPSS 20.0 (IBM Corp., Armonk, NY, USA). Pictures or
photos were combined and arranged by the Microsoft Office PowerPoint 2016. GraphPad
Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used for visualization of the
experimental data.

5. Conclusions

Establishing a comprehensive evaluation method to screen elite peony germplasm
with adaptation as the main consideration is particularly important in the context of
global warming. This study proposed a modified MCDM model for assessing peonies
adapted to low-latitude climates, which is an extension and improvement of our previous
study. The model reconstructed the AHP system, increased adaptability and growth
habit-related indices while reduced reproductive traits and ornamental values-related
indices. In addition, the weight of adaptability-related indices was improved via a pairwise
comparison which was obtained through expert questionnaires. The model was validated
on fifteen herbaceous peonies cultivars from different latitudes. The results showed that
‘Meiju’, ‘Hang Baishao’, ‘Hongpan Tuojin’ and ‘Bo Baishao’ were assessed as Level I, which
have strong growth adaptability and high ornamental values, and were recommended
for promotion and application at low latitudes. The reliability and stability of the MCDM
model were further confirmed by measuring the Chlorophyll fluorescence of the selected
adaptive and maladaptive cultivars. Consequently, the MCDM model developed in this
study is low-cost, timesaving and could accurately screen adaptive peony germplasm
at low-latitudes with hot and humid climates. This model fills a gap in the screening of
adapted peonies and greatly facilitates the selection of elite germplasm at low latitudes.
In addition to the establishment of the model; this study also provides a research strategy
for other plants with similar situations as peony. In the future, the model will be modified
accordingly with the increasing severity of global warming. Specifically, we could improve
the applicability of the model by changing the weights of the indices, but there is no doubt
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that the adaptability-related index is still the most important. Finally, the application
and promotion of the peony, as well as other perennial crops at low latitudes, can be
addressed by policymakers supporting sustainable development and supporting land use
and fundamental research funding.
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Abstract: The stem and leaves of fresh corn plants can be used as green silage or can be converted to
biofuels, and the stalk sugar content and yield directly determine the application value of fresh corn.
To identify the genetic variations and candidate genes responsible for the related traits in fresh corn,
the genome-wide scan and genome-wide association analysis (GWAS) were performed. A total of
32 selective regions containing 172 genes were detected between sweet and waxy corns. Using the
stalk sugar content and seven other agronomic traits measured in four seasons over two years, the
GWAS identified ninety-two significant single nucleotide polymorphisms (SNPs). Most importantly,
seven SNPs associated with the stalk sugar content were detected across multiple environments,
which could explain 13.68–17.82% of the phenotypic variation. Accessions differing in genotype for
certain significant SNPs showed significant variation in the stalk sugar content and other agronomic
traits, and the expression levels of six important candidate genes were significantly different between
two materials with different stalk sugar content. The genetic variations and candidate genes provide
valuable resources for future studies of the molecular mechanism of the stalk sugar content and
establish the foundation for molecular marker-assisted breeding of fresh corn.

Keywords: fresh corn; stalk sugar content; agronomic traits; genome-wide association analysis;
selective sweep; single nucleotide polymorphisms

1. Introduction

The stem and leaves of fresh corn plants are often applied to green silage and converted
to biofuels. Fresh corn, mainly comprising sweet corn and waxy corn types, is an important
staple food consumed as a vegetable or fruit, and is also used for livestock feed and
fuel [1]. The stems and leaves of fresh corn plants, after harvesting of the ears, are rich in
nutrients and can be used as green silage, thus realizing the utilization of multiple corn
resources [2]. Corn silage is widely used in animal husbandry because of its high energy
value [3]. Therefore, improvement of the quality of silage corn feed is important for the
development of animal husbandry. Fresh corn must go through a suitable fermentation
process to become high-quality silage, which produces a large amount of lactic acid, and
sugar is the crucial component in this process [4,5]. However, an insufficient amount of
lactic acid not only leads to the reduction in silage quality but also might favor silage
mildew development. Therefore, the sugar content of green silage is an important factor
that affects silage quality, and a higher stalk sugar content can improve the feed quality
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and palatability of silage corn [6,7]. In addition, plant height, plant weight, and stalk sugar
content are important factors that affect the utility of fresh corn; increasing the plant weight
and stalk sugar content of fresh corn can promote the application of corn green silage
and promote the development of animal husbandry. Most importantly, the stalk sugar
content is also an important attribute affecting the overall feasibility and profitability of
biofuel production, such as bioethanol. Given the current challenges faced in the world,
identifying biomass resources with superior properties is important to balance food safety
and biofuel production [8]. Increasing the stalk sugar content of fresh corn will facilitate
a more economically viable production of higher-generation biofuels, which are derived
from biomass rather than from edible resources.

Sugar supply is crucial for plant growth and development. Calcium signaling-
mediated transcriptional regulation might play an important role in glucose metabolism.
Calcium-dependent protein kinases can phosphorylate and regulate sucrose synthase and
sucrose phosphate synthase, thus influencing sucrose accumulation [9,10]. Receptor pro-
tein kinases may regulate sucrose metabolism in sugarcane [11], and MYB transcription
factors are involved in the regulation of water-soluble polysaccharide biosynthesis [12,13].
Pyruvate dehydrogenase plays an important role in energy production by controlling the
entry of carbon into the tricarboxylic acid cycle [14,15]. Mutation of Sh2 (shrunken2), which
encodes the large subunit of adenosine diphosphate glucose pyrophosphorylases, directly
affects starch synthesis and leads to an accumulation of abundant sugars in corn [16,17].
Therefore, studies on the regulation of glucose metabolism-related genes provide an impor-
tant foundation for the improvement of the stalk sugar content.

The stalk sugar content of corn is a complex quantitative trait controlled by hereditable
factors despite its complex phenotype [18]. The stalk sugar content is strongly associated
with kernel filling rate [19]. In sweet sorghum, a reduction in sugar storage in the grain
promotes stalk sugar accumulation and increases stem biomass [20]. Elucidation of the
molecular mechanism of stalk sugar accumulation in corn is important for breeding new
cultivars with an enhanced stalk sugar content. In previous studies, using 202 recombinant
inbred lines, the major quantitative trait locus (QTL) qSSC-2.1 (bnlg1909-umc1635) was
identified, which explained 13.8% of the phenotypic variance and exhibited high stability.
The average stem sugar content of lines carrying the main-effect QTL was 12.5%, and as
much as 15% in several lines [3,21]. In addition, QTLs for sugar content has been mapped
in sweet sorghum [22]. Two QTLs for stalk sugar content were identified in sweet sorghum
and were useful to improve the sugar content by marker-assisted selection [23]. Using
a diverse panel of one hundred and twenty-five sorghum accessions, three significant
associations for plant height and stem sugar (Brix) traits were detected through association
mapping in sweet sorghum [24]. A QTL for stem sugar content on chromosome 3 was
identified and explained 25% of the genetic variance [25].

Linkage analysis is limited by parental differences and population size, and the number
of localized QTLs is limited [26]. In recent years, genome-wide association analysis (GWAS)
has proven to be an effective method to study complex traits [27]. Important progress has
been achieved in corn and a series of candidate genes has been detected. To date, GWAS
has been applied to corn in studies of resistance to head smut [28], kernel oil concentration
and fatty acid composition [29], drought tolerance [30], cold tolerance [31], and other
phenotypic traits [32]. However, GWAS of stalk sugar content-related traits in corn has not
been reported previously.

To uncover the molecular regulation mechanism of the stalk sugar content and yield
in fresh corn, the identification of the genetic variations and candidate genes responsible
for the stalk sugar content and agronomic traits is the key problem. In this study, based
on one hundred and eighty-eight sweet, waxy, and hybrid corn accessions differing in
genetic background, the stalk sugar content and other agronomic traits (e.g., plant height,
whole weight per plant, and ear weight with bract) were investigated in four seasons of
two years during the spring and autumn sowing. A GWAS analysis was performed to
detect the significant single-nucleotide polymorphisms (SNPs) associated with stalk sugar
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content and the agronomic traits, and the candidate genes were screened, which provides
significant insights into the genomic footprints of the stalk sugar content in fresh corn and
facilitates the breeding of corn cultivars with higher stalk sugar content.

2. Results
2.1. Identification of SNPs

In this study, 188 sweet corn, waxy corn, and hybrid accessions were genotyped.
Among them, 41 were sweet corn inbred lines, 74 were waxy corn inbred lines, and 73 were
hybrid accessions (Table S1). After comparison with the reference genome (B73 RefGen_v4)
and filtering, a total of 36,069 high-quality SNP markers (minimum allele frequency > 0.05
and missing data < 30%) were retained. Among these SNPs, 35,824 markers were dis-
tributed on 10 chromosomes (Figure 1). After annotation with ANNOVAR, 5590 (14.99%)
SNPs were determined to be located in coding regions, comprising 2133 (5.72%) nonsyn-
onymous SNPs and 3457 (9.27%) synonymous SNPs (Figure S1). In addition, 5698 (15.28%)
and 4418 (11.85%) SNPs were located in intronic and intergenic regions, respectively. Ex-
amination of the SNP mutation types (Figure S2) revealed that the transition/transversion
ratio was 2.81 (Table S2).
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Figure 1. Density of SNPs on the 10 chromosomes of corn within a 0.1 Mb window size. The spectrum
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2.2. Population Structure, Relative Kinship, and LD Decay

To understand the population structure of the 188 fresh corn accessions, we first
constructed a phylogenetic tree through the maximum likelihood method using 36,069 high-
quality SNPs. The sweet corn and waxy corn accessions were mainly clustered into two
subclasses, and most hybrid accessions were classified together with sweet corn accessions
(Figure 2a), which indicated that sweet corn constituted a higher proportion of the genetic
background of the hybrid accessions. Then, a two-dimensional principal component
analysis (PCA) was performed using the GCTA software (Figures 2b and S3). The first
and second principal components (PC1 and PC2) explained 8.8% and 3.6% of the total
variations, respectively. The PC1 separated the sweet corn (group A) and waxy corn
(group B) accessions, and the hybrid accessions (group C) were placed near the sweet corn
accessions, which was consistent with the relationships represented in the phylogenetic tree.
To further analyze the genetic background of the sweet corn (group A), waxy corn (group
B), and hybrid (group C) accessions, a population structure analysis was conducted through
ADMIXTURE software (Figures 2c and S4, Table S3), which also supported the relationships
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suggested from the phylogenetic analysis and PCA. Thus, fresh corn was indicated to be the
core breeding material among the study population, and the genetic relationships among
the germplasm were complicated likely as a result of long-term crossing and selection. To
further clarify the relationships among the accessions used in this study, we evaluated the
relative kinship of the 188 corn accessions using the TASSEL software (Figure 2d). Most
accessions were weakly related to each other except for a small number of samples, which
did not affect the subsequent association analysis. The estimated linkage disequilibrium
(LD) decay in the three groups was similar and decayed to r2 = 0.2 at about 50 kb (Figure 2e).
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Figure 2. Population structure, principal component analysis, and linkage disequilibrium decay of the
188 fresh corn accessions. (a) Phylogenetic tree inferred from the 36,069 high-quality SNPs. Blue, red,
and green colors represent sweet corn, waxy corn, and hybrid accessions, respectively. (b) Principal
component analysis plot of the 188 fresh corn accessions on the first two principal components (PC1
and PC2). Groups A, B, and C include sweet corn, waxy corn, and hybrid accessions, respectively.
(c) Population structure analysis of the corn accessions performed with ADMIXTURE software.
Different results are displayed when K = 2, 3, or 4. (d) Relative kinship heatmap of the corn accessions.
(e) Genome-wide linkage disequilibrium (LD) decay (measured by r2) of the different groups.
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2.3. Selective Sweep Analysis

To determine the possible selective signals during the breeding history of the study
population, we performed a selective sweep analysis with the genetic differentiation
coefficient (FST) and nucleotide diversity between the sweet corn (group A) and waxy corn
(group B) accessions (πA/πB). In total, 18 and 20 significant selective regions were detected
from the FST and πA/πB values, respectively (Figure 3). A total of 85 and 110 genes were
located in these selective regions, respectively (Tables S4 and S5). Among the selective
regions, six were detected both from the FST and πA/πB, and 23 genes were located in
these regions (Table 1), including a cation transport protein (Zm00001d040627), proline-rich
receptor-like protein kinase (Zm00001d033104), and zinc finger protein (Zm00001d052883).
A gene ontology (GO) analysis of all selective genes revealed that 53 GO terms were
enriched (Figures S5 and S7). A Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis indicated that “ribosome” and “terpenoid backbone biosynthesis” were
the top two enriched pathways (Figures S6 and S8). These results indicated that specific
genes might have played important roles in the natural and artificial selection of the studied
sweet corn and waxy corn accessions.
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Figure 3. Selective sweeps between sweet corn and waxy corn accessions. (a) Distribution of the
selective sweeps identified by genetic differentiation coefficient (FST). The threshold is represented
by a dashed line (top 5% of FST values). (b) Distribution of the selective sweeps identified by
nucleotide diversity (πA/πB). The threshold is represented by a dashed line (top 5% of πA/πB values).
(c) Selective sweep regions with the top 5% of FST and πA/πB values.

2.4. Phenotyping Results

Stalk sugar content and related agronomic traits from four seasons in two years were
investigated (Table S6). The eight traits (summarized in Tables S7–S10) each exhibited broad
continuous variation in all environments (Figures S9–S16). Significant differences in sugar
content traits were observed among the inbred lines (Table S10), including the sugar content
of the stalk (SCS), sugar content in the lower ear parts (SCLEP), three-node sugar content in
the ear (TNSCE), and sugar content in the upper ear parts (SCUEP). The mean SCS in the
spring and autumn of 2020 was 9.14% and 8.15%, with ranges between 3.6–18.1% and 2.7–
17.6%, respectively. The mean SCS in the spring and autumn of 2021 was 8.73% and 7.48%,
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with ranges between 1.9–16.1% and 2.7–17.6%, respectively (Table S11). Thus, considerable
genetic variation in SCS was indicated among the accessions. This genetic variation
provided a genetic basis for the improvement of SCS in corn. In addition, all agronomic
traits showed continuous and approximately normal distributions (Figures S9–S16) and
thus were suitable for GWAS.

Table 1. Summary of the genes located in the selective sweep regions both with the top 5% of FST

and πA/πB between sweet and waxy corn accessions.

Gene ID Chromosome Start End Gene Function

Zm00001d033104 1 250291343 250304767 Proline-rich receptor-like protein
kinase PERK

Zm00001d033105 1 250320688 250322547 Ribosomal protein
Zm00001d033106 1 250323656 250324358 Unknown
Zm00001d033107 1 250328690 250338437 Sulfated surface glycoprotein
Zm00001d033108 1 250339356 250347246 Lysine–tRNA ligase

Zm00001d033109 1 250346963 250360412
P-loop containing nucleoside

triphosphate hydrolase superfamily
protein

Zm00001d040502 3 47172433 47173432 Early nodulin-like protein
Zm00001d040503 3 47223813 47241740 Retrovirus-related Pol polyprotein
Zm00001d040504 3 47292181 47293995 Lamin-like protein
Zm00001d040627 3 54948300 54950704 Cation transport protein
Zm00001d040628 3 55023821 55026070 Unknown
Zm00001d052883 4 203324761 203327583 Zinc finger protein
Zm00001d052885 4 203405706 203407600 40S ribosomal protein
Zm00001d052886 4 203407872 203412281 Sulfotransferase
Zm00001d052888 4 203494690 203511433 Polyadenylate-binding protein

Zm00001d045596 9 28028596 28031674 BAG family molecular chaperone
regulator

Zm00001d045597 9 28031820 28047755 Rho GTPase-activating protein
Zm00001d045598 9 28060153 28063330 Unknown
Zm00001d045599 9 28082328 28086696 Monocopper oxidase-like protein
Zm00001d045600 9 28126449 28127152 NAC domain-containing protein
Zm00001d046109 9 63900291 63900708 60S ribosomal protein
Zm00001d046111 9 63970902 63971348 Unknown
Zm00001d046112 9 63973033 63977492 Spermidine synthase

Based on the phenotypic data measured in the four environments, the effects of
genotype on SCS and the other traits were strongly significant, but also were affected by
seeding year and location (Table S12). The broad-sense heritability was greater than 90% for
the whole weight per plant (WWP), SCS, SCLEP, TNSCE, and SCUEP (Table S12). These
results indicated that the stalk sugar content of fresh corn was mainly controlled by genetic
factors and thus was suitable for further association analysis.

2.5. Genome-Wide Association Analysis

In this study, the generalized linear model (GLM) and mixed linear model (MLM)
models were constructed for the association analysis, but the GLM model showed poor
correlations for most traits except the ear node (EN). Therefore, the more reliable MLM
model was adopted for most traits and the GLM model was used only for EN (Table S13).
Significant signals consistently detected in the different environments were considered to
represent high-confidence associations (Table 2). For the agronomic traits, eight significant
SNPs associated with plant height (PH) were identified (Figure S17). Among them, three
and two significant SNPs were detected in the spring and autumn of 2020, respectively, and
the association analysis of the traits from the spring and autumn of 2021 identified two and
two significant SNPs, respectively (Table S13). Among these SNPs, one (AX-86251807) was
detected in two environments and explained 15.4% and 14.3% of the phenotypic variance.
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The relevant candidate gene (Zm00001d020297) encoded a calcium-dependent protein
kinase (CDPK). Fifteen significant SNPs associated with WWP were identified (Figure 4).
Among them, five and one significant SNPs were detected in the spring and autumn of
2020, respectively, and the association analysis of the traits from the spring and autumn of
2021 identified ten and six significant SNPs, respectively (Table S13). Importantly, six SNPs
were detected in at least two environments. The candidate genes encoded ATP-binding
cassette (ABC) transporter, leghemoglobin reductase, and plant homeobox domain (PHD)
finger protein, among others. Most importantly, SNP AX-86252871 was identified in three
environments and explained 15.0–15.4% of the phenotypic variance. This SNP was located
within the exon of the candidate gene Zm00001d009167, which encoded a polygalacturonase
belonging to the glycosyl hydrolase family. The accessions carrying AX-86252871-AA had
higher WWP than the accessions carrying AX-86252871-GG, and the genotypes carrying
the other five significant SNPs (AX-91358539, AX-86263111, AX-90573879, AX-86252872,
and AX-86296303) differed in WWP (Figure 4E). Twenty-four significant SNPs associated
with EWB were detected (Figure S18, Table S13). The relevant candidate genes encoded
lipid phosphate phosphatase, premnaspirodiene oxygenase, E3 ubiquitin-protein ligase,
acyl transferase, and zinc finger protein, among others. With regard to EN, 11 significant
SNPs were detected with the GLM model (Figure S19, Table S13). The relevant candidate
genes encoded serine/threonine protein kinase, glycoprotein 3-alpha-L-fucosyltransferase,
and a MADS-box transcription factor, among others.
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To explore the candidate genes associated with stalk sugar content, we conducted
a GWAS on the sugar content of the different stalk parts. For SCS, 18 significant SNPs
were identified, which were distributed on chromosomes 1, 3, 4, 6, 7, 8, and 10 (Figure 5).
Additionally, six and twelve significant SNPs were detected in the spring and autumn of
2020, respectively, and the association analyses of the SCS from the spring and autumn of
2021 identified five and three significant SNPs, respectively (Table S13). Among these SNPs,
seven were detected in multiple environments and eleven were detected in a single environ-
ment. The seven significant SNPs explained 13.68% to 17.82% of the phenotypic variation
and could be regarded to be stable genetic markers. Most importantly, the significant SNP
AX-116875096 on chromosome 1 was detected in three environments in both years and
explained 13.68–15.15% of the phenotypic variance. The significant SNP AX-116875096 was
located in the 5′ untranslated region (UTR) of the candidate gene Zm00001d034759, which
encoded an acyl-CoA-binding domain-containing protein. Through phenotypic analysis of
the accessions with different genotypes, the accessions carrying AX-116875096-CC were
shown to have higher stalk sugar content than the accessions carrying AX-116875096-GG
(Figure 5g). In addition, the association analysis of SCLEP, TNSCE, and SCUEP also de-
tected the significant SNP AX-116875096 (Figure 5e, Table S13), which demonstrated that the
significant SNP AX-116875096 and candidate gene Zm00001d034759 were associated with
high credibility. An additional important significant SNP, AX-86257654, was also detected
in the association analysis of SCLEP, TNSCE, and SCUEP (Figure 5f, Table S13). The sugar
content of the accessions carrying AX-86257654-AA was higher than that of the accessions
harboring AX-86257654-GG (Figure 5f,g). The relevant candidate gene (Zm00001d026668)
encoded the receptor protein kinase TMK1. In addition, the sugar content of the accessions
with different genotypes of the significant SNPs AX-86246392, AX-86279495, AX-86312905,
and AX-86312908 also be analyzed, which shows that the accessions carrying AX-86246392-
CC, AX-86279495-GG, AX-86312905-GG, and AX-86312908-CC had higher stalk sugar
content (Figure 5g).

In the association analysis for SCLEP, three, twelve, four, and three significant SNPs
were detected in the four environments, respectively (Table S13). Among these SNPs, four
significant SNPs were detected in two environments. AX-116875096 and AX-95657025
were associated with SCLEP in 2020, whereas AX-86279495 and AX-86257654 were associ-
ated with SCLEP in 2021 (Figure S20, Table S13). The top four significant SNPs were also
detected in the GWAS of SCS and SCUEP (Table S13). The significant SNP AX-95657025
was located in the exon of the candidate gene Zm00001d052289, which encoded pyru-
vate dehydrogenase, and AX-86279495 was located in the 3′ UTR of the candidate gene
Zm00001d010314, which encoded an unknown protein. For SCUEP, twenty-five significant
SNPs were identified (Figure S21, Table S13), of which eleven SNPs were detected in at least
two environments, including AX-86308222 and AX-86319101, which were detected in three
environments. AX-86308222 was located upstream of the candidate gene Zm00001d033915,
which encoded a glycerol-3-phosphate 2-O-acyltransferase, and AX-86319101 was located in
the intron of the candidate gene Zm00001d008334, which encoded a pectinesterase precursor.
The accessions carrying AX-86308222-TT and AX-86319101-CC had a higher sugar content
in the upper ear parts than the accessions carrying AX-86308222-GG and AX-86319101-TT
(Figure S21). The GWAS analysis of TNSCE identified 15 significant SNPs (Table S13).
Among these SNPs, eight significant SNPs were detected in two environments, of which
five SNPs were also identified in the GWAS of SCS, and AX-86263525, AX-91346570, and
AX-86258646 were the other three significant SNPs (Figure S22, Table S13). The SNP AX-
86263525 was located in the exon of the candidate gene Zm00001d042287, which encoded an
MYB transcription factor, and AX-86258646 was located in the exon of the candidate gene
Zm00001d025992, which encoded an unknown protein. Analysis of the sugar content of the
accessions with different genotypes revealed that the accessions carrying AX-86263525-TT
and AX-86258646-CC had a higher sugar content in the upper ear parts than the accessions
carrying AX-86263525-CC and AX-86258646-TT (Figure S22). In this study, the Q-Q plots
were shown in the Figures S17–S20 and S23–S26.
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Figure 5. Identification of significant SNPs associated with sugar content of the stalk (SCS) by genome-
wide association analysis. (a–d) Manhattan plots of SCS from spring 2020, autumn 2020, spring 2021,
and autumn 2021, respectively. (e) Important significant SNP AX-116875096 detected by association
analysis of sugar content in the lower ear parts (SCLEP), three-node sugar content in the ear (TNSCE),
and sugar content in the upper ear parts (SCUEP). Box plots of the traits are based on the different
genotypes of AX-116875096. (f) Important significant SNP AX-86257654 detected by association
analysis of SCLEP, TNSCE, and SCUEP. Box plots of the traits are based on the different genotypes
of AX-86257654. (g) Box plots for sugar content of the stalk based on the different genotypes of
important significant SNPs detected in multiple environments.

2.6. qRT-PCR Analysis of Candidate Genes

To better understand the function of candidate genes and genetic variants, the expres-
sion levels of sixteen important candidate genes were verified by a quantitative real-time
PCR (qRT-PCR) in two fresh corn materials with significantly different stalk sugar con-
tent. The average stalk sugar content in multiple environments of the high-sugar content
material was 15.5%, while the average stalk sugar content of the low-sugar content ma-
terial was 3.7%. Based on the qRT-PCR results, we found that the expression levels of
Zm00001d009466, Zm00001d026668, Zm00001d034759, Zm00001d050190, Zm00001d050244,
Zm00001d052271, Zm00001d052289 in the high-sugar content material were significantly
higher than the low-sugar content material, especially Zm00001d026668, Zm00001d050190
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and Zm00001d050244 (Figure 6). Furthermore, the significant SNP AX-86257654 was as-
sociated with Zm00001d026668. We found that the high-sugar content material carried
AX-86257654-AA and the low-sugar content material carried AX-86257654-GG. Addition-
ally, the expression levels of Zm00001d050244 showed an obvious change between the
high-sugar content material and the low-sugar content material. The high-sugar content
material carried AX-86246392-CC and the low-sugar content material carried AX-86246392-
AA. Moreover, the expression level of Zm00001d050190 in the high-sugar content material
carrying AX-86312905-GG was higher than the low-sugar content material carrying AX-
86312905-TT. Additionally, Zm00001d009163 had a significantly higher expression level in
low-sugar content materials, and Zm00001d009167 did not express in the two materials
(Figure 6).
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Figure 6. The expression levels of important candidate genes in two fresh corn materials with
significantly different stalk sugar content by quantitative RT-PCR. Error bars were used to express
the standard deviation of three biological replications. * Represents p < 0.05, ** represents p < 0.01,
*** represents p < 0.001.

3. Discussion

Sugars are the primary products of photosynthesis and accumulate in sinks, including
the stalk. Studying the sugar content and yield-related traits in corn is helpful to improve
the yield and quality of fresh corn, which is beneficial to the breeding of crosses with higher
stalk sugar content and yield. The stalk sugar content also directly affects the application
value of fresh corn as a biofuel feedstock. Research on the stalk sugar content of fresh
corn may improve the efficiency of corn utilization and expand its application for green
silage and biofuel production. The stalk sugar content may also influence the sustainabil-
ity features of the processes of green silage and biofuels, using advanced sustainability
assessment tools is beneficial to evaluate the application value of fresh corn as biofuel
production [38]. In recent years, GWAS has become an important method for the discovery
of crucial candidate genes associated with complex traits [39]. Previously, QTL mapping
was used to locate genes associated with stalk sugar content [3,21]. In the present study, to
detect candidate genes associated with stalk sugar content and related agronomic traits
in fresh corn, we performed GWAS based on GLM and MLM models. The GLM model
led to many false positives, whereas the MLM model effectively reduced the number of
false positives, as reported in previous studies [40,41]. Numerous significant SNPs were
detected in more than one environment, and thus these genetic variations and candidate
genes are of substantial research and practical value.

The QTLs that contribute to the stalk sugar content also affect the leaf area of corn [21].
In addition, yield is critical for the use of fresh corn in silage. In the association analysis
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of PH and WWP, reliable significant SNPs were simultaneously detected in multiple en-
vironments. Calcium-dependent protein kinase (CDPK) plays an important role in plant
growth, development, and stress response [42]. Previous studies in sugarcane have shown
that CDPK may phosphorylate and regulate sucrose synthase and sucrose phosphate syn-
thase, and therefore is important for sucrose accumulation [9,10]. In the current study,
the candidate gene Zm00001d020297 encodes a CDPK, which was identified in two envi-
ronments and might be a crucial candidate gene regulating plant height. Moreover, the
alleles of AX-86252871 had differential effects on WWP, the accessions carrying the allele
AX-86252871-AA had a higher WWP (Figure 4e). AX-86252871 is located in the exon region
of candidate gene Zm00001d009167, which encoded a polygalacturonase and belonged to
the glycosyl hydrolase family. Polygalacturonases are ubiquitous in higher plant cells and
are strongly associated with plant growth and development owing to their functions in cell
wall degradation, promotion of cell division, and fruit ripening [43]. Ethylene can promote
the expression of polygalacturonase (PG) and plays a crucial role in sucrose metabolism in
blueberries [44]. A previous study reported that the PHD finger protein MePHD1 nega-
tively regulates the transcript level of the MeAGPS1a gene, which encods an ADP-glucose
pyrophosphorylase (AGPase) [45]. Our study found that the accessions carrying AX-
86296303-TT had a higher WWP than the accessions carrying AX-86296303-GG (Figure 4e),
which was significantly associated with candidate gene Zm00001d009466 encoding a PHD
finger protein. Additionally, we also identified a candidate gene (Zm00001d009156) en-
coding an ATP-binding cassette (ABC) transporter through significant SNP AX-91358539.
The study in Arabidopsis has shown that ABC transporters are involved in the transport of
lipids, glycosides, hormones, and so on [46]. The results showed that the whole weight per
plant (WWP) of the accessions carrying AX-91358539-GG was higher than the accessions
carrying AX-91358539-AA (Figure 4e), which might directly influence the function of the
ABC transporter and ultimately affect the whole weight per plant.

Sugar is an important photosynthate and is the main product of photosynthesis trans-
ported in the plant body [47]. In this study, a suite of significant SNPs and candidate
genes associated with SCS (sugar content of the stalk) was detected with high confidence.
Among these SNPs, the significant SNP AX-95657025 was located in the first exon of
the candidate gene Zm00001d052289, which encodes a pyruvate dehydrogenase involved
in energy production and conversion. Pyruvate dehydrogenase is a crucial enzyme re-
quired for glucose metabolism, which converts pyruvate to acetyl CoA to complete the
tricarboxylic acid cycle [15]. Mutation of genes encoding components of the pyruvate
dehydrogenase complex affects enzymatic activity and plant growth [48]. We found
that the expression level of Zm00001d052289 in the high-sugar content material was sig-
nificantly higher than in the low-sugar content material (Figure 6), and future research
should be focused on whether the variation of the SNP AX-95657025 affects the function
of the candidate gene Zm00001d052289. Additionally, previous studies have reported that
Acyl-CoA-binding domain-containing protein (ACBD) is required for the transferal of
glucosylceramide [49], and plays an important role in plant growth, development, and
stress response [50,51]. In the current study, four traits related to the stalk sugar content
(SCS, SCLEP, TNSCE, and SCUEP) were associated with the significant SNP AX-116875096,
which was also detected in multiple environments. The SNP AX-116875096 was located in
the 5′ UTR of Zm00001d034759, which encodes an ACBD protein. The accessions carrying
AX-116875096-CC had higher sugar content in the stalk (Figure 5e), and the expression
level of Zm00001d034759 was higher in the high-sugar content material (Figure 6), which
reflected that the genetic variation might influence the expression of the candidate gene
Zm00001d034759.

Analysis of the expression profile of signal transduction components in sugarcane
has shown that the receptor protein kinase may regulate sucrose metabolism [11]. In the
present study, the candidate gene Zm00001d026668 encoding a receptor protein kinase
TMK was identified through the significant SNP AX-86257654. AX-86257654 was detected
in four traits (SCS, SCLEP, TNSCE, and SCUEP) and multiple environments, which had
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higher credibility. We found that the accessions carrying AX-86257654-AA had higher
talk sugar content than the accessions carrying AX-86257654-GG (Figure 5g). The expres-
sion level of Zm00001d026668 in the high-sugar content material was significantly higher
than the low-sugar content material (Figure 6), while the high-sugar content material
carrying AX-86257654-AA and the low-sugar content material carrying AX-86257654-GG.
Moreover, a candidate gene (Zm00001d042287) encoding an MYB transcription factor was
identified in multiple environments, and the SNP AX-86263525 was located in the exon of
Zm00001d042287. The alleles of AX-86263525 had different effects on stalk sugar content
and explained 15.16%–16.57% of the phenotypic variance. The accessions carrying AX-
86263525-TT had higher stalk sugar content than the accessions carrying AX-86263525-CC
(Figure S22), and the expression level of Zm00001d042287 was significantly higher in the
high-sugar content material, reflecting that the mutation of AX-86263525 might affect the
function of Zm00001d042287. The studies have reported that MYB transcription factors
are involved in the biosynthesis of the water-soluble polysaccharide and MYB46 directly
regulates the three CESA genes, which are essential for cellulose production [12,13]. We also
found that Zm00001d050244 had a significantly higher expression level in the high-sugar
content material (Figure 6), which encoded a DEAD-box ATP-dependent RNA helicase,
while the high-sugar content material carried AX-86246392-CC and the high-sugar content
material carried AX-86246392-AA (Figure 5g). The DEAD-box ATP-dependent RNA heli-
case plays an important role in regulating translation initiation and growth in plants [52].
Thus, we inferred that Zm00001d050244 might take part in sugar metabolism by regulating
the translation of other genes. In addition, candidate genes encoding the pectinesterase
precursor and cell wall protein were also detected in this study.

Differing from the QTL mapping in previous studies, our study detected the candidate
gene responsible for the stalk sugar content of fresh corn through the genome-wide associa-
tion analysis. Despite many significant genetic variations and candidate genes detected
in the present study, which have a potential value for the future breeding of fresh corn,
there is still room to further validate the true phenotypic effects of the corresponding two
haplotypes through transgenic experiments. Hence, further investigation of the molecular
mechanism of the genetic variations and candidate genes associated with the stalk sugar
content in fresh corn is required.

4. Materials and Methods
4.1. Plant Materials

The plant seed materials included 188 sweet corn, waxy corn, and hybrid accessions.
Among them, 41 were sweet corn inbred lines, 74 were waxy corn inbred lines, and 73 were
hybrid accessions. Seeds were obtained from southeastern China, northern China, and the
Huang-Huai-Hai region of eastern China.

4.2. Trait Measurements and Analysis

Seeds of the experimental materials were sown in an experimental field at Dongyang,
Zhejiang, China (29◦16′ N, 120◦19′ E) in the spring and autumn of 2020 and 2021. A
completely randomized design with three replications was used in this study. Each repli-
cate comprised two rows of each accession of 3 m in length, and the plant density was
0.75 m × 0.3 m. Field management (e.g., watering, fertilization, and weed management)
was applied uniformly throughout the growing period.

Before tasseling, 10 plants of each accession exhibiting normal growth and develop-
ment were selected for measurement of stalk sugar content and agronomic traits. Artificial
pollination was performed to prevent pollen mixing. In the harvest season for fresh corn,
eight plants per growth period were selected for measurement of plant height (PH), whole
weight per plant (WWP), ear weight with bract (EWB), ear node (EN), sugar content of the
stalk (SCS), sugar content in the lower ear parts (SCLEP), three-node sugar content in the
ear (TNSCE), and sugar content in the upper ear parts (SCUEP). For estimation of the sugar
content, we extracted the whole stem juice from each plant, and after thorough mixing, the
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sugar content was determined with a hand-held sugar meter (PAL-1, Atago, Tokyo, Japan).
To minimize measurement error, the stem juice of each plant was measured three times,
and the average was taken as the sugar content of each individual. Frequency distribution
analysis, correlation analysis, and variance analysis of the data were performed with SPSS
software (version 22.0).

4.3. Genotypic Data

The 188 sweet corn, waxy corn, and hybrid accessions were genotyped with the
Axiom® Maize56K SNP Array, which includes 56,000 SNPs in total. After comparison with
the corn genome (B73 RefGen_v4), SNP markers with minimum allele frequency >0.05 and
missing data <30% were filtered using TASSEL software [53]. Annotation of the SNPs was
performed with ANNOVAR [54]. A total of 36,069 SNPs were used for subsequent analysis.

4.4. Population Structure Analysis, Linkage Disequilibrium, and Relative Kinship Estimation

A phylogenetic tree was constructed from a data set of 36,069 SNPs using the maximum
likelihood method in FastTree 2.1.9 [55]. The tree was colored using iTQL (https://itol.embl.
de/ (accessed on 27 October 2022)). Principal component analysis (PCA) was conducted
using GCTA software (version 1.92.0) [56]. The first two eigenvectors were selected to
generate a scatterplot of the principal component scores to visualize similarities among
the accessions in two dimensions. The ADMIXTURE software was used to investigate the
population structure [57]. The relative kinship matrix (K) was calculated using TASSEL
software [53]. Linkage disequilibrium (LD) was calculated using PopLDdecay software [58].

4.5. Detection of Selective Sweeps

The selective sweeps between sweet corn (group A) and waxy corn (group B) were
detected using VCFtools [59]. First, the nucleotide diversity of the sweet corn and waxy
corn accessions (πA and πB, respectively) was calculated using a 100 kb window and a
step size of 10 kb. Then, πA/πB was calculated and the windows, with the top 5% largest
πA/πB values were identified as selective sweeps. In addition, the genetic differentiation
(FST) among sweet corn (group A) and waxy corn (group B) was determined using a 100 kb
window and a step size of 10 kb, and the windows with the top 5% largest FST values
were identified as selective sweeps. To explore the function of selected genes located in the
selective regions, the AgriGO analysis toolkit [60] and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database were used to perform gene ontology (GO) and KEGG
pathway analyses.

4.6. Genome-Wide Association Analysis

Plant height (PH), whole weight per plant (WWP), ear weight with bract (EWB), ear
node (EN), sugar content of the stalk (SCS), sugar content in the lower ear parts (SCLEP),
three-node sugar content in the ear (TNSCE), and sugar content in the upper ear parts
(SCUEP) recorded in four environments were used for GWAS analysis. For the association
analysis, a generalized linear model (GLM) and mixed linear model (MLM) were generated
with TASSEL [53]. Manhattan plots and quantile-quantile plots were generated with R
software based on the p-values from the association analysis [61]. The significant association
threshold was defined as 0.05/n and 1/n, where n is the number of SNPs [62].

4.7. RNA Extraction and Quantitative RT-PCR Analysis

To verify the expression levels of important candidate genes, total RNA was extracted
from two fresh corn materials with significantly different stalk sugar content using the
RNAprep Pure Plant Kit (TIANGEN, Beijing, China): the high-sugar content material LQ5
from a domestic hybrid second cycle line and the high-sugar content material SH23 from
a domestic inbred line. A total of 1 ug RNA was used to synthesize cDNA according to
the instructions of a PrimeScript RT Reagent Kit (TaKaRa, China). The qRT-PCR reactions
were performed through the SYBR-Green PrimeScript RT-PCR Kit (Takara) following the
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manufacturer’s instructions. GAPDH was used as the reference gene for the qRT-PCR. The
original data were processed by the 2−∆∆Ct method, where Ct is the threshold cycle [63],
and the primers for candidate genes were shown in Table S14.

5. Conclusions

In this study, genome-wide association analysis was used to detect significant SNPs
and candidate genes associated with stalk sugar content and agronomic traits. A total
of 92 significant associated SNPs were identified. Among them, 24 significant SNPs and
22 candidate genes were identified in multiple environments, including CDPK, MYB
transcription factor, pyruvate dehydrogenase, and so on. Most importantly, accessions
differing in genotype for several significant SNPs showed significant phenotypic differences,
indicating that the genetic variations in candidate genes might be closely related to the
phenotypic traits. The expression levels of six important candidate genes were significantly
different between the high-sugar content material and the low-sugar content material. In
general, the significant genetic variations might be useful in molecular marker-assisted
breeding, and the investigation of candidate genes may provide important insights into the
mechanism of stalk sugar content in fresh corn, which establishes the foundation for fresh
corn breeding. Future research should focus on illustrating how the genetic variations and
candidate genes regulate the stalk sugar content in fresh corn, and concentrate on breeding
new varieties with higher stalk sugar content.
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Abstract: Compared with annual crops, perennial crops with longer growing seasons and deeper
root systems can fix more sunlight energy, and have advantages in reducing soil erosion and saving
water, fertilizer and pesticide inputs. Rice is one of the most important food crops in the world.
Perennial rice can be of great significance for protecting the ecological environment and coping with
the shortage of young farmers due to urbanization. Oryza longistaminata (OL) is a rhizomatous wild
rice with an AA genome and has strong biotic and abiotic resistances. The AA genome makes OL
easy to cross with cultivated rice, thus making it an ideal donor material for perennial rice breeding.
Sucrose plays an important role in the development and growth of plants. In this study, OL seedlings
were cultured in medium with different concentrations of sucrose, and it was found that sucrose
of appropriate concentrations can promote the sprout of basal axillary buds and the subsequent
development of rhizomes. In order to explore the molecular mechanism, comparative transcriptome
analysis was carried out with OL cultured under two concentrations of sucrose, 20 g/L and 100 g/L,
respectively. The results showed that the boost of sucrose to rhizome elongation may be due to the
glucose and fructose, hydrolyzed from the absorbed sucrose by vacuolar acid invertase. In addition,
the consequent increased osmotic pressure of the cells would promote water absorption, which is
benefit for the cell elongation, eventually causing the rhizome elongation. These results may provide
a reference for elucidating the regulatory mechanism of sucrose on the rhizome development of OL.

Keywords: Oryza longistaminata; rhizome; sucrose; RNA-Seq; transcriptome

1. Introduction

O. longistaminata (OL) is a perennial wild rice with well-developed rhizomes. Rhizome
is the key organ for vegetative reproduction and perenniality of OL [1–5]. The rhizome of
OL is a horizontally growing underground stem that can grow out of the soil and become
a new plant (ramet). Axillary buds on the nodes of the rhizome can produce secondary
rhizomes or new ramets (new plants genetically identical to the parent). In addition, the
rhizome is also an important storage organ of water and nutrients, such as starch [6], which
is of great significance for OL to survive through harsh environments.

The development of rhizome in OL is a complex trait, maybe controlled by single, dual
or multiple genes. A single dominant allele Rhz on chromosome 4 was firstly proposed
for the rhizomatous growth habit in OL, and modifying genes have also been suggested
to be involved for the various Rhz phenotypes among F2 plants [7]. A pair of dominant
complementary genes, Rhz2 and Rhz3, have subsequently been identified for the regulation
of rhizomes in OL [4]. However, only Rhz2 and Rhz3 did not guarantee the presence of
rhizomes in the hybrid progeny between cultivated rice and OL (Hu, 2015, presentation
entitled “Progress in Perennial Rice Breeding and Genetics”, accessible from http://pwheat.
anr.msu.edu/2015/02/ (accessed on 25 September 2022)). Thirteen QTLs (quantitative trait
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loci) regulating rhizome development have recently been mapped by Fan, et al. [8]. Further
study from Hu’s group identified 13 major-effect loci that jointly control rhizomatousness in
OL, and as many as 51 QTLs for the rhizome abundance [9]. On the whole, the development
of rhizome is regulated by multiple genes [8–10].

In addition to the genetic factor, environmental factors, such as sugars, also play an
important role in rhizome development [6,11]. Sucrose can promote secondary rhizome
development from the axillary buds of isolated rhizomes [6,11]. The rhizome usually grows
horizontally below the ground for a certain distance, and then grows upward due to the
negative gravitropism, and finally grows out of the soil and becomes a new ramet. It
has been found that sucrose can retard the upward growth of rhizomes [6,11], causing
speculation that sucrose is the key stimulus inducing the development and transformation
of rhizomes [6]. However, the molecular mechanism by which sucrose affects rhizome
development in OL remains unclear. In the previous studies, the isolated rhizomes were all
cultured with sucrose in vitro [6,11], and the valid experiment about the effect of sucrose in
rhizome development should be carried out in vivo. In this study, OL seedling was cultured
in solid medium with different concentrations of sucrose to observe the effects of sucrose
on the formation and development of rhizomes. In addition, the regulatory network of
rhizome development in OL was probed by comparative transcriptome analysis.

2. Results
2.1. Sucrose Is Important for Sprouting of the Axillary Buds and Rhizome Growth in
O. longistaminata (OL)

In order to explore the effect of sucrose on rhizome development, the aseptic OL
seedlings at three–four leaf stage were cultured with different concentration of sucrose.
It was found that when the sucrose concentration was 20 g/L, there are no axillary bud
sprouted (Figure 1A). With the increase of sucrose concentration, such as to 40 g/L, a
few sprouted axillary buds were found to form tillers or rhizomes (Figure 1B). When
sucrose concentration rose to 60 g/L, the axillary buds of all seedlings sprouted, with
many rhizomes formed (Figure 1C). At 80 g/L and 100 g/L, a large number of axillary
buds sprouted to form rhizomes (Figure 1D,E). Compared with other concentrations,
longer and more robust rhizomes were found at these two sucrose concentrations, with a
more pronounced effect observed at the 100 g/L group. With further increase of sucrose
concentration, the positive effect of sucrose on rhizome development became less prominent.
At 120 g/L sucrose, even though the plant growth was slightly inhibited, rhizomes still
could be found (Figure 1F). When the sucrose concentration increased to 140 g/L or
160 g/L, a harmful effect appeared and the sprouted axillary buds would turn up quickly
(Figure 1G,H), with the leaves withered, maybe due to the high-water stress (Figure 1I). The
results showed that a certain concentration of sucrose promotes the sprouting of axillary
buds and the formation of rhizomes in OL.

2.2. Seedling Culture for Transcriptome Sequencing

In order to explore the molecular mechanism of sucrose affecting the development of
OL rhizomes, crowns (the shortened internodes at stem base, also called shortened basal
internodes), together with attached axillary buds, were collected for transcriptome sequenc-
ing. Usually, when cultivated rice seedlings are grown in a medium containing 20 g/L
sucrose, axillary buds can sprout. However, when 20 g/L sucrose was used to culture
OL, there was no axillary bud sprouted (Figure 1A). Therefore, a certain concentration
of uniconazole, which can promote the sprouting of axillary buds [12], was added to the
sucrose medium to promote sprouting of axillary buds. According to the effects of differ-
ent uniconazole concentrations on the plant height, axillary bud sprouting and rhizome
development, the optimum concentration of uniconazole was determined. The optimum
concentration of uniconazole was 0.2 mg/L. If the concentration of uniconazole was too low,
the sprouting of axillary buds in 20 g/L sucrose group was rare, which is not appropriate
for the observation of the development of axillary buds. When uniconazole concentration
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was too high, although it could fully induce the sprouting of axillary buds, the plants were
too short and this was able to surpass the promoting effect of 100 g/L sucrose on rhizome
growth, resulting in the development of all axillary buds into tillers in both the 20 g/L and
100 g/L sucrose groups. When the concentration of uniconazole was 0.2 mg/L, the sprouted
axillary buds in the 100 g/L sucrose group could develop into both tillers and rhizomes
(Figure 2A); however, compared with the same concentration of sucrose without uni-
conazole (Figure 1E), the rhizomes of plants with uniconazole (Figure 2A) were shorter.
However, at the concentration of 0.2 mg/L uniconazole, although the axillary buds of
the 20 g/L sucrose group could sprout, they almost all developed into tillers (Figure 2B).
Therefore, the crowns, together with attached axillary buds in the 20 g/L sucrose plus
0.2 mg/L uniconazole, were taken as the control group, denoted S20, and the same parts in
the 100 g/L sucrose plus 0.2 mg/L uniconazole were the treatment group, denoted S100.
RNA samples of both S20 and S100 were committed to transcriptome sequencing.
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Figure 1. Effects of different sucrose concentrations on rhizomes of Oryza longistaminata. The
corresponding sucrose concentrations in (A–H) are 20 g/L (A), 40 g/L (B), 60 g/L (C), 80 g/L (D),
100 g/L (E), 120 g/L (F), 140 g/L (G) and 160 g/L (H), respectively. Rhizomes are indicated with
white arrows. (I) Phenotypes of the whole plants cultivated with various concentrations of sucrose.
In (J), the abscissa represents different sucrose concentrations, and the ordinate represents the average
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represent standard deviation.
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Figure 2. Branch formation in mediums with different sucrose concentrations and additional uni-
conazole. The working concentration of uniconazole is 0.2 mg/L. The sucrose concentration in (A) is
100 g/L, and that in (B) is 20 g/L. Arrows indicate rhizomes.

2.3. Sample Correlation Analysis

Based on the Illumina Nova seq 6000 sequencing platform, all samples were sequenced
according to the instructions. The original sequencing data (raw data) were trimmed to
remove low-quality and short sequence data, resulting in a total of 47.94 Gb of clean data
in six samples; the clean data of each sample totaled over 7.66 Gb, and the percentage of
Q30 bases was over 94.81% (Table S3). The clean reads of each sample were aligned with
the reference genome, and the mapped rates ranged from 81.39% to 82.56% (Table S3).

In order to test whether the variation between biological repeats was in line with the
expectations of the experimental design, and to provide a basic reference for differential
gene analysis, the TPM (transcripts per million reads) value was used as the gene expression
level, the correlation analysis of each biological repeat was carried out based on the Pearson
correlation coefficient and the method of complete linkage was used for clustering. The
results showed that the correlation coefficients between biological replicates in this study
were all greater than 0.97 (Table S4), and the samples of biological replicates were clustered
together (Figure S1). The above results show that the sampling was reasonable, and all
sample data can be used for the subsequent analysis. In the study, a total of 38,866 genes
were detected. These genes were aligned with six major databases (NR, Swiss-Prot, Pfam,
EggNOG, GO and KEGG) to obtain gene functional information (Table S5). Given that the
genome of O. sativa was used as the reference genome, all interpretations of gene functions
are based on the annotation of O. sativa gene.

2.4. Functional Analysis of Differentially Expressed Genes

TPM (transcripts per million reads) was used as a quantitative index to analyze the
quantitative results of gene expression. Based on the relative expression of genes, with
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|log2FC| ≥ 1 and P-adjust < 0.05 as the threshold, 1255 differentially expressed genes
(DEGs) with significance were obtained between S20 and S100 groups (Table S5). Compared
with the S20 group, 529 were up-regulated and 726 were down-regulated in the S100 group
(Figure S2). DEGs were classified and analyzed by COG (cluster of orthologous groups of
proteins), GO (gene ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes).

It was found that, except for genes with unknown COG functions, the most functional
one was G type (carbohydrate transport and metabolism) (Figure 3), and this functional type
contains 88 genes (Table S6), of which Os10g0555651 and Os10g0555700 (OsEXPB2) were
described as being able to cause loosening and extension of plant cell walls by disrupting
non-covalent bonding between cellulose microfibrils and matrix glucans. Os10g0577500
and Os10g0545500 were annotated as xyloglucan endotransglucosylase hydrolase protein
gene, and Os06g0725300 as an expansin-like gene. Os01g0249100 and Os01g0249050 were
plant-type cell wall organization genes. Os09g0530250 was endoglucanase. Os01g0813800,
Os05g0365700 and Os01g0940800 were beta-glucosidase. Os03g0300600 was pectinesterase.
In addition, nine genes, including Os02g0106100 (OsINV3), were described as hydrolases.
This indicated that some genes involved in cell wall loosening and extension, hydrolysis
and remodeling of cell wall components were induced by sucrose. It means that sucrose
treatment induced the loosening and extension of plant cell walls, and the hydrolysis and
remodeling of cell wall components. In addition, these 88 genes included some genes
related to aquaporin proteins, such as Os07g0448100 (OsPIP2;4), Os01g0975900 (OsTIP1;2),
Os07g0448150, Os05g0231700, Os02g0658100 (OsTIP2;1), Os04g0521100, Os06g0552900,
Os06g0553001, Os04g0233851, Os07g0448200 and Os07g0448600, which were described
as channels that permit osmotically driven movement of water in both directions and
are involved in the osmoregulation and in the maintenance of cell turgor during volume
expansion in rapidly growing cells. It indicates that sucrose treatment induces the change
of osmotic pressure of plant cells.
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GO annotation was performed on these 1255 DEGs and these genes were classified into
49 GO items. These included 21 biological_process entries, 15 cellular_component entries
and 13 molecular_function entries (Figure 4). Biological_process had the largest number of
DEGs in the metabolic process (GO:0008152), followed by cellular process (GO:0009987).
Cellular_component had the largest number of DEGs in the cell (GO:0005623), followed
by cell part (GO:0044464). Molecular_function had the largest number of DEGs in binding
(GO:0005488), followed by catalytic activity (GO:0003824) (Figure 4).
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in the figure represents the secondary classification term of GO, and the horizontal axis represents
the number of genes in the secondary classification.

The DEGs were further analyzed for GO functional enrichment to obtain the main GO
functions of the genes. When P-adjust < 0.05, this GO item was considered to be significantly
enriched. It was found that a total of 125 GO items were significantly enriched, including
circadian rhythm (GO:0007623), energy storage and metabolism (GO:0006112), carbohy-
drate transport and metabolism (GO:0008643, GO: 0044262, GO: 0005975), responses to
water (GO: 0009414, GO: 0009415), etc. (Figure 5). Among them, there were 130 genes
involved in carbohydrate transport and metabolism (Table S7). Many of these genes were
the same as the genes in the G functional classification of COG, including vacuolar acid
invertase gene Os02g0106100 (OsINV3) and xyloglucan endotransglucosylase hydrolase
protein genes Os10g0545500, Os06g0697000 and Os10g0577500. There were also some
other cell wall component-related genes, such as pectinesterase (Os11g0172100), poly-
galacturonase (Os01g0636500, Os05g0279900, Os05g0279850, Os05g0578750, Os05g0542900,
Os01g0296200, Os05g0578600 (PSL1), Os01g0329300) and endoglucanase (Os09g0530250,
Os08g0387400). In addition, there were some glycosyltransferase genes, sugar transporter
genes, amylase genes, sucrose synthase genes and starch synthase genes among these
130 genes, such as Os03g0170900 (OsSUT1), Os07g0616800 (RSUS3; SUS3), Os07g0106200
(OsMST3), Os02g0513100 (OsSWEET15) and Os06g0160700 (OsSSI). There were 17 genes
that responded to water (Table S8), mainly related to drought stress, such as catalase
gene Os02g0115700 (OsCATA) [13], aquaporin protein gene Os07g0448100 (OsPIP2;4),
Os04g0521100, Os02g0823100 (OsPIP1;3), Os07g0448200, ABA-related genes Os05g0213500
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(OsPYL/RCAR5; OsPYL5), Os11g0167800 (OsASR1), Os11g0454300 (RAB21; Rab16A) and
transcription factor Os03g0741100 (OsbHLH148), which regulates drought tolerance in
rice [14].
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Genes in the GO enrichment analysis results were used for the GO directed acyclic
graph analysis, which shows the relationship between the upper and lower levels of the GO
items and the degree of enrichment. It was found that these GO items were mainly divided
into two branches, namely carbohydrates metabolism and response to water deprivation
(Figure 6). In addition, there were three minor branches, namely carbohydrate transport,
dioxygenase activity and response to light stimulation (Figure 6). Carbohydrate transport
and metabolism were involved in the utilization of high concentrations of sucrose and the
response to water deprivation, suggesting that high concentrations of sucrose may lead to
increased intracellular osmotic pressure.
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KEGG annotation analysis of DEGs found that there were 5 first-level KEGG pathway
categories and 21 s-level KEGG pathway categories. Among them, the DEGs in the classifi-
cation of carbohydrate metabolism were the most numerous ones, followed by biosynthesis
of other secondary metabolites and energy metabolism (Figure 7).
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Taking P-adjust < 0.05 as the threshold, the DEGs were analyzed for KEGG path-
ways with significant enrichment. The results showed that two pathways were enriched,
namely starch and sucrose metabolism (map00500) and plant circadian rhythm (map04712)
(Figure 8). Combined with the results of GO enrichment analysis, it is speculated that the
related processes of carbohydrate metabolism and response to water may be involved in
the sucrose-induced formation and development of OL rhizomes. Among them, 32 genes
were enriched in the carbohydrate transport metabolism KEGG pathway (Table S9), and
these genes were mainly sucrose and starch synthase genes, such as Os06g0160700 (OsSSI),
Os01g0919400 (OsSPS1), and Os10g0189100 (OspPGM), indicating that high-concentration
sucrose can be converted into starch for storage. In addition, there were a few genes related
to cell wall components, such as endoglucanase (Os09g0530250).

2.5. Quantitative Real-Time PCR (qPCR) Validation

Among the differentially expressed genes, 14 genes were selected for qPCR. The
expression level of both the qPCR and the RNA-Seq results of the control group S20 were
assigned as 1, and the relative expression level of the treatment group S100 was calculated.
The results showed that the up- and down-regulation of gene expression detected by qPCR
was consistent with the results of RNA-Seq (Figure S3).

According to the above results, it is inferred that with the increase of sucrose concen-
tration in the medium, the absorption of sucrose by OL increases. After sucrose enters
the cell vacuole, it is decomposed into glucose and fructose by vacuolar acid invertase,
which increases the cell osmotic pressure, and promotes the cell to absorb water and swell,
causing the expression of genes involved in remodeling of plant cell walls, such as expansin,
and then cell elongation. The final result is to promote the elongation of rhizomes in OL
(Figure 9).

154



Int. J. Mol. Sci. 2022, 23, 13396Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  10  of  16 
 

 

 
Figure 8. KEGG enrichment analysis. The vertical axis is the pathway entry, and the horizontal axis 
represents the ratio of the enriched gene number (sample number) to the annotated gene number 
(background number) in the entry. The greater the rich factor, the greater the degree of enrichment. 
The size and color of the dots indicate the number of genes in this pathway and the corresponding 
P‐adjust range, respectively. The figure shows the enrichment results of the top 20 pathways of P‐
adjust from small to large. 

2.5. Quantitative Real‐Time PCR (qPCR) Validation 

Among the differentially expressed genes, 14 genes were selected for qPCR. The ex‐
pression level of both the qPCR and the RNA‐Seq results of the control group S20 were 
assigned as 1, and the relative expression level of the treatment group S100 was calculated. 
The  results  showed  that  the up‐  and down‐regulation of gene  expression detected by 
qPCR was consistent with the results of RNA‐Seq (Figure S3). 

According to the above results, it is inferred that with the increase of sucrose concen‐
tration in the medium, the absorption of sucrose by OL increases. After sucrose enters the 
cell vacuole, it is decomposed into glucose and fructose by vacuolar acid invertase, which 
increases the cell osmotic pressure, and promotes the cell to absorb water and swell, caus‐
ing the expression of genes involved in remodeling of plant cell walls, such as expansin, 
and then cell elongation. The final result is to promote the elongation of rhizomes in OL 
(Figure 9). 

Figure 8. KEGG enrichment analysis. The vertical axis is the pathway entry, and the horizontal axis
represents the ratio of the enriched gene number (sample number) to the annotated gene number
(background number) in the entry. The greater the rich factor, the greater the degree of enrichment.
The size and color of the dots indicate the number of genes in this pathway and the corresponding
P-adjust range, respectively. The figure shows the enrichment results of the top 20 pathways of
P-adjust from small to large.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  11  of  16 
 

 

 
Figure 9. The regulatory mechanism of sucrose on rhizome elongation of Oryza longistaminata. 

3. Discussion 

Sucrose is the main product of photosynthesis and the main transport form of carbo‐
hydrates in plants, and it plays an important role in the entire life cycle of plants. Sugar is 
the main source of nutrients required for the growth of plant axillary buds [15], and ele‐
vated levels of sucrose promote the growth of buds [16]. An adequate supply of sucrose 
can reduce the competition of apical buds for sucrose, breaking the apical dominance, and 
facilitate the sprouting of lateral buds [17]. In addition, sucrose can also act as an osmotic 
agent, which can induce a certain degree of osmotic stress [18]. 

In this study, it was observed that when plants were transferred to a sucrose gradient 
medium, with  the  increase of culture  time  to about one month, phenotypic differences 
appeared in plants cultured at different concentration gradients. The 20 g/L and 40 g/L 
sucrose treatments had no rhizome formation, 60–100 g/L sucrose treatment had rhizome 
formation, and 120–160 g/L sucrose treatment had unhealthy plant growth. With the fur‐
ther extension of the culture time, even up to 3 months, the axillary buds of the plants in 
the 20 g/L and 40 g/L sucrose treatment groups still did not germinate or germinated in‐
dividually, and no rhizomes were formed. The rhizomes in the 60–100 g/L sucrose treat‐
ment group grew and developed to the wall of the triangular flask, and began to grow up 
along the bottle wall, growing true leaves, and developing into ramets. In the 120–160 g/L 
sucrose treatment group, the leaves of the plants turned yellow, and some plants died. It 
shows that a certain concentration of sucrose is beneficial to the development of rhizome. 
However, too high sucrose concentration formed stress on the plant, resulting in a plant 
that could not grow healthily. 

In OL  rhizomes,  the  content  of  sucrose  is  similar  to  the  concentration pattern  of 
starch, decreasing gradually from the base to the tip of the rhizome [6], which indicates 
that  the accumulation of sugar  in  the  rhizome  increases with  the  rhizome growth and 
development. By adding sucrose to the culture medium, the negative gravity of the OL 
rhizome is inhibited and the horizontal growth is promoted [6,11]. Horizontal growth of 
the stolon of Cynodon dactylon and Paspalum vaginatum Swartz is also promoted when su‐
crose supply is sufficient [19,20]. It was shown that sucrose could weaken the negative 
gravity response of both stolons and rhizomes, and high levels of sucrose are beneficial to 
the horizontal growth of rhizomes. It is suggested that sucrose plays an important role in 
the formation and development of rhizomes. 

In this study, the expression of the vacuolar invertase gene OsINV3 was up‐regulated 
in the high‐sucrose group (Tables S6 and S7), and the action of vacuolar acid  invertase 
promoted the degradation of sucrose into glucose and fructose [21,22], resulting in an in‐
crease in the content of osmotic regulators and an increase in vacuolar osmotic potential, 
and also an up‐regulation of cell aquaporin gene expression. High water channel activity 

Figure 9. The regulatory mechanism of sucrose on rhizome elongation of Oryza longistaminata.

155



Int. J. Mol. Sci. 2022, 23, 13396

3. Discussion

Sucrose is the main product of photosynthesis and the main transport form of carbo-
hydrates in plants, and it plays an important role in the entire life cycle of plants. Sugar
is the main source of nutrients required for the growth of plant axillary buds [15], and
elevated levels of sucrose promote the growth of buds [16]. An adequate supply of sucrose
can reduce the competition of apical buds for sucrose, breaking the apical dominance, and
facilitate the sprouting of lateral buds [17]. In addition, sucrose can also act as an osmotic
agent, which can induce a certain degree of osmotic stress [18].

In this study, it was observed that when plants were transferred to a sucrose gradient
medium, with the increase of culture time to about one month, phenotypic differences
appeared in plants cultured at different concentration gradients. The 20 g/L and 40 g/L
sucrose treatments had no rhizome formation, 60–100 g/L sucrose treatment had rhizome
formation, and 120–160 g/L sucrose treatment had unhealthy plant growth. With the
further extension of the culture time, even up to 3 months, the axillary buds of the plants
in the 20 g/L and 40 g/L sucrose treatment groups still did not germinate or germinated
individually, and no rhizomes were formed. The rhizomes in the 60–100 g/L sucrose
treatment group grew and developed to the wall of the triangular flask, and began to
grow up along the bottle wall, growing true leaves, and developing into ramets. In the
120–160 g/L sucrose treatment group, the leaves of the plants turned yellow, and some
plants died. It shows that a certain concentration of sucrose is beneficial to the development
of rhizome. However, too high sucrose concentration formed stress on the plant, resulting
in a plant that could not grow healthily.

In OL rhizomes, the content of sucrose is similar to the concentration pattern of starch,
decreasing gradually from the base to the tip of the rhizome [6], which indicates that the
accumulation of sugar in the rhizome increases with the rhizome growth and development.
By adding sucrose to the culture medium, the negative gravity of the OL rhizome is
inhibited and the horizontal growth is promoted [6,11]. Horizontal growth of the stolon of
Cynodon dactylon and Paspalum vaginatum Swartz is also promoted when sucrose supply is
sufficient [19,20]. It was shown that sucrose could weaken the negative gravity response
of both stolons and rhizomes, and high levels of sucrose are beneficial to the horizontal
growth of rhizomes. It is suggested that sucrose plays an important role in the formation
and development of rhizomes.

In this study, the expression of the vacuolar invertase gene OsINV3 was up-regulated
in the high-sucrose group (Tables S6 and S7), and the action of vacuolar acid invertase
promoted the degradation of sucrose into glucose and fructose [21,22], resulting in an
increase in the content of osmotic regulators and an increase in vacuolar osmotic potential,
and also an up-regulation of cell aquaporin gene expression. High water channel activity
of aquaporin [23], which promoted the water absorption and expansion of cells, thereby
promotes cell elongation [24]. During the process of cell swelling and water absorption, the
cell wall relaxed and remodeled, and the related genes involved in cell wall relaxation and
remodeling were differently expressed (Table S6). Among them, the expression of expansin
gene, polygalacturonase/pectin degrading enzyme genes and xyloglucan endoglucan gly-
cosylase/hydrolase genes increased, and the expression of pectin methylesterase inhibitor
gene decreased (Table S6).

Expansin, also known as a cell wall relaxation protein, is involved in various functions,
such as plant stem elongation and water stress [25–28]. Expansins are able to weaken or
break the non-covalent bonds between cell wall polysaccharides, causing hemicellulose to
move, thereby causing cell wall loosening and, ultimately, cell wall stretching [29]. Both
xyloglucan polygalacturonase/pectin degrading enzymes [30] are able to degrade pectin,
which is the main polysaccharide in the primary cell wall of plants and is involved in
cell wall plasticity [31,32]. The balance between pectin methylesterase (PME) activity
and inhibition of post-transcriptional PME by pectin methylesterase inhibitors determines
pectin methylesterification in plant cells [33]. OsPMEI28 functions as a key component in
regulating the level of methyl esterification of pectin, and the impaired methyl esterification
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level of pectin affects the biochemical properties of cell wall composition and leads to
abnormal cell elongation in rice stem tissue and dwarf plants [33]. Xyloglucan endoglucan
glycosylase/hydrolase catalyzes the hydrolysis or transfer of xyloglucan molecules and
plays an important role in plant cell wall extensibility [34]. The action of these proteins
leads to cell wall remodeling and elongation, cell elongation and, ultimately, rhizome
elongation.

RNA-Seq also detected that the sucrose phosphate synthase gene OsSPS1, the starch
synthase genes OsSSI were up-regulated in the high sucrose concentration group. Sucrose
phosphate synthase is one of the key enzymes controlling sucrose synthesis in higher
plants [35]. Starch synthases play a role in plant starch synthesis and accumulation [36,37].
Cytoplasmic fructose-1,6-bisphosphatase is an important enzyme in the sucrose synthesis
pathway, and its lack of activity leads to insufficient sucrose supply, resulting in the
inhibition of tiller growth in rice mutants of this gene [38]. It is speculated that the sucrose
entering the OL was metabolized and used as a carbon source and energy for the sprouting
of axillary buds and the growth and development of rhizomes (Figure 9).

4. Materials and Methods
4.1. Plant Material

The plant material used was the aseptic seedlings from medium-germinated seeds of
OL (No. WYD-108). WYD-108 was introduced from Senegal, Africa, and preserved in the
National Germplasm Resource Nursery (wild rice) of China.

4.2. Method
4.2.1. Culture of OL Seedlings

The seeds of OL were collected by bagged selfing to avoid outcrossing, and were
treated at 50 ◦C for 5 days to break dormancy. The dehulled seeds were disinfected with
0.15% mercuric chloride for 15–20 min, and then rinsed with sterilized distilled water
5 times [39]. The seeds were then transferred to the rooting medium until the 3–4 leaf stage
at 26 ◦C, with 12 h light/12 h dark cycle [39]. The light intensity was about 140 µmol/m2/s.
It took about 18 days for the seeds to grow to the 3–4 leaf stage on the rooting medium.
The rooting medium was prepared based on 1/2 MS basic medium with 20 g/L sucrose
added [40]. The basic medium formula is shown in Table S1.

4.2.2. Culture of OL with Different Concentrations of Sucrose

Under aseptic conditions, the 3–4 leaf-stage OL seedlings were pulled out from the
rooting medium and most leaves and roots were cut off, keeping the youngest ones. Then,
the seedlings were transplanted to solid basic medium with different sucrose concentra-
tions (sucrose concentrations of 20 g/L, 40 g/L, 60 g/L, 80 g/L, 100 g/L, 120 g/L, 140 g/L
and 160 g/L), and cultured under 26 ◦C, 12 h light/12 h dark cycle, with light intensity
140 µmol/m2/s. Although rhizomes and tillers can develop from axillary buds, the mor-
phology of rhizome buds is completely different from that of tiller buds. Rhizome bud in
OL is onion-like-shaped and develops in an oblique direction [41]. In addition, the leaf
morphology of tillers and rhizomes is also different. The tiller leaves are composed of a
distal leaf and a proximal leaf sheath, while the formation of rhizome leaves is suppressed,
and most rhizome leaves are wrapped by leaf sheaths [42]. These phenotypes can help us
distinguish between tillers and rhizomes.

4.2.3. Sample Collection for Transcriptome Analysis

Based on our initial results, the axillary buds of OL did not sprout under 20 g/L sucrose,
and then 0.2 mg/L uniconazole was added into the medium to ensure sprouting of the
axillary bud [12]. Although the axillary bud of OL can sprout spontaneously under 100 g/L
sucrose, 0.2 mg/L uniconazole was also added to control the experimental parameters. The
OL seedlings at the 3–4 leaf stage were transplanted into these two sucrose–uniconazole
media with only the sucrose differing (100 g/L vs. 20 g/L). After the sprouting of axillary
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buds, the crowns (which are the shortened internodes at the base of the stem of grass
species, also called shortened basal internodes), together with attached axillary buds, were
quickly cut and placed into liquid nitrogen, numbered S20 and S100, respectively. Three
biological replicates were sampled for both S20 and S100. All collected samples were
stored at −80 ◦C. RNA isolation, library construction and sequencing were performed by
Shanghai Majorbio Co., Ltd. (Shanghai, China). The sequenced data were uploaded in
NCBI (the accession numbers is PRJNA894815).

4.3. Data Processing and Reads Alignment

After removing the adapter sequence, low-quality reads, sequences with high N rate
(N represents uncertain base) and those too short raw reads, the quality control sequences
(clean reads) were obtained. The clean reads were aligned with the reference genome (Oryza
sativa Japonica Group (IRGSP-1.0), http://plants.ensembl.org/Oryza_sativa/Info/Index
(accessed on 25 September 2022)). Mapped reads were assembled and spliced using the
software StringTie (http://ccb.jhu.edu/software/stringtie/ (accessed on 25 September
2022)) and compared with known transcripts.

4.4. Abundance Estimation and Correlation Analysis

RSEM software (http://deweylab.github.io/RSEM/ (accessed on 25 September
2022)) [43] was used to quantify gene abundances. The expression level of each tran-
script was calculated according to the transcripts per million reads (TPM) method. Based
on the normalized expression levels, the Pearson correlation coefficient between any two
biological replicates was calculated.

4.5. GO and KEGG Ontology Enrichment Analysis

Using TPM as a quantitative indicator of gene/transcript expression, the genes with
significant differential expression (DEGs) between groups were identified using DESeq2
software [44], with|log2FC| ≥ 1 and p-adj < 0.05 as the threshold. The DEGs were function-
ally annotated using COG (cluster of orthologous groups), GO (gene ontology) and KEGG
(Kyoto Encyclopedia of Genes and Genomes). Taking P-adj < 0.05 as the threshold, the
software Goatools (https://github.com/tanghaibao/GOatools (accessed on 25 September
2022)) was used to perform GO enrichment analysis. KEGG enrichment was performed
using R-Package.

4.6. Quantitative Real-Time PCR Validation

The expression abundance of 14 DEGs randomly selected was evaluated by quan-
titative real-time PCR (qPCR). Total RNAs were reverse transcribed into cDNA using
RT kit (PrimeScriptTM RT reagent Kit with gDNA Eraser, TaKaRa). qPCR analysis was
performed on CFX96TM Real-Time System (Bio-Rad, Hercules, CA, USA) with SYBR Mix
(ChamQ Universal SYBR qPCR Master Mix, Vazyme, Nanjing, China). Ubiquitin gene
(LOC_Os03g13170) was used as the reference gene, and the relative expression level of
target genes was calculated according to the 2−∆∆Ct method [45]. Primers are listed in
Table S2.
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Abstract: The domestication of wild rice occurred together with genomic variation, including the
synonymous nucleotide substitutions that result in synonymous codon usage bias (SCUB). SCUB
mirrors the evolutionary specialization of plants, but its characteristics during domestication were
not yet addressed. Here, we found cytosine- and guanidine-ending (NNC and NNG) synonymous
codons (SCs) were more pronounced than adenosine- and thymine-ending SCs (NNA and NNT) in
both wild and cultivated species of Asian and African rice. The ratios of NNC/G to NNA/T codons
gradually decreased following the rise in the number of introns, and the preference for NNA/T
codons became more obvious in genes with more introns in cultivated rice when compared with
those in wild rice. SCUB frequencies were heterogeneous across the exons, with a higher preference
for NNA/T in internal exons than in terminal exons. The preference for NNA/T in internal but
not terminal exons was more predominant in cultivated rice than in wild rice, with the difference
between wild and cultivated rice becoming more remarkable with the rise in exon numbers. The
difference in the ratios of codon combinations representing DNA methylation-mediated conversion
from cytosine to thymine between wild and cultivated rice coincided with their difference in SCUB
frequencies, suggesting that SCUB reveals the possible association between genetic and epigenetic
variation during the domestication of rice. Similar patterns of SCUB shift in Asian and African
rice indicate that genomic variation occurs in the same non-random manner. SCUB representing
non-neutral synonymous mutations can provide insight into the mechanism of genomic variation in
domestication and can be used for the genetic dissection of agricultural traits in rice and other crops.

Keywords: rice; domestication; genomic variation; synonymous codon usage bias; DNA methylation

1. Introduction

Cultivated rice is an ancient and widely consumed staple food crop. Two repre-
sentative cultivated rice species, Asian Oryza sativa and African Oryza glaberrima, were
domesticated from the sympatric Asian wild O. rufipogon and African wild Oryza barthii,
respectively [1,2]. During the domestication process, genome-wide genetic variations oc-
curred, including single nucleotide polymorphisms (SNPs), small insertions and deletions
(indels), large size structural variants and so on [3–5]. These genome-scale variations pro-
vide the genetic basis for the differences in a wide range of morphological and physiological
traits between wild and cultivated rice [2,6].

SNPs are the most common and plentiful genetic variations in genomes. SNPs in
protein-coding sequences are classified into synonymous and non-synonymous, with much
attention paid to the latter; this is because these change peptide sequences and may affect
phenotypes. The synonymous SNPs result from the shift in synonymous codons (SCs)
that encode the amino acids, except for methionine and tryptophan. The frequencies of
SCs encoding a given amino acid are heterogeneous in the genome of a species, resulting
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in synonymous codon usage bias (SCUB). Nucleotide substitution between SCs does
not change the corresponding amino acid residue and is, therefore, often believed to be
functionally neutral [7,8]. However, SCUB affects recombination rate, splicing regulation,
transcription efficiency, RNA secondary structure, mRNA stability, translational efficiency
and accuracy in the regulation of gene expression and protein folding [9–13]. Especially,
synonymous mutations in representative yeast genes proved to be strongly non-neutral [14].
Based on these, SCUB may influence mutation rates and the extent of genetic drift and
natural selection [15–18], and is, therefore, an important genetic force for plant evolution.
Although genome-wide nucleotide substitutions and other genetic variations occurred
during the domestication of rice [3–5], whether SCUB shifting played a role in cultivated
rice was not studied.

As forms of insertion and deletion (indel), intron gain and loss induce genetic variation
and are key evolutionary forces [19–21]. The process of indels, such as intron gain and
loss, comprises DNA break and repair, which could lead to genomic shock [22,23] and,
therefore, induce local single-nucleotide polymorphisms [24–26]. As a part of nucleotide
substitutions, SCUB in exons is related to adjacent introns in the nuclear genomes [27]. The
occurrence of intron gain or loss is associated with both the number of introns and exon
position within the gene body [28], so SCUB is reasonably related to these factors. Although
the contribution of intron gain and loss in genomic variation during the domestication
of rice is still unclear, the number of introns and the exon position were proved to be
associated with SCUB shift during plant evolution and somatic hybridization [29,30]. Thus,
the relationship between SCUB and the number of introns or exon position following the
domestication of rice is worthy of being addressed as it could provide genetic clues for the
further understanding of the role of introns in genetic variation.

Apart from genetic variation, the profiles of DNA methylation as a major epigenetic
variation altered widely during the domestication of rice [31]. DNA methylation is also
a source of genetic variation, because methylated cytosine (5mC) can be converted into
thymine [32]. Thus, DNA methylation-mediated conversion from cytosine to thymine
affects SCUB in plants [29,30]. However, the issues concerning the contribution of DNA
methylation to SCUB, as well as the role of SCUB in DNA methylation alteration, were not
reported thus far.

In this study, we used Asian and African cultivated rice and their wild species to
analyze the characteristics of SCUB during domestication, with the aim of knowing whether
domestication can affect SCUB and how DNA methylation contributes to SCUB during
domestication. We found that SCUB was obviously affected during the domestication of
both Asian and African rice in the same manner, and the dual associations between SCUB
and DNA methylation-mediated conversion from cytosine to thymine implies a close link
between genetic and epigenetic variations during the domestication process. Our work
provides novel data indicating that the SCUB shift possibly provides DNA methylation
sites to promote epigenetic variation in the genome during rice domestication; it also
demonstrates the bidirectional orchestration between genetic and epigenetic variation.

2. Results
2.1. C/G-Ending Synonymous Codons Are Preferred in Cultivated Rice

The frequencies of 61 amino acid encoding codons ranged from 0.048 (CGA in
O. glaberrima) to 0.385 (GAG in O. glaberrima) and showed similar patterns in wild and
cultivated rice (Figure S1). The frequencies in African wild rice O. barthii were slightly
distinct from those of the other species, among which A/T-ending codons had higher
frequencies but C/G-ending codons lower. Fifty-nine synonymous codons (SCs) encoding
eighteen amino acids, except for start codon ATG and AGG encoding Trp, were used for
a more detailed analysis. Generally, C/G-ending codons (NNCs and NNGs) were more
frequent than A/T-ending codons (NNAs and NNTs) (Figure S2). The patterns of SC
frequencies were extremely correlative to RSCU values (Figure S2).
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To directly compare the SCUB of SCs, the SCUB frequency of a given amino acid
encoded by SCs, defined as the ratio of the number of C/G-ending SCs (NNCs/Gs) to that
of the A/T-ending SCs (NNAs/Ts), was used for analysis. The SCUB frequencies of the
18 amino acids ranged from 0.805 (Ile in O. barthii) to 2.335 (Leu in O. sativa) (Figure 1A). The
SCUB frequencies of the amino acids except for Ile were all higher than 1 (p < 1.26 × 10−45,
Table S1), showing the bias to C/G-ending SCs in both wild and cultivated rice. Moreover,
the SCUB frequencies of SCs showed significant differences between cultivated and wild
rice, and all 18 amino acids had higher SCUB frequencies in cultivated rice compared with
those of wild rice (Figure 1A; Table S2).
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Figure 1. SCUB is heterogeneous between wild and cultivated rice. (A): The SCUB frequencies
of 18 amino acids, except for Met and Trp, that were defined as the ratios between the number of
C/G-ending SCs and A/T-ending SCs. (B): The frequencies of NNA, NNT, NNC and NNG codons.
NNA, NNT, NNC and NNG: SCs with A, T, C and G as their final base, respectively, N denotes
any base. The frequency was calculated as the ratio of the number of all SCs ending with A, T, C
or G to the number of all SCs. (C): The frequencies of NNA/T and NNC/G codons. NNA/T and
NNC/G: SCs with A and T, as well as C and G, as their final base, respectively, N denotes any base.
The statistical comparison between wild and cultivated rice was conducted using the Chi-square (χ2)
test of cross-table analysis.

SCUB was further evaluated by the total SCUB frequencies of NNA, NNT, NNC and
NNG, which were, respectively, defined as the ratios of the number of all NNAs, NNTs,
NNCs and NNGs of 59 SCs to the number of the 59 SCs in all the CDS in a genome.
In all four species, NNC and NNG were more pronounced than NNA and NNT; NNC
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frequency was obviously higher than NNG frequency, while NNA frequency was lower
than NNT frequency (p = 0.000, Figure 1B). The frequencies of NNC/G were higher than
those of NNA/T (p = 0.000), and the ratios of NNA/T to NNC/G ranged from 0.609 to
0.699 (Figure 1C). The frequencies of NNA, NNT, NNC or NNG codons differed between
wild and cultivated rice (p = 0.000, χ2 test; Figure 1B,C). The frequencies of NNA, NNT
and NNA/T were higher in wild rice than in cultivated rice, but the frequencies of NNC,
NNG and NNC/G were the converse (p = 0.000~5.5 × 10−56, χ2 test). Moreover, SCUB
frequencies were different in Asian and African rice (Figure 1B,C; Table S3). NNA, NNT
and NNA/T frequencies in both wild and cultivated Asian rice were correspondingly
lower than those in African rice, while NNC, NNG and NNC/G frequencies were the
converse. Consistent with SCUB frequencies, the indices such as CAI, CBI and Nc were
higher in cultivated rice than in wild rice (Table S4), showing the SCUB frequency used
here can reflect the alteration of SCUB during rice domestication. These results indicate
that although SCUB is different in Asian and African rice, the bias to NNC/Gs became
stronger during the domestication in both Asian and African rice.

We further compared the SCUB frequencies among 12 chromosomes (Figure S3). In
both wild and cultivated rice, NNA, NNT and NNA/T frequencies were lower than NNC,
NNG and NNC/G frequencies across the 12 chromosomes, similar to the difference based
on the whole genome. The frequencies were similar from the first to tenth chromosomes; in
the eleventh and twelfth chromosomes, the NNA and NNT frequencies were higher, but the
NNC and NNG frequencies were lower, and the difference between NNA/T and NNC/G
frequencies decreased. The differences in the frequencies among the 12 chromosomes
were similar among all the species (Figure S4). Compared with wild rice, cultivated rice
had lower NNA and NNT frequencies but higher NNC and NNG frequencies across the
chromosomes. Compared with African rice, Asian rice had higher NNC/G frequencies
but lower NNA/T frequencies across the chromosomes, as was consistent with the results
based on the whole genome, further confirming the bias to C/G-ending codons during the
domestication of rice.

2.2. Cultivated Rice Exhibits Stronger Bias to A/T-Ending Synonymous Codons Following the Rise
in Intron Number

Intron evolution is a common event in the course of plant evolution and affects
SCUB [29,30], so we compared the relation between the SCUB shift frequency and intron
number during the domestication of rice. In both wild and cultivated rice, NNC had
higher frequencies than NNG in genes harboring no to nine introns, and NNT had higher
frequencies than NNA (Figure S5). The frequencies of NNA and NNT gradually increased
with the rise in intron number, while the frequencies of NNC and NNG gradually decreased
(Figures 2A–D and S5). NNC and NNG frequencies were obviously higher than NNA
and NNT frequencies in genes with no or few introns, and the difference became weaker
linearly following the rise in intron number. NNT frequencies were even higher than
NNG frequencies in genes with more than six introns, and became the highest in genes
with nine introns. Consistently, in genes with fewer than nine introns, the frequencies of
NNC/G were higher than those of NNA/T (p = 1.27 × 10–4~0.001, t-test); for genes with
nine introns, NNA/T and NNC/G were comparable (p = 0.377) (Figure 2E,F). Following
the rise in intron number, the increase in NNT frequencies was stronger than that of NNA
frequencies, and the difference between NNA and NNT frequencies grew; the decrease in
NNC frequencies was greater than that of NNG frequencies, and the difference between
NNC and NNG frequencies decreased (Figure S5; Table S5).

Compared with wild rice, NNA and NNT frequencies of cultivated rice were lower in
genes with no or few introns (except for intronless genes in Asian rice), but higher in genes
with more introns (Figure 2A,B; Table S6). For example, the ratios of NNA frequencies
between cultivated to wild increased from 0.962 (one intron) to 1.031 (nine introns) in Asian
rice, and from 0.917 (no introns) to 1.050 (nine introns) in African rice (Table S6). The
difference in NNA frequencies between cultivated and wild rice became more obvious in
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genes following the rise in intron number (p values became smaller, χ2 test). Conversely,
compared with wild rice, NNC and NNG frequencies in cultivated rice were higher in
genes with no or few introns (except for intronless genes in Asian rice), but lower in genes
with more introns (Figure 2C,D; Table S6). NNA/T and NNC/G frequencies exhibited
similar alteration trends to NNA/NNT and NNC/NNG frequencies, respectively, in genes
with no to nine introns between cultivated and wild rice, so that the ratios of NNC/G to
NNA/T were larger in genes with no or few introns in cultivated rice than in wild rice
(except for intronless genes in Asian rice), but were smaller in genes with more introns
(Figure 2E,F; Table S6). These results indicate that following the rise in intron number, the
bias to NNA/T became stronger, and the bias appeared to be more drastic in cultivated
rice than in wild rice.
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Figure 2. The difference in SCUB frequencies between wild and cultivated rice is associated with
intron number. (A): The frequencies of A-ending SCs (NNA) in genes with no to nine introns. (B): The
frequencies of T-ending SCs (NNT) in genes with no to nine introns. (C): The frequencies of A- and
T-ending SCs (NNA/T) in genes with no to nine introns. (D): The frequencies of C-ending SCs (NNC)
in genes with no to nine introns. (E): The frequencies of G-ending SCs (NNG) in genes with no to
nine introns. (F): The frequencies of C- and G-ending SCs (NNC/G) in genes with no to nine introns.
(G): The ratios of C/G-ending SCs to A/T-ending SCs (NNC/G to NNA/T ratios) in genes with no
to nine introns. N denotes any base. The difference between wild and cultivated rice was calculated
with chi square (χ2) test of cross-table analysis (*: p < 0.05; **: p < 0.01; ***: p < 0.001); the results are
presented in Table S7.

2.3. Cultivated Rice Has Stronger Bias to A/T-Ending Codons in Internal Exons

Given the SCUB patterns based on intron number were different in wild and cultivated
rice, the association between SCUB frequency and exon position along the genes was further
analyzed. In both wild and cultivated rice, for genes with two to ten exons, the first exons
had lower NNA, NNT and NNA/T frequencies but higher NNC, NNG and NNC/G
frequencies than the other exons (Figures 3A,B, S6 and S7), resulting in the lowest NNA/T
to NNC/G ratios in the first exons (Figure 3C). The frequencies of NNA, NNT, NNC, NNG,
NNA/T and NNC/G, as well as the ratios between NNA/T and NNC/G frequencies, were
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almost comparable in the first exons (CV = 0.010~0.104) (Table S7), showing the SCUB of the
first exon remained constant in the genomes of wild and cultivated rice. In the last exons,
the frequencies of NNA, NNT and NNA/T were also lower than those of NNC, NNG
and NNC/G, but the difference was not as large as that in the first exons. Furthermore,
unlike the first exons, the SCUB frequencies did not remain constant across the last exons
in genes with two to ten exons (CV = 0.055~0.128). NNA, NNT and NNA/T frequencies
gradually increased but NNC, NNG and NNC/G frequencies gradually decreased with the
rise in the exon number up to six (CV = 0.046~0.121), and they were comparable in genes
with six to ten exons (CV = 0.007~0.042). Thus, the ratios between NNA/T and NNC/G
frequencies gradually increased in genes with two to six exons and then remained constant
in genes with six to ten exons (Figure 3C). Moreover, in genes with three to ten exons, the
frequencies and ratios of the second exons were correspondingly similar to those of the
last exons.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 3. The heterogeneity of SCUB among exons differentiates wild and cultivated rice. (A): The 

frequencies of A- and T-ending SCs (NNA/T) across the exons in genes with two to ten exons. (B): 

The frequencies of C- and G-ending SCs (NNC/G) across the exons in genes with two to ten exons. 

(C): The ratios of A- and T-ending SCs to C- and G-ending SCs (NNA/T to NNC/G ratios) across the 

exons in genes with two to ten introns. N denotes any base. The difference between wild and culti-

vated rice was calculated with the chi square (χ2) test of cross-table analysis; the results are presented 

in Table S9. 

In genes harboring four to ten exons, internal exons had higher NNA, NNT and 

NNA/T frequencies but lower NNC, NNG and NNC/G frequencies compared with termi-

nal (the first, second and last) exons (Figures 3, S6 and S7). In internal exons, NNA, NNT 

and NNA/T frequencies increased but NNC, NNG and NNC/G frequencies decreased 

close to the middle exons. Thus, NNC, NNG and NNC/G frequencies formed in the shape 

of concave curves (“∪”) across the exons, but NNA, NNT and NNA/T frequencies, as well 

as the ratio between NNA/T and NNC/G frequencies, formed convex curves (“∩”). The 

curves appeared to be symmetric from the second to the last exons. Moreover, the curve 

peaks of the NNA, NNT and NNA/T frequencies increased gradually following the rise 

in exon number, and the increase became quite weak in genes with eight to ten exons; 

NNC, NNG and NNC/G frequencies showed contrasting patterns (Figures S6 and S7). 

Across the third to the last-but-one exons, NNA, NNT and NNA/T frequencies were lower 

Figure 3. The heterogeneity of SCUB among exons differentiates wild and cultivated rice. (A): The
frequencies of A- and T-ending SCs (NNA/T) across the exons in genes with two to ten exons.
(B): The frequencies of C- and G-ending SCs (NNC/G) across the exons in genes with two to ten
exons. (C): The ratios of A- and T-ending SCs to C- and G-ending SCs (NNA/T to NNC/G ratios)
across the exons in genes with two to ten introns. N denotes any base. The difference between wild
and cultivated rice was calculated with the chi square (χ2) test of cross-table analysis; the results are
presented in Table S9.
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In genes harboring four to ten exons, internal exons had higher NNA, NNT and
NNA/T frequencies but lower NNC, NNG and NNC/G frequencies compared with termi-
nal (the first, second and last) exons (Figures 3, S6 and S7). In internal exons, NNA, NNT
and NNA/T frequencies increased but NNC, NNG and NNC/G frequencies decreased
close to the middle exons. Thus, NNC, NNG and NNC/G frequencies formed in the shape
of concave curves (“∪”) across the exons, but NNA, NNT and NNA/T frequencies, as well
as the ratio between NNA/T and NNC/G frequencies, formed convex curves (“∩”). The
curves appeared to be symmetric from the second to the last exons. Moreover, the curve
peaks of the NNA, NNT and NNA/T frequencies increased gradually following the rise in
exon number, and the increase became quite weak in genes with eight to ten exons; NNC,
NNG and NNC/G frequencies showed contrasting patterns (Figures S6 and S7). Across
the third to the last-but-one exons, NNA, NNT and NNA/T frequencies were lower than
NNC, NNG and NNC/G frequencies in genes with fewer exons, while they became higher
in genes with more exons. For internal exons, the shift in NNC and NNT frequencies was
more obvious with the rise in exon numbers than in NNG or NNA frequencies. Thus, the
differences between NNA and NNT frequencies became larger, while those of NNCs and
NNGs became smaller. The profiles of SCUB frequencies based on exon position were
similar in wild and cultivated rice, indicating that the stronger bias to A/T-ending codons
in the middle exons was maintained during the domestication of rice.

An obvious difference was present in wild and cultivated rice (Figures 3 and S8;
Table S8). In the first exons, wild rice had lower NNC, NNG and NNC/G frequencies but
higher NNA, NNT and NNA/T frequencies and NNA/T to NNC/G ratios than cultivated
rice, while the trend was the converse in the other exons. In both Asian and African rice,
the difference in NNA, NNT or NNA/T, as well as in NNC, NNG or NNC/G frequencies,
between wild and cultivated rice, was almost constant in the first, second and last exons
of the genes with two to ten exons; the difference, however, became larger in the internal
exons following the rise in exon number, being much closer to that in the middle exons.
On the other hand, the SCUB frequencies across the exons in genes with two to ten exons
were almost the same in Asian and African wild rice, and the curves of SCUB frequencies
appeared to almost coincide with each other, as was also found between Asian and African
cultivated rice. These results indicate that the heterogeneity of SCUB frequencies across
exons, as well as the stronger preference for A/T-ending codons in internal exons after
domestication, is the same in both Asian and African rice.

2.4. SCUB Shift in Cultivated Rice Is Associated with DNA Methylation-Mediated Conversion of
Cytosine to Thymine

DNA methylation serves as a source of nucleotide substitution because methylated cy-
tosine (5mC) can be converted into thymine [33]. To investigate whether SUCB shift during
rice domestication is associated with DNA methylation-mediated nucleotide substitution,
we evaluated the frequencies of NNA and NNG with different nucleotides in the second
position (conversion of C to T in the antisense strand causes conversion G to A), as well
as the frequencies of NNT and NNC with different nucleotides in the first position of the
downstream codon (NT|N and NC|N) (conversion of C to T in the sense strand).

Generally, NAA, NCA, NGA and NTA frequencies were slightly lower than NAG,
NCG, NGG and NTG frequencies (p = 0.055~0.130, t-test) (Figure 4A). NCA frequencies
were higher than other NNA frequencies; NCG frequencies were lower than NAG, higher
than NGG frequencies, but similar to NGG frequencies. NCA/NCG ratios mirroring the
methylation-mediated conversion of C to T in the antisense strand were significantly higher
than NAA/NAG, NGA/NGG and NTA/NTG ratios (Figure 4C). NNT|G frequencies were
drastically higher than NT|A, NT|C and NT|T frequencies and NC|G frequencies were
also higher than NC|A, NC|C and NC|G frequencies; this resulted in drastically higher
NT|G/NC|G ratios mirroring the methylation-mediated conversion of C to T in the sense
strand than for the NT|A/NC|A, NT|C/NC|G and NT|T/NC|T ratios (Figure 4B,D).
These data show that C in the second position of the codons and G in the first position of
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the next codons had a stronger effect in increasing the bias of A and T in the third position
of the codons, which indicates the association between methylation-mediated nucleotide
conversion and SCUB.
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Figure 4. DNA methylation-driven conversion of cytosine to thymine is associated with the difference
in SCUB frequencies between wild and cultivated rice. (A): The frequencies of NNA and NNG
indicating the effect of the second codon nucleotide on the conversion of C to T at the third position
in the antisense strand. (B): The frequencies of NT|N and NC|N indicating the effect of the first
nucleotide of next codons on the conversion of C to T at the third position in the sense strand. (C): The
ratios of NNA to NNG. (D): The ratios of NT|N to NC|N. NNA and NNG: SCs with A and G as
the final bases and A, T, C and G at the second position, N denotes any base. NT|N and NC|N: the
triple nucleotide combinations with C and T as the final bases and A, T, C and G at the first position
of the next codons. The difference in wild and cultivated rice was calculated with chi square (χ2) test
of cross-table analysis, and the results are presented in Table S10.

In both Asian and African rice, the frequencies of the four types of NNA codons were
lower in cultivated rice than in wild rice; in contrast, among the four types of NNG codons,
NCG frequencies were obviously higher in cultivated rice compared with wild rice, but
the frequencies of the other three types of NNG codons were substantially less different in
the wild and cultivated rice (Figure 4A; Table S9). Thus, the ratios of the four NNA/NNG
combinations were lower in cultivated rice than in wild rice, among which the ratios of
NCA/NCG had the most pronounced difference between the wild and cultivated rice.
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Consistently, NT|A, NT|T, NT|C and NT|G frequencies were higher in wild rice than
in cultivated rice; for NC|N combinations, NC|G frequencies were significantly lower in
wild rice than in cultivated rice, and the difference in the frequencies of NC|A, NC|C and
NC|T in wild and cultivated rice was not as remarkable as the NC|G frequencies.

To further analyze the effect of the second nucleotide on DNA methylation-mediated
SCUB, the frequencies of C/G-ending SC pairs of amino acids with the same nucleotides
in the first and second positions were calculated (Figure 5A). The ratios of NCA/NCG
(encoding alanine, proline, serine and threonine) varied from 0.595 to 1.193, significantly
higher than those of N(A/G/T)A/N(A/G/T)G (encoding arginine, glycine, glutamic acid,
glutamine, leucine, lysine and valine) (0.264 to 0.636 except for glycine (0.858~0.976))
(p = 0.009~0.023 and 0.001~0.004 without glycine; t-test). Moreover, the ratios of both
NCA/NCG and N(A/G/T)A/N(A/G/T)G combinations of these amino acids were lower
in cultivated rice than in wild rice (Table S10), and the difference between wild and cul-
tivated rice was more significant in African than in Asian rice (p = 0.002 in African rice
and 0.501 in Asian rice, t-test). On the other hand, the first nucleotide G of the adjacent
codons also caused lower ratios of NNT|G/NNC|G in cultivated rice than in wild rice
(Figure 5B).
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Figure 5. The effect of the adjacent nucleotides on the ratios of A-ending SCs to G-ending SCs, as
well as T-ending SCs to C-ending SCs, encoding the given amino acids. (A): The effect of the second
nucleotide on the codons. (B): The effect of the first nucleotide on the next codons. The statistical
comparison was conducted using chi square (χ2) test, and the results are presented in Table S11. The
difference between the ratios of Ala, Pro, Ser, Thr and the ratios of Arg, Gln, Glu, Gly, Leu, Lys and
Val in a species was calculated with two-sample t-test (p < 0.05).

The association between DNA methylation and the heterogeneity of SCUB based
on introns was further analyzed. The ratios of the four NNA/NNG combinations and
the four NT|N/NC|N combinations improved following the increase in intron number
(Figures 6A,B and S9). The increase in NCA/NCG and NT|G/NC|G ratios was much
sharper than that in the ratios of the other NNA/NNG and NT|N/NC|N combinations
(Figure S9), showing DNA methylation-associated SCUB was more preferential in genes
containing more introns. Moreover, when compared to wild and cultivated rice, the ratios
of both NCA/NCG and NT|G/NC|G were comparable with genes with fewer introns, but
were higher in cultivated rice than in wild rice for genes with more introns (Figure 6A,B;
Table S11).
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Figure 6. The association between DNA methylation and SCUB heterogeneity based on intron
number and exon position reveals the difference between wild and cultivated rice. (A): The ratios
of NCA to NCG in genes with no to nine introns. (B): The ratios of NT|G to NC|G in the genes
with no to nine introns. (C): The ratios of NCA to NCG across the exons in genes with two to ten
exons. (D): The ratios of NT|N to NC|N across the exons in genes with two to ten introns. The
difference was calculated via chi square (χ2) test of cross-table analysis, and the results are presented
in Table S12.

The ratios of the four NAA/NNG combinations were almost the same in the first
exons of genes with two to ten exons (Figures 6C and S10). In the last exons, the NCA/NCG
ratios gradually improved following the increase in the exon number, but the ratios of
the other three NNA/NNG combinations were comparable to those in the first exons
(Figure S10). The second exons of genes with three to ten exons exhibited similar patterns
to the last exons. As for genes with four to ten exons, the ratios of the four NNA/NNG
combinations in the internal (the third to the last but one) exons were higher than those
in the terminal exons, and gradually increased to be closer to the middle exons, resulting
in “∩” curves. The ratios of the four NNA/NNG combinations in the internal exons
gradually increased following the rise in exon number, of which the NCA/NCG ratios
drastically increased up to more than three in genes with eight to ten exons, but the
ratios of NAA/NAG, NGA/NGG and NTA/NTG weakly increased to approximately one
(Figure S10). The ratios of NT|A/NC|A, NT|C/NC|C, NT|G/NC|G and NT|T/NC|T
among the exons exhibited similar “∩” profiles, and the NT|G/NC|G ratios in the internal
exons were more predominant than the other NT|N/NC/N combinations; the increase
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in the ratios of NT|N/NC|N combinations in the internal exons was more obvious than
that of NNA/NNG combinations following the rise in exon number (Figure S11). In both
African and Asian rice, the ratios of NAA/NAG, NGA/NGG and NTA/NTG, as well as
NT|A/NC|A, NT|C/NC|C and NT|T/NC|T, across the exons in genes with two to ten
exons were either comparable to wild and cultivated rice or slightly higher in cultivated
rice than in wild rice (Figures S10 and S11). However, the NCA/NCG and NT|G/NC|G
ratios in the internal exons were remarkably higher in cultivated rice compared with those
in wild rice, and the difference became larger close to the middle exons and more significant
following the rise in exon number; the ratios in the first two exons and the last exons were
similar in wild and cultivated rice (Figure 6C,D). Moreover, in both wild and cultivated
rice, the ratios of the four NNA/NNG and the four NT|N/NC|N combinations across the
exons in genes with two to ten exons were similar in African and Asian rice, showing the
similar SCUB patterns in wild and cultivated rice.

The association between DNA methylation and SCUB based on exons was further
confirmed by C- and G-ending SC pairs of amino acids sharing the same nucleotides in
their first and second positions (Figures S12 and S13). The ratios of NCA/NCG combina-
tions were higher than those of N(A/G/T)A/N(A/G/T)G combinations, and the differ-
ence became more remarkable following the increase in intron number (Figure S12A–D).
Compared with wild rice, cultivated rice had higher ratios of NCA/NCG combinations
in genes with more exons (Figure S12E,F). On the other hand, the ratios of NCA/NCG
and N(A/G/T)A/N(A/G/T)G combinations among exons exhibited similar “∩” patterns
(Figure S13; Table S12). The ratios of the NCA/NCG combinations in internal exons were
significantly higher than those of the N(A/G/T)A/N(A/G/T)G combinations; among the
N(A/G/T)A/N(A/G/T)G combinations, the ratios of GGA/GGG of glycine in the internal
exons were higher than those of the other combinations. The ratios of NCA/NCG combina-
tions in internal exons were obviously higher in cultivated rice than in wild rice, and the
difference became more drastic close to the middle exons, as well as following the rise in
exon number (Figure S14; Table S13).

2.5. SCUB Mirrors the Effect of Domestication

Phylogenetic analysis was conducted to outline the association between SCUB and
the domestication of rice. The cluster based on both SCUB frequencies and RUSC values of
the 59 SCs indicate that African wild rice O. barthii and the other three are clustered into
two distinct clades, and in the latter clade, African cultivated rice O. glaberrima and Asian
wild rice O. rufipogon are grouped into a sub-clade, differentiated from Asian cultivated
rice O. sativa (Figures 7A and S15A). This cladistic analysis was confirmed by PCA based
on SCUB frequencies and RUSC values (Figures 7C and S15B). The scatter plots of the first
and second principal components (PC1 and PC2) distinguish O. glaberrima and O. rufipogon
from O. barthii and O. sativa. Moreover, in both African and Asian rice, the scatter points of
cultivated rice positioned at the top right corner of wild rice, show that SCUB altered in
a similar manner during the domestication of Asian and African rice. The cluster using
the SCUB frequencies based on exon position and intron number differentiates wild and
cultivated rice in a different manner (Figures 7E and S16A). Wild and cultivated rice are
clustered into two groups in the PC1–PC2 plot (Figures 7G and S16C). Especially, the PCA
using SCUB frequencies based on exon position show that both Asian and African wild
rice were close to each other, as were both Asian and African cultivated rice (Figure 7G).
These data show that a similar alteration of SCUB in Asian and African rice during their
domestication was closely associated with intron. The cluster and PCA using the frequen-
cies of methylation-associated codon combinations obtained similar results to the SCUB
frequencies of the 59 SCs (Figure 7B,D), and the analysis using methylation-associated
frequencies based on exon position and intron number also differentiated wild and cul-
tivated rice (Figures 7F,H and S16B). Correlation analysis indicates that there are similar
correlations with wild and cultivated rice, as well as with Asian and African rice based on
the SCUB frequencies of the 59 SCs (Figure S17A–D). As for the SCUB frequencies based
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on exon position, the correlation of wild and cultivated species was similar between Asian
and African rice, and weaker than the correlation between Asian and African wild rice and
between Asian and African cultivated rice (Figure S17E–H). Together with the data from
the phylogenic tree and the PCA, SCUB appears to reflect the domestication of rice and the
association of DNA methylation to SCUB alteration.
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Figure 7. The cluster and principal component analyses of SCUB reflect the domestication of rice.
(A): A cluster tree based on SCUB frequencies of 59 SCs encoding 18 amino acids. (B): A cluster
tree based on the ratios of DNA methylation-associated codon combinations. (C): A scatter plot of
PC1 and PC2 score coefficients from PCA based on SCUB frequencies in 59 SCs encoding 18 amino
acids. (D): A scatter plot of PC1 and PC2 score coefficients from PCA based on the ratios of DNA
methylation-associated codon combinations. (E): A cluster tree based on SCUB frequencies across the
exons in genes with two to ten exons. (F): A cluster tree based on the ratios based on the ratios of DNA
methylation-associated codon combinations. (G): A scatter plot of PC1 and PC2 score coefficients
from PCA based on SCUB frequencies across the exons in genes with two to ten exons. (H): A scatter
plot of PC1 and PC2 score coefficients from PCA based on the ratios of DNA methylation-associated
codon combinations.
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3. Discussion

As a type of genetic variation, SCUB exhibits diverse profiles in the nuclear genomes
of land plants, and can mirror the evolution of plants [29]. Here, both wild and cultivated
rice show a preference for C/G-ending SCs (Figure 1). The domestication of wild rice
caused a genome-scale genetic variation including nucleotide substitution [3–5], and the
nucleotide substitution may have changed the SCUB. We found that in both Asian and
African rice, the cultivated rice showed more preference for C/G-ending SCs than did wild
rice (Figure 1). This demonstrates that domestication indeed affects SCUB and promotes
the preference for C/G-ending SCs in cultivated rice. Codon usage bias correlates with
the trend of GC content variations [34], so it was proposed that codon usage bias may
be driven by GC content changes [35,36]. On other hand, GC-rich regions appear to be
prone to homologous recombination, a force of genetic variation, leading to biased gene
conversion [37]; this increases the GC content across transcripts [38] and affects codon
bias because GC-rich codons tend to be over-represented in ORFs, especially in higher
organisms [39]. Thus, homoeologous recombination may partially account for the bias to
C/G-ending SCs, and this bias in turn could have promoted homoeologous recombination
and genomic variation during the domestication of rice.

Intron gain and loss is a typical genetic event in eukaryotic genomes [40] and causes
nuclear substitution in exon sequences; the process is commonly preferential to a lower
GC content [41]. Intron-rich genes suffer from stronger selection pressure, so they tend to
retain A/T-ending codons [42,43]. Consistent with this, in both wild and cultivated rice, the
bias to A/T-ending codons appears to be more pronounced with the rise in intron number
(Figure 2). On the other hand, as a type of sequence insertions and deletions (indels), intron
evolution could induce nucleotide substitution in adjacent exons, because indels cause
nucleotide substitution in several hundred bases of flanking sequences [25,44]. Moreover, a
higher bias to A/T-ending codons in internal exons, compared with that in terminal exons,
is present in the genes of rice, and the bias in internal exons is more distinguishable in
genes with more introns (Figure 3), consistent with the increase in the bias to A/T-ending
codons following the increase in the number of introns (Figure 2). These data indicate
that the internal exons may be the key point of genetic variation in gene sequences, and
are largely responsible for the effect of introns on SCUB. In comparison with wild rice,
cultivated rice has higher frequencies of A/T-ending codons in genes with more introns
and in the internal exons of the genes (Figures 2 and 3). Especially, the patterns of SCUB
frequencies across the exons are almost the same, both between Asian and African wild rice
and between Asian and African cultivated rice. Although the association between intron
evolution and domestication was not addressed, our findings find new characteristics of
genetic variation and suggest that intron evolution may have played an important role in
SCUB during the domestication of rice.

Genome-scale DNA methylation was found in both wild and cultivated rice [31]. The
methylated cytosine can be converted to thymine [32], so DNA methylation is a source
of SNP formation [45]. Consistent with this, the ratios of NCA/NCG and NT|G/NC|G
are higher than those of the other NXA/NXG (X = A, G and T) and NT|X/NC|X (X = A,
C and T) (Figure 4). Furthermore, the difference in the ratios of both NCA/NCG and
NT|G/NC|G in wild and cultivated rice is more pronounced than that of the other
NXA/ NXG or NT|X/NC|X (Figures 4–6), and coincides with the difference in SCUB
frequencies in wild and cultivated rice. This indicates that DNA methylation-driven
nucleotide substitution is associated with the SCUB shift in the domestication of rice.
In this respect, the ratios of both NCA/NCG and NT|G/NC|G should be higher in
cultivated rice than in wild rice. However, these ratios were lower in cultivated than in
wild rice (Figure 4). Given that the methylation density and average methylation level
of all cytosines in the genome of cultivated rice are higher than those in wild rice [31], it
could be speculated that the decrease in DNA methylation-mediated SCUB alteration may
result from the conversion of T to C, so as to produce methylation sites, thereby increasing
genome-wide DNA methylation levels. On the other hand, the ratios of both NCA/NCG
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and NT|G/NC|G in the internal exons and intron-rich genes of cultivated rice were higher
than those in wild rice (Figure 6). In the genes with body methylation, the internal exons
have higher DNA methylation levels than do the terminal exons [46], so introns have a
positive effect on DNA methylation-mediated bias to A/T-ending SCs. Therefore, there
may be two effects on the association between SCUB and DNA methylation during the
domestication of rice: (i) the bias to C- and G-ending SCs contributes to a higher DNA
methylation level, and (ii) the higher DNA methylation level results in the bias to A and
T-ending SCs by DNA methylation, driving C to T conversion. The synonymous variation
seems to be a nonrandom event to orchestrate the domestication and evolution of plants.
This is an interesting point to be investigated in the future. Moreover, epigenetic variation
such as DNA methylation governs the balance of gene expression [47]. Given the role of SCs
in transcription efficiency, mRNA stability, translational efficiency and accuracy [9–13], a
shift in SCUB may be detrimental to the phenotype of cultivated rice. Thus, the substitution
between SCs can also be used for mining genes and excellent allelic variation governing
agricultural traits in rice and other crops.

In summary, our work found that SCUB shifted during the domestication of rice,
and that the shift in SCUB exhibits similar characteristics in Asian and African rice, as
illustrated by cluster analysis and PCA (Figure 7); this indicates that SCUB and genetic
variation is not a random event and provides a new insight into the genomic variation
during domestication. Nucleotide substitution polymorphism is an important genetic force
in plant evolution and crop improvement. Given the non-neutral effect of synonymous
codons within the cells [9–14], SCUB may have a detrimental effect on the improvement of
agricultural traits in crops; it is, therefore, necessary to focus more attention on the genetic
dissection of agricultural traits in the future.

4. Materials and Methods
4.1. Genome Sequences and Codon Count

Asian wild rice Oryza rufipogon and cultivated rice Oryza sativa, and African wild rice
Oryza barthii and cultivated rice Oryza glaberrima, were used for analysis. Their genome
sequences were downloaded from the EnsemblPlants database (http://plants.ensembl.
org/info/data/ftp/index.html (accessed on 16 April 2021)). The coding sequences (CDS)
of annotated genes were extracted according to the GFF3 gene-annotation files that were
also downloaded from the EnsemblPlants genome database. For genes with more than
one transcript type, the first transcript sequence was used for analysis. Any extracted CDS
without a length that was a multiple of three, containing N, with start codon not ATG,
stop codons not TAA, TAG and TGA were excluded. Codons interrupted by an intron
between the first and the second nucleotide were treated as belonging to the downstream
exon, while those interrupted between the second and the third nucleotides were deemed
to belong to the upstream exon.

4.2. Calculation of SCUB Indices

Using CodonW 1.4.2 software (https://sourceforge.net/projects/codonw/ (accessed
on 27 February 2013)), all filtered coding sequences (CDS) in the genome of a species were
used to calculate the relative synonymous codon usage (RSCU), codon adaptation index
(CAI) and other indices of SCUB.

4.3. Calculation of SCUB Frequency

We adopted SCUB frequencies to measure the bias of SCs. The frequency of each of
the 61 amino acid-encoding codons was calculated using the ratio of the number of this
codon to the number of all codons of the filtered CDS in a species. In total, 59 SCs encoding
18 amino acids, except for Met and Trp, were used to calculate SCUB frequency. The SCUB
frequency of an amino acid encoded by SCs was defined as the ratio of the number of
C- and G-ending SCs to the number of A- and T-ending SCs of this amino acid. Total
SCUB frequency was defined as the ratio of the number of all SCs with A, T, C or G at
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the third position (abbreviated as NNA, NNT, NNC or NNG) to the number of all codons
represented in the filtered CDS, except for start codon, stop codons and TGG.

Methylated cytosine (5mC) can be converted into thymine [33]; methylation is mainly
present in the C of CpG, so the conversion of 5mC results in TpG in the sense strand and
CpA in the antisense strand. The conversion of NCG to NCA (the second to third position)
and NC|G to NT|G (the third-next codon’s first position) can lead to the bias to A- and
T-ending codons. Thus, the ratios of the NXA number to the NXG number (X = A, T, C, or
G) can indicate the effect of the second nucleotide on the conversion from G and C to A
and T at the third position, respectively; in addition, the ratios of the NG|X number to the
NC|X number (X = A, T, C, or G) can indicate the effect of the first nucleotide of the next
codon on the conversion from G and C to A and T at the third position, respectively. Based
on this, the association between DNA methylation and SCUB was evaluated by comparing
the difference in the NCA/NCG ratio with the NAA/NAG, NGA/NGG and NTA/NTG
ratios, and the difference in the NT|G/NC|G ratio with the NT|A/NC|A, NT|C/NC|C
and NT|T/NC|T ratios.

4.4. Cluster Analysis and Principal Component Analysis

Employing the average linkage method and the distance measurement of correlation
in Minitab 17 statistical software, cluster analysis was performed using the SC frequencies
and RSCU values of 59 SCs, the SCUB frequencies based on exon position, the number of
introns and the frequencies of codon combinations associated with DNA methylation. The
dendrogram was generated on the basis of similarity. The data for cluster analysis were also
subjected to principal component analysis in JMP 13 software with default parameters. The
factor score coefficients given by the first two principal components were used to generate
the scatter plot diagrams.

4.5. Statistical Analysis

The difference in the frequencies of NNA, NNT, NNC and NNG of a species and
their difference in wild and cultivated rice were calculated using the chi square (χ2) test
of the cross-table analysis, and the NNA, NNT, NNC and NNG numbers were used for
the calculations. The same statistical analysis was performed to compare the difference
in the frequencies of NNA/T (A- and T-ending SCs) and NNC/G (C- and G-ending SCs).
The χ2 test of the cross-table analysis was conducted to evaluate the difference in SCUB
frequency related to the third nucleotide position concerning DNA methylation, where
the difference between NCA/NCG and NXA/NXG ratios (X = A, G or T) was analyzed
using the numbers of NCA, NCG, NXA and NXG; the difference between NC|G/NG|G
and NC|X/NG|X ratios (X: A, C, or T, respectively) was analyzed using the numbers of
NC|G, NG|G, NC|X and NG|X. The difference between NXC and NXG (X: A, C, G or T,
respectively) SCs of an amino acid encoding by G- and C-ending SCs was measured with
the χ2 test using the numbers of NXC and NXG. The difference in the SCUB frequencies,
based on intron number and exon position in wild and cultivated rice, was calculated via
the two-sample t-test. Fluctuation was assessed by the coefficient of variation (CV), which
was calculated as the ratio of standard deviation to mean.
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Abstract: Histone methylation, as one of the important epigenetic regulatory mechanisms, plays a
significant role in growth and developmental processes and stress responses of plants, via altering
the methylation status or ratio of arginine and lysine residues of histone tails, which can affect the
regulation of gene expression. Protein arginine methyltransferases (PRMTs) have been revealed to
be responsible for histone methylation of specific arginine residues in plants, which is important
for maintaining pleiotropic development and adaptation to abiotic stresses in plants. Here, for
the first time, a total of eight PRMT genes in maize have been identified and characterized in this
study, named as ZmPRMT1-8. According to comparative analyses of phylogenetic relationship and
structural characteristics among PRMT gene family members from several representative species,
all maize 8 PRMT proteins were categorized into three distinct subfamilies. Further, schematic
structure and chromosome location analyses displayed evolutionarily conserved structure features
and an unevenly distribution on maize chromosomes of ZmPRMT genes, respectively. The expression
patterns of ZmPRMT genes in different tissues and under various abiotic stresses (heat, drought,
and salt) were determined. The expression patterns of ZmPRMT genes indicated that they play a
role in regulating growth and development and responses to abiotic stress. Eventually, to verify
the biological roles of ZmPRMT genes, the transgenic Arabidopsis plants overexpressing ZmPRMT1
gene was constructed as a typical representative. The results demonstrated that overexpression of
ZmPRMT1 can promote earlier flowering time and confer enhanced heat tolerance in transgenic
Arabidopsis. Taken together, our results are the first to report the roles of ZmPRMT1 gene in regulating
flowering time and resisting heat stress response in plants and will provide a vital theoretical basis
for further unraveling the functional roles and epigenetic regulatory mechanism of ZmPRMT genes
in maize growth, development and responses to abiotic stresses.

Keywords: histone methylation; protein arginine methyltransferase; Zea mays L.; abiotic stress;
functional analysis

1. Introduction

In eukaryotic, nucleosome is largely comprised of 146–147 base pairs of DNA and
a histone octamer, including four types of histones (namely H2A, H2B, H3 and H4) [1].
The N-terminal tails of these histones can be subjected to post-translational and covalent
modifications, including methylation, acetylation, phosphorylation, glycosylation, ADP-
ribosylation, sumoylation and ubiquitination, designated as histone codes that regulate
gene expression epigenetically through various mechanisms [2]. These histone codes have
been demonstrated to not only directly affect and change the structure of chromatin but
also extensively involve the regulation of gene expression [3]. It has been revealed that
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the levels of histone methylation can be altered in abiotic and biotic stress responses of
plants, and the methylation of some specific residues at the N-terminal tails of histone is
closely related to the upregulated or downregulated expression of stress response genes [4].
Therefore, histone methylation has become one of the hot topics in epigenetic regulation
research in recent years.

Various arginine (R) and lysine (K) residues at the N-terminal tails of histone can
be methylated via protein arginine and lysine methyltransferases, respectively. Protein
arginine methyltransferases (PRMTs) can methylate histone H3 at R2 (H3R2), R8 (H3R8),
R17 (H3R17), R26 (H3R26) and H4 at R3 (H4R3) through transferring the methyl group
from S-adenosylmeth ionine (Ado-Met) to the nitrogen atom of arginine side chain [5]. Gen-
erally, there are three main forms of methylated arginine: monomethylarginines (MMA),
asymmetric dimethylarginines (ADMA) and symmetric dimethylarginines (SDMA). Based
on various methylated arginine forms, PRMTs can be categorized into four major types,
namely types I, II, III or IV enzymes [6,7]. The type I and II PRMTs can regulate gene ex-
pression through the methylation of histone tails. Among them, the type I PRMTs include
PRMT1, PRMT2, PRMT3, PRMT4, PRMT6 and PRMT10 and usually methylate H3R2 and
H4R3 residues to generate ADMA, leading to transcriptional activation and ribosomal
biosynthesis [8]. In contrast, the type II PRMTs, including PRMT5 and PRMT9, are required
for the formation of SDMA at H3R8 and H4R3 residues, resulting in transcriptional repres-
sion [9,10]. However, the type III PRMTs (mainly PRMT7) only catalyze the generation of
MMA [11]. In addition, the type IV PRMTs can methylate secondary amine on arginine
residues, which has only been revealed in yeast [11–13]. Since PRMTs are involved in
regulating diverse biological processes in animals and yeast, their significance of PRMTs in
the model plant Arabidopsis has been paid great attention to in recent years [14].

In plants, genes encoding PRMTs have been identified and analyzed in several species,
including Arabidopsis thaliana [15], Oryza sativa [14], Eucalyptus grandis [16] and Glycine
max [17]. Studies have revealed that PRMTs share rather conserved features in eukary-
otic cells and play crucial roles in chromatin structure, RNA processing, altered gene
transcription, transport and translation, DNA repair, cellular differentiation and signal
transduction [18,19]. Previous studies have demonstrated that the absence of AtPRMT3 can
lead to multiple developmental defects in Arabidopsis, including unbalanced polyribosome
spectra and abnormal rRNA preprocessing, where rRNA precursor processing is required
for ribosomal biogenesis [20]. In Arabidopsis, AtPRMT4a and AtPRMT4b, two orthologs of
human PRMT4/CARM1 protein, can methylate histone H3R2, H3R17 and H3R26 in vitro
and are required for the methylation at H3R17 in vivo. The double mutant of AtPRMT4a
and AtPRMT4b genes exhibited an FLC-dependent late flowering phenotype [21]. In addi-
tion, AtPRMT5/Skb1 (Shk1binding protein 1) belongs to a type II PRMT and can result
in the generation of SDMA at H4R3 residue in vitro, and the atprmt5 mutant exhibited
pleiotropic phenotypes, such as growth retardation, curly and dark green leaves and late
flowering in FLC-dependent manner in Arabidopsis [22,23]. Increasing evidence has sug-
gested that the PRMT5-mediated arginine methylation plays a crucial role in alterative
splicing of normal pre-mRNA in plants and animals [24,25] and that the late-flowering phe-
notype shown in atprmt5-1 and atprmt5-2 mutants may be resulted from alterative splicing
of flowering time regulatory genes associated with RNA processing [24]. Previous studies
have demonstrated that PRMT5 acts as a key determinant of circadian period in Arabidopsis
and Drosophila, which may link circadian cycle with alternative splicing [25]. It has also
been revealed that the expression level of FLOWERING LOCUS C (FLC) gene is upregulated,
which might be resulted from alternative splicing of FLK (Flowering Locus C) in atprmt5
mutant [26]. In addition, AtPRMT5/Skb1 has been revealed to regulate gene transcription
and involve alterative splicing of pre-mRNA through symmetrically dimethylating H4R3
residues of histone and small nuclear ribonucleoprotein LSM4 and thereby confer a high
salt stress tolerance in Arabidopsis [27]. Furthermore, AtPRMT10, a plant-specific type I
PRMT, has been revealed to play divergent roles in flowering time control [15]. A mutation
in the AtPRMT10 gene resulted in late flowering by upregulating the transcript level of

179



Int. J. Mol. Sci. 2022, 23, 12793

FLC gene. Moreover, the correlation between the FLC expression and flowering time and
vernalization has been determined, which indicates that the FLC gene acts as an important
determinant in natural variation of flowering time [28,29]. Further, the Arabidopsis FLC
protein has been demonstrated to function as a flowering repressor, which may be involved
in regulating related genes in autonomous or vernalization pathways. Previous studies
have demonstrated that the FLC gene can function in repressing expression of the flowering
regulatory genes SOC1 (Super of overexpression COI) and FT (Flowering Locus T) through
genetic and transgenic methods [30].

Furthermore, recent studies have revealed that many epigenetic factors are involved in
various abiotic stress responses, and distinct chromatin modifications can be altered when
plants are exposed to adverse environmental conditions, resulting in a dynamic chromatin
environment to regulate gene expression [31]. At present, the cross-talk between diverse
abiotic stress response pathways and epigenetic regulatory pathways has been thoroughly
studied in plants [31]. However, the underlying mechanisms of epigenetic regulation of
plant responses to heat stress remain to be elucidated, especially in regulating the dynamic
histone arginine methylation patterns of stress-responsive genes, which partly depends on
the catalytic function of PRMTs in plants. Moreover, proline is an essential multifunctional
amino acid, which plays an important role in abiotic stress tolerance of plants. However,
little is known about the biological functions of proline metabolism in plant responses to
heat stress. Previous studies have revealed that short-term heat shock at 42 ◦C can result in
proline accumulation in plant seedlings, and the external application of proline can induce
the level of endogenous free proline and activities of antioxidant enzymes, followed by
enhancing heat tolerance of plant seedlings [32]. Moreover, proline accumulation is mainly
caused by the following three aspects: increasing the synthesis of proline, reducing the
oxidation and degradation of proline and reducing the utilization of protein synthesis [33].

So far, much is well-known regarding proline metabolism in plants. The metabolic
pathway of proline includes synthetic pathway and catabolic pathway. The synthetic
pathway involves two enzymes, P5CS (pyrroline-5-carboxylate synthetase) and P5CR
(P5C reductase). The degradation pathway involves other two enzymes, ProDH (proline
dehydrogenase) and P5CDH (pyrroline-5-carboxylate dehydrogenase). [34]. Proline ac-
cumulation has been demonstrated to play adaptive roles in abiotic stress tolerance of
plants [35]. Accumulated free proline could be implicated in adjusting cytosolic osmotic
potential in order to save water [36], protect the membrane structure, sustain the structures
of soluble proteins and activities of enzymes [37], act as reactive oxygen species (ROS)
scavenger [38] and retain storage of carbon and nitrogen [39]. For example, overexpression
of bean P5CS1 gene in tobacco can slow down the decline of osmotic potential of transgenic
plants under water stress [36].

Maize (Zea mays L.), as one of the most important crop species in the world and is
vulnerable to environmental factors with climate change. Thus, how to use the methods of
molecular biology to improve stress resistance and yield of maize is one of the hot topics of
current biological research. Moreover, it has been demonstrated that plant PRMT genes are
extensively involved in the regulation of growth and development and responses to various
abiotic stresses. However, little is known regarding identification and function analysis
of PRMT gene family in maize. In the present study, we carried out a comprehensive
identification and functional analysis of PRMT genes in maize, including their phyloge-
netic relationships, gene and protein structures, conserved domain and motif architecture,
chromosome location, gene duplication events and diverse expression profiles, which will
facilitate further studies to unravel the exact biological roles of ZmPRMT genes in maize.
Furthermore, the roles of ZmPRMT1 in regulating flowering time and conferring heat stress
tolerance were further clarified in transgenic Arabidopsis.

In this study, we selected transgenic Arabidopsis lines that overexpress maize Zm-
PRMT1 gene to further reveal its functional roles in plants based on the conserved evolu-
tionary relationship among ZmPRMT1 protein and some orthologous PRMT proteins in
Arabidopsis, rice and sorghum. Although the direct use of Arabidopsis as a model plant for
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maize still has limitations, the current performance of Arabidopsis in plants is better than
all other models. For example, when the purpose of the research is to gain a fundamental
understanding of the specific growth process of plants, such as the regulation of flowering
time, the Arabidopsis model system is still of reference significance [40]. Of course, it is also
necessary to further verify the function of genes in maize through the overexpression and
latest CRISPR/Cas9 gene editing techniques. In the case of flowering time regulation, the
factors that advance the flowering time of Arabidopsis may inhibit the flowering time of rice
(Oryza sativa) [41], and the network variation that affects the flowering time is significant
even in gramineous plants [42,43]. Taken together, this study may contribute to an in-depth
comprehension of the evolution of ZmPRMT genes and their crucial roles in maize growth,
development and responses to abiotic stresses.

2. Results
2.1. Identification of the Members of PRMT Gene Family in Maize

To identify the total possible orthologs of PRMT gene family in maize, the PRMT pro-
tein sequences of Arabidopsis, rice and sorghum and their PRMT domains (Pfam: PF05185)
were used as queries in the maize genome database. After the redundant sequences were
removed, a total of eight maize PRMT proteins (namely ZmPRMT1–ZmPRMT8) were
obtained. Further, these eight ZmPRMT sequences were scanned using Pfam and SMART
databases to confirm the presence of the PRMT domain, respectively. The sequences of eight
AtPRMTs, two OsPRMTs and two SbPRMTs were obtained from NCBI database for further
investigation. The phylogenetic tree containing these representative AtPRMTs, OsPRMTs
and SbPRMTs was constructed with ZmPRMT proteins, which was classified into three
distinct subfamilies (Figure 1). Moreover, a total of eight ZmPRMT genes were uniformly
named as ZmPRMT1–ZmPRMT8 referring to their corresponding encoded protein in the
above method section. All the conserved domains in PRMTs in maize were very similar to
those PRMT proteins in Arabidopsis. Then the basic information such as the protein molecu-
lar weight, the isoelectric point and the number of amino acid residues was analyzed by
ExPASY (https://web.expasy.org/protparam/) (accessed on 10 September 2021) (Table 1).
The length of the ZmPRMT coding sequence varied from 798 bp from ZmPRMT1 to 3201
bp for ZmPRMT3, with the respective coding potential of 306 and 1066 amino acids. The
protein isoelectric point was between 5.27 (ZmPRMT4) and 8.36 (ZmPRMT3). Furthermore,
the molecular weight varied from 29.86 KDa (ZmPRMT1) to 117.06 KDa (ZmPRMT3),
indicating that ZmPRMT proteins share a large molecular weight range.

Table 1. Basic information about ZmPRMT in maize.

Gene Name
Accession Number

Ensemble Transcript
Genome Location
Coordinates (5′-3′)

CDS
(bp)

Protein

Length
(a.a)

Mol. Wt
(kDa) PI

Chr

No.

ZmPRMT1 Zm00001d015228 80075042–80104640 798 265 29.86 5.761 5
ZmPRMT2 Zm00001d054001 244881916–244901087 2070 689 77.33 5.618 4
ZmPRMT3 Zm00001d022469 178246469–178259200 3201 1066 115.42 7.413 7
ZmPRMT4 Zm00001d007133 223062728–223070243 1647 548 60.44 5.127 2
ZmPRMT5 Zm00001d026614 148995156–149000603 1164 387 43.65 5.274 10
ZmPRMT6 Zm00001d032633 232602048–232615275 1212 403 44.97 5.971 1
ZmPRMT7 Zm00001d036131 73847683–73858041 1134 377 42.37 5.423 6
ZmPRMT8 Zm00001d020188 98545533–98549295 921 306 34.52 6.862 7
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tree was constructed using MEGA 7.0 with 1000 replicates. Three main clades are marked: I, II and 
III with different colored ranges. In the exon–intron structures, black lines represent introns, yellow 
boxes represent exons and the blue boxes represent upstream/downstream regions of PRMT genes. 
Protein sequences were downloaded from the Maize genome database and NCBI database. (b) 
Phylogenetic tree and the corresponding conserved motifs of PRMT proteins. Ten different colored 
boxes with numbers are used to represent different conserved motifs. The motifs identified in each 

Figure 1. Phylogenetic relationship, gene structure, conserved motif and conserved domain analysis
of maize PRMT family from maize, rice, sorghum and Arabidopsis. (a) Phylogenetic tree and the
corresponding exon–intron structures of PRMT proteins. The maximum-likelihood phylogenetic tree
was constructed using MEGA 7.0 with 1000 replicates. Three main clades are marked: I, II and III with
different colored ranges. In the exon–intron structures, black lines represent introns, yellow boxes
represent exons and the blue boxes represent upstream/downstream regions of PRMT genes. Protein
sequences were downloaded from the Maize genome database and NCBI database. (b) Phylogenetic
tree and the corresponding conserved motifs of PRMT proteins. Ten different colored boxes with
numbers are used to represent different conserved motifs. The motifs identified in each group of
PRMT proteins were schematically represented using the MEME motif search tool. (c) Phylogenetic
tree and the corresponding conserved domains of maize PRMT proteins. The 8 PRMT domain
sequences of maize were downloaded from the Smart database. Protein is represented by gray line.
The position to the left of the gray line represents the N-terminal of each protein. Different colored
rectangles are used to represent the domains contained in proteins.
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2.2. Phylogenetic and Conserved Domain Analysis of Maize PRMT Proteins

To investigate the phylogenetic relationships among PRMTs from maize, Arabidopsis,
rice and sorghum, the multiple sequence alignment with MEGA7.0 was performed using
the protein sequences of PRMTs from these plants and the unrooted phylogenetic tree
was constructed from the alignment full-length protein sequences of eight AtPRMTs,
two OsPRMTs, two SbPRMTs and eight ZmPRMTs through the Maximum-Likelihood
method. Based on the comparison and analysis of evolutionary relationships among PRMT
proteins, these proteins were categorized into three major subfamilies (Figure 1). In the
first subfamily, maize ZmPRMT1 and ZmPRMT2 exhibit high homology with OsPRMT5,
SbPRMT5 and AtPRMT5. In the second subfamily, maize ZmPRMT3, ZmPRMT4 and
AtPRMT4A, AtPRMT4B belong to orthologous proteins. In the third subfamily, ZmPRMT7,
OsPRMT10, AtPRMT10 and SbPRMT10 belong to orthologous proteins, and ZmPRMT5,
ZmPRMT6 and ZmPRMT8 share high homology with AtPRMT1A, AtPRMT3, AtPRMT6
and AtPRMT11. Further, the genetic structure of maize PRMT genes is highly conserved,
and the structure is simpler than that of other plants PRMTs (Figure 1a), which is consistent
with their motif distribution (Figure 1b).

In order to understand the difference of the domain architecture, the SMART database
was used to determine the structure types of eight maize PRMT proteins with default
parameters (Figure 1c). According to their relationships with Arabidopsis, rice and sorghum
PRMT proteins, the eight ZmPRMT proteins were classified into three different subfamilies,
including the subfamily I (two members), the subfamily II (two members) and the subfamily
III (four members). In subfamily I, ZmPRMT1 and ZmPRMT2 share two conserved domains
including PRMT5 (PF05185) and PRMT5_C. The PRMT5 domain is the conserved functional
domain of arginine methyltransferase. ZmPRMT2 has a complete PRMT_Tim domain at
the N-terminal, which may play a role in the quaternary structure of this protein. In
subfamily II, ZmPRMT4 has only one conserved PrmA domain, while ZmPRMT3 has
another REF domain at the C-terminal. Among the members of subfamily III, all these
proteins share several common conserved domains: MTS, PrmA, Methyltransf_11 and
Methyltransf_25. Among them, ZmPRMT5, ZmPRMT6 and ZmPRMT7 contain more
than six domains, which are concentrated in the anterior middle segment of the protein
sequence, and ZmPRMT5 and ZmPRMT7 have only one Met_10 domain at the C-terminal.
The conserved domains of ZmPRMT8 are concentrated at the N-terminal. In conclusion, the
distribution of conserved domains of each protein is related to the evolution of each other.

2.3. Chromosomal Localization and Gene Duplication of PRMT Gene Family in Maize

The physical locations of ZmPRMT genes on chromosomes were investigated to gen-
erate the chromosomal position graphics of ZmPRMT genes. The graphics showed that
all eight ZmPRMT genes were distributed unevenly across seven of all the ten chromo-
somes in the maize genome (Figure 2). These newly identified genes were distributed
individually in various regions of these chromosomes (i.e., telomere, near centromere
and other regions). Chromosome 7 has the highest number of ZmPRMT genes, i.e., two,
while Chromosomes 1, 2, 4, 5, 6 and 10 have only one in each, respectively. In detail,
ZmPRMT3 and ZmPRMT8 were located on Chromosome 7, whereas the ZmPRMT6, Zm-
PRMT4, ZmPRMT2, ZmPRMT1, ZmPRMT7 and ZmPRMT5 were located on Chromosomes
1, 2, 4, 5, 6 and 10, respectively. Furthermore, ZmPRMT2, ZmPRMT3 and ZmPRMT5 are
distributed near the telomeres of chromosomes. Considering the importance of telomere
structure for maintaining chromosome stability and ensuring the complete replication of
genes on chromosomes, the above three genes are considered to be very conserved in the
process of species evolution and may play an irreplaceable role in normal growth and
developmental process of maize. Furthermore, gene duplication events were investigated
to determine the evolutionary patterns of the maize PRMT gene family. Based on the
analysis of sequence alignment, it was revealed that a pair of genes (ZmPRMT3/ZmPRMT4)
was involved in the segmental duplication of maize for they share 88.67% homology in the
sequences (Supplementary Figure S1). This result indicates that gene duplication events
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may have occurred during the evolution process of PRMT genes to preserve the function of
PRMT proteins.
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Figure 2. Chromosomal location of PRMT family genes in maize. Eight maize PRMT genes were
located on 7 of all the 10 maize chromosomes. The number of chromosomes is marked at the top
of each blue column bar. The approximate position of each ZmPRMT gene on the chromosome
corresponds to the gene name on the left of the blue bar in the figure. The scale on the left in the
figure is in megabytes. The blue box indicates that there is a replication relationship between genes.

2.4. The Cis-Acting Regulatory Elements in the Promoter of Maize PRMT Genes

To further investigate the potential regulatory mechanism in biotic or abiotic stress
responses, the cis-acting elements were detected in 2000 bp upstream of promoter of
ZmPRMT genes via using the PlantCARE database. All of the 16 cis-acting regulatory
elements associated with stress and hormones were detected in the promoter regions of the
PRMT gene in maize (Figure 3). Most ZmPRMT genes contain ARE that is related to the
anaerobic reaction, except ZmPRMT6. Further, most ZmPRMT genes share the CGTCA-
motif (MeJA reactive element), TGACG-motif (MeJA reactive element), ABRE (abscisic acid
reactive element) and LTR (low-temperature relative element). The results indicated that
these genes not only respond to hormone but also may respond to abiotic stress. In addition,
MBS (drought induction element), TC-rich repeats (defense and stress response element),
GARE motif (gibberellin response element), P-box (gibberellin response element), TGA
element (auxin response element) and TCA element (salicylic acid response element) were
detected in the 2000 bp upstream region of the promoter of these genes. Taken together,
these results revealed that expression of maize PRMT genes could be modulated by various
hormones and adversity stress, which may participate in the regulation of biotic or abiotic
stress responses and hormone signal transduction.
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Figure 3. Distribution of major stress-related cis-elements in the promoter sequences of the 8 ZmPRMT
genes. Putative ABRE, CGTCA-motif, ERE, MBS, TGACG-motif, GATA-motif, TGA-element, ARE,
TC-rich repeats, LTR, GARE-motif, TCA-element and GATT-motif core sequences are represented
by different symbols as shown in the symbols at the bottom. ABRE: cis-acting element involved in
the abscisic acid responsiveness; CGTCA-motif: cis-acting regulatory element involved in the MeJA
responsiveness; ERE: ethylene-responsive element; MBS: drought -responsive element; TGACG-
motif: cis-acting regulatory element involved in the MeJA-responsiveness; GATA-motif: zinc-finger
transcription factor; TGA element: auxin-responsive element; ARE: anaerobic-responsive element; TC-
rich repeats: cis-acting element involved in defense and stress responsiveness; LTR: low-temperature
relative element; GARE-motif: gibberellin-responsive element; TCA-element: cis-acting element
involved in salicylic acid responsiveness. The position of each cis-element in the 2 kb sequence
upstream of the initiation codon (ATG) of the ZmPRMT genes was measured at a scale of 300 bp.

2.5. Analysis of Microarray Expression Profile of Maize PRMT Genes in Different Tissues

To further explore the transcription patterns of maize PRMT genes, the expression pro-
file of eight ZmPRMT genes in 60 different developmental periods was characterized with
microarray data (Figure 4). Heat map shows that ZmPRMT genes have a trend of differen-
tial expression in different growth periods of all these tissues. The signal values for all these
ZmPRMT genes were shown in Supplementary Table S2. According to the heat map, some
specifically expressed ZmPRMT genes in tissues or organs were discovered at 60 diverse
developmental stages. All eight ZmPRMT transcripts investigated were expressed in the
whole growth process, although these members were expressed at low levels in some tis-
sues at different growth and development stages. In addition, the results showed that some
ZmPRMT genes begin to express at a certain time during plant growth and development,
indicating that these ZmPRMT genes are very important in maize growth and development
processes. Moreover, we found that the expression patterns of ZmPRMT genes can be
roughly classified into two periods with the R2_Outer Husk and the R2_Innermost Husk as
the boundaries. In the first period, the expression levels of most ZmPRMT genes were gen-
erally very low at various tissues. However, some ZmPRMT genes were highly expressed in
some specific tissues such as 6DAS_GH_WTeoptile, 6DAS_GH_Primary Root, VE_Primary
Root, V1_Stem and SAM, V3_Stem and SAM, V13_Immature Tassel and V18_Immature
Cob, implying that these genes might play important roles in these specific tissues at
different periods of maize growth process. Furthermore, according to the heat map, several
ZmPRMT genes such as ZmPRMT2, ZmPRMT3 and ZmPRMT4 were also revealed to be
highly or specifically expressed in some tissues. In the second period, the majority of
ZmPRMT genes were expressed highly or specifically at different developmental stages of
seed and endosperm after pollination. To summarize, the expression pattern showed that
the transcriptional levels of ZmPRMT genes in seed and endosperm were obviously higher
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than those in roots, stems and leaves. Taken together, the results demonstrated that these
identified ZmPRMT genes exhibited differential expression patterns at diverse growth and
development stages of maize, suggesting that these genes may function in multiple tissues.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 32 
 

 

during plant growth and development, indicating that these ZmPRMT genes are very 
important in maize growth and development processes. Moreover, we found that the 
expression patterns of ZmPRMT genes can be roughly classified into two periods with the 
R2_Outer Husk and the R2_Innermost Husk as the boundaries. In the first period, the 
expression levels of most ZmPRMT genes were generally very low at various tissues. 
However, some ZmPRMT genes were highly expressed in some specific tissues such as 
6DAS_GH_WTeoptile, 6DAS_GH_Primary Root, VE_Primary Root, V1_Stem and SAM, 
V3_Stem and SAM, V13_Immature Tassel and V18_Immature Cob, implying that these 
genes might play important roles in these specific tissues at different periods of maize 
growth process. Furthermore, according to the heat map, several ZmPRMT genes such as 
ZmPRMT2, ZmPRMT3 and ZmPRMT4 were also revealed to be highly or specifically 
expressed in some tissues. In the second period, the majority of ZmPRMT genes were 
expressed highly or specifically at different developmental stages of seed and endosperm 
after pollination. To summarize, the expression pattern showed that the transcriptional 
levels of ZmPRMT genes in seed and endosperm were obviously higher than those in 
roots, stems and leaves. Taken together, the results demonstrated that these identified 
ZmPRMT genes exhibited differential expression patterns at diverse growth and 
development stages of maize, suggesting that these genes may function in multiple 
tissues. 

 
Figure 4. Hierarchical cluster analysis of expression profiles of 8 maize ZmPRMT genes. Hierarchical 
cluster analysis of expression profiles of ZmPRMT genes family in all 60 tissues that including the 
whole growth and development process of maize. The color code on the right indicates the log2 
signal value. The gene name of each ZmPRMT is shown on the left of each line. Red represents a 
high level and green indicates a low level of transcript abundance. The tissues and/or organs in 
different development periods are noted on the bottom of each lane. 

2.6. Expression Profile Analysis of Maize PRMT Genes under Abiotic Stress Treatment 
To further confirm the responsiveness of ZmPRMT genes to abiotic stresses, the 

expression profile of these eight genes was further explored by qRT-PCR analysis and 
with at least three biological repeats to make sure the reliability of the qRT-PCR results. 
The experiment was accomplished by using the cDNA of leaves, stems and roots of maize 
seedlings, which were exposed to three diverse abiotic stress treatments, including heat, 
drought and salt. Firstly, the different maize tissues (including leaves, stems and roots) at 
five different time points (0 h, 1 h, 2 h, 4 h and 8 h) under heat stress treatment were 
collected to investigate the transcription levels of these eight ZmPRMT genes by using 
qRT-PCR, respectively (Figure 5). Firstly, the expression levels of these eight ZmPRMT 
genes in maize leaves, stems and roots at five different time points (0 h, 1 h, 2 h, 4 h and 8 
h) after heat treatment were detected by qRT-PCR analysis. After heat treatment, these 

Figure 4. Hierarchical cluster analysis of expression profiles of 8 maize ZmPRMT genes. Hierarchical
cluster analysis of expression profiles of ZmPRMT genes family in all 60 tissues that including the
whole growth and development process of maize. The color code on the right indicates the log2
signal value. The gene name of each ZmPRMT is shown on the left of each line. Red represents a high
level and green indicates a low level of transcript abundance. The tissues and/or organs in different
development periods are noted on the bottom of each lane.

2.6. Expression Profile Analysis of Maize PRMT Genes under Abiotic Stress Treatment

To further confirm the responsiveness of ZmPRMT genes to abiotic stresses, the
expression profile of these eight genes was further explored by qRT-PCR analysis and
with at least three biological repeats to make sure the reliability of the qRT-PCR results.
The experiment was accomplished by using the cDNA of leaves, stems and roots of maize
seedlings, which were exposed to three diverse abiotic stress treatments, including heat,
drought and salt. Firstly, the different maize tissues (including leaves, stems and roots)
at five different time points (0 h, 1 h, 2 h, 4 h and 8 h) under heat stress treatment were
collected to investigate the transcription levels of these eight ZmPRMT genes by using
qRT-PCR, respectively (Figure 5). Firstly, the expression levels of these eight ZmPRMT
genes in maize leaves, stems and roots at five different time points (0 h, 1 h, 2 h, 4 h and
8 h) after heat treatment were detected by qRT-PCR analysis. After heat treatment, these
eight ZmPRMT genes displayed differential accumulation of expression levels. One of
the most obvious results we can observe is that the majority of ZmPRMT genes exhibited
differential upregulated expression levels in leaves after heat treatment, whereas only one
ZmPRMT gene (ZmPRMT5) in stems and two ZmPRMT genes (ZmPRMT1, ZmPRMT5) in
roots showed the significantly upregulated expression levels after heat treatment compared
with those in leaves. Only two ZmPRMT genes (ZmPRMT4 and ZmPRMT6) in leaves didn’t
show upregulation after heat stress at different time points, while the others exhibited
upregulation in leaves at distinct time hours, indicating that most of these ZmPRMT genes
may play potential roles in heat stress responses. Moreover, under heat treatment, the
majority of these ZmPRMT genes showed more obvious responses in leaves than those
in stems or roots. Based on the above analysis, it can be speculated that the ZmPRMT
genes in leaves might be involved in heat stress responses of plants and more sensitive
than those in steams and roots. Therefore, these results indicate that plant leaves rather
than stems and roots may be the main organs of plants in heat stress responses. Moreover,
it is noticeable that the upregulated expression patterns of ZmPRMT1 and ZmPRMT5 in all
the three different tissues revealed that these two genes might play crucial roles in maize in
response to heat stress.
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Figure 5. Expression profiling of the 8 ZmPRMT genes exposed to heat stress treatment in maize
tissues (roots, stems and leaves). (a) The expression profiling of the 8 ZmPRMT genes exposed to heat
stress treatment in maize leaves. (b) The expression profiling of the 8 ZmPRMT genes exposed to heat
stress treatment in maize stems. (c) The expression profiling of the 8 ZmPRMT genes exposed to heat
stress treatment in maize roots. The qRT-PCR data was standardized with the maize ZmActin1 gene.
The control condition was represented as CK (0 h), and the heat stress conditions were represented
as Heat (1 h, 2 h, 4 h and 8 h). X-axes represent the genes under different treatments, while y-axes
represent the scale of the relative expression level of genes. Error bar is generated by three biological
repetitions. The significance level is indicated by the asterisk at the top of the error bar. p < 0.05 is
significantly different *; p < 0.01 is significantly different **.
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Further, we performed the drought stress treatment. The majority of ZmPRMT genes
showed differential downregulated expression levels in leaves after drought treatments,
whereas the most of ZmPRMT genes in stems and roots showed significantly upregulated
expression levels after drought treatments compared with those under normal conditions
(CK) (Figure 6). For example, there were only two ZmPRMT genes (ZmPRMT5 and
ZmPRMT6) in leaves exhibiting upregulation under drought treatment, whereas only
two ZmPRMT genes (ZmPRMT1 and ZmPRMT2) in the stems and only one ZmPRMT
gene (ZmPRMT6) in the roots showed lower expression levels under drought treatment.
It should be noted that the expression profiles of these ZmPRMT genes in maize under
drought treatment were different from those under heat treatment. Especially in roots,
most of the ZmPRMT genes expressed highly after drought treatment, and most of them
were upregulated significantly and responded rapidly at 1 h after drought treatment in
roots, indicating that these genes showed faster and stronger responses in roots than those
in stems under drought stress. Similarly, it is also possible that the plant stems and roots
rather than leaves are the main organs of plants in response to drought stress.

Finally, the salt stress treatment was completed. The majority of ZmPRMT genes
showed differential downregulated expression patterns in all three different tissues after salt
treatment, and there were only one ZmPRMT gene (ZmPRMT1) in stems and three ZmPRMT
genes (ZmPRMT1, ZmPRMT2 and ZmPRMT4) in roots exhibited higher expression levels
under salt treatment than that under normal conditions (CK) (Figure 7). Therefore, these
results show that salt stress can significantly inhibit the expression of these genes at all
time points. Taken together, these results suggest that ZmPRMT genes may play an
important role in responding abiotic stress and most of them exhibited immediate response
to abiotic stress.

2.7. Generation of Overexpressed ZmPRMT1 Transgenic Arabidopsis Plants

To evaluate the function of ZmPRMT genes, we firstly constructed the overexpression
vector of ZmPRMT1 gene under 35 s promoter through genetic engineering method. The
ZmPRMT1 clone map and the double enzyme (Hind3/Xba1) digestion map of the recom-
binant plasmid were shown in Supplementary Figure S2A and S2B, respectively. Then,
the recombinant vector with the ZmPRMT1 gene was transformed into the Arabidopsis
line using Agrobacteriumi-mediated method by dipping the Arabidopsis floral to obtain the
overexpressed Arabidopsis plants. Consequently, a total of 14 transgenic lines were gener-
ated in this study (Supplementary Figure S3). Among them, three representative stable
homozygous lines 2, 6 and 7 were further selected for functional analysis. The expression
of ZmPRMT1 gene in three transgenic Arabidopsis lines was validated through qRT-PCR. In
addition, according to the analysis of phylogenetic tree, the ZmPRMT1 gene was located
in the Group I and its orthologous gene (AtPRMT5) (Supplementary Figure S4) has been
confirmed to regulate flowering time in Arabidopsis. Thus, the ZmPRMT1 gene may share
similar functions with the orthologous AtPRMT5 gene, by which the protein encoded
encompasses high homology, locates in nucleus and functions in repressing target genes by
methylating H4R3 and H3R8 residues of histone, as well as transcription factors/regulators.
Thus, this result implies that the ZmPRMT1 gene may be involved in the modulation of
vegetative growth and control of flowering time in plants.
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Figure 6. Expression profiling of the 8 ZmPRMT genes exposed to drought stress treatment in maize
tissues (roots, stems and leaves). (a) The expression profiling of the 8 ZmPRMT genes exposed
to drought stress treatment in maize leaves. (b) The expression profiling of the 8 ZmPRMT genes
exposed to drought stress treatment in maize stems. (c) The expression profiling of the 8 ZmPRMT
genes exposed to drought stress treatment in maize roots. The qRT-PCR data was standardized with
the maize ZmActin1 gene. The control condition was represented as CK (0 h), and the heat stress
conditions were represented as Drought (1 h, 2 h, 4 h and 8 h). X-axes represent the genes under
different treatments, while the y-axes represent the scale of the relative expression level of genes.
Error bar is generated by three biological repetitions. The significance level is indicated by the asterisk
at the top of the error bar. p < 0.05 is significantly different *; p < 0.01 is significantly different **.
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Figure 7. Expression profiling of the 8 ZmPRMT genes exposed to salt stress treatment in maize
tissues (roots, stems and leaves). (a) The expression profiling of the 8 ZmPRMT genes exposed to salt
stress treatment in maize leaves. (b) The expression profiling of the 8 ZmPRMT genes exposed to
salt stress treatment in maize stems. (c) The expression profiling of the 8 ZmPRMT genes exposed to
salt stress treatment in maize roots. The qRT-PCR data was standardized with maize ZmActin1 gene.
The control condition was represented as CK (0 h), and the heat stress conditions were represented
as Salt (1 h, 2 h, 4 h and 8 h). X-axes represent the genes under different treatments, while y-axes
represent the scale of the relative expression level of genes. Error bar is generated by three biological
repetitions. The significance level is indicated by the asterisk at the top of the error bar. p < 0.05 is
significantly different *; p < 0.01 is significantly different **.
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2.8. Overexpression of ZmPRMT1 Gene Advances the Flowering Time of Transgenic Arabidopsis

Previous studies have demonstrated that AtPRMT5 in Arabidopsis plays a critical role
in regulating flowering time by virtue of FLC determinative factor [30], which indicates
that the ZmPRMT1 gene, the orthologous gene of AtPRMT5 in maize, may have similar
physiological function to AtPRMT5—that is, to advance the flowering time of plants in an
FLC-dependent manner. Therefore, in this study, ZmPRMT1 gene was selected from the
ZmPRMT gene family to explore its expression pattern and genetic interaction with some
flowering-related regulatory genes in transgenic lines. Firstly, the phenotype of these four
different lines including WT, transgenic lines 2, 6 and 7 were surveyed in growth progress
around flowering. These results suggest that there is no obvious difference between the
transgenic Arabidopsis and WT lines in seedlings. However, the transgenic Arabidopsis lines
were flowered earlier than WT plants, as well as the leaf numbers of them were slightly
lower than those of WT plants when these Arabidopsis plants have been cultivated for
about 30 days (Figure 8a,b), which suggested that overexpression of ZmPRMT1 gene might
result in early flowering in transgenic Arabidopsis through advancing the flowering time of
these plants.
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Figure 8. Regulation of flowering time and leaf number by ZmPRMT1 in transgenic Arabidopsis lines.
(a) The early-flowering phenotype of transgenic Arabidopsis lines was observed. The left figure shows
the phenotype of the WT and transgenic Arabidopsis lines 2, 6 and 7. Seedlings of these 4 different
Arabidopsis lines were grown in the temperature incubator at 22 ◦C under long-day conditions (16 h
light and 8 h dark) and 60% relative humidity. After 27 days, 4 different Arabidopsis lines flowering
successively. (b) Total leaf number of transgenic Arabidopsis lines was calculated. The right figure
shows leaf number of the corresponding plants left. Total leaf number of WT, transgenic Arabidopsis 2,
6 and 7 was calculated under same conditions.

To further confirm the potential regulatory pathways of overexpressed ZmPRMT1
gene in regulating flowering time of transgenic Arabidopsis, the Arabidopsis flowering-
related regulatory genes, including FLC, SOC1, FT, MADS Affecting Flowering genes
(MAF1, MAF2, MAF3, MAF4 and MAF5) were investigated through qRT-PCR, respectively
(Figure 9). The experiment was repeated biologically for at least three times to ensure the
accuracy of qRT-PCR analysis. The Arabidopsis FLC gene has been reported to encode a
MADS domain protein, which acts as an inhibitive factor of flowering promoting genes:
SOC1 and FT [28,44–47]. The results showed that the ZmPRMT1 gene exhibited differential
upregulated expression levels in all three transgenic lines compared with those in WT
after flowering. The expression levels of FLC in transgenic and WT lines were significantly
downregulated after flowering, whereas the expression levels of FT and SOC1 in all four
lines were upregulated after flowering. The SOC1 gene in transgenic line 2 was shown
to exhibit higher expression level than two other transgenic lines and WT after flowering.
The FT gene was significantly upregulated in transgenic lines 2, 6 and 7 than that in WT
after flowering. Furthermore, the expression levels of MAF genes, which shared highly
conversed MADS domain with FLC, were also be investigated in these Arabidopsis lines
after flowering. The transcript levels of MAF genes (MAF1-4) showed a consistent decrease
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with the FLC expression level after flowering in all investigated Arabidopsis lines, whereas
MAF5 exhibited high transcript level after flowering in all investigated Arabidopsis lines.
Taken together, the early flowering phenotype of these transgenic Arabidopsis may be often
closely linked to the expression of ZmPRMT1. Furthermore, ZmPRMT1 gene may share
the similar physiological function as AtPRMT5 to promote plant flowering time in FLC-
dependent manner. Given the expression pattern of flowering-related regulatory genes, it
can be speculated that ZmPRMT1 gene may be required for the promotion of flowering in
maize by modulating the expression of flowering-related regulatory genes under natural
environmental conditions.
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(AT5G65050) MADS AFFECTING FLOWERING 2; (g) MAF3 (AT5G65060) MADS AFFECTING 
FLOWERING 3; (h) MAF4 (AT5G65070) MADS AFFECTING FLOWERING 4; (i) MAF5 
(AT5G65080) MADS AFFECTING FLOWERING 5. The mRNA levels were determined using qRT-
PCR, and the values are reported relative to ZmPRMT1 mRNA levels in each line (a). The expression 
levels of related genes before flowering are represented by black columns, and the expression levels 
of related genes after flowering is represented by gray columns. Error bar is generated by three 
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stress treatment and performed for the qRT-PCR analysis, respectively. The experiment 
was repeated biologically at least three times to ensure the accuracy of qRT-PCR analysis. 
Firstly, the phenotype of these four different lines: WT, transgenic Arabidopsis lines 2, 6 
and 7 were surveyed under 0 h and 8 h heat stress. Under the control condition, no 
significant phenotypic difference was observed between transgenic Arabidopsis and WT 
lines. However, under heat stress condition (42 °C), the transgenic Arabidopsis lines 2, 6 
and 7 were respectively more resistant to heat stress than WT. Especially, the transgenic 
Arabidopsis lines exhibited higher vitality than the WT plants (Figure 10). Overall, these 

Figure 9. Expression of flowering-related genes by qRT-PCR analysis. The flowering-related genes, in-
cluding (b) FLC (AT5G10140), MADS BOX PROTEIN FLOWERING LOCUS F; (c) SOC1 (AT2G45660),
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1; (d) FT (AT1G65480), FLOWERING LOCUS
T; (e) MAF1 (AT1G77080), MADS AFFECTING FLOWERING 1; (f) MAF2 (AT5G65050) MADS
AFFECTING FLOWERING 2; (g) MAF3 (AT5G65060) MADS AFFECTING FLOWERING 3; (h) MAF4
(AT5G65070) MADS AFFECTING FLOWERING 4; (i) MAF5 (AT5G65080) MADS AFFECTING
FLOWERING 5. The mRNA levels were determined using qRT-PCR, and the values are reported
relative to ZmPRMT1 mRNA levels in each line (a). The expression levels of related genes before
flowering are represented by black columns, and the expression levels of related genes after flowering
is represented by gray columns. Error bar is generated by three biological repetitions. The significance
level is indicated by the asterisk at the top of the error bar. p < 0.05 is significantly different *; p < 0.01
is significantly different **.
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2.9. Overexpression of ZmPRMT1 Gene Enhances Heat Tolerance in Transgenic Arabidopsis

To further explore heat stress-responsiveness of ZmPRMT1 gene in transgenic Ara-
bidopsis, the leaves were sampled at two different time points (0 h and 8 h) under heat
stress treatment and performed for the qRT-PCR analysis, respectively. The experiment
was repeated biologically at least three times to ensure the accuracy of qRT-PCR analysis.
Firstly, the phenotype of these four different lines: WT, transgenic Arabidopsis lines 2, 6 and
7 were surveyed under 0 h and 8 h heat stress. Under the control condition, no significant
phenotypic difference was observed between transgenic Arabidopsis and WT lines. How-
ever, under heat stress condition (42 ◦C), the transgenic Arabidopsis lines 2, 6 and 7 were
respectively more resistant to heat stress than WT. Especially, the transgenic Arabidopsis
lines exhibited higher vitality than the WT plants (Figure 10). Overall, these results indicate
that the overexpressed ZmPRMT1 gene in Arabidopsis can increase thermotolerance.
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Figure 10. Heat tolerance analysis of transgenic Arabidopsis lines. The phenotypes of the WT and
transgenic Arabidopsis seedling lines 2, 6 and 7 are shown following their treatment with different
heat stress. CK (0 h), the control condition and Heat (8 h), the heat stress conditions. The 3-week-old
seedlings were directly exposed to 42 ◦C to detect heat tolerance in 0 h and 8 h. The Arabidopsis were
photographed in 3 d after the 0 h and 8 h heat stress treatment. The wilting degree of leaves of both
the WT and transgenic lines was observed at 3 days after the 8 h heat stress treatment.

Furthermore, to explore molecular mechanism of heat tolerance of transgenic Ara-
bidopsis in response to heat stress, we compared the proline contents of WT and transgenic
Arabidopsis lines under 42 ◦C treatment at 0 h and 8 h. The proline contents of these 4 Ara-
bidopsis lines exposed to heat stress treatment have been displayed to increase significantly
compared with those under the normal conditions (Figure 11). For example, the proline
contents in the transgenic Arabidopsis lines 2 and 6 were revealed to exhibit increased
accumulation compared with that in WT plants after heat treatment, indicating that the
ZmPRMT1 gene could be involved in modulating heat-induced proline accumulation in
transgenic Arabidopsis. To further explore heat stress tolerance mechanism of ZmPRMT1
gene in proline metabolic pathway, the Arabidopsis leaves were further sampled after heat
treatments at 0 h and 8 h and carried out for the qRT-PCR analyses to further discern the
transcription patterns of some genes associated with proline metabolic pathway (Figure 11).
The results showed that the related genes of proline synthesis pathway showed differential
upregulated expression levels, whereas the related genes of proline degradation pathway
exhibited differential downregulated expression levels after heat treatment. The P5CS1
and P5CR genes in proline synthesis pathway showed significantly upregulated expression
levels in all three different transgenic Arabidopsis lines compared with in WT plants after
heat treatment, while the P5CDH and PDH genes of proline degradation pathway showed
significantly downregulated expression levels in all three different over-expression lines
compared with in WT plants under heat stress. Taken together, these results reveal that the
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overexpression of ZmPRMT1 gene can result in greater proline accumulation by increasing
the expression levels of proline synthesis pathway genes and decreasing the expression
levels of proline degradation pathway genes, which is likely to lead to enhance of water
potential and osmotic potential necessary for holding photosynthetic activity to alleviate
heat stress and thereby enhance the heat stress tolerance of transgenic Arabidopsis.
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stress by qRT-PCR. The plant abiotic stress tolerance-related genes, including genes in the proline
synthesis way such as (b) P5CS1 (AT2G39800), delta1-pyrroline-5-carboxylate synthase 1; (c) P5CR
(AT5G14800), pyrroline-5-carboxylate (P5C) reductase and genes in the proline degradation way such
as (d) P5CDH (AT5G62530), DELTA1-PYROLINE-5-CARBOXYLATE DEHYDROGENASE; (e) PDH
(AT3G30775) and PROLINE DEHYDROGENASE. The mRNA levels were determined using qRT-
PCR, and the values are reported relative to ZmPRMT1 mRNA levels in each line (a). The proline
accumulation contents were shown in (f). Error bar is generated by three biological repetitions. The
significance level is indicated by the asterisk at the top of the error bar. p < 0.05 is significantly
different *; p < 0.01 is significantly different **.

3. Discussion

In plants, histone methylation is an important epigenetic modification involved in
various biological processes by adjusting the homeostasis of histone methylation and
demethylation [48,49]. Histone methyltransferase and demethylase are indispensable
of accommodating the homeostasis of histone methylation in growth, development and
responses to biotic and abiotic stresses in plants. Protein arginine methyltransferase (PRMT)
can regulate the methylation status of arginine residues at histone tails and thereby activate
or repress the transcription of target genes, which may play vital roles in plant growth
and development and responses to abiotic stresses. In this study, a comprehensive set of
eight nonredundant ZmPRMT genes were identified and analyzed from the AGPv4 version
of maize (B73 inbred line) genome, including their phylogenetic relationships, gene and
protein structures, conserved domain and motif architecture, chromosome location, gene
duplication events and diverse expression profiles in maize developmental process and
responses to various abiotic stresses. In addition, we also explored the effect of ZmPRMT1
gene on heat stress and flowering time control via transgenic Arabidopsis.
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Firstly, the analysis of phylogenetic relationship was carried out to provide insights
into the evolution of PRMT gene family members and gene multiplicity in maize. In the
present study, an unrooted phylogenetic tree was constructed through multiple sequence
alignments of conserved PRMT domain-containing proteins from these putative PRMT
proteins in maize and their representative orthologs from Arabidopsis, rice and sorghum.
In our investigation and exploration of PRMT proteins, we discovered that maize PRMT
genes were mainly clustered into three distinct subfamilies. In addition, the type IV PRMT
has only been discovered in yeast so far [11–13]. Furthermore, although maize possesses a
larger genome size (2300 Mbp) compared with Arabidopsis (125 Mbp) and rice (389 Mbp),
only eight PRMT genes were identified and analyzed in maize. The number of ZmPRMT
genes is similar to that in Arabidopsis (nine) or rice (eight). The unique phenomenon
may be resulted from the occurrence of less gene duplication events in maize genome or
undergoing a large gene loss during the process of maize genome duplication.

Furthermore, the analysis of conserved domain and motif architecture revealed evo-
lutionarily conserved structure features and highly similarity among members of PRMT
protein family, indicating that the PRMT proteins are highly conserved during the process
of evolution. In addition, the gene structure map further reveals that the position and phase
of intron/exon in the same group or subgroup exhibit considerable difference between
maize and other plants, which may be resulted from too many nonfunctional sequences
in the huge genome of maize. The genetic structure of maize PRMT genes is simpler than
that of PRMT genes in other plants, but they share similar motif or domain distribution,
implying that the protein structure in the same group or subgroup may be quite conserved
during the process of evolution. For example, all of the ZmPRMT proteins investigated
are mainly clustered into three distinct subclasses and each ZmPRMT protein contains the
arginine methyltransferase-related conserved domains. It is noteworthy that the ZmPRMT1
and ZmPRMT2 proteins share two conserved domains, including PRMT5 (PF05185) and
PRMT5_C, which act as the functional domain of arginine methyltransferase. In addition,
the ZmPRMT2 protein has a complete PRMT_Tim domain at the N-terminal, which may
play a crucial role in the quaternary structure of protein. In the subfamily II, ZmPRMT4
has only one conserved PrmA domain, while ZmPRMT3 has another REF domain at the C-
terminal. Among the members of subfamily III, the majority of these proteins share several
common conserved domains: MTS, PrmA, Methyltransf_11 and Methyltransf_25. Other
proteins have different conserved arginine methyltransferase-related domains in different
positions. In conclusion, the distribution of conserved domains of each protein may be
closely linked to the evolutionary functions of each other. For example, it has been reported
that the PrmA domain from Arabidopsis is dually targeted to chloroplasts and mitochondria.
In addition, the conserved PrmA domain in photosynthetic eukaryotes accompanied by the
methylated binding sites of translation factor to ribosome indicates that the PrmA domain
in plants may participate in binding extra post-translational modifications or enhancing
the function of ribosome [50]. Moreover, the REF domain (Apurinic/apyrimidinic en-
donuclease/redox factor) contained in ZmPRMT3 has been revealed to function in cellular
responses to DNA damage or oxidative stress [51].

To further confirm potential functions of ZmPRMT genes in developmental processes
and stress-responsiveness of them to abiotic stresses, the expression patterns were con-
ducted by applying the available transcriptomic data at different developmental stages
of maize [52]. The result demonstrated the ZmPRMT genes showed apparent differential
expression patterns in the main tissues of different growth periods, indicating that these
genes may function in growth and development processes of maize. Moreover, among
60 developmental periods, some genes were revealed to express in a tissue-specific manner,
whereas the other genes were shown to express in a time-specific manner. For example,
if we had divided the expression profile of these PRMT genes into two stages, we could
found that some tissue/organ specific genes such as ZmPRMT2, ZmPRMT3 and ZmPRMT4
were revealed to express highly or specifically in some tissues of the first stage such as
6DAS_GH_WTeoptile, 6DAS_GH_Primary Root, VE_Primary Root, V1_Stem and SAM,
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V3_Stem and SAM, V13_Immature Tassel and V18_Immature Cob, whereas the time-
specific genes like ZmPRMT1 were expressed highly in the whole second stage. Overall,
the majority of ZmPRMT genes show obviously differential expression levels, suggesting
that ZmPRMT genes may play crucial roles in the growth and development of maize.

Furthermore, previous studies have showed that plant PRMTs participate extensively
in diverse regulation of transcriptional and post-transcriptional levels, which are involved
in gene expression, mRNA processing, translation and intracellular signaling during the
growth and development of plants [53]. For example, the PRMT1 can mediate asymmetric
dimethylation of histone H4 arginine 3 (H4R3me2a), as well as a number of nonhistone
proteins, such as C/EBPα12, Twist113 and Gli114, and thereby promote transcription [54].
Moreover, it has been reported that EgPRMT1 plays a critical role in the initiation and elon-
gation of root hair, which is resulted from the methylation of β-tubulin that is associated
with cytoskeleton formation [16]. Also, AtPRMT3 has been revealed to participate in RNA
processing and ribosomal biogenesis in Arabidopsis. Moreover, AtPRMT5 belongs to the
Type II PRMT and is extensively involved in pre-mRNA splicing [25], flowering time [24],
salt stress tolerance [27], primary root length [22], root stem cell maintenance during DNA
damage [26] and circadian rhythms [26]. In this study, to confirm the expression patterns
and their stress-responsiveness of these newly-identified ZmPRMT genes in response to
various stresses including heat, drought and salt treatments in three different tissues, the
expression patterns of ZmPRMTs under three abiotic stresses were performed by means of
qRT-PCR analysis in three different tissues. The results demonstrated that all ZmPRMT
genes showed obviously differential expression levels in three distinct tissues under heat,
drought and salt stress treatments. For instance, the majority of ZmPRMT genes were
significantly upregulated in leaves at different time points after heat treatment, whereas
most of ZmPRMT genes were downregulated in stems and roots after heat treatment. After
drought treatment, the majority of ZmPRMT genes showed differential downregulated
expression levels in leaves, whereas most of ZmPRMT genes in stems and roots showed
significantly upregulated expression levels. Furthermore, the majority of ZmPRMT genes
showed differential downregulated expression levels in all three tissues after salt treatment,
and there was only 1 ZmPRMT gene (ZmPRMT1) in stems and three ZmPRMT genes
(ZmPRMT1, ZmPRMT2 and ZmPRMT4) in roots exhibited upregulated expression levels
under salt treatment. Based on the above analysis, these results suggest that the majority of
ZmPRMT genes may play potential roles in response to diverse abiotic stresses. One possi-
ble explanation is that this phenomenon may be resulted from the specifically temporal and
spatial expression regulation when responding to abiotic stresses. Additionally, the pro-
moter analysis further demonstrated that many stress- and hormone-related cis-elements
in promoter regions of ZmPRMT genes might be involved in transcriptional regulation of
diverse abiotic stress responses.

In plants, the timing of transition from vegetative to reproductive development has
been revealed to become a critical adaptive trait, which is necessary for plants to ac-
complish flower development, pollination, and seed production in favorable conditions.
Previous studies have showed that the continuous growth under low temperature con-
ditions can accelerate flowering in most plant species [45]. This phenomenon is referred
to vernalization, which is a key determinant involving the switch from vegetative to re-
productive development. In Arabidopsis, the FLOWERING LOCUS C (FLC) is required
for most vernalization-requiring Arabidopsis accessions transcriptionally. The Arabidopsis
FLC gene has been revealed to encode a MADS domain protein that functions both in
leaves and in the apical meristem as a repressor of flowering promoting genes: SOC1
and FT [15,28,30,46,47]. Similar to FLC, the expression levels of MAF genes are usually
dependent on vernalization regulation. Vernalization represses the expression of MAF1,
MAF2, and MAF3, but it induces the expression of MAF5 and does not significantly affect
the expression of MAF4 [55]. According to the previous studies, AtPRMT5 and AtPRMT10
showed critical effects on flowering time and FLC mRNA levels. In this study, ZmPRMT1,
an orthologous gene of AtPRMT5, was assumed to function in regulating flowering time
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in plants. Thus, to further explore the role of ZmPRMT1 in flowering time regulation, we
constructed transgenic lines overexpressing ZmPRMT1 gene in Arabidopsis for preliminary
functional verification. Firstly, the results of phenotypic analyses revealed that the most
common effect of transgenic Arabidopsis overexpressing ZmPRMT1 was early flowering.
Then, the flowering-related regulatory genes including FLC, SOC1, FT, and MAF1 to MAF5
were investigated through quantitative real-time PCR analysis, respectively. Consistent
with our observations, the expression levels of FLC in transgenic Arabidopsis lines 2 and
6 decreased compared with that in WT plants after flowering, whereas the expression levels
of FT and SOC1 in transgenic Arabidopsis lines 2, 6 and 7 increased after flowering. In
addition, the expression levels of MAF1-4 genes showed a consistent decrease with the
FLC expression level after flowering in all investigated Arabidopsis lines, whereas MAF5
exhibited high transcript level after flowering in all investigated Arabidopsis lines. Further-
more, previous studies showed that some other FLC clade members are required for FLC
protein binding to the chromatin associated with the FT and SOC1 genes, indicating that
these proteins may be involved in regulating flowering via MADS-domain complexes [56].

Therefore, we conclude that ZmPRMT1 is required for the promotion of flowering
in plants, which may control the floral transition in an FLC-dependent manner based on
the above analysis. Moreover, histone arginine methylation has been elucidated to be a
conserved epigenetic mechanism involving dynamics regulation of eukaryotic chromatin
in three different methylation manners. Among them, monomethylation (MMA) and
asymmetric dimethylation (ADMA) are generally involved in transcriptional activation,
whereas symmetric dimethylation (SDMA) is associated with transcriptional silencing [9].
For instance, Arabidopsis PRMT5 can symmetrically methylate some arginine residues of
relative proteins involving RNA processing and histones, specifically histone 4 [10]. In this
study, it can be speculated that ZmPRMT1 might promote flowering time by repressing
FLC expression level, as well as regulating other related MAF genes. Therefore, a schematic
model of ZmPRMT1-mediated flowering time regulation in transgenic Arabidopsis was
proposed in this study (Figure 12).

Plants are sessile organisms that are subject to constantly endure a variety of adverse
environmental conditions, some of which can result in abiotic stress responses. High tem-
peratures causing heat stress responses generally bring about the disturbance of cellular
homeostasis and the impedance of growth and development in plants. One of the major
stresses in crop plants is heat stress, which is usually accompanied by other stresses that are
resulted from extra environmental conditions such as drought or salinity [57]. Accumulat-
ing studies have revealed that proline, as an essential multifunctional amino acid, as well as
a stress signal, is extensively involved in multiple physiological pathways such as adjusting
osmotic potential, scavenging reactive oxygen species and buffering redox reactions, and
functions as a small molecular chaperone, as well as a plant development signal [58–61].
Moreover, previous studies have also revealed that short-term heat shock at 42 ◦C can
result in proline accumulation in maize seedling and the exogenous application of proline
can improve the level of endogenous free proline and thereby enhance the activities of
antioxidant enzymes, followed by an increased heat tolerance of maize seedling [32]. Thus,
we proposed a schematic model of the ZmPRMT1 gene involved in proline catabolism for
improving heat tolerance in transgenic Arabidopsis (Figure 13). In this study, our results
demonstrated that the proline accumulation of WT and transgenic Arabidopsis lines under
heat stress treatment all increased. However, the proline accumulation in transgenic Ara-
bidopsis lines increased more significantly than that in WT plants. Furthermore, the analysis
of qRT-PCR showed that P5CS1 and P5CR gene in proline synthesis pathway exhibited
upregulated expression levels in transgenic Arabidopsis lines compared with in WT plants
after heat stress treatment, whereas P5CDH and PDH gene in proline degradation pathway
exhibited significantly downregulated expression levels in transgenic Arabidopsis lines com-
pared with in WT plants under heat stress treatment. Based on previous studies, Arabidopsis
AtPRMT5 usually functions in repressing target genes by symmetrically demethylating
histone H4 Arginine 3 (H4R3me2s) in vitro [22]. If ZmPRMT1 is involved in regulating
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proline-related genes directly in this study, it might be expected to reduce the expression
levels of proline-related regulatory genes including P5CS1, P5CR, P5CDH and PDH in
transgenic Arabidopsis. However, overexpression of the ZmPRMT1 gene in transgenic
Arabidopsis lines was revealed to result in increased expression levels of P5CS1 and P5CR
genes, as well as decreased expression levels of P5CDH and PDH genes. Together with
these results, it can be speculated that the protein encoded by ZmPRMT1 may be involved
in both positive and negative regulatory effects on gene expression through modifying
diverse histone methylation of specific arginine residues. Overall, the results suggested
that the maize ZmPRMT1 gene might play a crucial role in resisting heat stress response
in plants. However, the underlying regulatory mechanism of this gene still remains to be
further elucidated.
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Figure 12. Hypothetical model for the regulation of flowering time controlled by ZmPRMT1 in
Arabidopsis. Overexpression of ZmPRMT1 in Arabidopsis leads to downregulation of the expression
levels of FLC and MAF genes (MAF1-MAF4), and its products assembled into MADS-box repressor
complexes. However, the expression levels of MAF5 were upregulated with an unclear manner in
plant growth process. FLC and MADS domain complex forms large protein complexes at the FT and
SOC1 sites to repress the expression of these two genes. H4R3sme2 is one of the possible targets for
ZmPRMT1 to function. The arrows indicate positive modulation, and the “T” bars indicate negative
modulation. The dashed lines represent assumed interactions.
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Figure 13. Hypothetical model showing the overexpression of ZmPRMT1 results in improved
resistance under heat stress in Arabidopsis involving proline metabolism pathway. The pathway of
proline metabolism. Glu glutamic acid, GSA glutamate-1-semi-aldehyde, P5C pyrroline-5-carboxylate,
P5CS1 delta-1-pyrroline-5-carboxylate synthase1, P5CR pyrroline-5-carboxylate reductase, P5CDH
delta-1-pyrroline-5-carboxylate dehydrogenase, ProDH proline dehydrogenase. Overexpression of
ZmPRMT1 in Arabidopsis leads to upregulation of the expression levels of P5CS1 and P5CR gene in
proline synthesis pathway while downregulation of the expression levels of P5CDH and PDH gene
in the proline degradation pathway. Finally, proline accumulation increased. H4R3sme2 is one of the
possible targets for ZmPRMT1 to function. The upregulation of gene expression levels is represented
by red font, whereas downregulation of gene expression levels is represented by green font. The
arrows indicate positive modulation, and the “T” bars indicate negative modulation. The dashed
lines represent assumed interactions.

4. Materials and Methods

In this study, a comprehensive strategy combining bioinformatics and expression
profiling analysis were used to identify all ZmPRMT genes and explore their function in
response to abiotic stress. Furthermore, through the Arabidopsis model overexpressing
maize ZmPRMT1 gene, the molecular mechanism of ZmPRMT1 gene responding to heat
stress and promoting early flowering time was clarified in this study. The schematic
flowchart of the study is shown in Figure 14.

4.1. Plant Materials and Growth Conditions

The plants of maize B73 inbred line were grown in the temperature incubator at 28 ◦C
under long-day conditions (15 h light and 9 h dark) and 60% relative humidity. In order to
explore the expression pattern of maize ZmPRMT genes under three abiotic stresses (heat,
drought and salt), we set up three stress treatment methods. At 21 days after emergence,
heat stress was induced by 42 ◦C. The maize seedlings grown in the dark incubator at
28 ◦C with enough water were used as the control. Maize seedlings in the same growth
period were used as treat materials under salt stress. The seedlings of the treat group
were cultured in the nutrient solution containing 200 mM NaCI, while the seedlings of the
control group were grown in the nutrient solution lacking NaCI. After being treated with

199



Int. J. Mol. Sci. 2022, 23, 12793

NaCI, the maize seedlings were washed with distilled water for subsequent experiments.
In the drought treatment, the three-week-old seedlings were gently pulled out of the soil
and placed on clean white paper in a dark incubator as the treat group, while the seedlings
of the control group were grown under normal conditions. The root, stem and leaf tissues
of maize seedlings were collected at 0 h, 1 h, 2 h, 4 h and 8 h treated with heat, salt and
drought stress and stored in liquid nitrogen to extract RNA.
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4.2. Identification of the Members of PRMT Gene Family in Maize

To identify all possible orthologs of PRMT gene family in maize, we took the PRMT
genes in Arabidopsis, rice and sorghum as homologous reference genes and carried out
the following analysis. The whole-genome sequences of maize were downloaded from
the maize genomic database (http://www.maizesequence.org/index.html) (accessed on
5 September 2021) by referring to our previous studies [49]. The BLASTP program
(p-value < 1 × 10−5) was used to confirm proteins containing PRMT domain from the
maize genomic database using the published eight Arabidopsis PRMTs (AtPRMTs), two rice
PRMTs (OsPRMTs) and two sorghum PRMTs (SbPRMTs), with sequences of their proteins
and PRMT domains as queries, respectively. The information of PRMT genes in these plants
were listed in Supplementary Table S1. The Hidden Markov Model (HMM) program was
used to identify putative PRMT protein sequences in maize genome database, which was
downloaded from the SMART database (http://smart.embl-heidelberg.de/) (accessed on 3
September 2021) and Pfam database (http://pfam.xfam.org/) (accessed on 3 September
2021) [62,63]. Redundant protein sequences were removed manually by searching against
the SMART database and the NCBI database (https://www.ncbi.nlm.nih.gov) (accessed on
3 September 2021). The newly identified genes were assigned by referring to the subfamily
classification order of this gene family, combined with their phylogenetic relatedness to
orthologous proteins of PRMTs in Arabidopsis, rice and sorghum. Then, the genome-wide
files of maize B73 genome were downloaded to obtain the basic information of each PRMT
gene from the maize genomic databases, including the length of CDS, the number of amino
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acids and the location of chromosomes. The physicochemical parameters of these putative
proteins, including molecular weight (kDa) and isoelectric point (pI), were calculated using
the online calculation pI/Mw tool ExPASy (http://www.expasy.org/tools/) (accessed on
10 September 2021), and the parameter was set to average [64]. Other relevant information
was collected from the NCBI database. Similarly, the protein sequences of corresponding
orthologs in Arabidopsis, rice and sorghum were also retrieved, and a dataset was created
for bioinformatics analysis.

4.3. Phylogenetic Relationship, Gene Structure and Conserved Domain Analyses of the PRMT
Gene Family in Maize

To clarify the phylogenetic relationship and structural characteristics among PRMT
genes, we constructed an evolutionary tree, a gene structure map and a conservative
structure map. All predicted PRMT protein sequences of maize and their orthologous
sequences from Arabidopsis, rice and sorghum were aligned by Clustal-W software us-
ing default parameters [65,66]. All protein sequences were downloaded from the NCBI
database. Then, MEGA7.0 program was used to analyze the phylogenetic relationship
among these different species via the Maximum-Likelihood method with default parame-
ters. The genetic structures of maize PRMT genes were obtained using online website GSDS
(http://gsds.gao-lab.org/) (accessed on 12 September 2021), according to the alignment of
the cDNA sequences with their corresponding genomic sequences. The Pfam database was
used to investigate the PRMT conserved domains with default parameters. The conserved
motifs of maize PRMT proteins encoded by putative ZmPRMT genes were analyzed by
using MEME (https://meme-suite.org/meme/tools/meme) (accessed on 12 September
2021) online website with full-length protein sequences [67].

4.4. Chromosome Localization and Prediction of Cis-Acting Elements in Maize PRMT Genes

To investigate the position of genes on chromosomes and their possible functions, we
completed the localization and cis-acting element analysis. The chromosome location of
maize PRMT genes was obtained from the maize genomic database. The online mapping
tool MG2C (http://mg2c.iask.in/mg2c_v2.0/) (accessed on 13 September 2021) is used to
generate chromosome localization image of maize PRMT genes. In addition, the cis-acting
elements in the promoter sequences can be involved in regulating gene transcription in abi-
otic stress responses, which depends on binding to different transcription factors. The 2 kb
sequences upstream of the initiation codon (ATG) of each ZmPRMT gene were downloaded
from the phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) (accessed
on 13 September 2021) to further investigate the potential regulatory elements. The stress-
and hormone-related cis-acting regulatory elements in promoter regions of PRMT genes in
maize were analyzed by using the PlantCARE database (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html) (accessed on 13 September 2021) [68].

4.5. Expression Profile Analysis of Maize PRMT Genes in Developmental Tissues and Response to
Abiotic Stress

To investigate the spatiotemporal expression patterns of ZmPRMT genes, the previ-
ously reported whole genome gene expression data of maize inbred line B73 was used to
analyze the tissue-specific expression patterns of ZmPRMT genes as shown in Supplemen-
tary Table S2 [52]. Using Treeview software (http://jtreeview.sourceforge.net/) (accessed
on 15 September 2021) and Cluster 3.0 (http://bonsai.hgc.jp/mdehoon/software/cluster/
software.htm) (accessed on 15 September 2021), we performed the hierarchical clustering
analysis to investigate the corresponding gene expression patterns at different develop-
mental stages of maize, according to the Pearson coefficients with average linkage. The
result was further visualized to obtain the heat map. To further confirm the influence of
external environmental factors on the expression of ZmPRMT genes in maize, the qRT-PCR
expression profiles of leaves, stems and roots after abiotic stress treatment were analyzed.
The several four-week B73 seedlings under similar growth status were transferred to the
incubator of 42 ◦C and sampled the roots, stem and leaf of 0 h, 1 h, 2 h, 4 h and 8 h (0 h as
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the control groups). To ensure the reliability of the quantitative analysis, at least 3 biological
repeats were completed. Total RNA was extracted from the collected tissues via Trizol
reagent (Invitrogen, USA) and was purified to remove genomic DNA contamination using
DNase I. Reverse transcription reactions were performed using 1µg of total RNA by the
QuantiTectRev. Transcription Kit (Qiangen, Germany). The qRT-PCR reverse transcription
reactions were carried out using a CFX96™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc., USA). Each cDNA sample was biologically replicated at least three
times. The maize Actin1 gene was used as a standardized internal control. The relative
mRNA levels of PRMT genes were calculated by using 2−∆∆CT method to compare the fold
changes of related gene expression levels. The total primers in this study were listed in
Supplementary Table S3.

4.6. Vector Construction and Arabidopsis Genetic Transformation

To verify the biological roles of ZmPRMT genes, the transgenic Arabidopsis plants
overexpressing ZmPRMT1 gene was constructed as a typical representative to explore
functional roles in plants. The plasmid was constructed by amplifying the ZmPRMT1 gene
using PCR primers carrying proper restriction enzyme sites. The amplified ZmPRMT1
cDNA was cloned into PHB vector driven by 35S promoter. The primers with enzyme sites
are shown in Supplementary Table S4. The vectors were transformed into the Agrobac-
terium strain for transformation into Arabidopsis by the floral dip method. Seeds of the T0
and T1 generations were selected on 1/2 MS plates supplemented with hygromycin (30
ug/mL) and confirmed by PCR with primers (Hyg-F: GGTCGCGGAGGCTATGGATGC;
Hyg-R: GCTTCTGCGGGCGATTTGTGT). The presence of ZmPRMT1 was verified by qRT-
PCR using specific primers. Three independent homozygous overexpression lines 2, 6
and 7 were selected, and the expression level of ZmPRMT1 gene was quantified. At least
3 biological repeats were taken for all samples to ensure the reliability of the results of
qRT-PCR analysis.

4.7. Flowering Time Assessment of Transgenic Arabidopsis

To verify the effect of ZmPRMT1 gene on flowering time of Arabidopsis, we observed
the phenotypic changes of Arabidopsis before and after flowering. Seedlings of WT and
transgenic Arabidopsis were grown in the temperature incubator at 22 ◦C under day-long
conditions (16 h light and 8 h dark) and 60% relative humidity. Flowering time of Arabidopsis
was calculated by counting the number of rosette leaves after flowering. At least 3 plants
were counted for each line.

4.8. Heat Tolerance Assay of Transgenic Arabidopsis

To verify the function of ZmPRMT1 gene on heat tolerance of Arabidopsis, we conducted
heat stress treatment on transgenic Arabidopsis. The seeds of Arabidopsis were sterilized
with 75% alcohol and then vernalized at low temperature on the plate. Then the sprouted
Arabidopsis seedlings are transplanted into the soil. Seedlings of Arabidopsis were also
grown in the temperature incubator at 22 ◦C with a growth photoperiod of 16 h light and
8 h dark and 60% relative humidity. After 21 days, seedlings were exposed to heat stress
(42 ◦C) for 8 h. Seedlings grown in the dark incubator at 22 ◦C with enough water were
used as the control, and seedling leaves were collected after heat stress treatment and stored
at −80 ◦C with liquid nitrogen to isolate RNA.

4.9. RNA Extraction and Quantitative Real-Time PCR Analysis of Transgenic Arabidopsis

To verify the biological function of ZmPRMT1 gene in the transgenic Arabidopsis, we
conducted qRT-PCR experiments to verify the expression profile of related genes. Based on
the manufacturer’s instruction, total RNA was isolated from the collected samples using
Trizol RNA isolation (USA). For quantitative real-time PCR, cDNA from three distinct
biological samples was used for analysis. The PCR condition was carried out as follows:
pre-denaturation for 15 min at 95 ◦C, 40 cycles at 95 ◦C for 10 s, 55 ◦C for 30 s and
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72 ◦C for 30 s. The gene expression levels were calculated using the 2−44Ct method [69].
Each experiment was conducted in the form of at least three technologies and biological
replication. The total primers in this study were listed in Supplementary Table S3.

4.10. Physiological Parameter Determination

In order to explore the function of ZmPRMT1 gene on the change of proline accumula-
tion under heat stress, we conducted physiological experiments to determine the change
of proline accumulation. The content of proline was measured using the proline assay kit
(Nanjing Jiancheng, Nanjing, China). The principle of determination is that in plants, only
proline can react with acid ninhydrin to produce stable red compounds. The product has
a maximum absorption peak at 520 nm, and its absorption value is linearly related to the
content of proline. The testing tube, contrast tube and blank tube were boiled about 30 min,
and the absorbance was measured on a spectrophotometer at 520 nm using double-distilled
water as a standard. The experiment was performed for repeating at least three times.

5. Conclusions

In conclusion, we identified eight ZmPRMT genes encoding protein arginine methyl-
transferases in this study. The classification, evolutionary relationship, conserved motifs
and domains, gene structure and stress-responsive cis-regulatory elements in promoter re-
gions of ZmPRMT genes were determined to provide insights into their potential functions
in this study. The comprehensive expression profiles of all maize PRMT genes in differ-
ent tissues revealed that these genes may play functional roles at diverse developmental
stages of maize. Furthermore, the expression levels of ZmPRMT genes were upregulated
or downregulated under three various abiotic stress treatments, implying their potential
roles in abiotic stress responses. What’s more, the construction of transgenic Arabidopsis
lines further demonstrated the ZmPRMT1 gene may play a crucial role in flowering time
regulation and heat resistance. Compared with the WT plants, the transgenic Arabidopsis
plants exhibited early flowering by modulating the expression of flowering-related regula-
tory genes, which might result in alteration in expression levels of floral meristem identity
genes. In addition, the transgenic Arabidopsis exhibited enhanced heat tolerance through
modulating proline metabolism related genes, which might result in changes in proline
accumulation. Finally, via analyzing the expression levels of ZmPRMT1 gene in flowering
process and under heat stress treatment, we conclude that ZmPRMT1 may play a critical
role in growth and development processes, as well as abiotic stress responses. Taken to-
gether, the exploration of the maize PRMT gene family in organization, structure, evolution,
expression profiling and the preliminary functional verification of ZmPRMT1 will facilitate
future functional verification of ZmPRMT genes and provide an important theoretical basis
for a better comprehension of molecular epigenetic mechanism of regulating flowering and
adaptation to abiotic stresses in maize. What’s more important, this study provides new
insights and ideas for applying epigenetic methods to crop breeding.
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Abstract: Cytoplasmic male sterility (CMS) lays a foundation for the utilization of heterosis in soy-
bean. The soybean CMS line SXCMS5A is an excellent CMS line exhibiting 100% male sterility.
Cytological analysis revealed that in SXCMS5A compared to its maintainer SXCMS5B, its tape-
tum was vacuolated and abnormally developed. To identify the genes and metabolic pathways
involving in pollen abortion of SXCMS5A, a comparative transcriptome analysis was conducted
between SXCMS5A and SXCMS5B using flower buds. A total of 372,973,796 high quality clean
reads were obtained from 6 samples (3 replicates for each material), and 840 differentially expressed
genes (DEGs) were identified, including 658 downregulated and 182 upregulated ones in SXCMS5A
compared to SXCMS5B. Among them, 13 DEGs, i.e., 12 open reading frames (ORFs) and 1 COX2,
were mitochondrial genome genes in which ORF178 and ORF103c were upregulated in CMS lines
and had transmembrane domain(s), therefore, identified as CMS candidate mitochondrial genes of
SXCMS5A. Furthermore, numerous DEGs were associated with pollen wall development, carbohy-
drate metabolism, sugar transport, reactive oxygen species (ROS) metabolism and transcription factor.
Some of them were further confirmed by quantitative real time PCR analysis between CMS lines
with the same cytoplasmic source as SXCMS5A and their respective maintainer lines. The amount
of soluble sugar and adenosine triphosphate and the activity of catalase and ascorbic acid oxidase
showed that energy supply and ROS scavenging decreased in SXCMS5A compared to SXCMS5B.
These findings provide valuable information for further understanding the molecular mechanism
regulating the pollen abortion of soybean CMS.

Keywords: soybean (Glycine max (L.) Merr.); cytoplasmic male sterility; pollen abortion; gene expression;
RNA sequencing

1. Introduction

A common biological phenomenon in nature, heterosis serves as an efficient agricul-
tural approach for increasing crop yield. Utilization of heterosis in rice and corn could
increase crop yield by 15% to 50% [1,2]. Research on utilization of soybean heterosis
started late and progressed slowly. The discovery of soybean cytoplasmic male sterility
(CMS) laid a foundation for the utilization of soybean heterosis [3,4]. At present, a num-
ber of research institutions in China had realized a three-line support system for hybrid
soybean production [5,6].
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Plant male sterility refers to the phenomenon that plants cannot produce functional
pollen. Plant male sterility could be used not only as an important tool for heterosis uti-
lization [7] but also as an ideal material for studying plant reproductive development [8,9].
Research indicated that male sterility was an extremely complex process, with diverse
abortion forms and degrees [10,11]. Male sterility in plants was caused mainly by abnormal
function of genes in nucleus or cytoplasm involving in pollen development, while toxic
proteins, insufficient energy supply, abnormal programmed cell death (PCD), and other
factors might lead to abnormal plant fertility [12–16]. In view of the complexity of male
sterility in plants, it was very difficult to analyze the genetic mechanism from the perspec-
tive of individual genes by conventional methods. The transcriptome refers to the sum
of all RNA transcribed by a specific cell under a certain functional state, and it thus can
provide information on gene expression, gene regulation, and amino acid content [17]. The
study of transcriptomics could screen and find the target genes regulating biological traits,
infer the function of corresponding unknown genes, and reveal the action and molecular
mechanism of genes in biological processes, which had been widely used in the study
of plant male sterility [18–20]. However, there were still few reports on transcriptomics
between soybean cytoplasmic male sterile lines and maintainer lines. Soybean cytoplasmic
male sterile line NJCMS1A had been studied, but its sequencing library construction only
involved nuclear genome [21]. The underlying molecular mechanism of CMS and the genes
related to pollen abortion in soybean remains unclear.

The soybean CMS line SXCMS5A is a new male-sterile line successfully transferred
from the variety JY20 with H3A cytoplasm. In the present study, we performed tran-
scriptomic analyses of SXCMS5A vs. SXCMS5B, combined with quantitative real time
PCR (qRT-PCR) analysis, cyto-morphological characteristic and enzyme activity assay, and
substance content analysis in order to reveal the male sterility mechanism of SXCMS5A. We
aimed to identify differences between CMS line SXCMS5A and its maintainer SXCMS5B
at the transcriptional level and to find important differentially expressed genes (DEGs)
and metabolic pathways related to pollen abortion. These findings might contribute to
greater understanding of the molecular mechanism underlying CMS and provide useful
information to facilitate progress in hybrid breeding in soybean.

2. Results
2.1. Comparison of the Cyto-Morphological Characteristics between Soybean CMS Line SXCMS5A
and Its Maintainer SXCMS5B

In order to describe the cyto-morphological characteristics of pollen abortion of soy-
bean CMS line SXCMS5A, the flower buds of SXCMS5A and SXCMS5B were observed and
compared by paraffin sections. As shown in Figure 1A, at the tetrad stage, the tapetum
cells of SXCMS5A were closely arranged, vacuolated, expanded inward, and tended to
squeeze microspores. Subsequently, the tapetum was gradually broken and disintegrated,
and clear contours and disintegrated fragments could be observed (Figure 1B,C). After
that, the diaphragm between the two chambers did not open. And there were signs of
vacuolization (Figure 1D). The pollen grains were abnormally developed and could not
be stained by I2-KI (Figure 1E). In contrast, the tapetum of SXCMS5B normally initiated
PCD (Figure 1F). Subsequently, the tapetum continued to degrade (Figure 1G). After that,
microspores gradually developed and matured, the diaphragm between the two chambers
opened normally (Figure 1H,I). The pollen grains developed normally and could be stained
by I2-KI (Figure 1J). It was speculated that the tapetum of soybean CMS line SXCMS5A
was vacuolated and abnormally developed, which could not provide necessary nutrients
for microspore development, resulting in abnormal pollen development.
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Figure 1. Microscopic observations of anthers from the soybean cytoplasmic male sterility (CMS) 
line SXCMS5A and its maintainer SXCMS5B. (A–D) Transverse sections of sterile anthers; 
abnormal tapetum and abnormal anthers developed in SXCMS5A. (E) Mature pollen grains stained 
by I2-KI in SXCMS5A. (F–I) Transverse sections of fertile anthers; normal tapetum and normal 
anthers developed in SXCMS5B. (J) Mature pollen grains stained by I2-KI in SXCMS5B. MSP, 
microspore; T, tapetum; PG, pollen grain; Bars = 20 μm. 
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were 97.52%, 93.37% and 43.93%, respectively, indicating that the sequencing data was 
high quality to meet the standards for subsequent gene function analysis. Next, Tophat2 
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total of 331,374,194 mapped reads were obtained, with an average matching rate of 
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Figure 1. Microscopic observations of anthers from the soybean cytoplasmic male sterility (CMS)
line SXCMS5A and its maintainer SXCMS5B. (A–D) Transverse sections of sterile anthers; abnormal
tapetum and abnormal anthers developed in SXCMS5A. (E) Mature pollen grains stained by I2-KI in
SXCMS5A. (F–I) Transverse sections of fertile anthers; normal tapetum and normal anthers developed
in SXCMS5B. (J) Mature pollen grains stained by I2-KI in SXCMS5B. MSP, microspore; T, tapetum;
PG, pollen grain; Bars = 20 µm.

2.2. Transcriptome Sequencing, Sequence Alignment and Quality Evaluation

To further understand the molecular mechanism of CMS in soybean, RNA sequencing
(RNA-Seq) analysis of flower buds of SXCMS5A and SXCMS5B was conducted using
Illumina technology. As shown in Table S1, 58.97 Gb clean data and 393,126,454 clean reads
were obtained from 6 samples. After strict filtering of the original data, 54.15 GB high quality
clean data and 372,973,796 high quality clean reads were obtained. The average percentages
of Q20 base, Q30 base, and GC content of all samples were 97.52%, 93.37% and 43.93%,
respectively, indicating that the sequencing data was high quality to meet the standards
for subsequent gene function analysis. Next, Tophat2 software was used to compare the
filtered ribosomal reads to the reference genome. A total of 331,374,194 mapped reads were
obtained, with an average matching rate of 89.98%. Pearson correlation coefficient analysis
revealed that the correlation coefficients (R2) value between samples was greater than 0.97,
showing that the expression mode of SXCMS5A was very close to SXCMS5B (Figure S1).

2.3. Identification and Confirmation of DEGs

To identify putative DEGs between SXCMS5A and SXCMS5B, the thresholds of “False
Discovery Rate (FDR) < 0.05 and |log2 Fold Change (FC)| > 1” was used to screen for DEGs.
There were 840 DEGs between SXCMS5A and SXCMS5B, among which 658 downregulated
and 182 upregulated in SXCMS5A compared to SXCMS5B (Figure 2A; Table S2). The expres-
sion of most DEGs in SXCMS5A was downregulated compared to SXCMS5B (Figure 2B).

To validate the results of RNA-Seq, 13 DEGs (3 upregulated and 10 downregulated
genes) were randomly selected and assayed by qRT-PCR. In Figure 2C, 12 DEGs showed
the same trend in both RNA-Seq analysis and qRT-PCR; the coincidence rate between
qRT-PCR and RNA-Seq data was 92.31%, suggesting that transcriptome analysis was
accurate and reliable.

2.4. Functional Classification of DEGs between SXCMS5A and SXCMS5B

Through analysis of gene ontology (GO) function, with Q value≤ 0.05 as the threshold,
324 DEGs were annotated to 479 GO terms in the biological process, 28 of which were
significantly enriched, and the first 5 GO terms were external encapsulation structure
organization, cell wall organization, cell wall organization or biogenesis, carbohydrate
metabolic process and cell wall modification (Table S3). A total of 418 DEGs were annotated
to 335 GO terms in molecular functions, 25 of which were significantly enriched. The first
5 GO terms were enzyme inhibitor activity, molecular function regulator, enzyme regulator
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activity, catalytic activity and pectinesterase activity (Table S4). In addition, 131 DEGs were
annotated to 111 GO terms in the cell components, 7 of which were significantly enriched,
and the first 5 GO terms were cell wall, external encapsulation structure, membrane, cell
peripheral, and intrinsic component of membrane (Table S5).
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To identify the metabolic pathways in which the DEGs were involved and enriched,
pathway analysis was performed using the Kyoto encyclopedia of genes and genomes
(KEGG) pathway database. The results showed that starch and sucrose metabolism, pen-
tose and glucuronate interconversions, thiamine metabolism, glycolysis/gluconeogenesis,
biosynthesis of amino acids, and selenocompound metabolism were the main metabolic
pathways (Figure 3).
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Figure 3. Top 20 Kyoto encyclopedia of genes and genome (KEGG) pathway analysis of DEGs
between SXCMS5A and SXCMS5B. The x-axis indicated the rich factor corresponding to each pathway
and the y-axis indicated name of the KEGG pathway. The dot color represented the Q values of the
enrichment analysis. The size and color of bubbles represented the number and degree of enrichment
of DEGs, respectively.

2.5. Identification of DEGs Associated with Mitochondrial Genome

Numerous open reading frames (ORFs) in the mitochondrial genome were closely cor-
related with plant CMS [14]. In this study, 13 DEGs, i.e., 12 ORFs and 1 COX2 in the soybean
mitochondrial genome were differentially expressed between SXCMS5A and SXCMS5B
(Table S2; Figure 4A), 10 out of the 13 genes were upregulated in SXCMS5A compared to
SXCMS5B. Interestingly, 3 ORFs (ORF151, ORF103c and ORF178) were expressed at very
low levels or not expressed in SXCMS5B. Especially, qRT-PCR analysis confirmed that these
3 ORFs genes were upregulated in SXCMS5A, SXCMS6A and SXCMS7A (the latter two
CMS lines having a same cytoplasm source as SXCMS5A) compared to their respective
maintainer SXCMS5B, SXCMS6B and SXCMS7B (Figure 4B–D). Furthermore, He et al. [22]
found that ORF178 was formed during the process of genome recombination in a soy-
bean CMS line NJCMS1A. This indicated that ORF178 might be a CMS gene of soybean.
Since ORF103c also contains a transmembrane domain like ORF178 (Figure 4E,F and
Figure S2) [22], ORF103c might also be a CMS gene of soybean.
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RNA-seq data. (B–D) Relative expression level of ORF103c, ORF151 and ORF178 between soybean
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The abscissa indicated the amino acid length of ORFs. The ordinate represented the probability of the
predicted transmembrane domain.

2.6. Identification of DEGs Associated with Pollen Development

Pectin methylesterase (PME, also named pectinesterase) and pectate lyase (PL) were
two key enzymes involved in the degradation of plant pectin, and played important roles
in the regulation of pollen development [23,24]. As noted above, 11 DEGs and 3 DEGs
were found associated with pectinesterase activity (GO:0030599) and pectate lyase activity
(GO:0030570) GO terms, respectively (Table S4). As shown in Figure 5A, all the 14 DEGs
were downregulated in SXCMS5A compared to SXCMS5B. Most importantly, RNA-seq
data in Phytozome v12.0 indicated all these transcripts were enriched in soybean flowers
(Figure 5B). GmPME (Glyma.02G008300) and GmPL (Glyma.13G064700) were selected for
qRT-PCR analysis, which were all downregulated in SXCMS5A, SXCMS6A and SXCMS7A
compared to their respective maintainer SXCMS5B, SXCMS6B and SXCMS7B (Figure 5C,D).
These findings suggested that the two gene types might involve in pollen development
processes and that their reduced expression in soybean CMS might lead to pollen abortion.
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Figure 5. Analysis of DEGs related to pollen wall development between soybean CMS lines and
their maintainer lines. (A) Heat map of the DEGs related to pollen wall development between
SXCMS5A and SXCMS5B. The heat map was created using MeV 4.9 software. Log2(FC) values
were obtained from RNA-seq data in this study. (B) Heat map of the DEGs related to pollen wall
development in four different tissues. The color scale represented the relative transcript abundance
of the DEGs in four soybean tissues. The heat map was created using MeV 4.9 software. Fragments
per kilobase of transcript per million mapped reads (FPKM) values were obtained from RNA-seq
data in Phytozome v12.0. R, root; S, stem; L, leaf; F, flower. (C,D) Relative expression level of
GmPME (Glyma.02G008300) and GmPL (Glyma.13G064700) between soybean CMS lines and their
maintainer lines by qRT-PCR analysis. PME, Pectin methylesterase; PL, pectate lyase. Asterisk
indicated statistical significance: ***, p < 0.001.

2.7. Identification of DEGs Associated with Carbohydrate Metabolism and Sugar Transport

Many DEGs between SXCMS5A and SXCMS5B involved in carbohydrate metabolism
during flower bud development. Among these DEGs, 29, 17, and 12 were associated with
starch and sucrose metabolism, pentose and glucuronate interconversions, and glycoly-
sis/gluconeogenesis pathways, respectively (Figure 6A). Especially, most of these genes
(55/58) were downregulated in SXCMS5A compared to SXCMS5B. UDP-glucuronic acid decar-
boxylase 2-like (UDP-GAD2, Glyma.07G246600), exopolygalacturonase (exoPG, Glyma.07G245100)
were selected for qRT-PCR analysis, which were all downregulated in SXCMS5A, SXCMS6A
and SXCMS7A compared to their respective maintainer SXCMS5B, SXCMS6B and SXCMS7B
(Figure 6B,C). In addition, 16 DEGs were involved in sugar transport, and 14 of these were
downregulated in SXCMS5A compared to SXCMS5B (Figure 6A). Sugar transport protein 11
(STP11, Glyma.20G103900) was selected for qRT-PCR analysis, which was downregulated in
SXCMS5A, SXCMS6A, and SXCMS7A, compared to their respective maintainer SXCMS5B,
SXCMS6B, and SXCMS7B (Figure 6D). Furthermore, we measured soluble sugar, starch,
and adenosine triphosphate (ATP) amounts in flower buds of SXCMS5A and SXCMS5B.
The results showed that soluble sugar and ATP amounts decreased in SXCMS5A, while
the starch amount decreased slightly in SXCMS5A, relative to SXCMS5B (Figure 6E–G).
All these findings suggested that inhibition of carbohydrate metabolism and sugar transport
might be two of the causes of soybean CMS.
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CMS lines and their maintainers. (A) Heat map of the DEGs related to starch and sucrose metabolism,
pentose and glucuronate interconversions, glycolysis/gluconeogenesis, and sugar transport between
SXCMS5A and SXCMS5B. The heat map was created using MeV 4.9 software. Log2(FC) values
were obtained from RNA-seq data. (B–D) Relative expression level of UDP-glucuronic acid decarboxy-
lase 2-like (UDP-GAD2, Glyma.07G246600), exopolygalacturonase (exoPG, Glyma.07G245100) and sugar
transport protein 11 (STP11, Glyma.20G103900) between soybean CMS lines and their maintainers by
qRT-PCR analysis. (E–G) Soluble sugar, starch, and adenosine triphosphate (ATP) contents analysis
between SXCMS5A and SXCMS5B. Asterisk indicated statistical significance: *, p < 0.05; ***, p < 0.001.
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2.8. Identification of DEGs Associated with Reactive Oxygen Species (ROS) Metabolism

Several DEGs were found involved in ROS metabolism, including glutathione metabol-
ism and ascorbate and aldarate metabolism (Figure 7A). Among these DEGs, 4 DEGs were
associated with glutathione metabolism, and exactly half number of these genes were down-
regulated or upregulated in SXCMS5A compared to SXCMS5B. In addition, 2 DEGs were
found associated with ascorbate and aldarate metabolism, and the RNA-seq showed that
they were downregulated in SXCMS5A compared to SXCMS5B. Glutathione S-transferase-like
(GST, Glyma.02G154400) and L-ascorbate oxidase homolog (L-AO, Glyma.07G225400) were
selected for qRT-PCR analysis, which were downregulated in SXCMS5A, SXCMS6A, and
SXCMS7A compared to their respective maintainer SXCMS5B, SXCMS6B, and SXCMS7B
(Figure 7B,C). In addition, we measured catalase (CAT), ascorbic acid oxidase (AAO), and
glutathione peroxidase (GPX) activities in flower buds of SXCMS5A and SXCMS5B. The
results showed that CAT and AAO activities decreased in SXCMS5A, while the GPX activity
was slightly decreased in SXCMS5A, relative to SXCMS5B (Figure 7D–F). All these findings
suggested that downregulation of genes associated with ROS metabolism might be one of
the causes of soybean CMS.
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Figure 7. Analysis of DEGs related to reactive oxygen species (ROS) metabolism between soybean
CMS lines and their maintainers. (A) Heat map of the DEGs related to glutathione metabolism
and ascorbate and aldarate metabolism between SXCMS5A and SXCMS5B. The heat map was
created using MeV 4.9 software. Log2(FC) values were obtained from RNA-seq data. (B,C) Relative
expression level of Glutathione S-transferase-like (GST, Glyma.02G154400) and L-ascorbate oxidase homolog
(L-AO, Glyma.07G225400) between soybean CMS lines and their maintainers by qRT-PCR analysis.
(D–F) Activity assays of catalase (CAT), ascorbic acid oxidase (AAO) and glutathione peroxidase
(GPX) between SXCMS5A and SXCMS5B. Asterisk indicated statistical significance: *, p < 0.05;
***, p < 0.001.

2.9. Identification of DEGs Associated with Transcription Factor

Many transcription factors (TFs) were differentially expressed between SXCMS5A
and SXCMS5B. As shown in Figure 8A, a total of 20 differentially expressed transcrip-
tion factors were found, including 15 downregulated and 5 upregulated TFs in SX-
CMS5A compared to SXCMS5B. The 15 downregulated DEGs were 3 MYB family TFs,
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3 NAC family TFs, 2 bHLH family TFs, 2 nuclear family transcription factor Y sub-
unit, 1 heat stress transcription factor B-3-like isoform X2, and 4 other TFs. The 5 up-
regulated DEGs were 3 MYB family TFs, 1 WRKY TF and 1 ethylene-responsive TF.
Furthermore, GmMYB35 (Glyma.06G188400), GmMYB (Glyma.16G218900), GmbHLH118
(Glyma.09G150000) and GmWRKY43 (Glyma.18G238600) were selected for qRT-PCR analy-
sis. Among them, the expression trends of GmMYB35 (Glyma.06G188400), GmbHLH118
(Glyma.09G150000) and GmWRKY43 (Glyma.18G238600) were consistent in SXCMS5A,
SXCMS6A and SXCMS7A, compared to their respective maintainer SXCMS5B, SXCMS6B,
and SXCMS7B (Figure 8B,D,E). However, the expression trend of GmMYB (Glyma.16G218900)
was not consistent in SXCMS5A, SXCMS6A, and SXCMS7A compared to their respective
maintainer SXCMS5B, SXCMS6B, and SXCMS7B (Figure 8C). This inconsistency suggested
that GmMYB (Glyma.16G218900) might play different roles in different CMS-maintainer
pairs. All these findings suggested that these TFs might involve in regulation of pollen
development in soybean CMS.
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Figure 8. Analysis of DEGs related to transcription factors (TFs) between soybean CMS lines and
their maintainers. (A) Heat map of the DEGs related to TFs between SXCMS5A and SXCMS5B.
The heat map was created using MeV 4.9 software. Log2(FC) values were obtained from RNA-seq
data. (B–E) Relative expression level of GmMYB35 (Glyma.06G188400), GmMYB (Glyma.16G218900),
GmbHLH118 (Glyma.09G150000) and GmWRKY43 (Glyma.18G238600) between soybean CMS lines
and their maintainers by qRT-PCR analysis. Asterisk indicated statistical significance: *, p < 0.05;
**, p < 0.01; ***, p < 0.001.

3. Discussion

In plants, CMS, i.e., cytoplasmic nuclear interaction male sterility, is controlled by
cytoplasmic and nuclear male sterility genes in a coordinated manner. It is generally
believed that CMS is caused by the coupling of mitochondrial genes and nuclear genes [14].
The mitochondrial genome and nuclear genome locate on different parts in a cell, but
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they relate and influence each other in functions [25]. The nuclear genes encode various
protein factors and enzymes needed for mitochondrial gene replication, transcription and
translation, while mitochondrial gene mutation leads to the abnormality of its coding
protein polypeptide, which can reverse-regulate the replication and expression of a series
of nuclear genes through the signal pathway, leading to pollen abortion. In general, nuclear
genes related to pollen wall development, carbohydrate metabolism and sugar transport,
ROS metabolism and TFs play important roles in male fertility regulation. The relationship
between DEGs and pollen abortion of SXCMS5A were discussed as follows.

3.1. ORF178 and ORF103c Identified as CMS Candidate Mitochondrial Genes of SXCMS5A

In plants, the production of most CMS was closely related to the variation, recombi-
nation and rearrangement of mitochondrial genome, resulting in a large number of new
chimeric ORFs, which changed the transcription and translation products of genes, affected
the expression and loss of function of genes, and led to male sterility in plants [12,26,27].
In rice, the CMS of the wild abortion type and Honglian type had been intensively inves-
tigated. Among the genes involved in these CMS variants, WA352, a CMS sterility gene,
interacted with mitochondrial protein COX11 to stimulate the degradation of tapetum
in anther, which in turn led to pollen abortion [28]. ORFH79, a protein expressed by
a CMS sterility gene of the rice Honglian type, interacted with p61, a small subunit of
mitochondrial respiratory electron transport chain complex III, resulting in ATP concen-
tration decreased and ROS amount increased, which eventually led to cytoplasmic male
sterility [29]. In this study, 13 DEGs included 12 ORFs and 1 COX2 were mitochondrial
genome genes between SXCMS5A and SXCMS5B of which three (ORF103c, ORF151 and
ORF178) were expressed almost exclusively in differential soybean CMS lines. Furthermore,
both ORF103c and ORF178 encode transmembrane proteins, which is one of the main
characteristics of CMS genes [14,22]. Interestingly, ORF178 was formed during the process
of genome recombination in a soybean CMS line NJCMS1A, and it was also found that
ORF178 was expressed in NJCMS1A, NJCMS4A and NJCMS5A [22]. However, ORF103c
was found in SXCMS5A, SXCMS6A and SXCMS7A, but not in NJCMS1A. In addition,
ORF261, another CMS candidate gene in NJCMS1A, was downregulated in SXCMS5A
compared to SXCMS5B, which might be caused by cytoplasmic differences. Thus, the
upregulated expression of ORF178 and ORF103c might change the transcription and trans-
lation products of genes and affect gene expression and loss of function, which was related
to pollen abortion and male sterility in SXCMS5A. Since the role of these DEGs in pollen
development had not been previously reported, these findings offered a new direction for
investigations of the molecular mechanisms underlying soybean CMS.

3.2. Down-Regulation of DEGs Associated with Pollen Wall Development Is One of the Key
Factors of Pollen Development Defect in SXCMS5A

The development of the pollen wall in pollen grains was a requirement for plant sexual
reproduction, and most of the characters associated with male sterility were related to
abnormal development of the pollen wall [30]. Pectin metabolism played an important
role in pollen development; thus, inhibition of pectin metabolism during pollen develop-
ment would lead to delayed pollen development, male sterility, and a lower seed setting
rate [31,32]. In this study, we identified 11 PMEs, all of which were downregulated in the
CMS line SXCMS5A compared to SXCMS5B. These genes were predicted to be correlated
with pectinesterase activity. In addition, three PLs were also downregulated in the CMS
line SXCMS5A compared to SXCMS5B. PL and PME were two important enzymes involved
in the degradation of plant pectin and the formation of pollen walls in plants [23,24]. PL,
Exo-PG, and PME were associated with male fertility restoration of the CMS line in pepper,
and PL and PME played an important role in pollen development [33]. Thus, the downreg-
ulated expression of PL and PME genes might result in abnormal pollen wall development,
which was related to pollen abortion and male sterility in SXCMS5A.
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3.3. Blocked Carbohydrate Metabolism and Sugar Transport Leads to Abnormal Pollen
Development in SXCMS5A

Carbohydrate metabolism and sugar transport were the most basic metabolic processes
in plant, providing energy and carbon for anther development, and starch and sucrose
serve as energy reserves for pollen maturation [34,35]. In this study, starch and sucrose
metabolism, pentose and glucuronate interconversions, and glycolysis/gluconeogenesis
were three enriched pathways for carbohydrate metabolism. These 3 key pathways con-
tained 58 DEGs of which 55 were downregulated in SXCMS5A. Male sterility in the soybean
CMS line NJCMS1A was associated with these three pathways [21]. Similarly, we found that
many sugar transport-related DEGs, such as STP11 and sucrose transport protein SUC4-like
(SUC4), were downregulated in SXCMS5A. In cucumber, Sun et al. [16] found that down-
regulation of the sugar transporter CsSUT1 inhibited pollen germination and caused male
sterility. In soybean CMS-based F1, Ding et al. [36] had found downregulation of sugar
transport-related DEGs and reduction of sugar accompanied by the decrease of male fertility
under heat stress. Furthermore, substance amount analysis also showed that energy supply
was decreased in SXCMS5A compared to SXCMS5B. Thus, the downregulated expression
of carbohydrate metabolism and sugar transport related genes might lead to insufficient
energy supply, which was related to pollen abortion and male sterility in SXCMS5A.

3.4. Abnormal ROS Metabolism Leads to Pollen Abortion in SXCMS5A

PCD was a common phenomenon in the development of animals and plants, reg-
ulated by genes under specific physiological or pathological conditions [37]. Tapetum
provides nutrients for pollen development, and its abnormal PCD process is one of the
direct causes of plant male sterility [14,15,38,39]. In this study, cytological analysis showed
that the tapetum was vacuolated and abnormally developed in SXCMS5A compared to
SXCMS5B, which had typical morphological characteristics of abnormal PCD. Although
the male-sterile lines formed microspores through meiosis, they could not provide related
materials for the development of pollen and could not ultimately form functional pollen.
Most importantly, there was a close relationship between PCD and ROS metabolism [40,41].
Studies had shown that abnormal ROS metabolism during anther or spikelet development
was related to male sterility [42–44]. Ascorbic acid and glutathione had important phys-
iological functions in plants, with special roles in maintaining the redox balance of cells
in the plant antioxidant system [45,46]. In this study, L-AO and GST genes (components
of ascorbic acid and glutathione metabolism, respectively) were downregulated in flower
buds of the soybean CMS lines compared to their maintainer lines. Furthermore, enzyme
activity analysis also showed that ROS scavenging were decreased in SXCMS5A compared
to SXCMS5B. Thus, the downregulated expression of ROS metabolism genes might lead to
abnormal PCD, which was related to pollen abortion and male sterility in SXCMS5A.

3.5. Abnormal Expression of TF Related DEGs Causes Pollen Abortion in SXCMS5A

TFs are important regulators of gene expression, and their expression changes may
have an important impact on plant growth and development [47,48]. For example, MYB,
bHLH and WRKY participated in regulation of rates of gene transcription and regulation of
meiosis, which was very important for stamen development and maturation [49–52]. Most
of these TFs played a key role in the process of tapetum PCD and pollen formation, and
their abnormal functioning often caused male sterility [13,53,54]. In this study, 20 coding TF
DEGs were found between SXCMS5A and SXCMS5B among which 15 downregulated and
5 upregulated in SXCMS5A compared to SXCMS5B. Among these DEGs, 6 were related
to MYB TFs, 2 were related to bHLH TFs, and 1 was related to WRKY TFs. In addition,
effective activation of the ethylene signaling pathway was required for plant responses to
growth and environmental signals, but continuous over activation of the ethylene signaling
pathway had obvious inhibitory and toxic effects on plant growth and reproduction [55].
Previous research had shown that increasing ethylene concentration could lead to male
sterility in wheat [55]. Up-regulation of the Glyma.16G164800 encoding ethylene response
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transcription factor was also consistent with this result. Thus, the abnormal expression of
these TFs might cause disturbance in expression of genes related to tapetum and pollen
development, which was related to pollen abortion and male sterility in SXCMS5A.

3.6. Proposed Model for the Mechanism of Male Sterility in Soybean CMS Line SXCMS5A

According to previous reports and the data presented in this study, we made the
following speculation on the mechanism of male sterility in soybean CMS line SXCMS5A
(Figure 9). First, the rearrangement of soybean CMS line SXCMS5A mitochondrial genome
generated CMS genes, including ORF178 and ORF103c. The production of ORF178
or ORF103c leads to mitochondrial dysfunction, such as blocked energy synthesis and
massive production of ROS. Subsequently, mitochondrial defects directly/indirectly lead
to the down-regulation of genes related to carbohydrate metabolism, sugar transport and
pollen wall development in the nucleus, leading to further energy shortage and abnor-
mal pollen development during pollen development. In addition, the downregulation of
enzymatic ROS scavenging related genes in the nucleus leads to the dysfunction of the
enzymatic ROS scavenging system, resulting in the inability of effective ROS clearance
and the accumulation of ROS, which affects the normal PCD process of anther tapetum.
The combination of these processes eventually leads to male sterility in soybean CMS line
SXCMS5A. Further studies are needed to validate this proposed model.
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4. Materials and Methods
4.1. Plant Materials and Sample Collection

Three soybean CMS lines, SXCMS5A, SXCMS6A, and SXCMS7A with their respective
maintainer lines were used in the present study. SXCMS5A was developed by continuous
backcross with the CMS line H3A as the donor parent and the variety JY20 (designated as
SXCMS5B afterwards) as the recurrent parent; SXCMS6A was developed by continuous
backcross with the CMS line H3A as the donor parent and the strain LX11 (designated as
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SXCMS6B afterwards) as the recurrent parent; and SXCMS7A was developed by continuous
backcross with the CMS line H3A as the donor parent and the strain JDX (designated as
SXCMS7B afterwards) as the recurrent parent. Here, the CMS line H3A was developed
by continuous backcross with the CMS line JLCMS1A as the donor parent and the strain
H3 as the recurrent parent, whereas JLCMS1A was introduced from Jilin Academy of
Agricultural Sciences.

SXCMS5A and SXCMS5B were planted in the summer of 2017 at Dangtu Experimental
Station of Nanjing Agricultural University. Because it was difficult to judge the precise
pollen development stage from flower bud appearance in soybean, the mixture of flower
buds with different sizes were collected from three individual plants in the afternoon as
three biological replicates for SXCMS5A and SXCMS5B. The samples were immediately
placed in liquid nitrogen and then stored at −80 ◦C for RNA-Seq.

SXCMS5A and SXCMS5B, SXCMS6A and SXCMS6B, and SXCMS7A and SXCMS7B
were planted in the summer of 2019 at Dangtu Experimental Station. The mixture of
flower buds with different sizes were collected in the afternoon during flowering period,
immediately placed in liquid nitrogen, then stored at −80 ◦C for qRT-PCR. All qRT-PCR
reactions were performed with three biological replicates.

SXCMS5A and SXCMS5B were planted in the spring of 2019 at Dongyang Experimen-
tal Station of Shanxi Agricultural University. Flower buds with different sizes were collected
in the afternoon at the flowering stage and fixed in formaldehyte-alcohol-acetic acid (FAA)
for cytological examination. The mixture of flower buds of different sizes was collected in
the afternoon at the flowering stage, immediately placed in liquid nitrogen, then stored in
at −80 ◦C for enzyme activity assay and substance content analysis. All enzyme activity
assay and substance content analysis were performed with three biological replicates.

4.2. Cytological Examination

To observe the cyto-morphological characteristics of pollen development of SXCMS5A
and SXCMS5B, flower buds with different sizes were fixed, dehydrated, embedded, sec-
tioned and stained according to a previous report [56]. To observe the pollen fertility of
SXCMS5A and SXCMS5B, the anthers of unopened flowers (the flowers that will open in
the morning of next day) in the afternoon were taken and stained with a 1% I2-KI solu-
tion [57]. All samples were observed using a light microscope (Nikon Eclipse CI, Tokyo,
Japan), and photographed under the imaging system (Nikon DS-U3, Tokyo, Japan).

4.3. Total RNA Extraction, Library Construction, and Sequencing

Trizol (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA from the flower
buds of SXCMS5A and SXCMS5B. The construction of cDNA library referred to prokaryote,
considering that the plant mitochondrial genomes were similar to its ring genome. So, after
total RNA was extracted, sample mRNA was enriched by removing rRNA by a Ribo-
ZeroTM Magnetic Kit (Epicenter, Madison, WI, USA). Next, the enriched mRNA was
fragmented into short fragments using fragmentation buffer and reverse-transcribed into
cDNA with random primers. Second-strand cDNA was synthesized with DNA polymerase
I, RNase H, dNTPs, and buffer. The cDNA fragments were then purified with a QiaQuick
PCR extraction kit, end-repaired, poly(A) was added, and ligated to Illumina sequencing
adapters. The ligation products were size selected by agarose gel electrophoresis, PCR
amplified, and sequenced using Illumina HiSeqTM 2500 by Gene Denovo Biotechnology
Co. (Guangzhou, China).

4.4. Raw Sequencing Data Analysis and Bioinformatics Analysis

The raw data from the sequencing machines were initially filtered to get clean data.
The short-reads alignment tool Bowtie2 [58] was used to compare and remove reads
containing rRNA. Tophat2 software [59] was used to compare the reads of the filtered
rRNA to the reference genome (Nucleus, Wm82.a2.v1; mitochondria, JX463295.1; chloro-
plast, DQ317523.1). Next, the transcripts of a group of different repeats were fused into
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comprehensive transcripts with Cufflinks software [60]; transcripts of multiple groups
were then merged into a group of final comprehensive transcripts for further analy-
sis of downstream differential expression. Transmembrane domain of ORF was pre-
dicted using DeepTMHMM (V.1.0.12, https://dtu.biolib.com/DeepTMHMM, accessed
on 15 September 2022) [61]. The FPKM values of DEGs between SXCMS5A and SX-
CMS5B in soybean root, stem, leaf and flower tissues were obtained from the RNA-seq
data in Phytozome v12.0 (https://phytozome.jgi.doe.gov/pz/portal.html#, accessed on
15 August 2020), and the heat map was conducted using MeV 4.9 software.

4.5. Quantification of Gene Abundance and DEG-Analysis

Gene abundance was quantified with RSEM software [62]. The gene expression
level was normalized with fragments per kilobase of transcript per million mapped reads
(FPKM) method. To identify differentially expressed genes, the edgeR package was used.
A standard of “FDR < 0.05 and |log2FC| > 1” was used as the threshold to screen for
significant DEGs. DEGs were then subjected to enrichment analysis of GO functions and
KEGG pathways.

4.6. GO and KEGG Pathway Enrichment Analysis

GO enrichment analysis identified all GO terms that were significantly enriched in
DEGs comparing to the genome background, and filtered the DEGs that correspond to
biological functions. All DEGs were mapped to GO terms in the gene ontology database
(http://www.geneontology.org/, accessed on 15 December 2017); gene numbers were
calculated for every term, and significantly enriched GO terms in DEGs compared to the
genome background were defined by hypergeometric test. The calculated p values were
run through FDR correction, taking a Q value ≤ 0.05 as a threshold. GO terms meeting this
condition were defined as significantly enriched GO terms in DEGs. This analysis enabled
identification of the main biological functions correlated with the DEGs in question.

KEGG was the major public pathway-related database [63]. Pathway enrichment anal-
ysis identified significantly enriched metabolic pathways or signal transduction pathways
in DEGs compared to the whole genome background. The calculated p value was run
through FDR correction, taking a Q value ≤ 0.05 as a threshold value. Pathways meeting
this condition were defined as significantly enriched pathways in DEGs.

4.7. qRT-PCR Analysis

qRT-PCR was used to validate the gene expression levels of DEGs detected by RNA-Seq.
All primers (Table S6) were designed based on the mRNA sequences, and synthesized
commercially (General Biosystems, Chuzhou, China). Total RNAs from the flower buds of
SXCMS5A and SXCMS5B, SXCMS6A and SXCMS6B, SXCMS7A and SXCMS7B were used
for the validation of RNA-Seq. Using the protocol provided in the HiScript Q RT SuperMix
for qPCR kit (+gDNA wiper, Vazyme, Nanjing, China), 1 µg of total RNA was reverse-
transcribed using oligo (dT) primers. qPCR analysis was carried out using the AceQ qPCR
SYBR Green Master Mix (Vazyme, Nanjing, China) on a Bio-Rad CFX96 instrument (CFX96
Touch, BIO-RAD, USA). GmTubulin (accession number: NM_001252709.2) was used as the
internal control gene [36]. The maintainer lines were used as the control of their male sterile
lines. Relative expression levels of the genes were quantified using the 2−∆∆Ct method [64].

4.8. Substance Contents and Enzyme Activity Assay

Soluble sugar and starch contents were measured by visible light spectrophotometer
according to the operation procedure of soluble sugar content detection kit (Solarbio,
Beijing, China) and starch content detection kit (Solarbio, Beijing, China), respectively. ATP
content was measured by UV spectrophotometer according to the operation procedures of
ATP content detection kit (Solarbio, Beijing, China).

CAT and AAO activities were measured by UV spectrophotometer according to the
operation procedure of CAT activity test kit (Solarbio, Beijing, China) and AAO activity
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test kit (Solarbio, Beijing, China), respectively. GPX activity was measured by visible
light spectrophotometer according to the operation procedure of GPX activity test kit
(Solarbio, Beijing, China).

5. Conclusions

In this study, two ORFs in mitochondria, including ORF178 and ORF103c, were
upregulated in sterile lines and had transmembrane domains, which were identified as two
candidate CMS genes of soybean CMS line SXCMS5A as well as its two half-sib sister lines
with a same cytoplasm source (SXCMS6A and SXCMS7A). Our study showed that pollen
wall development, carbohydrate metabolism, sugar transport, ROS metabolism related
genes and TFs were involved in the process of pollen abortion and male sterility. The male
sterility mechanism of SXCMS5A might be the rearrangement of soybean mitochondrial
genome to produce CMS gene, which directly or indirectly affected a series of biological
processes, such as the decrease of energy supply and the outbreak of ROS, leading to the
abnormal development of anther tapetum and finally pollen abortion. Future research will
focus on cloning CMS related candidate genes in soybean.
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Abstract: Anthocyanins are well-known antioxidants that are beneficial for plants and consumers.
Dihydroflavonol-4-reductase (DFR) is a key gene of anthocyanin biosynthesis, controlled by multiple
transcription factors. Its expression can be enhanced by mutations in the negative regulator of antho-
cyanin biosynthesis myeloblastosis family transcription factor-like 2 (MYBL2). The expression profiles
of the DFR gene were examined in 43 purple and green varieties of Brassica oleracea L., Brassica napus L.,
Brassica juncea L., and Brassica rapa L. MYBL2 gene expression was significantly reduced in purple
varieties of B. oleracea, and green varieties of B. juncea. The MYBL2 gene sequences were screened
for mutations that can affect pigmentation. Expression of the DFR gene was cultivar-specific, but in
general it correlated with anthocyanin content and was higher in purple plants. Two single nucleotide
polymorphysms (SNPs) were found at the beginning of the DNA-binding domain of MYBL2 gene
in all purple varieties of B. oleracea. This mutation, leading to an amino acid substitution and the
formation of a mononucleotide repeat (A)8, significantly affects RNA structure. No other noteworthy
mutations were found in the MYBL2 gene in green varieties of B. oleracea and other studied species.
These results bring new insights into the regulation of anthocyanin biosynthesis in genus Brassica
and provide opportunities for generation of new purple varieties with precise mutations introduced
via genetic engineering and CRISPR/Cas.

Keywords: Brassicaceae; Brassica oleracea; DFR; MYBL2; SNP; RNA; CRISPR

1. Introduction

The genus Brassica includes species distributed worldwide, such as B. oleracea, B. napus,
B. juncea, and B. rapa. Brassica vegetables are economically important dietary products rich
in phenolic compounds, carotenoids, vitamins C, and E [1]. Purple varieties of Brassica
sp. are the most rare and beneficial for health due to the presence of anthocyanins. These
phenolic compounds can be used as natural dyes and colorants in food due to the high
thermal stability [2]. Anthocyanins are also associated with increased stress tolerance [3].

The anthocyanin biosynthesis pathway is well-studied; however, the specific genes
responsible for purple pigmentation in Brassica sp. have not been discovered yet. The
genetic regulation of anthocyanin accumulation is traditionally studied in ornamental
plants, such as petunia, phalaenopsis, and snapdragon [4–7].

The key gene of anthocyanin biosynthesis, encoding dihydroflavonol-4-reductase
(DFR), is controlled by multiple transcription factors and micro RNAs. Low expression
of this gene, which catalyzes the synthesis of leucoanthocyanidin, is suggested to be the
bottleneck, preventing anthocyanin synthesis in plants [8]. PAP1 (AN2), PAP2, TT8, TTG1,
MYB2, and Delila are known as its positive regulators. GLABRA2, HAT1, CPC, MYBL2,
MYB1, and MYB57 were reported to downregulate the expression of the DFR gene. Three
types of transcription factors: MYB, MYC/basic Helix-Loop-Helix (bHLH), and WD40-
repeat (WDR) proteins usually act in MBW complexes. These complexes bind to the DFR
promoter and regulate the transcription of DFR gene to alter anthocyanin biosynthesis [9].
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In phalaenopsis, DFR and MYB transcripts were present in the purple rather than the
white sectors of the flower; however, the expression level of other structural and regulatory
genes was the same in both sectors [4]. Zoysiagrass cultivars with green and purple spikes
and stolons differed by the expression level of Anthocyanidin synthase and DFR genes [10]. In
black-skinned pomegranate, the DFR gene expression was higher, and AN2 gene expression
was lower than in samples with white skin [11]. In the white petunia, the introduction of
an exogenous DFR gene resulted in a pink-flowered phenotype [12]. In general, in white
flowers the expression of structural anthocyanin genes is undetectable [4,13]. However
green varieties of Brassica sp. produce some anthocyanins, their content is by several orders
of magnitude lower than in purple varieties [14]. Unlike petunia, which has three different
DFR genes to control pigmentation in different organs, most Brassicaceae have only one
functional gene and usually accumulate anthocyanins in all tissues [15]. Overexpression
of the exogenous AtDFR gene in B. napus increased DFR transcript levels, anthocyanin
accumulation in the shoots, and salt tolerance [3]. Purple pigmentation may appear or
decrease in response to stress, lighting intensity, changes in nitrogen concentration and
other factors. This suggests that in green Brassica sp. DFR expression is not blocked
absolutely, but is controlled via a quantitative regulatory system [16].

Some structural and regulatory genes of Brassicaceae can be solely responsible for
purple pigmentation or its absence [17]. Mutations such as indels can affect anthocyanin
pigmentation. A mutation in GLABRA3 gene contributed to a 98% decrease in the DFR
transcript content and anthocyaninless phenotype in Arabidopsis thaliana [8]. Insertion of
a natural transposon in a TT8 gene of B. rapa contributed to the loss of pigmentation in
the seeds [14]. Mutation of the promoter activated the expression of the BoMYB2 gene in
purple cauliflower [18].

Mutations identified in the coding sequence of the DFR gene itself also can disrupt
the functions of the protein [19,20]. Deletion of the DFR gene in purple ornamental kale
resulted in a loss of pigmentation [21].

The negative regulator, MYBL2, which encodes a R3-MYB-related protein, appears
to make the greatest contribution to changes in DFR gene expression and anthocyanin
pigmentation in many plant species. MYBL2 expression appears to be dependent on light
intensity and temperature [22,23]. The MYBL2 transcription factor has a DNA-binding
MYB domain and a repressive domain. In A. thaliana the minimal repression domain
of MYBL2 consists of six amino acids (TLLLFR) at the carboxyl terminus [24]. Possible
inhibition mechanisms of this negative regulator have not yet been clarified. It either binds
to the bHLH protein and prevents the formation of MBW complexes or replaces it in the
complex [25–27].

It has been confirmed that silencing of the MYBL2 gene in A. thaliana promoted DFR
expression [26,27]. Unlike DFR gene, MYBL2 might have several orthologs in Brassica
sp. [28]. For example, MYBL2-1 mRNA was not detectable in purple B. oleracea; however
MYBL2-2 was expressed. This suggests that only MYBL2-1 is closely associated with
anthocyanin production in B. oleracea; however, the second ortholog probably did not retain
this function. Anthocyanin hyperaccumulation in these plants resulted from either the
promoter substitution or deletion of the MYBL2-1 gene [25]. Data on the role of MYBL2-1
gene in B. rapa are contradictory. It has been suggested that a 100-bp insertion in the
third exon of MYBL2-1 gene is associated with purple pigmentation in this species [17,29].
However, MYBL2-1 gene is highly expressed in another purple variety of B. rapa and
therefore may serve as a positive regulator [30].

However it is clear that the MYBL2 gene plays a key role in the regulation of antho-
cyanin biosynthesis, data on mutations that reliably induce anthocyanin accumulation in
genus Brassica are very limited. Most of the experiments were carried out on the model
plant A. thaliana, which has a single MYBL2 gene copy. The studied B. oleracea and B. rapa
varieties were of Asian origin; however, purple Brassica vegetables are supposed to be
native to the Mediterranean region of Europe [29]. In B. napus and B. juncea this gene has
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never been studied. MYBL2 has not yet been subjected to CRISPR/Cas editing, although it
appears to be a perfect target gene, responsible for phenotypic changes [9].

To figure out if any mutations in the MYBL2 gene can be associated with pigmentation
in 43 purple and green varieties of B. oleracea L., B. napus L., B. juncea L., and B. rapa
L., expression profiles of DFR and MYBL2 genes and sequencing of the MYBL2 gene
were performed. Anthocyanin content was measured in green and purple varieties. The
possibilities to introduce precise mutations to the MYBL2 gene via CRISPR/Cas editing
were evaluated.

2. Results
2.1. Expression Profiles of the DFR Gene in Brassicaceae

Visible purple pigmentation in B. oleracea was not directly related to the expression of
the DFR gene (Figure 1). In general, purple varieties of the same cultivar produced more
mRNA of the DFR gene than green ones, but there was a great difference between cultivars.
Purple kohlrabi (Figure 1(20–22)) did not differ significantly from several green varieties of
headed cabbage by the expression of DFR gene (Figure 1(6,7)); however, the phenotypic
differences were clearly visible. The primary leaf veins, petioles, and stems were the most
pigmented organs in B. oleracea, and not the leaf lamina.

In several varieties of headed cabbage and Brussels sprout (Figure 1(2,3,8)) the DFR
gene was expressed at the level of the reference gene (70–90%); however, in cauliflower and
kohlrabi it only reached 20–30% of the reference gene expression. Our results indicate that
the DFR gene is not decisive for the formation of anthocyanin pigmentation in all varieties
of cabbage; therefore, other genes may be involved.

B. rapa was the only species where mRNA content of the DFR gene was higher than
those of the reference gene (Figure 2(38–40)). The cotyledons of B. rapa were also the most
pigmented among all studied Brassica species. On the contrary, B. napus with pigmented
roots had green leaves with unremarkable expression level of the DFR gene (Figure 2(33,34)).
One of the B. juncea varieties was supposed to accumulate anthocyanins (Figure 2(28));
however, its leaves were not visibly pigmented and demonstrated low expression level of
the DFR gene, but not as low as in green varieties. In green cabbage this gene was expressed
at a certain level (Figure 1); however, in green B. juncea and B. rapa its mRNA content was
close to zero (Figure 2(31,32,42,43)).

Our results indicate that expression profiles of the DFR gene in Brassicaceae are species-
specific and even cultivar-specific.

2.2. Expression Profiles of the MYBL2 Gene in Brassicaceae

However DFR gene expression in several purple varieties of B. oleracea was no higher
than in green ones, MYBL2 mRNA content was very low and did not exceed 10% in all
purple varieties (Figure 1(1,4,21). In green varieties of B. oleracea MYBL2 gene expression
was also cultivar-specific. In headed cabbage and kohlrabi it was the highest (40–50%
of the reference gene), but in Brussels sprout and cauliflower it was almost as low as in
purple plants (Figure 1(8–19)). Nevertheless, in these two cultivars a strong negative corre-
lation was observed between the expression levels of DFR and MYBL2 genes (correlation
coefficients = −0.78 and −0.8, respectively); however, in headed cabbage and kohlrabi
coefficients were lower (−0.5 and −0.65).

Interestingly, in three purple varieties of B. juncea, the expression of MYBL2 gene was
significantly higher than in green varieties (Figure 2(26–28)), which was unexpected of a
putative negative regulator of anthocyanin biosynthesis. No correlation was found between
the expression levels of DFR and MYBL2 genes in this species.

The content of MYBL2 mRNA in purple B. rapa and B. oleracea was comparable, except
for the Mizuna Red cultivar (Figure 2(39)). The level of DFR expression in this cultivar
was also lower than in Ruby little mermaid and Mizuna purple (Figure 2(38,40)). The
correlation coefficient between the expression levels of the two studied genes in B. rapa was
−0.62.
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Unexpectedly, the correlation between the expression levels of DFR and MYBL2 genes
appeared to be the strongest in B. napus (−0.99), which were not visibly pigmented.
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Figure 1. Relative expression level of the DFR gene (a), MYBL2 gene (b), and anthocyanin content 
(c) in purple and green cultivars of B. oleracea. Visible pigmentation is shown in the photographs. 
Cultivars are numbered as follows: 1—Kalibos; 2—Ludmila; 3—Ruby; 4—Mars; 5—Firebird; 6—
Royal Vantage; 7—Moscow Late; 8—Garnet bracelet; 9—Bunch of grapes; 10—Rosella; 11—
Hercules; 12—Sapphire; 13—Gardener’s dream; 14—Purple ball; 15—Bird’s milk; 16—Baby; 17—
Flame star; 18—Green bunch; 19—Alpha; 20—Madonna; 21—Violetta; 22—Vienna purple; 23—
Vienna white; 24—Gulliver; 25—Picante. Varieties declared as purple are highlighted in pink. 
Asterisk (*) indicates a significant difference from unpigmented plants of the same cultivar. 

Figure 1. Relative expression level of the DFR gene (a), MYBL2 gene (b), and anthocyanin content (c)
in purple and green cultivars of B. oleracea. Visible pigmentation is shown in the photographs. Culti-
vars are numbered as follows: 1—Kalibos; 2—Ludmila; 3—Ruby; 4—Mars; 5—Firebird; 6—Royal
Vantage; 7—Moscow Late; 8—Garnet bracelet; 9—Bunch of grapes; 10—Rosella; 11—Hercules;
12—Sapphire; 13—Gardener’s dream; 14—Purple ball; 15—Bird’s milk; 16—Baby; 17—Flame star;
18—Green bunch; 19—Alpha; 20—Madonna; 21—Violetta; 22—Vienna purple; 23—Vienna white;
24—Gulliver; 25—Picante. Varieties declared as purple are highlighted in pink. Asterisk (*) indicates
a significant difference from unpigmented plants of the same cultivar.
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(c) in purple and green cultivars of B. juncea, B. napus, and B. rapa. Visible pigmentation is shown 

Figure 2. Relative expression level of the DFR gene (a), MYBL2 gene (b) and anthocyanin content (c)
in purple and green cultivars of B. juncea, B. napus, and B. rapa. Visible pigmentation is shown in
the photographs. Cultivars are numbered as follows: 26—Vitamin; 27—Red velvet; 28—Freckle;
29—Miracles in the sieve; 30—Red giant; 31—Wavelet; 32—Vigorous; 33—rutabaga Krasnosel-
skaya; 34—rutabaga Gera; 35—rutabaga Novgorodskaya; 36—rutabaga Child love; 37—fodder
cabbage Veha; 38—Ruby little mermaid; 39—Mizuna Red; 40—Mizuna purple; 41—Impulse;
42—The little mermaid; 43—Mizuna green. Varieties declared as purple are highlighted in pink.
Asterisk (*) indicates a significant difference from unpigmented plants of the same species.

2.3. Total Anthocyanin Content

To reveal how DFR and MYBL2 gene expression levels affect the accumulation of
anthocyanins, their content was measured in green and purple varieties.

The content of anthocyanins in the studied plants ranged from 6 to 411 mg/100 g
of dry weight (DW). In general, this parameter positively correlated with the DFR gene
expression level (correlation coefficient = 0.83). Among groups, only in B. napus and headed
cabbage correlation between DFR mRNA and anthocyanin content was weaker (0.4 and
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0.66). Correlation with MYBL2 gene expression was negative, but very weak. It was notable
only in kohlrabi (−0.92), Brussels sprout (−0.69), and B. rapa (−0.75). These results are
indicative of the direct involvement of the DFR gene in anthocyanin biosynthesis and
regulatory role of the MYBL2 gene, which may differ depending on the plant variety and
exogenous factors.

Green varieties contained on average 14 mg/100 g of anthocyanins, while in purple
varieties anthocyanin content was 10 times higher. These results are consistent with the
literature data [10]. However, there were some exceptions. For example, in the rutabaga
Gera (Figure 2(34)), which was supposed to have pigmentation only in roots, the leaves
contained no less anthocyanins than the purple varieties of B. oleracea. The expression of
the DFR gene in B. napus was also higher than in most of the anthocyaninless varieties of
other species. This indicates that the regulation of anthocyanin biosynthesis in B. napus
may be more complex due to ploidy and multiple copies of the gene.

In purple-headed cabbages Kalibos and Mars (Figure 1(1,4)) DFR mRNA content was
the same as in green varieties. Indeed, anthocyanin content in these plants was also low,
and MYBL2 expression was higher than in other purple varieties of B. oleracea, but much
lower than in green-headed cabbages.

The highest anthocyanin content as well as the highest DFR gene expression was
observed in B. rapa. As far as these species have thin, delicate leaves, they may contain less
debris and more anthocyanins per unit weight. The involvement of the MYBL2 gene in
anthocyanin biosynthesis in these species is very likely. On the contrary, no noticeable effect
of the MYBL2 expression on the accumulation of anthocyanins was observed in B. juncea.

To determine if the negative regulator of anthocyanin biosynthesis MYBL2 is related
to the DFR expression profiles and anthocyanin content, we subjected the samples of each
species and cultivar to sequencing.

2.4. Sequencing of the MYBL2 Gene

However it was earlier reported that purple varieties of B. oleracea lacked BoMYBL2-1
coding sequences [25], amplification was successful in all studied samples. A 100-bp
insertion, associated with purple pigmentation in B. rapa [29], also was not detected.

We discovered two completely new SNPs in a MYBL2 sequence of all analyzed purple
varieties of B. oleracea, which affected the beginning of the DNA-binding MYB domain,
resulting in the replacement of two amino acids (from KESN to KKNN), compared with
B. rapa (Figure 3). The mutation was common for all cultivars of B. oleracea; however, it was
not detected in any of the green varieties, or in B. juncea, B. napus, and B. rapa. In green
varieties of B. oleracea there was also one SNP in this site, compared with the MYBL2 gene
of B. rapa, resulting in an amino acid change (GAA into CAA – KESN into KQSN); however,
it was outside of the DNA-binding domain. Therefore, the mutation probably did not affect
DNA binding. Other species did not have any mutations within this site. Close to the
carboxyl terminus there was also one SNP, specific for purple cabbage (GTG into GTT);
however, it did not result in an amino acid substitution.

It should be noted that there were occasional heterozygous mutations in green varieties
of cabbage (Figure 3C); however, in purple varieties there were almost none which means
they have homozygous alleles of MYBL2 gene.

There were other differences between the varieties, which cannot be directly associated
with anthocyanin pigmentation. For example, a 30 bp long insertion (GTAATGTGAATGT-
TATTTTTTTTGCAAAAA) was observed in the noncoding sequence of the MYBL2 gene in
purple and green B. oleracea, compared with B. rapa.

Therefore, we were unable to detect any noteworthy mutations in purple varieties of
B. juncea, B. napus, and B. rapa, which can be associated with hyperpigmentation.
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Figure 3. The localization of a DNA-binding domain in a MYBL2 gene (A) and the sequence of
the beginning of this domain in B. oleracea varieties Gardener’s dream (B), Gulliver (C), and green
B. juncea variety Vigorous (D).

3. Discussion

As a result of a present study, we report a mutation in the beginning of a DNA-binding
site of a MYBL2 gene of purple B. oleracea for the first time. According to the NCBI database,
AAAGAAAGCAAC into AAAAAAAACAAC (KESN into KKNN) mutation is unique and
has never previously been found. The presence of the same mutation in all purple varieties
of B. oleracea strongly suggests that it is directly associated with anthocyanin pigmentation.

There are several possible mechanisms by which this mutation can result in phenotypic
changes. First of all, it is a mononucleotide (A)8 repeat (SSR) in the coding region, which
can lead to gene inactivation, changes in function and phenotype [31]. SSRs can serve as
binding sites for regulatory elements, may form altered DNA secondary structures, and
affect gene translation. For example, translational repression of the MYBL2 gene by MiR858
was shown to enhance anthocyanin biosynthesis in seedlings of A. thaliana [32]. SSRs often
cause DNA slippage during DNA replication [33]. This mutation also creates the KKXX
dilysine motif, which promotes the relocation of proteins from the Golgi apparatus to the
endoplasmic reticulum [34].

The mutation affects the secondary structure of RNA (Figure 4), which plays a cen-
tral role in post-transcriptional regulation of gene expression and affect recognition by
ribosomes. U- and A-rich sites may correlate with the recognition of endonucleases for
regulating alternative polyadenylation [35].

In all purple varieties of B. oleracea expression level of the MYBL2 gene was lower
than 10%; however, in green varieties it can be as high as 50% (Figure 1). Variability in the
mRNA content of this gene was not so pronounced in other plant species (Figure 2). It is
interesting that strong correlation between the expression of MYBL2 and DFR genes was
also observed in B. napus, which is indicative of the special role of MYBL2 gene in the C
genome. In B. oleracea and B. napus this gene negatively affected the expression of DFR,
such as in A. thaliana [26,27].
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Figure 4. Part of a predicted RNA structure of the normal (A) and mutant (B) MYBL2 gene.

No significant mutations were detected in the MYBL2-1 gene sequence in purple
varieties of B. juncea, B. napus, and B. rapa, which suggests that DFR gene expression
in these species can be regulated differently. It has been shown that six amino acids
(TLLLFR) at the carboxyl terminus are obligatory for the repression activity of the MYBL2
transcription factor in A. thaliana [24]. However, in B. rapa there is a substitution of the last
amino acid from R to Q (CAG). In B. juncea MYBL2 expression was even higher in purple
varieties, which suggests that, such as in B. rapa, this gene can also serve as a positive
regulator of anthocyanin biosynthesis [30]. Therefore, in these species MYBL2 may work
through a different mechanism of repression activity or have none at all. In our study the
reverse primer for gene amplification covered half of the sequence encoding this repression
domain. Successful amplification indicated that in purple varieties of B. rapa and B. juncea
it was present.

This also suggests that the absence of the PCR product of MYBL2-1 gene in purple
varieties of cabbage [25] may be due to primer design or contamination of the DNA with
polyphenols, which can inhibit PCR reaction. There can be significant differences between
European and Asian varieties of cabbage. All cultivars of B. oleracea involved in our study
may have the same European (possibly Mediterranean) origin, because none of them were
of Asian breeding. Some varieties, such as Kalibos, have been known in Europe for more
than 200 years.
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Interestingly, varieties of B. oleracea, such as Brussels sprout and kohlrabi, had different
levels of MYBL2 and DFR genes expression and anthocyanin content. In purple and green
kohlrabi the difference between MYBL2 mRNA content was dramatic; however, in green
Brussels sprout MYBL2 mRNA content was rather low. On the contrary, there was a great
difference in DFR expression between green and purple cultivars of Brussels sprout. This
may be explained by the fact that DFR is not the only gene controlled by MYBL2, and
MYBL2 is not the only anthocyanin biosynthesis repressor in Brassica. In B. oleracea the
content of anthocyanins increases with maturation, which indicates the important role of
regulatory genes such as MYBL2 in this process. The loss of MYBL2 activity in A. thaliana
resulted in an increase in mRNA content of leucoanthocyanidin dioxygenase (LDOX)
and, to a lesser extent - flavanone 3β-hydroxylase (F3H) and chalcone isomerase (CHI)
structural genes [22]. Similar to DFR, LDOX is regulated by MBW complexes [36]. LDOX
is involved in anthocyanin biosynthesis pathway downstream of the DFR, promoting the
transformation of leucocyanidin to cyanidin [37]. F3H and CHI are involved upstream and
are able to provide more substrate for DFR.

It has been demonstrated that an insertion in the coding region of LDOX gene re-
sulted in a complete loss of pigmentation in pomegranate [38]. In A. thaliana a single
aminoacid substitution in LDOX resulted in a pale brown seed color and lack in anthocyanin
accumulation [36]. LDOX gene of Reaumuria trigyna complemented reduced proantho-
cyanin and anthocyanin levels in the Arabidopsis loss of function mutant [39]. Transgenic
A. thaliana overexpressing RtLDOX2 accumulated more anthocyanins and flavonols only
under abiotic stress, but also increased primary root length, biomass accumulation, and
stress resistance [40]. There are several functional copies of endogenous LDOX gene in the
genomes of Brassica sp., which complicates the investigation of their impact on the antho-
cyanin accumulation. Therefore, they remain understudied in these species. Consequently,
LDOX may be a gene of interest in purple cabbage cultivars with low expression of DFR
gene, such as kohlrabi.

We were unable to detect any significant mutations in MYBL2-1 gene of B. juncea,
B. napus, and B. rapa, including those previously described [25,28]. This suggests that other
genes may be responsible for anthocyanin accumulation in studied varieties. There are a lot
of candidate genes, including not only transcriptional repressors CPC, LBD, and GLABRA2,
but also activators such as PAP1, PAP2, MYB1, and MYB2 [9]. For example, a mutation
in the promoter region activated the expression of BoMYB2 gene in purple B. oleracea [18].
Whole genome sequencing might be a more suitable method for further studies of B. juncea,
B. napus, and B. rapa purple varieties.

Knowledge of beneficial mutations can allow fast generation of new purple varieties
via traditional selection, genetic engineering, and CRISPR/Cas. Precise editing in the
mutation site of the MYBL2-1 gene can allow to prove if two SNPs in the beginning of the
DNA-binding domain are enough to induce athocyanin hyperaccumulation not only in
B. oleracea, but also in other Brassica species.

To evaluate the possibility of CRISPR/Cas editing, we examined the mutation site in
the beginning of the DNA-binding domain for the presence of the PAM sequences. There
are several types of Cas nucleases, which recognize different PAM sequences [41]. The site
of interest is AT-rich; therefore, the most common nuclease SpCas9 is poorly applicable
(Figure 5a). Two of the three possible gRNAs close to the target site are inefficient, according
to CRISPOR software calculations. The second most used nuclease Cas12a also is not
appropriate for introducing the desired mutation, since the predicted double strand breaks
are quite far from the target site (Figure 5b).

Modified nucleases such as iSpyMacCas9 [42], recognizing A-rich PAM sequence
5′-NAAR, can be a better choice to introduce desired mutations in the beginning of the
DNA-binding domain of a MYBL2 gene (Figure 5c).
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Prime editing [43] might be the most suitable method to check if this particular mu-
tation cause anthocyanin pigmentation in B. oleracea. With the use of elongated guide
RNA, containing a donor sequence, it is possible to introduce the precise point mutations,
identical to those in naturally bred purple cabbage. Nevertheless, according to the previous
reports, many types of mutations in the MYBL2 gene, which are much easier to obtain,
are applicable for generation of new purple varieties [25–27,29]. Any of the described
nucleases can be used with multiple gRNAs to ensure complete excision of the target
region or the whole gene. However complete excision may not be recommended as far as
it can affect other functions of MYBL2-1 gene, such as trichome initiation and brassinos-
teroid signaling [26,44], absence of this gene copy did not seem to affect fitness of purple
B. oleracea [25]. Therefore, attempts for introduction of the two desired SNPs are of little
value to agriculture.

The discovery and introduction of point mutations, ensuring anthocyanin hyperaccu-
mulation, can help to produce new purple varieties of economically important Brassicaceae
crops. Brassica vegetables can be considered a functional food that can be used directly
or as a dietary supplement [45]. Altering competition for substrate between flavonol syn-
thase and dihydroflavonol-4-reductase by creating mutations in the MYBL2 gene may also
increase stress tolerance and nutritional value of new purple varieties.

4. Materials and Methods
4.1. Plant Materials

We analyzed 43 varieties of four economically important species of Brassica, including
22 varieties that were supposed to be purple, according to the manufacturer. B. oleracea
was represented by 25 varieties, including purple-headed cabbage (Kalibos, Ludmila, Ruby,
Mars, and Firebird), purple Brussels sprout (Garnet bracelet and Bunch of grapes), purple
cauliflower (Gardener’s dream and Purple ball), and purple kohlrabi (Madonna, Violetta,
and Vienna purple), as well as green varieties of headed cabbage (Royal Vantage and
Moscow Late), Brussels sprout (Rosella, Hercules, and Sapphire), cauliflower (Bird’s milk,
Baby, Flame star, Green bunch, and Alpha), and kohlrabi (Vienna white, Gulliver, and
Picante). Anthocyanin pigmentation was observed in all varieties that were supposed to be
purple, according to the manufacturer.

Five purple varieties of B. juncea (Vitamin, Red velvet, Freckle, Miracles in the sieve,
and Red giant) and two green varieties (Wavelet and Vigorous) were used in this study.
However, Freckle lacked anthocyanin pigmentation. Among five varieties of B. napus,
rutabaga Krasnoselskaya and Gera were supposed to accumulate anthocyanins in roots;
however rutabaga Novgorodskaya and Child love, as well as fodder cabbage Veha, were
supposed to be anthocyaninless. Visible purple pigmentation was not detected in the
leaves of any of these varieties. We also studied three purple varieties of B. rapa (Ruby little
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mermaid, Mizuna Red, and Mizuna purple) and three green varieties (Impulse, The little
mermaid, and Mizuna green).

Green and purple varieties of each cultivar of B. oleracea and other studied species
were subjected to Sanger sequencing of the MYBL2 gene. Namely, green varieties Moscow
late, Sapphire, Flame star, Gulliver, Vigorous, Novgorodskaya, Child love, and Impulse as
well as purple varieties Ludmila, Garnet bracelet, Gardener’s dream, Purple ball, Madonna,
Vienna purple, Vitamin, Krasnoselskaya, Gera, and Mizuna red were examined.

Plants were grown at 20 ◦C under 10,000 lux and a 16:8 h day:night photoperiod,
generated by LED grow light. True leaves were used for anthocyanin content measurement.
Other experiments were carried out on cotyledons, homogenized using FastPrep-24 bead
beating grinder and lysis system (MP Biomedicals, Santa Ana, CA, USA).

4.2. Real-Time Quantitative PCR

RNA was extracted from 50 mg of the plant tissue using Lira reagent (Biolabmix,
Novosibirsk, Russia). cDNA was synthesized with OT-M-MuLV-RH kit (Biolabmix, Novosi-
birsk, Russia) using oligo(dT) primer.

Real-time quantitative PCR (RT-qPCR) was performed on Quant studio 5 Real-Time
PCR System (Thermo Fisher Scientific, USA) using BioMaster HS-qPCR Lo-ROX SYBR mix
(Biolabmix, Novosibirsk, Russia) with the primers 5′-CGGATCTGCAGGTTTAACTG-3′ and
5′-GCCGACATGTGACTATCGG-3′ for the DFR gene and two primer pairs
5′-AGAGGGAGAAAGTACGCAAAG-3′ and 5′-CGGTTCGTCCAGGCAATCTT-3′; 5′-TTC
ATGCACTTCTTGGCAAT-3′ and 5′-CGGTTCGTCCAGGCAATCTT-3′ for the MYBL2
gene. Primers were designed using NCBI Primer BLAST tool [46]. Actin7 (primers
5′-AGGAATCGCTGACCGTATGAG-3′ and 5′-GCTGAGGGATGCAAGGATGGA-3′) was
used as a reference gene. This gene is stably expressed in normal conditions and under
biotic and abiotic stress [47].

4.3. DNA Sequencing

DNA was extracted from plant tissue using CTAB method [48].
MYBL2-1 gene was amplified using primers 5′-AGAGGGAGAAAGTACGCAAAG-3′

and 5′-AGAAGTGTTTCTTGACTCGTTGA-3′. PCR products were purified with ExoSAP-
IT™ PCR Product Cleanup Reagent (Thermo Fisher Scientific, Waltham, MA, USA), pre-
pared using BigDye™ Terminator v3.1 Cycle Sequencing Kit and subjected to Sanger se-
quencing via Applied Biosystems 3500 genetic analyzer (Thermo Fisher Scientific, Waltham,
MA, USA).

4.4. Total Anthocyanin Content

Anthocyanin pigment concentration was measured by the spectrophotometric pH
differential method using a Perkin Elmer LS 55 Luminescence Spectrometer (Perkin Elmer,
Waltham, MA, USA) and expressed as cyanidin-3-glucoside equivalents. Anthocyanins in
Brassicaceae are known to be cyanidin derivatives. Extracts from 15 mg of dried leaf tissue in
pH 1.0 and pH 4.5 buffers were prepared and analyzed according to Lee et al. [49]. Measure-
ments were performed in three technical and three biological replicates in 96-well plates.

4.5. Statistical Analysis

Three samples of each variety were used for DNA and RNA extraction. Primers were
designed using NCBI Primer BLAST tool [46]. RT-qPCR was carried out for three replicates
of each sample. Results of RT PCR were assessed by 2−∆∆CT method. Sequencing was
performed using forward and reverse primers for each sample. Sequences were aligned
to the reference sequence of the MYBL2-1 gene of B. rapa (JN379102) and analyzed using
SnapGene software. Functional domains were analyzed via InterPro [50]. Search for gRNAs
was performed in CRISPOR web tool [51]. RNA structure was predicted by RNAfold web
tool [52]. For all experiments, means and standard deviation (p < 0.05) were compared by
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analysis of variance (ANOVA), and Pearson correlation coefficient was calculated using
LibreOffice v.
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Abstract: We aimed to elucidate the physiological and biochemical mechanism by which exogenous
hydrogen peroxide (H2O2) alleviates salt stress toxicity in Tartary buckwheat (Fagopyrum tataricum (L.)
Gaertn). Tartary buckwheat “Chuanqiao-2” under 150 mmol·L−1 salt (NaCl) stress was treated with
5 or 10 mmol·L−1 H2O2, and seedling growth, physiology and biochemistry, and related gene
expression were studied. Treatment with 5 mmol·L−1 H2O2 significantly increased plant height
(PH), fresh and dry weights of shoots (SFWs/SDWs) and roots (RFWs/RDWs), leaf length (LL)
and area (LA), and relative water content (LRWC); increased chlorophyll a (Chl a) and b (Chl b)
contents; improved fluorescence parameters; enhanced antioxidant enzyme activity and content; and
reduced malondialdehyde (MDA) content. Expressions of all stress-related and enzyme-related genes
were up-regulated. The F3′H gene (flavonoid synthesis pathway) exhibited similar up-regulation
under 10 mmol·L−1 H2O2 treatment. Correlation and principal component analyses showed that
5 mmol·L−1 H2O2 could significantly alleviate the toxic effect of salt stress on Tartary buckwheat.
Our results show that exogenous 5 mmol·L−1 H2O2 can alleviate the inhibitory or toxic effects of
150 mmol·L−1 NaCl stress on Tartary buckwheat by promoting growth, enhancing photosynthesis,
improving enzymatic reactions, reducing membrane lipid peroxidation, and inducing the expression
of related genes.

Keywords: Tartary buckwheat; H2O2; NaCl; physiology and biochemistry

1. Introduction

Buckwheat (Fagopyrum esculentum Moench, 2n = 8) is an annual or perennial grain
crop used as food and forage [1]. In China, buckwheat is divided into three main cultivars:
Tartary buckwheat (F. tataricum), sweet buckwheat (F. esculentum), and golden buckwheat
(F. cymosum), in addition to wild species [2]. Tartary buckwheat is a dicotyledonous plant in
the family Polygonaceae [3]. China is not only the largest producer of Tartary buckwheat,
but also the global center of buckwheat diversity. Tartary buckwheat is suitable for growing
in high-altitude southwestern regions of China, such as Yunnan, Guizhou, and Sichuan
Provinces, which have a cold climate and short frost-free period [4]. The southwest region
of China is internationally recognized as the center of origin for buckwheat [5]. China
ranks among the highest in the world in terms of planting area and output, with a current
output second only to Russia. Tartary buckwheat has been promoted, grown, and eaten
in many countries in the world [6]. Tartary buckwheat is rich in flavonoids and other
biologically active substances, including rutin, quercetin, kaempferol, morin, and other
natural compounds, and the rutin is the main essential ingredient in Tartary buckwheat.
The content of rutin in the shoots is significantly higher than that in the roots [7]. Tartary
buckwheat also contains a variety of nutrients, such as protein, starch, and vitamins, which
can relieve cardiovascular sclerosis, diabetes, and other diseases [4,8]. Therefore, with
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the rising demand for Tartary buckwheat products, its development and utilization have
gained increasing attention.

In natural biological populations, interactions between genotype and environment
affect the phenotype of plants. In plants with the same genotype, different environments
can lead to various phenotypic differences [9,10]. With increasingly serious global warming
and rising land evaporation, the problem of soil salinization has become prominent in
countries at middle and low latitudes [11]. Salt stress refers to the adverse effect of excess
soil salt on plants [12], and is a major abiotic stress that seriously affects the growth and
development of plants, inhibits their physiological and biochemical metabolic processes,
even causing plant death, greatly reduces agricultural yields, and restricts agricultural
development potential [13,14]. When plants are subjected to salt stress, with increasing
salt concentration, the growth trend of plants decreases [15], the content of reactive oxygen
species (ROS) increases [16], the activity of antioxidant enzymes reduces [17], photosyn-
thesis weakens [18], and the homeostasis of sodium (Na+) and potassium (K+) ions is
unbalanced [19]. Therefore, the improvement, development, and utilization of soil saliniza-
tion is an effective way to improve the growth environment of plants, and improving plant
growth and yield under salt stress has become a hot research topic globally.

Reactive oxygen species (ROS) are biochemical substances that play a vital role in
seed dormancy and germination. In particular, the intracellular homeostasis of hydrogen
peroxide (H2O2), superoxide anion (O2

−), and hydroxyl radical (OH−) is involved in
signaling cascades, and this determines the growth and development process and stress
response [20]. H2O2 is an important regulatory component of plant signal transduction. It
is not only a free radical produced by oxidative stress products, but also helps to maintain
plant cell homeostasis [21]. Concurrently, H2O2 can regulate the expression of various
genes in physiological metabolism, including the genes encoding antioxidant enzymes,
regulating biotic and abiotic stress response proteins [22,23]. H2O2 has a concentration-
dependent effect on physiological and biochemical processes. That is, high concentrations
of H2O2 produce an oxidative stress reaction in plants, leading to cell damage [24]; whereas
at low concentrations, H2O2 acts as a signal molecule participating in tolerance to various
abiotic [25] and biological stresses [26], and also plays a regulatory role. A number of
studies have reported that H2O2 is involved in the regulation of physiological activities
such as seed germination [27] and photosynthesis [28].

As a multifunctional signaling molecule, H2O2 plays an important role in a series of
physiological and biochemical processes. However, the involvement of H2O2 in the anti-
stress metabolism of Tartary buckwheat, and particularly the mechanism of salt tolerance, is
rarely studied. In previous research by the research group, it was found that 1–5 mmol·L−1

H2O2 (without NaCl treatment) could significantly increase the root growth of Tartary
buckwheat at the germination stage [29], and at the germination stage 5–10 mmol·L−1,
H2O2 can significantly promote the germination of Tartary buckwheat under 50 mmol·L−1

NaCl treatment [1]. Therefore, in this study, different concentrations of exogenous H2O2
were applied to the leaves of Tartary buckwheat to explore the growth, photosynthesis,
antioxidant enzyme activity, membrane lipid peroxidation, and expression of related genes
of Tartary buckwheat under NaCl stress. The physiological metabolic mechanism by which
H2O2 regulates the salt tolerance of Tartary buckwheat was evaluated through correlation
and principal component analyses to provide a scientific theoretical basis for exogenous
H2O2 treatment to improve the salt tolerance of Tartary buckwheat.

2. Results
2.1. Effect of Exogenous H2O2 on Plant Height and Biomass under NaCl Stress

Figure 1 shows that the growth of Tartary buckwheat under the CK treatment
(H2O + H2O) and 5H + N (5 mmol·L−1 H2O2 + 150 mmol·L−1 NaCl) treatments was signifi-
cantly better than that under NaCl (150 mmol·L−1 NaCl + H2O) and
10H + N (10 mmol·L−1 H2O2 + 150 mmol·L−1 NaCl) treatments, and the root growth
with 5H + N was better than that with the other three treatments.
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Figure 1. Effects of exogenous H2O2 on growth of Tartary buckwheat under NaCl stress. The photos 
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Figure 1. Effects of exogenous H2O2 on growth of Tartary buckwheat under NaCl stress. The photos
were taken on the 40th day of transplanting. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O
foliar spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1

NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation.

Under NaCl stress, plant height (PH), stem fresh weight (SFW), stem dry weight
(SDW), root fresh weight (RFW), and root dry weight (RDW) of Tartary buckwheat
were significantly decreased by 28.22%, 51.90%, 44.63%, 59.60%, and 48.19%, respec-
tively, compared with what they were under the CK treatment (Figure 2A–E). Under the
10H + N treatment, PH, SFW, SDW, RFW, and RDW were significantly decreased by
0.78-fold, 0.43-fold, 0.63-fold, 0.58-fold, and 0.61-fold, respectively, relative to what they
were under the CK treatment (Figure 2A–E). The SFW of Tartary buckwheat decreased
by 9.80% under the 10H + N treatment compared with what it was under the NaCl treat-
ment (Figure 2B). Under the 5H + N treatment, the PH, SFW, SDW, RFW, and RDW of
Tartary buckwheat were significantly higher than they were under the NaCl treatment
(Figure 2A–E); SFW and RFW increased by 124.60% and 141.58%, respectively (Figure 2B,D),
and SFW was significantly decreased by 2.49 times under 10H + N treatment (Figure 2B).
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buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O foliar spray 
+ 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation, 
10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. PH: plant height (cm), SFW: 
shoot fresh weight (mg), SDW: shoot dry weight (mg), RFW: root fresh weight (mg), RDW: root dry 
weight (mg). All values are expressed as mean ± SD. According to Duncan’s multiple comparisons, 
different letters represent significant differences among different treatments (p < 0.05). 
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increased significantly by 24.75% and 18.60%, respectively, under 5H + N treatment (Fig-
ure 3A,B), and the leaf relative water content (LRWC) decreased slightly (Figure 3C); un-
der 10H + N treatment, LA was significantly decreased by 11.88% (Figure 3A), and LL and 
LRWC were significantly decreased by 23.97% and 22.84%, respectively (Figure 3B,C). 
Compared with NaCl treatment, the LA, LL, and LRWC of Tartary buckwheat were sig-
nificantly increased under the 5H + N treatment (Figure 3A–C), among which LL in-
creased the most (91.33%) (Figure 3C). LA, LL, and LRWC were significantly increased 
under 10H + N treatment; however, the increasing trend of LRWC was not significant, 
and all values were significantly lower under 10H + N treatment than under 5H + N treat-
ment (Figure 3A–C). 

Figure 2. Effects of exogenous H2O2 on PH (A), SFW (B), SDW (C), RFW (D), and RDW (E) of Tartary
buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O foliar
spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl
irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. PH: plant
height (cm), SFW: shoot fresh weight (mg), SDW: shoot dry weight (mg), RFW: root fresh weight
(mg), RDW: root dry weight (mg). All values are expressed as mean ± SD. According to Duncan’s
multiple comparisons, different letters represent significant differences among different treatments
(p < 0.05).

2.2. Effect of Exogenous H2O2 and NaCl Stress on Leaf Growth and Relative Water Content

Compared with the CK, the leaf area (LA) and leaf length (LL) of Tartary buck-
wheat increased significantly by 24.75% and 18.60%, respectively, under 5H + N treatment
(Figure 3A,B), and the leaf relative water content (LRWC) decreased slightly (Figure 3C);
under 10H + N treatment, LA was significantly decreased by 11.88% (Figure 3A), and LL
and LRWC were significantly decreased by 23.97% and 22.84%, respectively (Figure 3B,C).
Compared with NaCl treatment, the LA, LL, and LRWC of Tartary buckwheat were signifi-
cantly increased under the 5H + N treatment (Figure 3A–C), among which LL increased the
most (91.33%) (Figure 3C). LA, LL, and LRWC were significantly increased under 10H + N
treatment; however, the increasing trend of LRWC was not significant, and all values were
significantly lower under 10H + N treatment than under 5H + N treatment (Figure 3A–C).
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Figure 3. Effects of exogenous H2O2 on LA (A), LL (B), and LRWC (C) of Tartary buckwheat under 
NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O foliar spray + 150 mmol·L−1 
NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation, 10H + N: 10 
mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. LA: leaf area (cm2), LL: leaf length (cm), 
LRWC: leaf relative water content (%). All values are expressed as mean ± SD. According to Dun-
can’s multiple comparisons, different letters represent significant differences among different treat-
ments (p < 0.05). 

2.3. Effect of Exogenous H2O2 and NaCl Stress on Leaf Photosynthetic Pigments 
Compared with CK, Chl a, Chl b, and Car were significantly reduced by 40.63–69.33% 

and 31.69–55.11%, respectively, under the NaCl stress and 10H + N treatments (Figure 
4A). Under 5H + N treatment, Chl a, Chl b, and Car showed an insignificant downward 
trend (Figure 4A). Compared with NaCl stress, Chl a, Chl b, and Car were significantly 
increased in Tartary buckwheat under 5H + N treatment (Figure 4A), among which Car 
showed the largest increase (191.30%) (Figure 4A). Under 10H + N treatment, Chl a was 
significantly decreased, while Chl b and Car were significantly increased (Figure 4A). 

The total chlorophyll content included Chl a and Chl b. As shown in Figure 4B,C, the 
maximum observed value of Chl a + b was in the CK treatment (1.147), and the maximum 
Chl a/b was in the NaCl treatment (2.639). Under the 10H + N treatment, Chl a + b and Chl 
a/b of Tartary buckwheat were significantly decreased compared with what they were 
under CK treatment (Figure 4B,C). Under NaCl stress, Chl a + b was significantly de-
creased (Figure 4B), while Chl a/b showed no significant increase compared to under CK 
treatment (Figure 4C). Under 5H + N treatment, Chl a + b of Tartary buckwheat was sig-
nificantly increased (56.61%) compared with under NaCl stress (Figure 4B). 

Figure 3. Effects of exogenous H2O2 on LA (A), LL (B), and LRWC (C) of Tartary buckwheat under
NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O foliar spray + 150 mmol·L−1

NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation, 10H + N:
10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. LA: leaf area (cm2), LL: leaf length
(cm), LRWC: leaf relative water content (%). All values are expressed as mean ± SD. According to
Duncan’s multiple comparisons, different letters represent significant differences among different
treatments (p < 0.05).

2.3. Effect of Exogenous H2O2 and NaCl Stress on Leaf Photosynthetic Pigments

Compared with CK, Chl a, Chl b, and Car were significantly reduced by 40.63–69.33%
and 31.69–55.11%, respectively, under the NaCl stress and 10H + N treatments (Figure 4A).
Under 5H + N treatment, Chl a, Chl b, and Car showed an insignificant downward trend
(Figure 4A). Compared with NaCl stress, Chl a, Chl b, and Car were significantly increased
in Tartary buckwheat under 5H + N treatment (Figure 4A), among which Car showed the
largest increase (191.30%) (Figure 4A). Under 10H + N treatment, Chl a was significantly
decreased, while Chl b and Car were significantly increased (Figure 4A).

The total chlorophyll content included Chl a and Chl b. As shown in Figure 4B,C, the
maximum observed value of Chl a + b was in the CK treatment (1.147), and the maximum
Chl a/b was in the NaCl treatment (2.639). Under the 10H + N treatment, Chl a + b and
Chl a/b of Tartary buckwheat were significantly decreased compared with what they were
under CK treatment (Figure 4B,C). Under NaCl stress, Chl a + b was significantly decreased
(Figure 4B), while Chl a/b showed no significant increase compared to under CK treatment
(Figure 4C). Under 5H + N treatment, Chl a + b of Tartary buckwheat was significantly
increased (56.61%) compared with under NaCl stress (Figure 4B).
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Figure 4. Effects of exogenous H2O2 on Chl a, Chl b, and Car (A), Chl a + b (B), and Chl a/b (C) of 
Tartary buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O 
foliar spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 
NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. Chl a: chlo-
rophyll a (mg/g FW), chlorophyll b (mg/g FW), Car (mg/g FW). All values are expressed as mean ± 
SD. According to Duncan’s multiple comparisons, different letters represent significant differences 
among different treatments (p < 0.05). 
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electron transfer rate (ETR) of Tartary buckwheat were similar (Figure 5A,B,E,F). Com-
pared with CK, the Fv/Fm, Fv′/Fm′, NPQ, and ETR of Tartary buckwheat under NaCl 
stress were significantly decreased by 25.74%, 27.69%, 30.86%, and 36.26%, respectively 
(Figure 5A,B,E,F). The Fv/Fm, Fv′/Fm′, NPQ, and ETR of Tartary buckwheat under 10H + 
N treatment were all reduced (Figure 5A,E,F), with the largest reduction observed in NPQ 
(29.14%) (Figure 5E); this reduction was significant for all except Fv′/Fm′. Compared with 
NaCl stress, the Fv/Fm, Fv′/Fm′, NPQ, and ETR were significantly increased by 22.70–
82.66% (Figure 5A,B,E,F), with the largest increase observed in the ETR (Figure 5F). 

The change trends of ΦPSII and qP of Tartary buckwheat were similar (Figure 5C,D). 
Compared with CK, ΦPSII and qP were significantly increased under NaCl stress and the 
10H + N treatment. The largest increases in ΦPSII and qP (1.36 and 1.45 times, respectively) 
were observed under 10H + N treatment (Figure 5C,D), while ΦPSII and qP did not signifi-
cantly change with 5H + N treatment (Figure 5C,D). Compared with 5H + N treatment, 
ΦPSII and qP were significantly increased under NaCl stress and 10H + N treatment, while 
ΦPSII and qP were not significantly increased under either NaCl stress or 10H + N treatment 
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Figure 4. Effects of exogenous H2O2 on Chl a, Chl b, and Car (A), Chl a + b (B), and Chl a/b (C) of
Tartary buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O
foliar spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1

NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. Chl
a: chlorophyll a (mg/g FW), chlorophyll b (mg/g FW), Car (mg/g FW). All values are expressed
as mean ± SD. According to Duncan’s multiple comparisons, different letters represent significant
differences among different treatments (p < 0.05).

2.4. Effect of Exogenous H2O2 and NaCl Stress on Leaf Fluorescence Parameters

The change trends of PSII maximum photochemical efficiency (Fv/Fm), effective
quantum yield (Fv’/Fm’), non-photochemical quenching coefficient (NPQ), and effec-
tive electron transfer rate (ETR) of Tartary buckwheat were similar (Figure 5A,B,E,F).
Compared with CK, the Fv/Fm, Fv’/Fm’, NPQ, and ETR of Tartary buckwheat under
NaCl stress were significantly decreased by 25.74%, 27.69%, 30.86%, and 36.26%, respec-
tively (Figure 5A,B,E,F). The Fv/Fm, Fv’/Fm’, NPQ, and ETR of Tartary buckwheat under
10H + N treatment were all reduced (Figure 5A,E,F), with the largest reduction observed in
NPQ (29.14%) (Figure 5E); this reduction was significant for all except Fv’/Fm’. Compared
with NaCl stress, the Fv/Fm, Fv’/Fm’, NPQ, and ETR were significantly increased by
22.70–82.66% (Figure 5A,B,E,F), with the largest increase observed in the ETR (Figure 5F).

The change trends of ΦPSII and qP of Tartary buckwheat were similar (Figure 5C,D).
Compared with CK, ΦPSII and qP were significantly increased under NaCl stress and the
10H + N treatment. The largest increases in ΦPSII and qP (1.36 and 1.45 times, respectively)
were observed under 10H + N treatment (Figure 5C,D), while ΦPSII and qP did not significantly
change with 5H + N treatment (Figure 5C,D). Compared with 5H + N treatment, ΦPSII and
qP were significantly increased under NaCl stress and 10H + N treatment, while ΦPSII and qP
were not significantly increased under either NaCl stress or 10H + N treatment (Figure 5C,D).
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Figure 5. Effects of exogenous H2O2 on Fv/Fm (A), Fv′/Fm′ (B), ΦPSII (C), qP (D), NPQ (E), and ETR 
(F) of Tartary buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: 
H2O foliar spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 
NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. Fv/Fm: PSII 
maximum photochemical efficiency, Fv′/Fm′: effective quantum yield, ΦPSII: actual photochemical 
efficiency of PSII, qP: photochemical quenching coefficient, NPQ: non-photochemical quenching 
coefficient, ETR: effective electron transfer rate. All values are expressed as mean ± SD. According 
to Duncan’s multiple comparisons, different letters represent significant differences among differ-
ent treatments (p < 0.05). 

2.5. Effect of Exogenous H2O2 and NaCl Stress on Antioxidant Enzymes 
Compared with CK, CAT, and POD activities of Tartary buckwheat were signifi-

cantly increased under 5H + N treatment (Figure 6A,B); POD increased nearly 2-fold 
(189.76%) (Figure 6B), while SOD activity was not significantly increased (Figure 6C), and 
APX activity was significantly reduced by 47.32% (Figure 6D). Under NaCl stress, CAT, 
POD, and APX were significantly reduced, and APX decreased the most by 0.09 times 
what it was under the CK treatment (Figure 6A–D). Compared with NaCl, CAT, POD, 
SOD, and APX were significantly increased under 5H + N treatment (Figure 6A–D). POD 
increased the most (11.27-fold) (Figure 6B). POD and APX were significantly increased 
under 10H + N treatment (Figure 6B,D), while CAT and SOD were not significantly de-
creased or increased (Figure 6A,C). 

Compared with the CK, the GR activity and GSSG content of Tartary buckwheat de-
creased significantly under NaCl stress, while the AsA content did not increase signifi-
cantly (Figure 6E–G). GR and AsA were significantly increased under 5H + N treatment, 
by 70.86% and 54.96%, respectively, while GSSG did not differ significantly from what it 
was under the CK treatment (Figure 6E–G). AsA and GSSG were significantly decreased 
under 10H + N treatment, and GR was obviously decreased (Figure 6E–G). Compared 
with the NaCl stress, GR and GSSG significantly increased under 5H + N treatment, and 
GR reached a maximum value (0.299) (Figure 6E,G), while the 10H + N treatment signifi-
cantly increased GR and significantly decreased AsA (Figure 6E,F). 

Figure 5. Effects of exogenous H2O2 on Fv/Fm (A), Fv’/Fm’ (B), ΦPSII (C), qP (D), NPQ (E), and
ETR (F) of Tartary buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O irriga-
tion, NaCl: H2O foliar spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar
spray + 150 mmol·L−1 NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1

NaCl irrigation. Fv/Fm: PSII maximum photochemical efficiency, Fv’/Fm’: effective quantum yield,
ΦPSII: actual photochemical efficiency of PSII, qP: photochemical quenching coefficient, NPQ: non-
photochemical quenching coefficient, ETR: effective electron transfer rate. All values are expressed
as mean ± SD. According to Duncan’s multiple comparisons, different letters represent significant
differences among different treatments (p < 0.05).

2.5. Effect of Exogenous H2O2 and NaCl Stress on Antioxidant Enzymes

Compared with CK, CAT, and POD activities of Tartary buckwheat were significantly
increased under 5H + N treatment (Figure 6A,B); POD increased nearly 2-fold (189.76%)
(Figure 6B), while SOD activity was not significantly increased (Figure 6C), and APX ac-
tivity was significantly reduced by 47.32% (Figure 6D). Under NaCl stress, CAT, POD,
and APX were significantly reduced, and APX decreased the most by 0.09 times what
it was under the CK treatment (Figure 6A–D). Compared with NaCl, CAT, POD, SOD,
and APX were significantly increased under 5H + N treatment (Figure 6A–D). POD in-
creased the most (11.27-fold) (Figure 6B). POD and APX were significantly increased under
10H + N treatment (Figure 6B,D), while CAT and SOD were not significantly decreased or
increased (Figure 6A,C).

Compared with the CK, the GR activity and GSSG content of Tartary buckwheat
decreased significantly under NaCl stress, while the AsA content did not increase signifi-
cantly (Figure 6E–G). GR and AsA were significantly increased under 5H + N treatment, by
70.86% and 54.96%, respectively, while GSSG did not differ significantly from what it was
under the CK treatment (Figure 6E–G). AsA and GSSG were significantly decreased under
10H + N treatment, and GR was obviously decreased (Figure 6E–G). Compared with the
NaCl stress, GR and GSSG significantly increased under 5H + N treatment, and GR reached
a maximum value (0.299) (Figure 6E,G), while the 10H + N treatment significantly increased
GR and significantly decreased AsA (Figure 6E,F).
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Figure 6. Effects of exogenous H2O2 on CAT (A), POD (B), SOD (C), APX (D), GR (E), AsA (F), and 
GSSG (G) of Tartary buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, 
NaCl: H2O foliar spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 
mmol·L−1 NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. 
CAT: catalase activity, POD: peroxidase activity, SOD: superoxide dismutase activity, APX: ascor-
bate peroxidase activity, GR: glutathione reductase activity, AsA: ascorbic acid content, GSSG: glu-
tathione oxidized content. All values are expressed as mean ± SD. According to Duncan’s multiple 
comparisons, different letters represent significant differences among different treatments (p < 0.05). 

2.6. Effect of Exogenous H2O2 and NaCl Stress on MDA and Phosphoenolpyruvate Carboxylase 
(PEPC) 

The MDA content of Tartary buckwheat reached its maximum value (37.541) under 
NaCl stress, and its minimum value (17.194) under 5H + N treatment (Figure 7A). Com-
pared with CK, the MDA content was significantly increased under NaCl stress, signifi-
cantly decreased under 5H + N treatment, and not significantly increased under 10H + N 
treatment (Figure 7A). Compared with NaCl, the MDA content was significantly de-
creased by 54.20% and 28.18% under 5H + N and 10H + N treatments, respectively (Figure 
7A). 

The PEPC activity of Tartary buckwheat in the CK treatment was significantly higher 
than under NaCl stress and 10H + N treatment (Figure 7B). PEPC decreased most in the 
10H + N treatment (59.72%). Under 5H + N treatment, PEPC increased significantly to 1.43 
times what it was in the CK treatment (Figure 7B). Compared with NaCl, PEPC was sig-
nificantly increased by 1.08 times under the 5H + N treatment, and significantly decreased 
by 40.85% under the 10H + N treatment (Figure 7B). 

 
Figure 7. Effects of exogenous H2O2 on MDA content (A) and PEPC activity (B) of Tartary buck-
wheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O foliar spray + 
150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation, 

Figure 6. Effects of exogenous H2O2 on CAT (A), POD (B), SOD (C), APX (D), GR (E), AsA (F),
and GSSG (G) of Tartary buckwheat under NaCl stress. CK: control, H2O foliar spray + H2O
irrigation, NaCl: H2O foliar spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar
spray + 150 mmol·L−1 NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1

NaCl irrigation. CAT: catalase activity, POD: peroxidase activity, SOD: superoxide dismutase activity,
APX: ascorbate peroxidase activity, GR: glutathione reductase activity, AsA: ascorbic acid content,
GSSG: glutathione oxidized content. All values are expressed as mean ± SD. According to Duncan’s
multiple comparisons, different letters represent significant differences among different treatments
(p < 0.05).

2.6. Effect of Exogenous H2O2 and NaCl Stress on MDA and Phosphoenolpyruvate
Carboxylase (PEPC)

The MDA content of Tartary buckwheat reached its maximum value (37.541) un-
der NaCl stress, and its minimum value (17.194) under 5H + N treatment (Figure 7A).
Compared with CK, the MDA content was significantly increased under NaCl stress,
significantly decreased under 5H + N treatment, and not significantly increased under
10H + N treatment (Figure 7A). Compared with NaCl, the MDA content was signifi-
cantly decreased by 54.20% and 28.18% under 5H + N and 10H + N treatments, respecti-
vely (Figure 7A).
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Figure 7. Effects of exogenous H2O2 on MDA content (A) and PEPC activity (B) of Tartary buck-
wheat under NaCl stress. CK: control, H2O foliar spray + H2O irrigation, NaCl: H2O foliar
spray + 150 mmol·L−1 NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1

NaCl irrigation, 10H + N: 10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. MDA:
malondialdehyde content, PEPC: phosphoenolpyruvate carboxylase activity. All values are expressed
as mean ± SD. According to Duncan’s multiple comparisons, different letters represent significant
differences among different treatments (p < 0.05).
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The PEPC activity of Tartary buckwheat in the CK treatment was significantly higher
than under NaCl stress and 10H + N treatment (Figure 7B). PEPC decreased most in the
10H + N treatment (59.72%). Under 5H + N treatment, PEPC increased significantly to
1.43 times what it was in the CK treatment (Figure 7B). Compared with NaCl, PEPC
was significantly increased by 1.08 times under the 5H + N treatment, and significantly
decreased by 40.85% under the 10H + N treatment (Figure 7B).

2.7. Effect of Exogenous H2O2 and NaCl Stress on Relative Expression of Stress Response Genes

As shown in Figure 8A, the relative expression levels of FtNHX1, FtSOS1, FtNAC6,
FtNAC9, FtWRKY46, and FtbZIP83 were highest in the 5H + N treatment. Relative expres-
sion levels of all these genes were greater than 10, with the expression of FtNHX1 being
the highest, followed by that of FtbZIP83 and FtNAC9. The lowest expression of all genes
was observed in FtNAC6 (0.145) under NaCl stress (Figure 8A). Apart from FtNHX1, the
relative expression levels of other genes were significantly higher in the 5H + N treatment
than in the NaCl and 10H + N treatments (Figure 8A). Except for FtNAC9, the relative
expression levels of other genes were significantly or not significantly lower under NaCl
stress than under the 10H + N treatment (Figure 8A).
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MnSOD, APX, GR, and PEPC) (B), key genes (CHS, F3′H, F3H, and UGT) in the flavonoid synthesis
pathway (C) of Tartary buckwheat under NaCl stress. NaCl: H2O foliar spray + 150 mmol·L−1

NaCl irrigation, 5H + N: 5 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation, 10H + N:
10 mmol·L−1 H2O2 foliar spray + 150 mmol·L−1 NaCl irrigation. All values are expressed as
mean ± SD. According to Duncan’s multiple comparisons, different letters represent significant
differences among different treatments (p < 0.05).

All genes reached their highest expression level under 5H + N treatment (Figure 8B).
PEPC showed the highest relative expression (3.533), followed by MnSOD (2.962) and GR
(1.503), and the relative expression levels of genes under 5H + N treatment were significantly
higher than they were under NaCl stress and 10H + N treatment (Figure 8B). The relative
expression levels of CuSOD and MnSOD under NaCl treatment were significantly higher
(27.21% and 56.10%, respectively) than they were under 10H + N treatment (Figure 8B).
For CAT, POD, and APX, the relative expression levels under 10H + N treatment were
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significantly higher (1.60-fold, 1.99-fold, and 2.07-fold, respectively) than they were under
NaCl stress (Figure 8B). However, the relative expression level of PEPC did not differ
significantly between NaCl stress and 5H + N treatment (Figure 8B).

2.8. Effect of Exogenous H2O2 and NaCl Stress on Relative Expression of Key Genes of the
Flavonoid Synthesis Pathway

The relative expression levels of key genes in the flavonoid synthesis pathway were
lower under each treatment than under the CK treatment (Figure 8C). The relative expres-
sion level of F3′H was lowest under NaCl stress (0.059), and highest under the 10H + N
treatment (1.047); this was significantly higher than the relative expression levels in the
NaCl and 5H + N treatments, by 18.47 times and 4.70 times, respectively. The relative
expression levels of F3H and CHS showed a decreasing trend, and the relative expression
levels were highest under NaCl stress (Figure 8C). The UGT relative expression level un-
der 5H + N treatment was significantly higher than under the NaCl and 10H + N treat-
ments (Figure 8C).

Cis-acting element analysis (Figure 9) showed that the four key genes in the flavonoid
synthesis pathway (CHS, F3′H, F3H, and UGT) also contained abscisic-acid-responsive
element (abscisic acid responsiveness), methyl-jasmonate-responsive element (MeJA re-
sponsiveness), low-temperature-responsive element (low-temperature responsiveness),
and other hormones and stress elements, in addition to a large number of light responsive-
ness elements (light responsiveness). The F3′H promoter sequence contained two salt stress
response elements (salt stresses) at 986 base pairs (bp) and 1908 bp, respectively (Figure 9).
When Tartary buckwheat is subjected to salt stress, its relative expression level of F3′H may
increase accordingly.
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Figure 9. The cis-acting element of the promoter sequence (upstream 2000 bp) of the key genes CHS,
F3′H, F3H, and UGT in the Tartary buckwheat flavonoid synthesis pathway.

2.9. Correlation Analysis, Hierarchical Cluster Analysis, and Principal Component Analysis

Figure 10A shows the results of correlation analysis of exogenous H2O2 on all growth,
photosynthetic pigments, fluorescence parameters, different enzyme activities, and enzyme
contents of Tartary buckwheat under NaCl stress. Most of the indicators in the figure
are positively correlated, with the highest correlation coefficient between Fv and Fm
(r = 0.99), followed by the correlations between Car and Chl b and between Fs and Fv’
(r = 0.97). (Figure 10A). Plant height (PH) was significantly positively correlated with
most photosynthetic parameters, such as Fv and Fm (p < 0.05). Fm was significantly
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positively correlated with PH, RF/DW, SDW, and other growth parameters (p < 0.05), and
PEPC was significantly positively correlated (p < 0.05) with leaf indices such as LL and
LA (Figure 10A). Figure 10A shows that correlations of AsA and PH, LA, Chl a, and other
indicators were not highly significant, and there was no significant negative correlation
with Fm’ (p > 0.05); SOD, GR, and fluorescence parameters such as Fo, Fv’, Fm’ were
significantly lower, and POD showed a low correlation with most enzyme activity/content.
In addition, Figure 10A shows that MDA was negatively correlated with all the indicators,
and the indicators of enzyme activities and leaf growth, such as GR, CAT, POD, LL, LA,
and others, were significantly higher.
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In this experiment, principal component analysis was carried out on 28 indices of
morphology, physiology, and biochemistry. The two principal components extracted by
PCA explained 73.3% and 12.3% of the variation (Figure 10B). The CK and
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5H + N treatments showed a positive correlation in PC1 (r > 0), while NaCl and
10H + N were negatively correlated (r < 0). The 10H + N treatments were all on the
negative axes of PC1 and PC2, and CK and 5H + N were close together but significantly
separated from other treatments. Except for MDA, the other morphological, physiological,
and biochemical indicators were positively correlated, which is consistent with the results
of the correlation heat map (Figure 10A,B). Photosynthetic indicators such as photosyn-
thetic pigments and fluorescence parameters were on the positive axes of PC1 and PC2,
while most parameters, such as enzymes and leaf morphology, were on the positive axis of
PC1 and the negative axis of PC2 (Figure 10B). Among the overall scores of the principal
components PC1 and PC2, the scores of the CK treatment were closest to those of 5H + N,
and the scores of NaCl were closest to those of 10H + N. For both PC1 and PC2, the scores
of 5H + N were higher than those of CK.

3. Discussion

The impact of soil salinization is becoming increasingly serious on a global scale.
About half of the world’s cropland is predicted to be affected by salinization by 2050 [30].
Generally, salinization is due to elevated Na+ and K+ concentrations in the soil, which result
in hyperosmotic conditions that prevent plants from absorbing water, causing adverse
effects such as stunted growth [31], osmotic water loss [32], and nutritional imbalance [33].
Salt stress has predominantly inhibitory effects on plant morphogenesis, growth and
development, and physiological metabolism. Mitigations and adaptations to the impact
of this stress are more obvious in the shoot than in the root system, for example, the
reduction in plant height [34], biomass decline [35], and leaf shrinkage [36]. H2O2 is a
relatively stable, freely diffusing, and long-lived reactive oxygen molecule [37], which
has a concentration-dependent effect. Exogenous H2O2 has different regulatory effects in
different varieties of plants and different environments. In the present study, the growth of
Tartary buckwheat under 5H + N treatment was significantly better than that under the CK,
NaCl stress, and 10H + N treatments. Compared with NaCl stress, the PH, SFW/SDW, and
RFW/RDW of Tartary buckwheat were significantly increased under 5H + N treatment
(p < 0.05), particularly the RFW, which increased nearly 1.5-fold (Figures 1 and 2A–E). The
above results of this study are consistent with those of Ellouzi et al. [38]. The results of this
study indicate that when Tartary buckwheat was subjected to NaCl stress, it is difficult
for the roots to absorb water through the conduit to transport it to the stem, leaves, and
other tissues of the plant. Appropriate exogenous H2O2 concentration can alleviate the
phenomenon of blocked water absorption under this stress, which is conducive to the
growth of the root system and the accumulation of biomass. We also found that the PH,
SDW, RFW, and RDW of Tartary buckwheat under 10H + N treatment were slightly higher
than they were under NaCl stress, indicating that the treatment had a certain alleviation
effect on NaCl stress, but the effect was not obvious. Our results show that in Tartary
buckwheat under 5H + N treatment, both LA and LL were significantly increased compared
to under CK and NaCl stress treatments, while LRWC was only significantly higher under
NaCl stress (Figure 3A–C), which is consistent with Park et al. [39]. In response to salt stress
and to protect plants, leaf tissue can reduce the transpiration of leaf water and improve
the water retention of leaves by regulating the cuticle and leaf thickness [40]. Therefore,
the results of this study show that when the leaf cells were subjected to NaCl stress, the
water moved from cells with high water potential to those with low water potential, so
that the extracellular water potential was higher than the intracellular water potential. To
improve the regulation and adaptability of the plants, the cells reduced transpiration by
closing stomata, so that the cells could not absorb further water from the outside.

Chlorophyll is not only an important photosynthetic pigment, but also enables prelim-
inary judgment of leaf function under adverse conditions. Chlorophyll plays an important
role in the absorption, transmission, and transformation of light energy, and chlorophyll
content is the basis for measuring photosynthetic capacity [41]. Persistent salt stress
induces the denaturation of important membrane proteins involved in photosynthesis,
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enhances the degradation of chlorophyll molecules by chlorophyll-degrading enzymes,
and reduces the number of chloroplasts. This is not conducive to the formation and stability
of chloroplast ultrastructure, thereby reducing the photosynthetic rate and inhibiting the
growth of plants [42,43]. We found that under CK and 5H + N treatments, the Chl a,
Chl b, and Car of Tartary buckwheat were significantly higher than under NaCl stress and
10H + N treatments, and values under the CK treatment were not significantly higher than
under 5H + N treatment. The change trend of total chlorophyll content (Chl a + b) was
the same as that of Chl a and Chl b (Figure 4A–C). This finding is consistent with that of
Liu et al. [44]. We found that the Fv/Fm, Fv’/Fm’, and ETR of Tartary buckwheat un-
der 5H + N treatment were significantly increased compared with what they were under
NaCl stress, but not significantly different to what they were with the CK treatment
(Figure 5A,B,F). This is consistent with the results of He et al. [45]. Sun et al. showed [46]
that chlorophyll fluorescence parameters can directly reflect the effects of stress on the
activity, function, and electron transfer of PSII in plants. Stress destroys the chlorophyll
photosynthetic system and reduces and inhibits the transformation efficiency and potential
activity of PSII, resulting in the weakening of plant photosynthetic ability. We also found
that the changes in PSII and qP of Tartary buckwheat were opposite to the changes in
photosynthetic pigments and other parameters, while NPQ was significantly higher under
5H + N treatment than under NaCl stress (Figure 5C–E). The effect of salt stress on the
chlorophyll fluorescence of plants is a complex process. Differences in salt types, plant
species, and environmental conditions can affect the main stress mechanism and degree of
plants to a large extent, resulting in inconsistent research results. ΦPSII represents the actual
photochemical efficiency of PSII under light, and qP reflects the level of photosynthetic ac-
tivity. Under 150 mmol·L−1 NaCl stress, Tartary buckwheat was strongly inhibited. Under
5 or 10 mmol·L−1 H2O2 treatment, electron transfer in the PSII reaction center remained
blocked, and the formation of ATP and NADPH assimilation was inhibited [47], while
NPQ reflects the ability of plants to dissipate excess light energy into heat [48]. Therefore,
the inhibition of photosynthetic fluorescence parameters of Tartary buckwheat under NaCl
stress could not be significantly alleviated under H2O2 treatment. This result is similar to
that of Zhang et al. [49].

The salt stress environment affects the normal metabolism of plants, destroys the
cell membrane system, generates a large number of ROS, and causes lipid peroxidation
of cell membranes. Plants contain antioxidants, including non-enzymatic antioxidants,
that can scavenge a large number of ROS under stress conditions, which can alleviate the
inhibitory effect of salt stress on plant organisms [50,51]. We found that the activities of
CAT, POD, SOD, APX, and GR in Tartary buckwheat were significantly or not significantly
higher under 5H + N treatment than under CK or NaCl stress (Figure 6A–E). This indicates
that 5 mmol·L−1 H2O2 can significantly enhance the activity of antioxidant enzymes and
effectively alleviate the toxic effect of NaCl stress on Tartary buckwheat. This is consistent
with the findings of Bhardwaj et al. and Diao et al. [37,52]. We also found that the APX
of Tartary buckwheat under 5H + N treatment was significantly lower than under the
control treatment (Figure 6D), and the AsA content was significantly lower than that
under NaCl stress (Figure 6F). This showed that APX activity and AsA content vary
greatly with different plant species and different growth stages. We found that the MDA
content of Tartary buckwheat was significantly increased under NaCl stress, but decreased
significantly under 5H + N treatment (Figure 7A), which indicated that H2O2 reduced the
formation of ROS in Tartary buckwheat under NaCl stress, attenuated the effect of cell
membrane lipid peroxidation, and enhanced the stress resistance of Tartary buckwheat
plants. PEPC plays an important role in the balance of carbon and nitrogen metabolism.
Studies have shown that PEPC not only plays a key role in the photosynthesis of C4 and
CAM plants [53], but also participates in the physiological metabolism of various stress
in plants [53], regulates the synthesis and distribution of organic matter in plants, and
enhances the carbon skeleton of plants [54]. We found that the PEPC activity of Tartary
buckwheat was significantly increased under the 5H + N treatment (Figure 7B), indicating
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that the PEPC enzyme was involved in the photosynthesis and metabolism of Tartary
buckwheat under NaCl stress.

In this study, we found that the relative expression of stress-related genes and related
enzyme genes in Tartary buckwheat under 5H + N treatment was significantly increased
compared to that under other treatments, and the expression of these genes followed a
similar pattern to the morphological indicators and physiological and biochemical changes
of Tartary buckwheat. In particular, the expression levels of FtNHX1, FtNAC9, FtbZIP83,
PEPC, and MnSOD were high under 5H + N treatment (Figure 8A,B). These results show
that H2O2 can improve the tolerance of Tartary buckwheat to NaCl stress by regulating
the expression of related genes. The expression of FtNHX1 was significantly increased
when treated with 10H + N, which indicates that high concentrations of H2O2 may also
significantly induce the expression of FtNHX1. The proteins related to ion transport un-
der salt stress conditions include plasma membrane antiporter SOS1, potassium–sodium
co-transporter HKT, and tonoplast antiporter NHX, which can jointly induce Na+ accumu-
lation and K+ efflux [55,56]. Studies have shown that the expression of Na+-induced SOS1
in Arabidopsis is mediated by H2O2 induced by NADPH oxidase [57], and SOS3, as a Ca2+

sensor, can interact with SOS2 protein kinase. SOS2 compartmentalizes Na+/K+ in the
vacuole by activating vacuolar H+-ATPase and NHX, and this compartmentalization plays
a crucial role in regulating plant tolerance to salt stress [58]. In this study, the analysis of
key genes in the flavonoid synthesis pathway of Tartary buckwheat found that NaCl failed
to increase the expression of CHS, F3H, and UGT, while F3′H was significantly increased
under 10H + N treatment (Figure 8C), indicating that H2O2 can up-regulate the expres-
sion of F3′H in Tartary buckwheat under NaCl stress. Through the analysis of F3H, CHS,
UGT, and F3′H cis-acting elements, we found that F3′H contains two salt stress elements
(Figure 9), which is consistent with the observed relative expression of F3′H.

In this study, we found that the chlorophyll content of Tartary buckwheat was sig-
nificantly positively correlated with fluorescence parameters (r > 0, p < 0.05; Figure 10A).
There was a significant positive correlation between Fm and morphological indices (r > 0,
p < 0.05), a significant positive correlation between PEPC activity and leaf morphology
(r > 0, p < 0.05), and a significant negative correlation between MDA content and enzyme
activity and leaf index (r < 0, p < 0.05). PC1 and PC2 identified through principal compo-
nent analysis explained 73.3% and 12.3% of the variation, respectively (Figure 10B). CK
and 5H + N treatments were positively correlated in PC1, and were closest. Except for
MDA, the other morphological, physiological, and biochemical indices were clustered in
the positive direction PC1, that is, positively correlated, which is consistent with the results
of correlation analysis.

This study primarily discussed the regulation of exogenous H2O2 on the growth,
physiology and biochemistry, and related genes of Tartary buckwheat under NaCl stress.
Topics for further study include the mechanism by which exogenous H2O2 regulates the
decomposition and distribution of nutrients during the growth of Tartary buckwheat,
which metabolic pathways and related enzyme activities and gene expression are mainly
regulated, and how to induce and regulate the physiological and biochemical mechanisms
of Tartary buckwheat between exogenous H2O2 and NaCl stress.

4. Materials and Methods
4.1. Experiment Materials

The tested Tartary buckwheat variety, “Chuanqiao-2”, was provided by the Alpine
Crop Research Station (27.96◦ N, 102.20◦ E) of Xichang Institute of Agricultural Sciences,
Liangshan Prefecture, Sichuan Province, China.

4.2. Experiment Design and Treatments

Tartary buckwheat variety “Chuanqiao-2” seeds with uniform size and no pests and
diseases were selected. Seeds were rinsed with distilled water, sterilized with 1% NaClO
for 10 min, then rinsed with double-distilled water (DDW) several times. The sterilized
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and rinsed seeds were sown on the surface of 2 layers of qualitative filter paper in a sterile
Petri dish (90 mm diameter), and placed in a constant-temperature incubator (25 ± 1 ◦C
during the day, 20 ± 1 ◦C at night, relative humidity of 75%) for 7 days. At 7 d after
sowing (DAS), the Tartary buckwheat seedlings with uniform growth were transplanted
into plant pots (diameter 25.5 cm, height =17.5 cm; 3 seedlings per pot) containing mixed
nutrient soil (soil:substrate = 1:1) that had been sterilized by high temperature. At 20 d
after transplanting (DAT), each pot was irrigated with 2 liters (L) of Hoagland nutrient
solution containing 150 mmol·L−1 NaCl [59,60]. Based on previous research results [1],
5 or 10 mmol·L−1 H2O2 was used for foliar spraying in this experiment. The transplanted
Tartary buckwheat was cultured in a culture room under specific conditions (25 ± 1 ◦C
during the day, 20 ± 1 ◦C at night, relative humidity of 75%). At 40 days after transplanting
(DAT), growth indices and photosynthesis parameters were measured, and sampling was
used to measure different physiological and biochemical indices. The schematic diagram of
the experimental design is shown in Figure 11. Three replicates were set for each treatment
in this experiment, and each treatment was as follows:

CK: H2O + H2O

NaCl: 150 mmol·L−1 NaCl + H2O

5H + N: 5 mmol·L−1 H2O2 + 150 mmol·L−1 NaCl

10H + N: 10 mmol·L−1 H2O2 + 150 mmol·L−1 NaCl
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4.3. Measurement of Plant Height and Biomass

After the plants were uprooted, the surface soil was washed, and the plant height (PH)
was measured directly using a ruler, and expressed in cm. The stem fresh weight (SFW)
and root fresh weight (RFW) were measured using a thousand-point electronic balance,
and then samples were placed in an oven at 105 ◦C for 30 min, and dried at 65 ◦C to a
constant weight. Stem dry weight (SDW) and root dry weight (RDW) were measured with
a thousand-point electronic balance and expressed in mg.

4.4. Determination of Leaf Phenotype and Relative Leaf Water Content

Leaf area (LA) and leaf length (LL) were determined with an LI-3000C portable leaf
area analyzer (LI-COR, Lincoln, NE, USA), and are expressed in cm2 and cm, respectively.
Relative water content (LRWC) was determined according to Su et al. [61], using the
calculation formula:

LRWC (%) = [(FW − DW) × 100]/[TW − DW] (1)
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4.5. Determination of Photosynthetic Pigment Content

The contents of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car) were
determined according to Hossain et al. [62]. Briefly, 0.1 g of leaves was cut and placed into
95% (v/v) ethanol, soaked in dark conditions for 72 h, and then the absorbance at 663 nm,
645 nm, and 470 nm was measured using a microplate reader (Thermo scientific, Waltham,
MA, USA). Chl a, Chl b, and Car were determined using the following formulae:

Chl a (mg·g−1 FW) = [12.7 × (OD663) − 2.69 × (OD645)] × V/(1000 ×W) (2)

Chl b (mg·g−1 FW) = [22.9 × (OD645) − 4.68 × (OD663)] × V/(1000 ×W) (3)

Car (mg·g−1 FW) = [100 × (OD470) − 3.27 × Chl a−104 × Chl b]/227 (4)

4.6. Measurement of Photosynthetic Fluorescence Parameters

The following parameters were measured in the third top-down leaf of the plant’s fully
expanded leaves according to the method of Lu et al. [63], using the LI-6400XT portable
photosynthesis measurement system (LI-COR, USA): PSII maximum photochemical effi-
ciency (Fv/Fm), minimal fluorescence under dark adaptation (Fo), effective quantum yield
(Fv’/Fm’), minimal fluorescence under light (Fo’), stable fluorescence under dark adapta-
tion (Fs), actual photochemical efficiency of PSII (ΦPSII), photochemical quenching coeffi-
cient (qP), non-photochemical quenching coefficient (NPQ), and effective electron transfer
rate (ETR). The system parameters were set to a light intensity of 1400 µmol·m−2·s−1,
and an atmospheric CO2 concentration of 380 ± 5 mmol·mol−1. The measurements were
conducted between 10 a.m. and 2 p.m. on a sunny day. Parameters were calculated using
the following formulae:

Fv/Fm = (Fm − Fo)/Fm (5)

Fv’/Fm’ = (Fm’ − Fo’)/Fm’ (6)

ΦPSII = (Fm’ − Fs)/Fm’ (7)

qP = (Fm’ − Fs)/(Fm’ − Fo’) (8)

NPQ = Fm/Fm’ − 1 (9)

4.7. Estimation of Biochemical Indicators

Biochemical indicators were estimated using the BOXBIO kit (Beijing Boxbio Science
& Technology Co., Ltd., Beijing, China) following the manufacturer instructions.

4.7.1. Antioxidant Enzyme Activity

Catalase activity (CAT), peroxidase activity (POD), superoxide dismutase activity
(SOD), ascorbate peroxidase activity (APX), and glutathione reductase activity (GR) were
estimated according to Kong et al. [64]. The corresponding extract was added to 0.1 g of
sample, followed by 1 mL of extract, and the supernatant was collected. Identical tubes that
were not illuminated served as blanks. Absorbance values for CAT, POD, SOD, APX, and
GR were measured at 240 nm, 470 nm, 560 nm, 290 nm, and 340 nm, respectively, using a
spectrophotometer (Unico Instrument Co., Ltd., Shanghai, China) and expressed in U·g−1.

4.7.2. Antioxidant Enzyme Content

Ascorbic acid content (AsA) and oxidized glutathione content (GSSG) were measured
according to Rama and Prasad [65]. Homogenization was conducted in an ice bath: the
sample was centrifuged at 8000× g at 4 ◦C to collect the supernatant and then placed on ice
for measurement. A microplate reader (Thermo scientific, Waltham, MA, USA) was used at
265 nm and 412 nm, respectively, after adding related reagents. The absorbance values for
AsA and GSSG are expressed in nmol·g−1 and ug·g−1, respectively.
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4.7.3. Malondialdehyde Content

Malondialdehyde content was measured according to Hodges et al. [66] We took 0.1 g
of sample and homogenized the supernatant for subsequent detection. The MDA content
was calculated according to the corresponding absorbance and formula. The absorbance
was measured at 450 nm, 532 nm, and 600 nm with a visible spectrophotometer (Unico
Instrument Co., Ltd., Shanghai, China), and expressed in nmol·g−1.

4.7.4. Phosphoenolpyruvate Carboxylase (PEPC) Activity

PEPC activity was measured according to Aoyagi and Bassham [67]. The samples
were processed according to the ratio of sampling mass and extract volume to 1:10, and the
corresponding reagents were added for measurement after collecting the supernatant. Ab-
sorbance at 340 nm was measured with an ultraviolet spectrophotometer (Unico Instrument
Co., Ltd., Shanghai, China) and expressed in U·g−1.

4.8. Total RNA Extraction and Reverse Transcription PCR (RT-PCR)

A 0.1 g sample of Tartary buckwheat leaves was fully ground in liquid nitrogen, and
then total RNA was extracted using the E.Z.N.A. Plant RNA Kit (Omega Bio-tek, Inc.,
Norcross, GA, USA). The integrity of extracted RNA was checked by 1% agarose gel elec-
trophoresis, and RNA purity and concentration were measured using a spectrophotometer
(Beijing Kaiao Technology Development Co., Ltd., Beijing, China). RNA was reverse-
transcribed into the first-strand cDNA using the Hiscript II Q RT Supermix for qPCR Kit
(Vazyme Biotech Co., Ltd., Nanjing, China) in a 20 µL reaction system.

4.9. Quantitative Real-Time PCR (qRT-PCR) Analysis

Primer Premier 5.0 (Premier Corporation, Vancouver, BC, Canada) software was
used to design specific primers for qPCR, with FtH3 as the internal control gene, and the
amplification primers are shown in Table 1. The ChamQ Universal SYBR qPCR Master Mix
Kit (Vazyme Biotech Co., Ltd., Nanjing, China) was used with 1.0 µL of template cDNA,
10.0 µL of 2× SYBR Mix, and 0.4 µL each of Primer F and R, and the reaction volume
was made up to 20 µL with ddH2O. qPCR was performed using CFX96 Real-Time System
(BIO-RAD, Hercules, CA, USA). The relative expression levels of target genes compared to
the internal control gene were calculated using the 2−∆∆Ct method [68].

Table 1. The primer sequences for qPCR.

Primer Name Forward Primer (5′-3′) Reverse Primer (5′-3′) Functions

FtH3 AATTCGCAAGTACCAGAAG CCAACAAGGTATGCCTCAGC Actin

FtNHX1 CGTTGCTAGGACGCAATGTTCCA ACAGTCCACGTCGGATGCCTTAT

Stress-related
genes

FtSOS1 CCTTACACCGTACCCGCTC CCGGAAGAAACACAGCCAACA
FtNAC6 GATTCAATTCCCCGGCTCCA AACGGGGACAACTCATTCCC
FtNAC9 CTGAGGGTGTAATTCCGGGT TCAACGGTAGGGGTAGAAGC

FtWRKY46 TGTTCCGCCTTCTGATGGTT CAGCACTGTGGGGTCATCAT
FtbZIP83 ACCGAGTATTCCGCAAGCTC AACTCTCCCCAAAACCCACC

CAT GAGTTTGGTTCCCTTGCTT TTCATACACTTCACTGGCGT

Enzyme-related
genes

POD GTTCTGGTTGGGCTTGG TTGTCCTCGTCTGTTGGTC
CuSOD ATGGTGCTCCTGACGATG CCACTGCCCTTCCAATAAT
MnSOD GTCTACGGTCCTCCTTCTACAT TAACAACAGCACACTTCTTTCT

APX TACTCCGAGGTTGTGTGCC CAATCAAGGTGTTCCAGTCA
GR TTGAGTGGAGAGAAGGAAGG CATAGTCGGCAAAGAAAGC

PEPC AAGTCTCCACATTCGGTCTC ATCTCCAAGTGCCTGGTTAT

CHS GAGGAGATCAGAAAGGCACAAAGGG GTCGGCTTGGTAGATACAGTTAGGC Flavonoid-
synthesis-related

genes

F3′H TCAAGGAGAATGGCGGAGTT TGGGTGGTTCAGGAGGAGTG
F3H GCCTGTTGAGGGTGCCTTTGTC TGGCGATTGAAAGACGGCTGAAG
UGT CAGCTTCTTCACCACCGAATCCTC TCTCGCCCGCTAACCCATCTTC
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4.10. Prediction of Cis-Acting Element

The PlantCare website (We accessed on 14 July 2021 to http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) was used to predict the presence of cis-acting el-
ements in promoter sequences (the upstream 2000 bp) of key genes of the flavonoid
synthesis pathway.

4.11. Statistics and Analysis

Analysis of variance (ANOVA, p < 0.05), multiple comparisons (Duncan), and correla-
tion analysis (Pearson) were performed with IBM SPSS Statistics 26.0 software (International
Business Machines Corporation, New York, NY, USA), and the results are expressed as the
mean ± SD. Column charts were drawn using GraphPad Prism7.0 software (GraphPad
Software, LLC, San Diego, CA, USA). Principal component analysis plots were made using
Origin 2019b software. Correlation heatmaps and cis-acting element visualizations were
generated using TBtools v1.09876 [69].

5. Conclusions

In this study, compared with CK and NaCl treatments, spraying exogenous H2O2
could promote the growth of Tartary buckwheat under NaCl stress, increase the accu-
mulation of chlorophyll content, enhance electron transfer and transformation during
photosynthesis, effectively improve enzymatic reactions, reduce cell membrane lipid perox-
idation, induce or activate the expression level of related genes, alleviate the toxic effect
of NaCl stress on Tartary buckwheat, and promote normal physiological metabolism and
biochemical reactions in Tartary buckwheat. A concentration of 5 mmol·L−1 H2O2 pro-
duced the optimal promoting effect on Tartary buckwheat under 150 mmol·L−1 NaCl stress.
Appropriate concentrations of H2O2 can alleviate the inhibitory effect of salt stress, but
the mechanisms and signaling pathways of H2O2-mediated salt tolerance still need to be
further dissected in detail, as well as how H2O2 regulates related genes to activate defense
systems to alleviate salt stress.
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Abstract: NAC transcription factors play crucial roles in plant growth, development and stress
responses. Previously, we preliminarily identified that the transcription factor AeNAC83 gene was
significantly up-regulated under salt stress in okra (Abelmoschus esculentus). Herein, we cloned the
nuclear-localized AeNAC83 from okra and identified its possible role in salt stress response and
plant growth. The down-regulation of AeNAC83 caused by virus-induced gene silencing enhanced
plant sensitivity to salt stress and increased the biomass accumulation of okra seedlings. Meanwhile,
AeNAC83-overexpression Arabidopsis lines improved salt tolerance and exhibited many altered
phenotypes, including small rosette, short primary roots, and promoted crown roots and root
hairs. RNA-seq showed numerous genes at the transcriptional level that changed significantly in
the AeNAC83-overexpression transgenic and the wild Arabidopsis with or without NaCl treatment,
respectively. The expression of most phenylpropanoid and flavonoid biosynthesis-related genes was
largely induced by salt stress. While genes encoding key proteins involved in photosynthesis were
almost declined dramatically in AeNAC83-overexpression transgenic plants, and NaCl treatment
further resulted in the down-regulation of these genes. Furthermore, DEGs encoding various plant
hormone signal pathways were also identified. These results indicate that AeNAC83 is involved in
resistance to salt stress and plant growth.

Keywords: okra; salt stress; growth; NAC transcription factor; flavonoid; photosynthesis

1. Introduction

Salinity is one of the most detrimental abiotic stresses which limits plant growth and
reduces biomass and grain yield severely worldwide. Salt stress impairs the productivity
of plants by affecting cell growth and metabolic process, causing irreversible damage to
seed germination, seedling growth and crop yield [1]. To counter the adverse effects of
environmental stress, plants have evolved complex mechanisms to cope with salt stress at
both physiological and biochemical levels [2]. The improvement of morphological structure
and physiological metabolism level is controlled by the expression of stress-response genes,
and transcription factors (TFs) play a prominent part in regulating these genes. Numerous
TFs, including NAC TFs, have been identified to be involved in plant growth and salt
stress response.

The plant-specific NAC TF family is one of the largest TF families in plants, named after
the initials of the NAM (no apical meristem) gene from Petunia hybrida [3], the ATAF1/2 [4]
and CUC2 (cup-shaped cotyledon) [5] from Arabidopsis thaliana. In 1996, Souer et al. [3]
cloned the first NAC transcription factor gene NAM from Petunia, which affects the for-
mation and differentiation of Petunia apical meristem. Subsequently, NAC TFs were
successively identified in Arabidopsis [6], rice [7], soybean [8], tomato [9] and other species.
The N-terminal of all NAC TFs contains a conserved NAC domain composed of about

261



Int. J. Mol. Sci. 2022, 23, 10182

150 amino acid residues, and the C-terminal contains a highly variable transcriptional
activation region (TAR) [6].

Many studies have shown that NAC TFs not only play an important role in plant growth
and development, such as secondary wall formation [10–12], leaf senescence [13], and lateral
root development [14,15], but also participate in response to abiotic stresses [16,17]. NAC TFs
respond to salt stress mainly through maintaining intracellular Na+ and K+ concentrations
and the relative homeostasis of the intracellular environment by activating the expression
of stress response genes and protecting the stability of cell structure by enhancing the
accumulation of osmoregulation substances such as soluble sugar, proline, and betaine.
For example, compared with WT, transgenic rice overexpressing ONAC022 with lower
Na+ accumulation and transpiration rate, and increased free proline and soluble sugar
content, enhanced salt tolerance significantly [18], which were also observed in transgenic
rice overexpressing ONAC009 and ONAC058 [19,20]. Wheat TaNAC29 improved plant salt
tolerance by inducing the expression of stress-related genes, enhancing the antioxidant sys-
tem, and scavenging reactive oxygen species [21]. Under salt stress, NAC13-overexpressing
transgenic poplar showed enhanced salt tolerance and the NAC13-suppressing plants
increased sensitivity to salt stress [22].

Okra (Abelmoschus esculentus L.), a medicinal and edible plant, has attracted increas-
ing attention worldwide [23,24]. However, no molecular characterization of any NAC
family member’s impact on okra growth and salt stress response has been reported. In
our previous study, an NAC TF gene AeNAC83 from okra was up-regulated and exposed
to salt stress [25]. In the present work, we cloned the coding sequence of AeNAC83 by
using full-length isoforms obtained in okra and silenced the gene by the whole plant
virus-induced gene silencing (VIGS). The AeNAC83-silenced okra seedlings exhibited a sig-
nificantly higher biomass accumulation under normal conditions and were more sensitive
to salt stress than that in Mock plants. Moreover, we further investigated its functions in
transgenic Arabidopsis overexpressing AeNAC83. The overexpression of AeNAC83 improved
salt resistance and inhibited plant growth. According to the transcriptome analysis, the
improved resistance and inhibited growth were related to the up-regulation of flavonoid
biosynthesis-related genes and the down-regulation of photosynthesis-related genes in
transgenic plants. The above work will provide important resources for molecular breeding
of plant stress resistance.

2. Results
2.1. Isolation and Characterization of AeNAC83

We first cloned the coding sequence of AeNAC83 from okra, which encoded a protein
of 255 amino acids. Then, multiple sequence alignment was performed with other NAC
TFs from Arabidopsis and other species. AeNAC83 has a high homology with other NAC
members, containing one NAC domain with five conserved regions (Figure 1A). In order to
reveal the evolutionary relationship between AeNAC83 and other NAC TFs, a phylogenetic
tree was constructed. All the selected NAC members were clustered into two distinct
subgroups, and AeNAC83 belonged to the ATAF subgroup (Figure 1B).

To determine the subcellular location of AeNAC83, the 35Sp:: AeNAC83:GFP fusion
protein was constructed and transiently expressed in tobacco epidermal cells. Fluorescence
analysis showed that the control empty vector was expressed in both the nucleus and
cytoplasm, while the protein was only localized in the nucleus (Figure 2A), indicating that
AeNAC83 was localized in the nucleus.
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lines; (B) Phylogenetic analysis of AeNAC83 with its homologous NAC proteins.
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Figure 2. Subcellular localization and expression pattern of AeNAC83: (A) Subcellular localization 
of AeNAC83 in N. benthamiana. N. benthamiana cells were transformed with 35Sp:: AeNAC83:GFP or 
pCAMBIA1300-GFP. After incubating for 48 h, the transformed cells were observed under a confo-
cal microscope. The photographs were taken under detecting GFP fluorescence, bright field, and in 
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Figure 2. Subcellular localization and expression pattern of AeNAC83: (A) Subcellular localization
of AeNAC83 in N. benthamiana. N. benthamiana cells were transformed with 35Sp:: AeNAC83:GFP
or pCAMBIA1300-GFP. After incubating for 48 h, the transformed cells were observed under a
confocal microscope. The photographs were taken under detecting GFP fluorescence, bright field,
and in combination (merge), respectively. Empty vector (pCAMBIA1300-GFP) was used as a control;
(B) Expression of AeNAC83 in okra seedlings after 300 mM NaCl treatment by qRT-PCR. Total RNA
for expression analysis was isolated from leaves of two-week-old seedlings after 300 mM NaCl
treatment for 1, 3, 5, and 7 days. Data are presented as mean ± SD (n = 3). Different letters denote
significant differences at p < 0.05, using ANOVA and Duncan’s multiple tests.
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Our previous analysis showed that salt stress induced the expression of AeNAC83. To
further confirm whether AeNAC83 participates in the salt resistance, the two-week-old
okra seedlings were irrigated with 300 mM NaCl and sampled at 1, 3, 5 and 7 days after
treatment, and then the transcription level of the AeNAC83 gene in the second true leaf of
the seedlings was determined by qRT-PCR. We found that compared with the control, the
expression of AeNAC83 was up-regulated at three time points after salt treatment, and the
expression was highest on the first day, then gradually decreased (Figure 2B). The result
suggests that AeNAC83 may play a regulatory role in salt stress in okra.

2.2. Performance of AeNAC83-Silenced Plants under Salt Stress

The VIGS method was used to assess the AeNAC83 gene function. We constructed
the pTRV2-NAC83 vector with a 336-bp fragment and then inoculated the Agrobacterium
mixture containing the pTRV2-NAC83 vector and pTRV1 into the cotyledons of okra.
Negative control was performed by using empty vectors pTRV1 and pTRV2. The AeNAC83
mRNA levels of newly grown young true leaves at 25-days post-inoculation were detected
to assess the efficiency of VIGS. As shown in Figure 3A, the mRNA levels of AeNAC83 in
silenced plants decreased dramatically compared with the control, accounting for about
60% of the control, indicating that the gene was partially silenced.
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Figure 3. Phenotype analysis of AeNAC83-silenced okra plants produced by VIGS under salt stress.
The Agrobacterium tumefaciens GV3101 cell culture harboring the pTRV2 or AeNAC83-pTRV2 together
with pTRV1 were mixed with a ratio of 1:1 and syringe-infiltrated into okra cotyledons. At 25 d
post-inoculation (dpi), the leaves were used for gene expression assay and 300 mM NaCl treatment
for 7 days. (A) Expression analysis of AeNAC83 in AeNAC83-silenced okra seedlings by qRT-PCR.
(B) Images of plant phenotype. (C) The leaf fresh weight. (D) Total chlorophyll content. Data are
presented as mean ± SD (n = 10). Different letters denote significant differences at p < 0.05, using
ANOVA and Duncan’s multiple tests.

To determine the roles of AeNAC83 in salt stress and plant growth, the AeNAC83-
silenced okra seedlings produced by VIGS were irrigated with water or 300 mM NaCl
solution for 7 days. Under normal conditions, the total leaf fresh weight of AeNAC83-
silenced seedlings was significantly higher than Mock plants, indicating that AeNAC83
may be involved in plant growth. After the 7-day treatment, the seedling growth was
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inhibited obviously (Figure 3B), and leaf fresh weight of AeNAC83-silenced plants de-
creased significantly than that of Mock plant (Figure 3C). The total chlorophyll content in
AeNAC83-silenced plants was not significantly different from that in the control before salt
treatment, whereas after salt treatment the chlorophyll content increased in the Mock plants
(Figure 3D). The results showed that AeNAC83-silenced plants were more sensitive to NaCl
treatment, indicating that AeNAC83 may play a positive regulatory role in salt stress.

2.3. Overexpression of AeNAC83 in Arabidopsis Inhibits Plant Growth and Improves
Salt Tolerance

To further investigate the role of AeNAC83 in salt stress and growth, over-expression
of AeNAC83 gene transgenic Arabidopsis plants were produced. The lines OX3 and OX7
with high expression of AeNAC83 were selected for further phenotypic analysis from at
least 10 homozygous transgenic lines (Figure 4A).
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Figure 4. Roles of AeNAC83 in salt tolerance and in growth in Arabidopsis transgenic plants. Four-
day-old seedlings of wild-type (WT) and two transgenic lines (OX3 and OX7) were transplanted
on 1/2 MS medium supplemented with 0, 120, or 150 mM NaCl for 10 days. (A) Semi-quantitative
analysis of AeNAC83 gene expression in wild-type (WT) and AeNAC83-overexpression transgenic
plants. The first bands show AeNAC83 gene expression (30 cycles) and the bands below show AtActin
gene expression (26 cycles) used as internal control. (B) Phenotypes of seedlings on 1/2 MS medium
supplemented with 0, 120, or 150 mM NaCl, respectively. (C,D) Fresh weight and primary root length
of seedlings at the end of the experiment in (B). Data are presented as mean ± SD (n = 10). Different
letters denote significant differences at p < 0.05, using ANOVA and Duncan’s multiple tests. (E) Root
phenotype of seedlings on 1/2 MS medium without NaCl treatment. The red arrows indicated the
crown root.
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The Arabidopsis thaliana ecotype Columbia (wild-type, WT) and transgenic seedlings
were grown in 1/2 MS medium for 4 days and then transplanted to medium with 0,
120 or 150 mM NaCl for 10 days to observe the phenotypic difference. Under normal
conditions, significant differences existed in the growth between the WT and transgenic
plants. Compared with WT, AeNAC83-overexpression transgenic plants exhibited many
altered phenotypes (Figure 4B), including small rosette, short primary roots and promoted
crown roots and root hairs (Figure 4E). The fresh weight (Figure 4C) and primary root length
(Figure 4D) of the transgenic plants were significantly declined than those of wild-type
plants. After NaCl treatment for 10 days, better performance was observed for transgenic
lines than WT. Most WT leaves showed albinistic symptoms, and the number of crown
roots of transgenic lines was greater than in control (Figure 4D). The fresh weight of the
transgenic lines was greater than that of WT exposed to salt stress, and there was no obvious
difference in primary root length between WT and OX7 transgenic lines. Together, these
results suggest that over-expression of AeNAC83 inhibited plant growth and enhanced
tolerance to salt stress.

2.4. Identification and Functional Enrichment Analysis of Differential Expression Genes (DEGs)
under Salt Stress between the AeNAC83-Overexpression Transgenic and the Wild Arabidopsis

To understand the molecular mechanism of AeNAC83 in plant growth and salt stress
response, RNA was extracted from AeNAC83-overexpression transgenic (OX3) and the wild
(WT) Arabidopsis treated with 120 mM NaCl (12 samples, three replicates for each treatment)
and RNA-seq was carried out using Illumina sequencing platform. The Pearson correlation
coefficient heat map showed that the samples had good repeatability (Figure S1). A total
of 245.54 M reads was obtained, with a total of 73.35 Gb clean data. Clean data of each
sample reached 5.74 Gb, and the percentage of Q30 was at least 93.91% (Table S1). We
assembled and quantified reads compared with HISAT2 using StringTie and performed
fragments per kilobase of transcript per million fragments mapped (FPKM) conversion
to analyze gene expression level. The screening of threshold for DEGs was Padj < 0.05
and |log2FoldChange| > 1. The hierarchical clustering analysis of DEGs under different
experimental conditions was shown in Figure 5A. The volcanoplots represent the overall
distribution of DEGs (Figure 5B). Compared with WT-CK, there were 1917 DEGs in OX3-
CK, including 1259 up- and 658 down-regulated genes, and there were 4285 DEGs in WT-N
including 2098 up- and 2187 down-regulated genes. Compared with OX3-CK, 1360 DEGs
were found in OX3-N, including 692 up and 668 down-regulated genes. Compared with
WT-N, there were 1537 DEGs in OX3-N, including 775 up- and 762 down-regulated genes
(Figure 5C, Table S2). Venn diagram showed that the number of DEGs between “WT-CK vs.
OX3-CK”, “WT-CK vs. WT-N”, “OX3-CK vs. OX3-N”, and “WT-N vs. OX3-N” were 1917,
4285, 1360 and 1537, respectively. A total of 105 common DEGs were identified in the four
comparative groups (Figure 5D).
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Figure 5. Transcriptional variations in Arabidopsis wild-type (WT) and transgenic plant (OX3) under
NaCl treatment: (A) Expression profiles of the DEGs under NaCl treatment were shown by a heatmap;
(B) Significance analysis of the DEGs in different comparisons by volcanoplots; (C) The number of up-
and down-regulated genes in different comparisons; (D) Venn diagrams showed the proportions of
the up- and down-regulated genes in four comparisons. WT-CK, OX3-CK: WT and OX3 grown under
optimum conditions; WT-N, OX3-N: WT and OX3 were subjected to salt stress. Three replicates for
each treatment.

2.5. Identification of DEGs Involved in the Phenylpropanoid and Flavonoid Biosynthesis Pathways

KEGG pathway enrichment analysis was performed to interpret the functions of these
DEGs. The top three DEGs participated in “MAPK signaling pathway-plant”, “plant-
pathogen interaction” and “phenylpropanoid biosynthesis” in WT-CK vs. OX3-CK and
WT-CK vs. WT-N comparison groups (Figure 6A,B). The top three DEGs participated in
“phenylpropanoid biosynthesis”, “MAPK signaling pathway”, and “starch and sucrose
metabolism” in OX3-CK vs. OX3-N comparison group (Figure 6C). The top three DEGs
participated in “phenylpropanoid biosynthesis”, “circadian rhythm-plant”, and “starch
and sucrose metabolism” in WT-N vs. OX3-N comparison group (Figure 6D).

The phenylpropanoid biosynthesis pathway was always found to contain significant
enrichment of DEGs for all comparisons (Figure 6). Through integration, 13 gene families
involved in phenylpropanoid biosynthesis were identified (Figure 7A), including 129 DEGs.
The POD family was the most represented (49 DEGs) among these 13 gene families, whereas
the C4H, F5H, and CSE family were the least represented, with only 1 DEG (Figure 7A).
The phenylpropanoid biosynthesis pathway provides the precursors for the flavonoid
biosynthesis pathway [26]. Hence, we analyzed the DEGs involved in flavonoid biosyn-
thesis and 10 gene families were identified, among which the HCT family was the most
represented (7 DEGs). The expression levels of most DEGs were up-regulated by NaCl
treatment, except for 2 CHI genes and 1 HCT gene (Figure 7B). In addition, under nor-
mal conditions, nearly half of the flavonoid biosynthesis-related DEGs were significantly
induced by overexpression of AeNAC83. CHI, F3H, DFR, and ANS are crucial structural
genes involved in the anthocyanin synthesis pathway. Anthocyanins, a class of flavonoids
distributed ubiquitously in the plant, play important roles in the growth and development
of plants and stress response. The content of anthocyanins in OX3 was significantly higher
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than that of WT before salt treatment. Salt stress induced the accumulation of anthocyanins
in WT, while there was no significant change in anthocyanin content in OX3 (Figure S2A).
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2.6. Identification of DEGs That Participate in Photosynthesis and Hormone Signal
Transduction Pathways

Thylakoid membrane photosynthetic complexes consist of photosystem II (PSII), cy-
tochrome b6f, photosystem I (PSI), light-harvesting antenna complexes, and ATP synthase [27].
Compared with WT-CK, genes encoding key proteins involved in these complexes were al-
most greatly decreased in AeNAC83-overexpression transgenic (OX3) Arabidopsis, and NaCl
treatment further resulted in the down-regulation of these genes, except for 1 PsbP gene of
PSII and 1 gamma gene of ATP synthase (Figure 8). Chlorophyll is one of the most important
pigments in higher plants, which is an important substance for photosynthesis. The total
chlorophyll content was similar between OX3 and WT before salt treatment. After salt
treatment, the chlorophyll content decreased dramatically in both WT and OX3 plants
(Figure S2B).
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hydroxylase; F5H, ferulate-5-hydroxylase; CCR, cinnamoyl-CoA reductase; CCoAOMT, caffeoyl-
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Figure 7. Transcript abundance changes of the phenylpropanoid and flavonoid biosynthesis pathway-
related DEGs in Arabidopsis wild type (WT) and transgenic plant (OX3) under NaCl treatment.
(A) Heat map of DEGs in phenylpropanoid biosynthesis pathway. The log2-transformed FPKM
values of DEGs were used to generate the diagram. 4CL, 4-coumarate-CoA ligase; C4H, cinnamate-
4-hydroxylase; F5H, ferulate-5-hydroxylase; CCR, cinnamoyl-CoA reductase; CCoAOMT, caffeoyl-
CoA O-methyltransferase; COMT, caffeic acid 3-O-methyltransferase; HCT, hydroxyl cinnamoyl
transferase; CAD, cinnamyl-alcohol dehydrogenase; SGT, scopoletin glucosyltransferase; CSE, caf-
feoylshikimate esterase; CGT, coniferyl-alcohol glucosyltransferase; β-G, beta-glucosidase; POD,
peroxidase. (B) Gene expression of DEGs in flavonoid biosynthesis pathway. DFR: dihydroflavonol
4-reductase; F3H: flavanone 3-hydroxylase; CYP73A: trans-cinnamate 4-monooxygenase; ANS: an-
thocyanidin synthase; FLS: flavonol synthase; CHS: chalcone synthase; PGT1: phlorizin synthase;
CHI: chalcone isomerase; HCT: shikimate O-hydroxycinnamoyltransferase. * indicate statistical
significance based on two-tailed Student’s t-test at p-values < 0.05.
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Figure 8. Transcript abundance changes of photosynthesis pathway-related DEGs in Arabidopsis
wild-type (WT) and transgenic plant (OX3) under NaCl treatment. (A) Photosynthesis pathway
(ko00195). Different letters indicated the different subunits of photosynthetic complexes. (B) Heat
map of DEGs in photosynthesis pathway. The log2-transformed FPKM values of DEGs were used to
generate the diagram.

In addition, the abundance of hormone-related DEGs changed significantly under
salt stress. A large number of genes encoding AUX1, AUX/IAA, ARF, GH3 and SAUR for
the auxin signaling pathway were identified, including 2 AUX1 genes, 8 AUX/IAA genes,
1 ARF gene, 13 GH3 genes and 21 SAUR genes; 1 CRE1 gene, 2 AHP genes, 11 B-ARR genes
and 2 A-ARR genes for the cytokinin signaling pathway were obtained; 3 GID1 genes,
8 DELLA genes and 13 TF genes were identified in the GA signaling pathway; DEGs
involved in ABA signaling pathway were identified, including 2 PYR genes, 8 PP2C genes,
4 SnRK2 genes and 4 AREB/ABF genes; 1 ETR, 2 CTR1 genes, 4 SIMKK genes, 1 EBF1/2 gene
and 4 ERF1/2 genes for ET signaling pathway were analyzed; 9 BAK1 genes, 4 BRI1 genes,
2 BSK genes, and 1 TCH4 gene related to the BR signaling pathway were identified; there
were 5 JAZ and 9 MYC2 DEGs in the JA signaling pathway; for the SA signaling pathway,
1 NPR1, 4 TGA and 8 PR1 were identified (Figure 9). Twelve randomly selected genes of
hormone signal transduction pathways, including 1 AUX1, 1 ARF, 2 SnRK2, 1 AREB/ABF,
2 JAZ, 1 MYC2, 1 NPR1, 1 TGA and 2 PR1, were verified by qRT-PCR (Figure S3). The
results showed that the relative expression levels were basically consistent with RNA-seq
data, which supported the accuracy and reliability of transcriptome analysis results.
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Figure 9. Transcript abundance changes of the various hormone signal transduction pathways-
related DEGs in Arabidopsis wild-type (WT) and transgenic plant (OX3) under NaCl treatment.
(A) Plant hormone signal transduction pathways. (B) Heat map of DEGs in various hormone
signal transduction pathways. The log2-transformed FPKM values of DEGs were used to generate
the diagram.

3. Discussion

Okra has important edible and medicinal value. However, due to the complexity
and lack of the okra genome, it is difficult to assess the gene function of okra [28,29].
VIGS has been widely used as an effective functional genomics tool for gene function
analysis [30]. NAC TFs play important roles in plant growth, development and stress
responses. In this study, the role of AeNAC83 in the salt stress responses in okra was
investigated. We found that the AeNAC83-silenced okra seedlings produced by VIGS were
slightly more sensitive to salt stress (Figure 3). Further analysis found that the gene was
not completely silenced, probably because VIGS sometimes silences only part of the target
gene [31]. Hence, transgenic Arabidopsis plants over-expressing AeNAC83 were generated
to further determine the role of AeNAC83 in growth and salt stress. Over-expression of
AeNAC83 enhanced tolerance to salt stress and suppressed vegetative growth (Figure 4).
Taken together, okra NAC TF AeNAC83 plays a pivotal role in mediating plant growth and
defense response to salt stress.

Transcriptomic analyses showed that compared with WT-CK, there were 4285 DEGs in
WT-N, while only 1360 DEGs were found in OX3-N compared with OX3-CK (Figure 5). The
result showed that overexpression of AeNAC83 resulted in the insensitivity of numerous
genes to salt stress, which may be one of the reasons for enhanced resistance to salt stress.
KEGG pathway enrichment analysis showed that these DEGs mainly participated in
“MAPK signaling pathway-plant”, “plant-pathogen interaction” and “phenylpropanoid
biosynthesis”, “starch and sucrose metabolism” and “circadian rhythm-plant” (Figure 6). In
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plants, the rapid activation of MAPK cascades has long been observed involved in growth
and development, as well as in response to drought, salinity, wounding, heat, and cold [32].
Moreover, for all comparison groups, the phenylpropanoid biosynthesis pathway was
always found to contain significant enrichment of DEGs.

The phenylpropanoid pathway that produces lignin, flavonoids, and other secondary
metabolites [26], contributes to the defense and growth of plants. Fortifying cell walls by in-
creasing their lignin content is one of the common plant defense mechanisms [33]. The 4CL,
C4H and POD are core enzymes involved in the biosynthesis of flavonoids and lignin. From
our analysis, the expressions of 4CL, C4H, CAD and POD-related DEGs were increased in
OX3-CK and the NaCl-treated WT and OX3 samples (Figure 7A). This finding suggested
that NaCl stress could cause an increase in lignin synthesis. Under normal conditions, the
AeNAC83-overexpression plant may accumulate more lignin, which may be one of the
reasons why it has stronger salt stress resistance than the wild type. In response to a variety
of abiotic stress, flavonoids (including anthocyanins) play a major antioxidant role [34,35].
Flavonoids can reduce reactive oxygen species in plant tissues [36–38], which are usually
produced by stress such as ultraviolet radiation, drought and salt stresses. We observed
up-regulation of flavonoids genes in NaCl-treated seedlings (Figure 7B), indicating that the
genes involved in stress metabolism are generally up-regulated. Some transcription fac-
tors have been identified to have regulatory functions in phenylpropanoid and flavonoid
biosynthesis pathways [39]. Overexpression of PvMYB4, a suppress phenylpropanoid
metabolism TF, caused a reduction in the lignin content and decreased recalcitrance in
Panicum virgatum [40]. NAC is the second largest class of TFs in plants and has been shown
as a key regulator of abiotic stresses [41]. In Arabidopsis and rice, NAC genes’ overexpression
enhanced drought and salt tolerance [20,42,43]. Additionally, overexpression of AeNAC83
significantly induced the expression of most flavonoid biosynthesis-related DEGs under
normal conditions. This result was further confirmed by the experiment of anthocyanin
content determination (Figure S2A). These results showed that overexpression of AeNAC83
improved the resistance of plants to salt stress, possibly by regulating the accumulation of
lignin and flavonoids.

Chloroplast is the site of photosynthesis. High Na+ levels can destroy the struc-
ture of chloroplast, damage the membrane system of plant and seriously degrade chloro-
phyll, resulting in the decline of photosynthesis. In the study, the expression levels of
photosynthesis-related genes were significantly down-regulated in WT and transgenic
Arabidopsis (OX-3) after NaCl treatment and the degree of decline of genes in WT was
significantly higher than that of OX-3 (Figure 8). The results showed that AeNAC83-
overexpression transgenic plants had stronger photosynthetic capacity under salt stress,
which could ensure more organic accumulation and improve the salt tolerance of plants.
The same phenomenon has been observed in transgenic Arabidopsis overexpressing wheat
TaNAC67, the chlorophyll content and Fv/Fm of which were higher than those of the
control [44]. In addition, under salt stress, AeNAC83-overexpression transgenic plants have
larger roots, suggesting that AeNAC83 may regulate roots to improve salt stress tolerance.
Similarly, overexpression of soybean GmNAC20 improved the tolerance to low temperature
and salt and promoted lateral root formation [45]. Under high salt stress, Arabidopsis thaliana
AtNAC2 was highly expressed in roots, and lateral roots of transgenic plants overexpressing
AtNAC2 increased [15]. Compared with wild-type plants, AeNAC83-overexpression plants
showed growth retardation, which may be due to the redistribution of energy between
stress tolerance and normal growth and development, thereby improving the survival
rate of plants under salt stress. This was consistent with transgenic rice overexpressing
ONAC022 [18].

Phytohormones, such as auxin, abscisic acid (ABA), ethylene, gibberellic acid (GA),
and jasmonic acid (JA), also play central roles in salt stress response [46]. Malus domestica
MdNAC047 induced ethylene accumulation by increasing the expression of ethylene syn-
thesis genes MdACS1 and MdACO1 and TF gene MdERF3, enhancing tolerance to salt stress
by regulating ethylene response [47]. Soybean (Glycine Max) GmNAC109 promoted the for-
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mation of lateral roots of transgenic Arabidopsis thaliana and enhanced salt stress tolerance
through positive regulation of auxin response gene AtAIR3 and negative regulation of TF
AtARF2 [48]. To reveal the involvement of these hormones in the salt stress response and
growth, numerous genes related to these hormones signaling pathways were identified
(Figure 9). For example, in the ABA-signaling pathway, the core of salt- and drought-stress
responses in plants [49], 1 SnRK2 gene and 2 AREB/ABF genes were up-regulated and
1 PYR gene, 3 PP2C genes, 1 SnRK2 gene and 1 AREB/ABF gene were down-regulated
compared with WT-N. The expressions of JA- and SA-signaling pathways related to DEGs
were increased in NaCl-treated WT and OX3 samples. These data indicated that AeNAC83
may enhance tolerance to salt stress by regulating various hormone signaling responses.

Interestingly, besides the increase in salt sensitivity in AeNAC83-silenced okra seedlings
and salt tolerance in AeNAC83-overexpression transgenic Arabidopsis, the AeNAC83-silenced
seedlings showed enhanced plant growth, while AeNAC83-overexpression lines exhibited
the opposite phenotype. These data imply that AeNAC83 participates in the balance
between defense responses and plant growth. In plants, the trade-off between defense
and growth has attracted considerable attention, where enhanced resistance often impairs
growth and development. For example, in rice, over-expression of OsRCI-1 resulted in
an increase in BPH resistance and a reduction in thousand-grain weight [50]. OsNAC2
negatively regulates root growth [51] and mediates abiotic stress tolerance [52].

4. Materials and Methods
4.1. Multiple Sequence Alignment and Phylogenetic Analysis

The amino acid sequences of NAC proteins were obtained from the TAIR (https:
//www.arabidopsis.org/) and NCBI. The accession number and references for other NACs:
Arabidopsis thaliana, ATAF1 (AT1G01720), ATAF2 (AT5G08790) [4], CUC1 (AT3G15170),
CUC2 (AT5G53950) [5], CUC3 (AT1G76420) [53], AtNAC1 (AF198054.1) [14], AtNAC2
(AT5G39610) [15], AtNAP (AJ222713) [54]; rice, OsNAC2 (Os04g0460600) [51,55]; soybean,
GmNAC20 (EU440353.1) [45]; petunia, PhNAM (X92204) [3]. Multiple sequence alignment
of AeNAC83 with other 11 NAC members was carried out using ClustalX 2.0 and modified
with GeneDoc. The phylogenetic tree was generated using the MEGA7 software with the
neighbor-joining (NJ) method, Poisson-corrected distances and 1000 replicates.

4.2. RNA Isolation and qRT-PCR

Mature seeds of okra (Abelmoschus esculentus L.) Cultivar “xian zhi” was used in this
study. Plant growth conditions and treatment were performed according to our previous
research [25]. Okra seedlings with only two true leaves under normal conditions were
selected for salt treatment, irrigated with 300 mM NaCl solution, and the control was
irrigated with water. At 1 d, 3 d, 5 d and 7 d after treatment, RNA was extracted from the
second true leaf, and the expression of the AeNAC83 gene was analyzed by qRT-PCR. The
primers were listed in Table S3.

4.3. Subcellular Localization of GFP-AeNAC83 Fusion Protein

The coding sequence of AeNAC83 was amplified by RT-PCR with primers 5′-GAGCTC
ATGGAGAAGCTTAGTTTTGT-3′ and 5′-TCTAGAAGGTTTTCTTCTGAAGTAAG-3′, and
cloned into the SacI/XbaI sites of pCAMBIA1300-sGFP under the control of the CaMV 35S
promoter, resulting in 35Sp:: AeNAC83:GFP construct. The constructed 35Sp:: AeNAC83:GFP
vector was introduced into Agrobacterium strain GV3101, and transiently transformed in to-
bacco epidermal cells. The empty vector was used as a negative control. The distribution of
fluorescence was imaged 48 h after the inoculation by a confocal laser-scanning microscope
(Zeiss LSM 710).

4.4. Virus-Induced Gene Silencing (VIGS) of AeNAC83 and NaCl Treatment

A specific sequence of about 300bp from AeNAC83 was amplified by RT-PCR with
primers 5′-GAATTCATGGAGAAGCTTAGTTTT-3′ and 5′-GGTACCTTTCCTGTCGATTCC
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GGT-3′, and cloned into the EcoRI/KpnI sites of pTRV2, resulting in TRV-NAC83 construct.
The construct was transferred into Agrobacterium tumefaciens GV3101.

A single colony of the Agrobacterium tumefaciens containing TRV1, TRV-NAC83 or
empty TRV2 was inoculated into 3ml YEP liquid medium with 50 mg/L rifampicin and
50 mg/L kanamycin, and cultured at 28 ◦C for 12 h at 200 rpm. For secondary activation,
1 mL culture was added to 50 mL of YEP and grown until OD600 reached 1–1.5. Agrobac-
teria were resuspended in a monomethylamine (MMA) solution (20 µM acetylsyringone,
10 mM MgCl2 and 10 mM MES, PH 5.6) to a final concentration of OD600 = 1 and placed
without shaking at 28 ◦C for 3 h in dark. Then the cotyledons of okra seedlings that cotyle-
dons were fully stretched and the true leaves had not yet grown were used to inoculate with
the suspension of TRV1 and TRV-NAC83 mixed at a ratio of 1:1 (v/v). pTRV2 and pTRV1
empty vectors were used as negative controls. The inoculated seedlings were maintained
for 12 h in the dark and employed to a 16-h light/8 h dark cycle at 25 ◦C in a growth
chamber. After 25 days, the AeNAC83 mRNA level was measured and the phenotype of
leaves was observed. Then the AeNAC83-silenced okra seedlings and the negative control
were irrigated with 300 mM NaCl solution for 7 days. The leaf fresh weight and total
chlorophyll content was measured [25].

4.5. Generation of AeNAC83 Transgenic Arabidopsis Plants

The Agrobacterium GV3101 containing the 35Sp:: AeNAC83:GFP construct was trans-
formed into Arabidopsis thaliana ecotype Columbia (wild-type, WT) via the inflorescence
infiltration method. Transformed lines were selected on 1/2 MS medium with 30 mg/L
hygromycin and then confirmed by PCR. Two AeNAC83 homozygous transgenic lines
(OX-3 and OX-7) of the T4 generations with high AeNAC83 expression were selected for
further phenotypic analysis. The primers were listed in Table S3.

4.6. Performance of Transgenic Lines under Salt Stress Treatment

Seeds of WT and OX-3 and OX-7 were kept at 4 ◦C for 3 days and then plated on 1/2 MS
medium under a 16-h light/8-h dark cycle at 23 ◦C in a growth chamber. Four-day-old
seedlings were transplanted on 1/2 MS medium containing 0, 120 or 150 mM NaCl. After
10 days, the total fresh weight and primary root length were measured. Samples of whole
plants of OX3 and WT treated with 0 or 120 mM NaCl were harvested and frozen in liquid
nitrogen for Illumina sequencing assay. Seedlings were sown on 1/2 MS medium without
NaCl treatment for two weeks, and the roots were imaged using a stereo microscope.

4.7. RNA Isolation and Illumina Sequencing

Total RNA was extracted from the leaves and roots of 14-day AeNAC83-overexpression
transgenic (OX3) and the wild (WT) Arabidopsis treated with 120 mM NaCl. RNase-free
DNase I (Takara, Dalian, China) was used to remove the DNA. cDNA libraries were con-
structed as described by our previous study [25]. The constructed libraries were sequenced
on the Illumina platform. The resulting reads (clean reads) were mapped to the Arabidop-
sis reference genome using HISAT2. FPKM was used to estimate gene expression levels.
Differential expression analysis of two groups was performed using the DESeq2 with an
adjusted p-value < 0.05.

4.8. Gene Annotation and Enrichment Analysis

Based on a Wallenius non-central hyper-geometric distribution [56], GOseq R packages
were used to analyze GO enrichment of DEGs. KOBAS software [57] was used to test
whether DEGs were statistically enriched in KEGG pathways.

4.9. Measurement of Anthocyanin Content

Anthocyanins were extracted from seedlings of WT and OX3 grown in 1/2 MS
medium supplemented with 0 or 120 mM NaCl. Leaf material from each treatment
was weighed W (g), and then 1 mL of acidic methanol containing 1% HCl (v/v) was
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added and kept in the dark at 4 ◦C for 24 h. The leaching solution was centrifuged at
13,000 rpm for 10 min, and the absorbance was measured at the wavelength of 530 and
657 nm, respectively. The relative content of anthocyanins was calculated by the formula:
Qanthocyanins = (A530 − 0.25 × A657)·g−1 FW [58].

5. Conclusions

In this study, we demonstrate that the nucleus-located AeNAC83 participates in salt
stress tolerance in okra. Additionally, AeNAC83 negatively regulates plant growth, indi-
cating a possible node of trade-off between okra resistance and growth. Transcriptome
analysis revealed that most of the genes involved in flavonoid biosynthesis and photo-
synthesis were up-regulated and down-regulated, respectively. Various plant hormone
signaling pathway-related DEGs were also identified. Our study provides a comprehensive
understanding of the molecular mechanism of AeNAC83 involved in plant growth and
salt tolerance.
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Abstract: Leaf morphology is one of the important traits related to ideal plant architecture and is
an important factor determining rice stress resistance, which directly affects yield. Wax layers form
a barrier to protect plants from different environmental stresses. However, the regulatory effect of
wax synthesis genes on leaf morphology and salt tolerance is not well-understood. In this study,
we identified a rice mutant, leaf tip rumpled 1 (ltr1), in a mutant library of the classic japonica variety
Nipponbare. Phenotypic investigation of NPB and ltr1 suggested that ltr1 showed rumpled leaf with
uneven distribution of bulliform cells and sclerenchyma cells, and disordered vascular bundles. A
decrease in seed-setting rate in ltr1 led to decreased per-plant grain yield. Moreover, ltr1 was sensitive
to salt stress, and LTR1 was strongly induced by salt stress. Map-based cloning of LTR1 showed that
there was a 2-bp deletion in the eighth exon of LOC_Os02g40784 in ltr1, resulting in a frameshift
mutation and early termination of transcription. Subsequently, the candidate gene was confirmed
using complementation, overexpression, and knockout analysis of LOC_Os02g40784. Functional
analysis of LTR1 showed that it was a wax synthesis gene and constitutively expressed in entire
tissues with higher relative expression level in leaves and panicles. Moreover, overexpression of
LTR1 enhanced yield in rice and LTR1 positively regulates salt stress by affecting water and ion
homeostasis. These results lay a theoretical foundation for exploring the molecular mechanism of leaf
morphogenesis and stress response, providing a new potential strategy for stress-tolerance breeding.

Keywords: Oryza sativa L.; leaf shape; salt stress; bulliform cells; aquaporin

1. Introduction

Leaves are the main photosynthetic organ of plants. Leaf morphology affects the
effective photosynthetic area, which affects accumulation of photosynthetic products and
subsequent crop yield. In rice, numerous genes associated with leaf morphogenesis have
been mined and cloned, such as SHALLOT-LIKE 1 (SLL1) [1], HOMEODOMAIN CONTAIN-
ING PROTEIN4 (OsHB4) [2], SEMI-ROLLED LEAF1(SRL1) [3], Rice outermost cell-specific
gene 5 (Roc5) [4], AGO1 homologs 1b (OsAGO1b) [5], Rice outermost cell-specific 8 (Roc8) [6],
PHOTO-SENSITIVE LEAF ROLLING 1 (PSL1) [7]. These genes regulate leaf morphogenesis
through complex interactions among plant hormone signaling pathways, transcription fac-
tors, and microRNAs [8,9]. In addition, leaf morphology is also affected by genes associated
with ribosomes synthesis, DNA repair, cell cycle process, cuticle development, ion home-
ostasis, and microtubule arrangement [9]. However, these genes alone are not sufficient
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to accurately outline the genetic regulatory network of rice leaf morphogenesis in detail.
One of the main challenges in modern agriculture is to increase crop yields under different
environmental conditions by cultivating ideal plant architecture [10]. Leaf morphology is
an important component of plant architecture and improving it contributes to collaborative
improvement of stress resistance and yield. In recent years, great progress has been made
in the regulation mechanism of leaf morphology and stress resistance. In addition to the
key regulatory roles in plant architecture and yield, many genes regulating leaf morphol-
ogy also affect characteristics such as drought tolerance, nutrient utilization, and disease
resistance. For example, Ideal Plant Architecture 1 (IPA1) not only increases rice yield but also
improves rice blast resistance, which counters the traditional view that a single gene cannot
simultaneously increase yield and disease resistance [11–14]. Dwarf 1 (D1) is involved in
complex network affecting plant height, leaf size, and abiotic stress response [15–17]. PSL1
regulates rice leaf cell wall development and drought tolerance [7]. Higher leaf temperature,
respiration rate, lower transpiration rate, and stomatal conductance in high temperature
susceptibility (hts) resulted in high temperature sensitivity of hts [18]. Thus, leaf morphology
is closely associated with stress resistance, nutrient utilization, disease resistance, and yield.

Soil salinization is an increasingly serious agricultural problem worldwide [19,20],
limiting plant growth and crop productivity in saline–alkali areas [20]. Poor irrigation
practices, the improper application of fertilizers, and industrial pollution increased soil
salinity in cultivated soil, resulting in aggravated soil salinization [21,22]. Most plants had
to develop suitable mechanisms to adjust their physiological and biochemical processes
to adapt to high salinity environments during their long evolutionary history due to their
sessile nature [20]. Significant progresses have been made for salt tolerance mechanism in
plants. They developed suitable strategies to regulate ion and osmotic homeostasis and
minimize stress damage [23,24], including exclusion of Na+ from leaf tissues, compartmen-
talization of Na+ (mainly into vacuoles), and reducing water loss while maximizing water
absorption [21,25,26]. However, few favorable genetic loci associated with salt resistance
have been identified in the breeding practices of rice. Therefore, breeding potentially yield-
penalty-free rice varieties with high salt tolerance is of great significance and an effective
way to expand the adaptability and planting area of rice and improve the yield potential of
rice in saline–alkali areas.

Wax is the outermost barrier that plays an important role in plant–environment
interactions, including plant adaptation to drought environments and various abiotic and
biotic stresses. It promotes resistance to ultraviolet (UV) radiation [27] and pests and
diseases [28] and protects internal plant tissues from temperature stress [29]. Moreover, the
epicuticle wax layer provides the necessary barrier for reducing non-stomatal water loss
during drought stress; thereby significantly improve drought tolerance in rice [30,31]. For
example, the wax synthesis regulator DROUGHT HYPERSENSITIVE (DHS) interacts with
rice outermost cell-specific gene 4 (Roc4), regulating expression of BODYGUARD (BDG)
and thus affecting rice drought tolerance [32,33]. The rice ethylene response factor WAX
SYNTHESIS REGULATORY GENE 1 (OsWR1) positively regulates rice wax synthesis and
affects drought tolerance by regulating cuticle development and leaf water retention [34].
In addition, wax has a critical effect on the differentiation of plant tissues and organs, such
as the morphological development of leaves, fruits, and pollen, thereby affecting plant
fertility. Loss function of wax synthesis genes led to morphological abnormalities of flowers
and leaves, such as knb1 (knobhead), bcf1 (bicentifolia), and wax1 in Arabidopsis [35]. The wax2
plants showed disordered leaf structure and fused floral organs in Arabidopsis [36]. In rice,
most research on wax synthesis genes has focused on pollen development, panicle fertility,
and drought resistance; there are few reports on the regulatory role of wax synthesis
genes in leaf morphology. Here, we identified a rice mutant ltr1 with abnormal leaf
morphology. This mutant was obtained by ethyl methanesulfonate (EMS) mutagenesis of
Nipponbare and was used to isolate and analyze the function of the candidate gene LTR1
in regulating leaf morphology. We demonstrated that loss function of LTR1 led to abnormal
development of bulliform cells, vascular bundles, and sclerenchyma cells, and to rumpled
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leaves, decreases in the seed setting rate and yield, and high sensitivity to salt stress. We
also confirmed that LTR1 mediated regulatory activities of aquaporin and ion transporters
result in altered water retention and ion homeostasis under salt stress. Hence, function
analysis of LTR1 in leaf morphology and response to salt stress could provide theoretical
foundation for molecular mechanism of leaf morphogenesis and salt response in rice and
contribute to breeding efforts to develop salt-tolerant varieties with ideal leaf morphology.

2. Results
2.1. Identification of the ltr1 Mutant

The ltr1 mutant was successfully obtained by EMS mutagenesis of the NPB. Pheno-
typic observation indicated that ltr1 exhibited abnormal leaf morphology with uneven
distribution of bulliform cell on adaxial surface and sclerenchyma cells on abaxial surface
and disordered vascular bundles (Figure 1a–c). The contents of chlorophyll a, chlorophyll
b, and carotenoids were significantly higher in ltr1 than in NPB, with increases of 19.23%,
24.96%, and 17.83%, respectively (Figure 1d). The SPAD (soil and plant analyzer develop-
ment) value of ltr1 was significantly higher than that of NPB (Figure 1e). The quantum
efficiency of photosystem II (Fv/Fm) and leaf water content of ltr1 were significantly lower
than those of NPB, decreased by 8.69% and 5.26%, respectively (Figure 1f,g). These results
showed that growth and development of ltr1 were seriously impaired. The abnormal leaf
morphology of ltr1 was associated with lower light energy conversion efficiency of the PS
II (Photosystem II) reaction center and poor leaf water retention.
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Figure 1. Phenotype analysis of NPB and ltr1 plants. (a) Plant morphology (bar = 20.0 cm), (b) leaf
morphology (bar = 4.0 cm), and (c) observation of frozen sections of NPB and ltr1 (bar = 200 µm),
red arrows in (c) represent bulliform cells. (d) Chlorophyll content, (e) SPAD, (f) Fv/Fm, and (g) leaf
water content of NPB and ltr1. Data are given as means± SD. Asterisks indicate significant difference
based on the Student’s t-test: ** in the figure represents significant difference at p < 0.01.

2.2. Effect of LTR1 on Photosynthetic Efficiency and Seed Setting Rate

According to our results, the panicle length (Figure 2a,b), seed setting rate (Figure 2f),
secondary branch numbers (Figure 2e), and grain yield per plant (Figure 2h)were signifi-
cantly lower in ltr1 plants than in the wild type, by 14.50%, 95.54%, 16.67%, and 84.49%,
respectively. The effective panicle number was significantly higher for ltr1 than for NPB,
with a 43.38% increase (Figure 2c). The primary branch numbers and 1000-grain weight
showed no significant differences (Figure 2d,g). These results indicated that the decrease of
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yield per plant in ltr1 was caused by the extremely low seed-setting rate and showed that
ltr1 had serious defects in leaf morphology and fertility.
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Figure 2. Comparisons of yield characters in NPB and ltr1. (a) Spike morphology, bar = 4 cm, (b) pan-
icle length, (c) numbers of effective panicle, (d) number of primary branches, (e) number of secondary
branches, (f) seed setting rate, (g) 1000-grain weight, (h) grain yield per plant, (i) photosynthetic
efficiency, and (j) intercellular CO2 concentration of NPB and ltr1. Data are given as means ± SD.
Asterisks indicate significant difference based on the Student’s t-test: ** in the figure represents
significant difference at p < 0.01 and ns in the figure represents there is no significant different at
p < 0.05.

Photosynthesis is the sum of a series of complex metabolic reactions [37]. Maintaining
high chlorophyll content in leaves is not necessary to improve the effective photosynthetic
rate. Light intensity under low-light conditions is a limiting factor for leaf photosynthesis,
and high chlorophyll content is conducive to light absorption; the photosynthetic rate
under saturated light intensity is mainly affected by the catalytic ability of the Rubisco
enzyme, rather than the limitation of electron transfer rate in light reactions [38]. To explore
whether the increased chlorophyll content and abnormal leaf morphology of ltr1 affect
photosynthetic efficiency, we measured the photosynthetic efficiency of NPB and ltr1 in the
field. Compared to NPB, the intercellular CO2 concentration of ltr1 was 4.91% higher, and
the photosynthetic efficiency was 25.33% lower (Figure 2i,j). Although the photosynthetic
pigment content of ltr1 increased, the photosynthetic efficiency did not. The reasons for the
decrease of photosynthetic efficiency in ltr1 require further exploration.

2.3. Map-Based Cloning of LTR1

To explore the molecular mechanism of the phenotype in ltr1, an F2 segregation
population was developed by crossing ltr1 and the indica cultivar TN1. The segregation
of wild type and mutant phenotype displayed a ratio of 3:1 (Table S1), indicating that
the mutant phenotype was controlled by a single recessive gene. Using 21 F2 mutant
individuals, the LTR1 locus was first mapped to the region between RM6318 and RM1920
on the long arm of chromosome 2. The location was then narrowed down to a 13.5-kb
genomic region between the markers N-12 and N-20 (Figure 3a). In this region, only one
putative opening reading frame (ORF) was found based on data from the Rice Genome
Annotation Project (http://rice.plantbiology.msu.edu accessed on 24 March 2021) database.
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DNA sequence analysis of the ORF in ltr1 and NPB revealed that a 2-bp deletion in exon
8 of LOC_Os02g40784, which resulted in a frameshift mutation and early termination of
transcription (Figure 3b). LOC_Os02g40784 includes ten exons and nine introns and encodes
a polypeptide 619 amino acid in length. We therefore inferred that LOC_Os02g40784 was
the gene controlling the mutant phenotype of ltr1.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 19 
 

 

means ± SD. Asterisks indicate significant difference based on the Student’s t-test: ** in the figure 

represents significant difference at p < 0.01 and ns in the figure represents there is no significant 

different at p < 0.05.  

2.3. Map-Based Cloning of LTR1 

To explore the molecular mechanism of the phenotype in ltr1, an F2 segregation 

population was developed by crossing ltr1 and the indica cultivar TN1. The segregation 

of wild type and mutant phenotype displayed a ratio of 3:1 (Table S1), indicating that 

the mutant phenotype was controlled by a single recessive gene. Using 21 F2 mutant in-

dividuals, the LTR1 locus was first mapped to the region between RM6318 and RM1920 

on the long arm of chromosome 2. The location was then narrowed down to a 13.5-kb 

genomic region between the markers N-12 and N-20 (Figure 3a). In this region, only one 

putative opening reading frame (ORF) was found based on data from the Rice Genome 

Annotation Project (http://rice.plantbiology.msu.edu) database. DNA sequence analysis 

of the ORF in ltr1 and NPB revealed that a 2-bp deletion in exon 8 of LOC_Os02g40784, 

which resulted in a frameshift mutation and early termination of transcription (Figure 

3b). LOC_Os02g40784 includes ten exons and nine introns and encodes a polypeptide 

619 amino acid in length. We therefore inferred that LOC_Os02g40784 was the gene con-

trolling the mutant phenotype of ltr1. 

 

Figure 3. Map-based cloning of LTR1. (a) Fine mapping of LTR1; the red arrow represents the
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mutation site in ltr1. (c) Complementary analysis of LTR1 in ltr1; bar for plants and leaves was 20 cm
and 5 cm, respectively.

To confirm that the phenotype of ltr1 was attributable to the detected mutation in
LTR1, we constructed a complementation vector with a NPB genomic fragment containing
the entire coding region of LTR1 and obtained complementary plants of LOC_Os02g40784
under ltr1 background. As expected, the complementary transgenic T0 plants showed
normal flat leaves: this indicated that the normal expression of LOC_Os02g40784 in ltr1 can
complement the phenotype of the mutant (Figure 3c).
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2.4. Overexpression and Targeted Deletion of LTR1

We next used CRISPR/Cas9 to generate mutant alleles of LTR1 alleles in a NPB
background. We obtained three independent transgenic lines that all carried homozygous
mutants, including 3-bp, 4-bp, and 5-bp deletions in exon 3, respectively (Figure 4a,e).
These lines had comparable phenotypes to those of ltr1 with shrunken and distorted leaves,
uneven distribution of bulliform cells on adaxial surface and sclerenchyma cells on abaxial
surface, and disordered vascular bundles (Figure 4a–d). We also generated overexpression
line of LTR1 in the NPB background, which exhibited longer leaves and higher relative
expression level (Figure 5a–c). These results showed that LOC_Os02g40784 was LTR1 and
that the mutation in LOC_Os02g40784 led to rumpled leaf phenotype in ltr1. Moreover,
we found that compared with NPB, the grain yield per plant in overexpression of LTR1
increased by 38.59% (p < 0.05), but the grain yields per plant in ltr1 and LTR1-KO decreased
by 82.13% and 76.31% (p < 0.05), respectively (Figure S6), suggesting that overexpression of
LTR1 enhanced yield in rice.
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Figure 4. Phenotypic investigation of LTR1 knockout lines. (a) Photos of leaves in NPB, ltr1, and
LTR1-KO lines, bar = 8 cm. (b,c) Frozen section analysis of leaf in NPB, ltr1, and LTR1-KO lines; the
red arrow represents bulliform cells, and the blue arrow represents the location of sclerenchyma cells.
Right of (b) is the enlarged detail of red box in the left of (b), bar = 200 µm. Right of (c) is the enlarged
detail of red box in the left of (c), bar = 100 µm. (d) The area of bulliform cells of LTR1 knockout lines.
(e) Sequence analysis of WT and LTR1-KO. Data are given as means ± SD. Significant differences
were determined by Duncan’s new multiple range test and indicated with different lowercase letters
(p < 0.05).

To examine the expression pattern of LTR1 in NPB, total RNA was extracted from
roots, stem, leaf, sheath, and panicles. The qRT-PCR showed that LTR1 was constitutively
expressed in all of the tested tissues, with a dramatic increase in leaves and panicles
(Figure 5d). The results were consistent with those of β-glucuronidase (GUS) staining
(Figure 5e) and the decreased seed-setting rate of ltr1 (Figure 2f), showing the important
regulatory role of LTR1 in leaf and panicle development.
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Figure 5. Overexpression and expression pattern analysis of LTR1. (a) Phenotypic investigation of
overexpression lines of LTR1, bar = 6 cm. (b) Leaf length of overexpression lines. (c) The relative
expression level of LTR1 in overexpression lines. (d) The relative expression level of LTR1 in different
organs of NPB. (e) Promoter activities of LTR1 in different organs of NPB as determined by promoter–
GUS assays. Data are given as means ± SD. Significant differences were determined by Duncan’s
new multiple range test and indicated with different lowercase letters (p < 0.05).

2.5. Phylogenetic Analysis of LTR1

Protein domain predictions using NCBI CD Search (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi accessed on 10 August 2018) showed that LTR1 contained ERG3
(elicitor-responsive genes, ERG) and wax2_C domains. BLAST-P analysis of the NCBI
database showed that LTR1 was highly conserved in higher plants including Oryza brachyan-
tha (92.25%), Brachypodium distachyon (84.98%), Aegilops tauschii (84.87%), Triticum aestivum
(83.84%), Setaria italic (82.90%), Panicum hallii (81.42%), Sorghum bicolor (82.23%), and Zea
mays (78.33%) (Figure S1). To investigate the evolutionary relationships between LTR1
homologs, a phylogenic analysis was performed using the Text Neighbor-Joining Tree
method [39]. The results showed that LTR1 is closely related to homologues in the grass
family containing Aegilops tauschii, Brachypodium distachyon, and Triticum aestivum (Figure 6
and Figure S1). Overall, these analyses demonstrated that the LTR1 was highly conserved
in plants.

2.6. LTR1 Participates in Water Transport and Ion Homeostasis

RNA-seq analysis showed that there were 6513 differentially expressed genes (DEGs) in
NPB and ltr1, of which 3022 were up-regulated and 3480 were down-regulated (Figure S2a
and Table S6). There were 118 DEGs related to leaf development, comprising 36 up-
regulated and 82 down-regulated genes (Figure S3a and Table S7). A Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis showed that these DEGs were mainly
enriched in plant hormone signal transduction pathways, which indicated that LTR1 may
regulate leaf development by participating in hormone signal transduction pathways
(Figure S3b). For example, BR C-6 oxidase gene (OsBR6ox), AUXIN RESPONSE FACTOR8
(OsARF8), AUXIN RESPONSE FACTOR17 (OsARF17), AUXIN RESPONSE FACTOR16
(OsARF16), PHYTOSULFOKINE RECEPTOR 2 (OsPSKR2), and PHYTOSULFOKINE RE-
CEPTOR 3 (OsPSKR3) were up-regulated (Figure S3c) and PENTATRICOPEPTIDE REPEAT
PROTEIN (OsPPR6), RNA-dependent RNA polymerase 6 (OsRDR6), RNA-directed RNA poly-
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merase 1 (OsRDR1), INCREASED LEAF ANGLE1 (ILA1), dwarf 11 (d11), and GIBBERELLIN
20-OXIDASE GENE (OsGA20ox1) were down-regulated in ltr1 plants (Figure S3d).
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Protein sequences are Oryza sativa Japonica Group (XP 015627618.1), Oryza sativa Indica Group (EEC
73617.1), Oryza brachyantha (XP 006647531.1), Brachypodium distachyon (XP 003575378.1), Aegilops
tauschii (XP 020161878.1), Triticum aestivum (ACA 14353.1), Setaria italic (XP 004953128.1), Panicum
hallii (XP 025794388.1), Sorghum bicolor (XP 002454185.1), Zea mays (AQK 72680.1), Hordeum vulgare
(ABF 51011.1), Nicotiana tabacum (XP 016454385.1), Arabidopsis thaliana (NP 001320547.1). Scale
represents percentage substitutions per site. Statistical support for the nodes is indicated.

A Gene Ontology (GO) term enrichment analysis was also conducted for DEGs be-
tween NPB and ltr1. The most highly enriched GO biological processes were in salt-stress
response, stimulus response, and ABA response (Figure S2b). The most highly enriched
GO molecular functions were ATP binding and protein binding, and the most enriched cell
components were plasma membrane and nucleus (Figure S2c,d). These results suggested
that LTR1 was involved in the salt-stress response. It was previously reported that plant
membrane transporters play key roles in resistance to biological and abiotic stresses; in
particular, Na+/K+ transporters increase resistance to salt stress [40]. We further found
that there were 259 up-regulated and 178 down-regulated DEGs related to the salt-stress
response (Figure 7a and Table S8). In ltr1, most of the genes encoding aquaporin or related
to Na+/K+ transporters were up-regulated, such as PLASMA MEMBRANE INTRINSIC
PROTEIN genes OsPIP1;1, OsPIP1;2, OsPIP1;3, OsPIP2;1, OsPIP2;2, OsPIP2;4, OsPIP2;4;
TONOPLAST INTRINSIC PROTEIN genes OsTIP1;1, OsTIP1;2; HIGH-AFFINITY K+ TRANS-
PORTERS genes OsHKT1;14, OsHKT2;3, and OsHKT1;5 (Figure 7b). These results suggested
that LTR1 may affect salt tolerance by regulating water transport and ion homeostasis in
plants through aquaporin and Na+/K+ transporters. Given that many genes encoding
aquaporins and ion transporter were differentially expressed in NPB and ltr1, we consid-
ered the possibility that LTR1 may regulate salt tolerance by affecting water transport and
ion homeostasis. Therefore, we measured the Na+ content in solution and in tissues of NPB
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and ltr1 under salt stress. After salt stress, Na+ content in stems and leaves of ltr1 were
significantly higher than those of NPB, which increased by 28.24% and 45.75%, respectively
(p < 0.05). There was no significant difference in Na+ content in the roots of NPB and ltr1
(p< 0.05) (Figure 7c). Furthermore, there was no significant difference in Na+ content in
the liquid media in which NPB and ltr1 plants were grown after treatment in hydroponic
solution for 1 d (p < 0.05). However, after treatment for 3 or 6 d, Na+ content was lower
in the solution in which ltr1 plants were grown compared to NPB plants, decreased by
15.20% and 8.03%, respectively (p < 0.01) (Figure 7d). Under normal growth conditions
(CK), the relative expression levels of OsPIP1;1, OsPIP1;2, OsPIP2;1, OsPIP2;2, OsTIP1;1,
OsTIP1;2, OsHKT1;1, OsHKT1;5, and OsHKT2;3 were significantly higher in ltr1 than NPB
leaves (Figure 7e), increased by 1.85, 2.36, 3.48, 3.46, 10.2, 2.57, 2.67, 2.52, 3.44 times, re-
spectively (p < 0.01); which was consistent with the RNA-seq results. The genes encoding
aquaporin and ion transporter in NPB and ltr1 plants both were strongly induced by salt
stress. However, the induction of these genes was stronger in ltr1 than in leaves of NPB,
leading to relative expression levels of OsPIP1;1, OsPIP1;2, OsPIP2;1, OsPIP2;2, OsTIP1;1,
OsTIP1;2, OsHKT1;5, and OsHKT2;3 that were significantly higher in ltr1 than NPB leaves
under salt stress (p < 0.01), especially the expression of OsPIP2;1 and OsHKT2;3 (Figure 7f).
This was consistent with the finding that the Na+ content in stems and leaves of ltr1 were
significantly higher than those of NPB.

2.7. LTR1 Regulates Salt Tolerance in Rice

To further explore the function of LTR1 in the salt-stress response, we first screened a
suitable salt concentration for treatment. NPB and ltr1 were cultured in soil treated with
0 mM NaCl (CK treatment), 50 mM NaCl, 100 mM NaCl, or 150 mM NaCl at the five-leaf
stage. Two weeks later, the survival rates of NPB treated with 150 mM NaCl was higher
than that of ltr1 plants (92.30% and 64.30%, respectively) (p < 0.05) (Figure S4). We then
grew NPB plants in solution, treated them with 150 mM NaCl, and measured the relative
expression level of LTR1 at 0, 1, 3, 6, 12, and 24 h. The relative expression level of LTR1
increased overtime; the relative expression level of LTR1 increased by 6.95 times at 6 h and
by 26.29 times at 24 h after treatment, indicating that LTR1 was significantly induced by
salt stress (Figure 8c). After 7 d of salt stress in hydroponic solution, the survival rate of
NPB reached 93.05%, which was significantly higher than that of ltr1 (43.52%) (p < 0.05)
(Figure 8b). After 3 d of salt stress in hydroponic solution, H2O2 and MDA in levels of
NPB and ltr1 both accumulated, and the accumulation of MDA in the leaves of ltr1 was
significantly higher than that of NPB (p < 0.05) (Figure 8d–f). These results suggested that,
compared with NPB, the membrane lipid peroxidation and plasma membrane damage
in ltr1 were more serious after salt stress, and that ltr1 was more sensitive to salt stress
(Figure 8a–f). Studies have shown that when plants are subjected to stress, the enzymatic
protection system is initiated rapidly, and the activities of peroxidase (POD), ascorbate
peroxidase (APX), and other enzymes increase significantly, which enhances the capacity
for reactive oxygen species (ROS) scavenging and reduces damage [41–43]. In this study,
after salt stress, the catalase (CAT) activity in NPB and ltr1 decreased by 14.38% and 26.17%,
respectively (p < 0.05). The decrease of CAT activity in ltr1 was more significant (Figure 8g).
Furthermore, the activities of POD and APX in NPB and ltr1 both increased after stress,
and the increases in POD and APX activities induced by stress in ltr1were weaker than
that in NPB. After salt stress, the POD and APX activities of NPB increased by 32.31% and
81.62% compared with CK, while the POD and APX activities in ltr1 increased by 16.97%
and 18.01% (p < 0.05) (Figure 8h,i). These were consistent with the expression change of
antioxidant system in leaves of NPB and ltr1 (Figure 8j,k). Therefore, these results indicated
that ltr1 had an inferior ability to adapt to salt stress.
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Figure 7. LTR1 regulates salt-stress response by regulating genes encoding aquaporins and ion
transporters. (a) Volcano plot of DEGs related to salt response between NPB and ltr1. (b) Heat map
of significantly up-regulated DEGs encoding aquaporin and ion transporters between NPB and ltr1.
(c) Na+ content in different tissues of NPB and ltr1. (d) Na+ content in solutions where NPB and
ltr1 were cultured after treatment for 1, 3, or 6 d. (e) Relative expression levels of LTR1 and genes
encoding aquaporin and ion transporters under normal condition (CK). (f) The relative expression
levels of LTR1 and genes encoding aquaporin and ion transporters under 150 mM NaCl (Salt). Data
are given as means ± SD. Asterisks indicate significant difference based on the Student’s t-test: * in
the figure represents significant difference at p < 0.05; ** in the figure represents significant difference
at p < 0.01 and ns in the figure represents there is no significant difference at p < 0.05.
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Figure 8. The response of LTR1 to salt stress in NPB and ltr1. (a) Photos of NPB and ltr1 under CK
and Salt treatment, bar = 10.5 cm. (b) The survival rate of NPB and ltr1 after treatment for 7 d. (c) The
relative expression level of LTR1 after treatment for 0, 1, 3, 6, 12, 24 h. (d) DAB staining in leaves of
NPB and ltr1 under CK and salt treatment. (e,f) MDA and H2O2 content in leaves of NPB and ltr1
under CK and Salt treatment. (g–i) CAT, POD, and APX activity in leaves of NPB and ltr1 under
CK and salt treatment. (j,k) The relative expression level of genes related to antioxidant system in
leaves of NPB and ltr1 under CK and Salt treatment, n = 4. Data are given as means ± SD. Asterisks
indicate significant difference based on the Student’s t-test: * in the figure represents significant
difference at p < 0.05 and ns in the figure represents there is no significant difference at p < 0.05.
Different lowercase letters indicate significant differences based on the Duncan’s new multiple range
test (p < 0.05).

3. Discussion
3.1. LTR1 Encodes a Wax Synthesis Gene and Regulates Leaf Morphology

Cell structure is a key factor regulating leaf morphology. Many cloned genes regulated
leaf morphology through affecting the normal development of vascular bundles, scle-
renchyma cells, bulliform cells, epidermis, and cell walls [9]. However, few of these genes
that affect leaf shape are involved in wax synthesis. In this study, we cloned a leaf shape
gene, LEAF TIP RUMPLED1 (LTR1), which is an allele of the wax synthesis gene OsGL
1-4 [44]. LTR1 regulated leaf morphology, and loss function of LTR1 led to rumpled leaves
with the abnormal development of bulliform cells, vascular bundles, and sclerenchyma
cell. These indicated that LTR1 affected leaf morphology by regulating the development of
bulliform cells, vascular bundles, and sclerenchyma cell. BR signal and auxin metabolism
pathway played important roles in leaf morphogenesis [8,45]. OsBR6ox, which participates
in brassinosteroid (BR) biosynthesis and signal transduction pathway, regulated normal
development of organs and then induced abnormal vascular tissue and twisted leaves
in its loss-of-function mutant [46]. OsARF16 [47] and OsARF17 [48] participate in the
auxin response, affecting auxin polar transport and vascular tissue development. The
RNA-dependent RNA polymerase OsRDR6 participates in formation of trans-acting small
interfering RNA (ta-siRNA) [49], and ta-siRNA inhibits ARF3/ARF4 expression and thus
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inhibits maintenance of abaxial polarity [50]. OsAGO7, a ZIP/Ago7 homolog in Arabidopsis
thaliana, is a critical member of the ta-siRNA-ARF3/ARF4-OsAGO7 complex and partic-
ipates in regulation of leaf rolling [51]. In this study, OsBR6ox, OsARF16, OsARF17 and
OsRDR6 were found to be differentially expressed in NPB and ltr1. We therefore speculated
that LTR1 may affect leaf morphology by participating in plant hormone signal transduction
pathway, while the detailed regulatory network involved requires further study.

3.2. LTR1 Has Multiple Effects on Plant Growth and Development

There are 11 Glossy1 (GL1) homologous genes in rice, OsGL1-1 through OsGL1-11,
which vary expression levels between rice tissues and organs. Most are induced by abiotic
stress and play key roles in wax synthesis and stress tolerance [44]. It was reported that
OsGL1-1, OsGL1-2, OsGL1-3, and OsGL1-6 affect the leaf water loss rate by controlling the
wax content in the leaf epidermis, thereby controlling drought resistance in rice [31,44,52,53].
In the present study, we found that LTR1, an allele of OsGL1-4, was also involved in the
regulation of salt tolerance with LTR1 strongly induced by salt stress. The ltr1 plants showed
high sensitivity to salt stress compared to the wild-type, with more serious membrane lipid
peroxidation and plasma membrane damage. Moreover, in rice, many humidity-sensitive
genic male sterile lines (HGMS) were obtained by identifying wax synthesis genes involved
in regulating pollen development and affecting panicle fertility. Previous studies have
shown that most wax synthesis genes, such as DROUGHT HYPERSENSITIVE (DPS1) [32],
SUBTILISIN-LIKE SERINE PROTEASE 1 (SUBSrP1) [54], HMS1-INTERACTING PROTEIN
(HMS1I) [55], HUMIDITY-SENSITIVE GENIC MALE STERILITY 1 (HMS1) [56], and OsGL1-
5 [44] were involved in the regulation of panicle fertility. Loss functions of these genes
resulted in abnormal pollen development and a decrease in the seed setting rate at low
humidity but a normal seed setting rate at high humidity. Based on this mechanism, the
corresponding mutants can be used as HGMSs. It has also been reported that OsGL1-4
controls male sterility in rice by affecting pollen adhesion and water cooperation under
ambient humidity [57]. We here found that loss function of LTR1 resulted in a severe
decrease in the seed setting rate and grain yield per plant, and significant changes in the
number of branches and effective panicles in ltr1. What’s more, overexpression of LTR1
enhances yield in rice. These results indicated that LTR1 had pleiotropic functions in rice
growth and development.

3.3. LTR1 Regulated Salt Tolerance by Altering Plant Water Status and Ion Homeostasis

Plant aquaporins play very important roles in water transport of transmembrane
and form a large protein family [58]. Great progress has been made in functional stud-
ies of plasma membrane intrinsic proteins (PIPs) and tonoplast intrinsic proteins (TIPs),
which have shown that their main physiological function is to promote transmembrane
transport of osmotic water [58]. The expression regulation of PIPs varies with differing
experimental conditions [59]. OsPIP1;1 showed low water channel activity in Xenopus
oocytes, but the permeability of OsPIP1;1 improved significantly when it was co-expressed
with OsPIP2.1 [60]. In the present study, the relative expression level of OsPIP2;1 was much
higher than that of OsPIP1;1, OsPIP1;2, and OsPIP2;2). This indicated that the upregulation
of OsPIP2;1 resulted in enhanced leaf permeability and poor water retention in ltr1. Class I
HKT transporters play an important role in removing sodium ions from the xylem [61,62].
Because the accumulation of K+ in plant cells homeostasis the toxicity of Na+ accumulation,
stable acquisition and distribution of K+ are required during salt-stress conditions [63]. The
OsHKT transporter is involved in Na+ transport in rice, and OsHKT1 specifically mediates
Na+ uptake by rice roots under conditions of K+ deficiency [64]. OsHKT1;5 controls the
transport of K+ and Na+ from roots to shoots. Under salt stress, OsHKT1;5 refluxes of
excessive Na+ from shoots to roots by unloading it from the xylem, thereby reducing Na+

toxicity and enhancing salt tolerance [61]. However, we here found that high expression of
OsHKT1;5 under high salt conditions did not reduce the accumulation of Na+ in ltr1 leaves.
Thus, the excessive accumulation of Na+ in ltr1 under salt stress may be regulated by other
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factors. Under salt stress, the relative expression of HKT2;3 was significantly higher than
the expression of other genes encoding ion transporters. Meanwhile, overexpression of the
aquaporin gene OsPIP2;1 led to enhanced water permeability and poor water retention in
ltr1. More Na+ was absorbed by ltr1 than NPB roots and transported to aboveground parts;
thus, the Na+ content was significantly higher in stems and leaves of ltr1 than NPB. Fur-
thermore, there were more white crystals on the stems of NPB than that of ltr1 (Figure S5).
These results suggested that over-accumulation of Na+ in ltr1 could not be reversed in a
timely fashion, resulting in high sensitivity of ltr1 to salt stress. Therefore, we speculated
that LTR1 affected the water status and ion homeostasis of plants by regulating the expres-
sion of genes encoding aquaporins and ion transporters, which ultimately regulated salt
tolerance in plants.

3.4. Prospects

Wax, cuticle, and polysaccharide form the cuticle of epidermis, which is a self-
protective barrier against biotic and abiotic stresses in plants [29,65,66]. Wax affects canopy
temperature and water transport in plants, which further affect plants adaptation to harmful
environmental factors such as heat/drought/salt stress and pest/pathogen damage [29,32].
Here, we found that the wax synthesis gene LTR1 regulates leaf morphology by affect-
ing the normal development of bulliform cells, vascular bundles, and sclerenchyma cells.
Moreover, overexpression of LTR1 enhanced yield in rice and LTR1 positively regulates
salt stress by affecting water and ion homeostasis in plants. However, the regulatory and
response mechanism by which LTR1 affected leaf morphogenesis, water retention, and
ion transport between the root and shoot requires further analysis. The differences in ion
transport (ion flow rate, ion transport efficiency) and horizontal balance ability between
NPB and ltr1, together with their regulatory mechanisms need to be further analyzed. How
wax content affects cell structure, tissue moisture, and ion balance need further exploration.
Identifying proteins that directly interact with LTR1 and analyzing the molecular mecha-
nism of their interaction in regulating leaf shape and salt tolerance will further supplement
the known genetic regulation network that governs leaf shape and salt tolerance, providing
a theoretical foundation for breeding high-yield rice varieties with high salt tolerance. In
addition, identification and application of favorable alleles of LTR1, which confers resis-
tances without negative effects on yield, can potentially be used to breed high-yield and
high-resistance rice varieties through the combination of multi-omics and bioinformatics.
Therefore, according to the insights uncovered in this study, LTR1 can be considered as a
potentially highly valuable gene resource for the improvement of leaf morphology and
stress resistance in rice breeding. Manipulating genes associated with leaf morphology
and stress resistance individually or in combination makes it possible in the “precision
breeding” to breed rice varieties with ideal plant architecture and high resistances without
yield penalties. Thus, our results illustrate innovative approaches for developing poten-
tially high stress resistant crop varieties with ideal plant architecture and carry significant
implications for breeding application of high yield and stress-resistance-related genetic
resources.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

In this study, the ltr1 mutant was isolated from a population of the Oryza sativa ssp.
japonica variety Nipponbare (NPB) mutagenized with a 1% ethyl methanesulfonate (EMS)
solution using a forward genetic screen for altered leaf shape. Rice plants were grown
under natural environmental conditions in an experimental field at the China National Rice
Research Institute in Fuyang District (Zhejiang province, China) and Lingshui (Hainan
province, China).

Seedlings used in salt treatments were cultured in soil and hydroponic solution
(1.25 mM NH4NO3, 0.3 mM KH2PO4, 0.35 mM K2SO4, 1 mM CaCl2, 1 mM MgSO4, 0.5 mM
NaSiO3·9H2O, 20 µM Fe-EDTA, 9 µM MnCl2·4H2O, 0.39 µM (NH4)6Mo7O24·4H2O, 20 µM
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H3BO3, 0.77 µM ZnSO4·7H2O, 0.32 µM CuSO4·5H2O) in an artificial incubator with a
12 h/12 h light/dark at 70–80% humidity and a 25–30 ◦C/28 ◦C day/night temperature
(MLR-352H-PC, Panasonic, Osaka, Japan). For salt-stress treatments, plants were cultivated
in hydroponic media containing 0 mM NaCl (CK), 50 mM NaCl, 100 mM NaCl, or 150 mM
NaCl (Salt), respectively.

4.2. Phenotypicl Characterization and Histological Analysis

To investigate whether the LTR1 mutation affected rice yield, agronomic traits such as
panicle length, effective panicle number, numbers of branches, grain numbers per panicle,
seed setting rate, grain yield per plant, and 1000-grain weight were measured for each of 5
or 6 biological replicates at the mature stage. The panicle length, number of branches, and
grain numbers per panicle were obtained from measurements of the main panicle.

For frozen cross-section assays, the leaves were immersed in frozen embedding agent
(Tissue-Tek® O.C.T. Compound, Sakura, Tokyo, Japan) for 2–3 h at –20 ◦C. Sections (15 µm)
were cut with a freezing microtome (Leica CM1950, Wetzlar, Germany) and placed on
microscope slides. Slices were observed and photographed using a microscope (Leica DM4
B). The areas of bulliform cells were calculated using Image J software.

4.3. Measurements of Chlorophyll Content and Photosynthetic Parameters

Chlorophyll a, Chlorophyll b, and carotenoid (Car) content were measured in three
biological replicates using the methods described by Sartory and Grobbelaar [67].

SPAD values were determined for ten biological replicates using a SPAD-502 PLUS.
Chlorophyll fluorescence was measured for ten biological replicates with a FluorPen FP100.
The QY (Fv/Fm) was determined after a 20 min dark adaptation period.

The net photosynthesis rate, stomatal conductance, and transpiration rate of NPB
and ltr1 plants were evaluated for eight biological replicates with a Li-COR 6400 portable
system. All measurements were conducted under the following conditions: photosynthetic
photon flux density of 1200 µmol·m−2·s−1, ambient CO2 (400 µmol·mol−1), 6 cm2 of leaf
area, 500 µmol·s−1 flow speed, and ambient temperature.

4.4. Map-Based Cloning and Complementation Assay

To fine-map the mutated gene, an F2 population was constructed from a cross between
ltr1 and a wild-type indica variety, TN1, with flat leaves. Plants from this population that
exhibited rumpled leaves were selected for gene mapping. The locus was first mapped to
an interval between the two markers RM6318 and RM1920 (Table S2) on the long arm of
chromosome 2, then was further narrowed down to a 13.5-kb DNA region. There was only
one open reading frame (ORF) in this region. Genomic DNA fragments in this region were
amplified using primers listed in Table S3 from NPB and ltr1.

An 8628-bp genomic DNA fragment containing the coding region of LOC_Os02g40784,
plus 2060-bp upstream, 5450-bp of the coding region and 1118-bp downstream regions,
was amplified from NPB (primers for this process are shown in Table S4) and then was
cloned into the binary vector pCAMBIA1300 by homologous recombination. The resulting
construct pCAMBIA1300-LTR1 was transformed into ltr1 calli to obtain complementary
transgenic plants.

4.5. Gene Editing and Overexpression

For generation of knockout plants using CRISPR/Cas9 technology, gene-specific
guide sequences (primers are listed in Table S4) targeting LTR1 were designed to create
single guide RNAs (sgRNAs), after which the sgRNA–Cas9 sequences were cloned into
pYLCRISPR/Cas9-MH [68].

Full-length cDNA of LTR1 amplified (primers are listed in Table S4) from NPB was
cloned into the Gateway entry vector pDONR ZEO (Invitrogen, Carlsbad, CA, USA),
then recombined into the pUbi::attR-GFP-3×FLAG vector using the Gateway cloning

292



Int. J. Mol. Sci. 2022, 23, 8818

system (Invitrogen). The resulting construct was transformed into NPB calli to obtain
overexpression lines of LTR1.

4.6. Histological GUS Assay

The promoter of LTR1 (2094-bp upstream of the start codon) was amplified from NPB
genomic DNA (primers are listed in Table S4) and inserted into the EcoRI and NcoI sites of
the binary vector pCAMBIA1305.1. This resulted in a fusion of the promoter and the GUS
reporter gene (pLTR1::GUS). The recombinant vector was then introduced into NPB calli to
obtain transgenic plants.

For GUS staining, different tissues of transgenic plants were incubated in X-Gluc
buffer (0.1 mol·L−1 K2HPO4 (pH 7.0), 0.1 mol·L−1 KH2PO4 (pH 7.0), 5 mmol·L−1 K3Fe
(CN)6, 5 mmol·L−1 K4Fe (CN)6·3H2O, 0.1% Triton X-100, 20% methanol, and 1 mg·mL−1

X-Gluc) at 37 ◦C for 2 h [69]. Stained samples were cleared of chlorophyll by dehydration
with ethanol, then scanned using a Microtek Scan Maker i800 plus.

4.7. RNA-seq and Data Analysis

Plants were harvested for total RNA extraction at the booting stage. Three biological
replicates were used for RNA-seq analysis. The RNA-seq libraries were constructed and
sequenced using an Illumine HiSeq. Each sample obtained approximately 20,000,000 clean
reads, which were mapped to NPB reference genome based on the genome information by
HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml accessed on 10 July 2022). Dif-
ferential expression analysis for NPB and ltr1 was performed with DESeq2 using thresholds
of FDR < 0.01 and |log2 (fold change)| ≥ 2). A GO enrichment analysis was implemented
with the GOseq R packages. The KEGG pathway analysis of DEGs was conducted using
the KEGG database (http://www.genome.jp/kegg/ accessed on 24 March 2021).

4.8. Determination of Stress-Related Physiological Index

For 3,3′-diaminobenzidine (DAB) staining, 0.1 g DAB was fully dissolved in ddH2O
by adjusting pH to 5.8. The samples were immersed into a tube containing 1 mg/mL DAB
solution overnight at 28 ◦C under dark conditions. Stained samples were cleared of chloro-
phyll by dehydration with 80% ethanol, then scanned using a Microtek Scan Maker i800
plus. The contents of hydrogen peroxide (H2O2) and malondialdehyde (MDA), activities of
catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX) were measured using
appropriate kits from Geruisi (http://www.geruisi-bio.com/ accessed on 18 May 2021)
following the manufacturer’s instructions with four biological replicates per sample.

4.9. Measurement of Na+ Content

For each sample, a total of 0.05 g of dry tissues power were weighed and immersed in
4 mL concentrated nitric acid with 2 mL 30% H2O2 overnight, and then were decocted with
temperature gradient (60 ◦C for 1 h, 120 ◦C for 1 h, 160 ◦C for 1 h, 190 ◦C until the solution
was clarified) using a graphite digestion instrument (DigiBlock ED54, Beijing, China). The
content of extracted Na+ was measured by inductively coupled plasma-mass spectrometry
(ICP-MS) (iCAP RQ, Thermo Fisher Scientific, 168 Third Avenue, Waltham, MA, USA) after
acid catching, constant volume and filtration with three biological replicates per sample.

4.10. RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted using the Total RNA Miniprep kit (Axygen, Hangzhou,
China) following the manufacturer’s instructions. First-strand cDNA was synthesized using
the ReverTra Ace qPCR-RT kit (Toyobo, Osaka, Japan) as instructed by the manufacturer,
using 2 µg of total RNA for each reaction. qRT-PCR analyses were performed using SYBR
Premix Ex Taq (Takara, Kusatsu, Japan) and gene-specific primers on a CFX96TM real-time
system. Three or four biological replicates were performed for all experiments. The primers
used are listed in Table S5 in the Supplementary Materials.
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4.11. Quantification and Statistical Analysis

Quantification analyses on all the measurements were conducted in GraphPad Prism 8.
Significant differences were determined with Student’s t-test and Duncan’s new multiple
range tests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23158818/s1.
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Abstract: Senescence is the last stage of plant development and is controlled by both internal and
external factors. Premature senescence significantly affects the yield and quality of cotton. However,
the genetic architecture underlying cotton senescence remains unclear. In this study, genome-wide
association studies (GWAS) were performed based on 3,015,002 high-quality SNP markers from the
resequencing data of 355 upland cotton accessions to detect genomic regions for cotton senescence. A
total of 977 candidate genes within 55 senescence-related genomic regions (SGRs), SGR1–SGR55, were
predicted. Gene ontology (GO) analysis of candidate genes revealed that a set of biological processes
was enriched, such as salt stress, ethylene processes, and leaf senescence. Furthermore, in the leaf
senescence GO term, one candidate gene was focused on: Gohir.A12G270900 (GhMKK9), located
in SGR36, which encodes a protein of the MAP kinase kinase family. Quantitative real-time PCR
(qRT-PCR) analysis showed that GhMKK9 was up-regulated in old cotton leaves. Overexpression
of GhMKK9 in Arabidopsis accelerated natural leaf senescence. Virus-induced gene silencing (VIGS)
of GhMKK9 in cotton increased drought tolerance. These results suggest that GhMKK9 is a positive
regulator and might be involved in drought-induced senescence in cotton. The results provide new
insights into the genetic basis of cotton senescence and will be useful for improving cotton breeding
in the future.

Keywords: GWAS; upland cotton; senescence; genomic region; candidate gene; GhMKK9

1. Introduction

Cotton (Gossypium spp.) is an important industrial crop worldwide that offers re-
newable natural fibers, oil, and animal feed [1]. The genomes of the genus Gossypium are
extraordinarily diverse, including approximately 45 diploid species (2n = 2x = 26) and seven
tetraploid (2n = 4x = 52) species [2,3]. Gossypium hirsutum L. (also known as upland cotton),
one of the seven tetraploid cotton species, is the most widely cultivated species worldwide
because of its adaptability, high yield, and moderate fiber quality [4,5]. Although upland
cotton makes a significant contribution to revenue in several countries [4], cotton yield is
reduced due to senescence when it is induced prematurely under adverse environmental
stresses [6].

Senescence is the last stage of plant development and is accompanied by a transition
from nutrient assimilation to nutrient remobilization [7,8]. During plant senescence, many
major macromolecules are degraded, including proteins, lipids, and nucleic acids, but
the most visible symptom is leaf yellowing owing to the catabolism of chlorophyll [9,10].
The onset and progression of senescence are regulated by both internal and external
factors. Internal factors include various phytohormones [7,11] that play diverse roles in
leaf development. For example, ethylene, abscisic acid (ABA), and salicylic acids (SA)
are acknowledged as senescence-promoting hormones [12–16]. Additionally, multiple
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external environmental factors, including abiotic and biotic stresses, can trigger changes of
hormones, which form a complex regulatory network of senescence [8]. Interestingly, the
mitogen-activated protein kinase (MAPK) cascades play an important role in conveying
endogenous and exogenous signals [17].

Senescence is a complex, quantitative trait, and many studies have reported the genetic
basis of leaf senescence in plants. Under various stress conditions, several quantitative
trait loci (QTL) associated with senescence were discovered using linkage mapping in crop
plants, such as rice [18,19], wheat [20–23], barley [24], maize [25], sorghum [26–29], and
potato [30]. Although these studies are helpful for understanding the genetic architecture
of senescence, it is difficult to identify the underlying genes owing to a lack of resolution. In
the past decade, genome-wide association studies (GWAS) have become a powerful method
for detecting quantitative trait loci and candidate genes at the genome-wide level [31–34].
In a recent study, 25 candidate genes for chlorophyll content (CC) and stay-green (SG) traits
were identified using a diverse population of 368 rice accessions via GWAS [35]. OsSG1 is
considered a pleiotropic gene regulating CC, SG, and chlorophyll accumulation [35]. In
another GWAS study, 64 candidate genes associated with maize senescence were identified
using the maize diversity panel, of which 14 genes were involved in senescence-related
processes, such as proteolysis and sink activity, and eight candidate genes were supported
by a regulatory network [36]. Furthermore, our previous study revealed 50 genomic
regions associated with cotton senescence via a multi-locus GWAS based on 185 upland
cotton accessions and SLAF-seq data [37]. The candidate gene, GhCDF1, was identified as a
negative regulator of cotton senescence. However, further studies are needed to understand
the mechanisms underlying cotton senescence.

Here, a genome-wide association study was conducted to dissect the genetic basis
of senescence in cotton. The association panel consisted of 355 upland cotton accessions
planted in multiple environments, and chlorophyll content indices were measured as
indicators of senescence. Using resequencing data, 55 senescence-related genomic regions
(SGRs) were discovered based on GWAS, and 977 potential candidate genes associated
with cotton senescence were identified. The function of candidate gene GhMKK9 was
then analyzed, and it was found that GhMKK9 silencing improves the drought resistance
of cotton, whereas GhMKK9 overexpression accelerates senescence in Arabidopsis. These
results provide a foundation for the breeding and the genetic improvement of cotton.

2. Results
2.1. Analysis of Phenotypic Variations

To evaluate the variability of senescence in the GWAS panel, the relative chlorophyll
levels of 355 upland cottons were investigated with the SPAD-502 m during two peri-
ods, the flowering and boll-setting period (FBP) and the boll-opening period (BOP), in
multiple environments, including Anyang (AY) and Huanggang (HG) in 2016 and 2017,
designated as SPAD_FBP_AY16, SPAD_FBP_AY17, SPAD_FBP_HG16, SPAD_FBP_HG17,
SPAD_BOP_AY16, SPAD_BOP_AY17, SPAD_BOP_HG16, and SPAD_BOP_HG17. To as-
sess the rate of leaf senescence, the diurnal variation of SPAD was calculated, including
D_SPAD_AY1, D_SPAD_AY17, D_SPAD_HG16, and D_SPAD_HG17. Additionally, the
absolute chlorophyll concentrations and diurnal variation were determined at AY in 2017
(see the Methods section).

The investigated traits followed approximately normal distributions (Figures 1 and S1–S3)
and exhibited wide variation among different years and locations (Supplementary Table S1).
In the FBP period, the average SPAD values in AY and HG in 2016 were 49.12 and 46.27,
respectively, compared to 55.10 and 48.87 in 2017. In the BOP period, the average SPAD
in AY in 2016 was higher than that in 2017, at 52.01 and 48.77, respectively, whereas the
average SPAD in HG in 2016 was 42.52, lower than that in 2017 (50.19). The standard
deviation of SPAD values in the FBP period was distributed from 2.25 to 3.66, compared
with the range of 3.54–12.84 in the BOP period. In addition, the average variations of
the index D_SPAD ranged from −0.19 to 0.19. Furthermore, the ANOVA result indicated
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that genotype, environment, and the genotype-by-environment interaction had significant
effects on SPAD (p < 0.01), while heritability of SPAD in the FBP period was higher than
that in the BOP period (0.65 and 0.41, respectively) (Supplementary Table S2). These re-
sults indicate that cotton senescence is significantly influenced by environmental factors,
particularly in the BOP period.
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Figure 1. Frequency distributions of the mean values of SPAD. (A) The mean value of SPAD in the
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of SPAD.

Pearson’s product–moment correlation coefficients and test statistics were used to eval-
uate traits. Although there were significant positive correlations (p < 0.001) among chloro-
phyll contents, the diurnal variations of chlorophyll content were more related to the BOP
period (|r| = 0.00–0.35) than the FBP period (|r| = 0.01–0.93) (Supplementary Figure S4).

2.2. GWAS for Cotton Senescence and Identified Genomic Regions

A total of 3,015,002 high-quality single-nucleotide polymorphisms (SNPs) were identi-
fied after a strict filtering pipeline. GWAS was then performed for both single traits across
different environments and the best linear unbiased prediction (BLUP) values across all
environments using a linear mixed model by EMMAX [38] (Supplementary Figure S5–S7).
Given the significant thresholds (p < 10−6 or p < 10−5 in at least two environments), 380 sig-
nificant signals were identified (Supplementary Table S3).

Because the majority of GWAS signals are usually located in noncoding or intergenic
regions, functional variations are rarely identified by association tests from SNPs [39]. There-
fore, significant signals were integrated, and 55 senescence-related genomic regions (SGRs)
obtained, namely, SGR1–SGR55. (Table 1). The total span of SGRs was approximately
18.09 megabases (Mb), of which 27 were over 1 kb in length. In the A subgenome, 37 SGRs
were distributed across all 13 chromosomes (A01–A13) with a total length of 9.49 Mb, while
18 SGRs were distributed across only nine chromosomes of the D subgenome, with a total
length of 8.60 Mb. Interestingly, there was an extremely long genomic region on the D12
chromosome, SGR52, which spanned 4.33 Mb and accounted for half of the total length of
SGRs in the D subgenome. In addition, forty-three SGRs (78.18%) were detected at least
twice, indicating that the results were stable and reliable.

Table 1. Summary of senescence-related genomic regions.

SGR Chr Start (bp) End (bp) Trait

SGR1 A01 115,568,753 115,568,865 Ratio_ab_FBP
SGR2 A02 6,556,304 6,653,102 SPAD_BOP_AY17, D_SPAD_blup, D_SPAD_AY17
SGR3 A02 155,73,340 15,573,343 D_total_ab, D_chla
SGR4 A02 82,886,748 82,925,332 SPAD_BOP_AY16, D_SPAD_AY16
SGR5 A03 5,877,926 6,672,551 D_SPAD_blup, SPAD_BOP_AY17
SGR6 A03 82,626,806 84,562,267 SPAD_BOP_AY16, D_SPAD_AY16
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Table 1. Cont.

SGR Chr Start (bp) End (bp) Trait

SGR7 A03 113,682,897 113,683,008 SPAD_BOP_AY16, D_SPAD_AY16
SGR8 A04 69,311,017 69,315,686 Ratio_ab_BOP
SGR9 A05 9,695,614 9,695,614 Ratio_ab_FBP
SGR10 A05 31,628,900 31,628,910 SPAD_BOP_AY17, D_SPAD_AY17
SGR11 A05 61,940,854 61,940,864 D_chlb, D_ratio_ab

SGR12 A06 1,128,396 2,179,285 Chlb_BOP, D_chlb, Total_ab_BOP,
Ratio_ab_BOP, D_ratio_ab

SGR13 A06 49,902,382 49,941,259 D_ratio_ab, D_chla, D_total_ab, Chla_BOP,
Total_ab_BOP

SGR14 A06 61,589,693 61,589,748 Ratio_ab_FBP
SGR15 A06 63,390,768 63,390,795 D_chla, Chla_BOP, Total_ab_BOP
SGR16 A06 113,048,017 115,046,117 D_SPAD_HG17, Ratio_ab_BOP
SGR17 A07 12,602,257 12,602,280 SPAD_BOP_AY17, D_SPAD_AY17
SGR18 A07 61,313,631 61,313,636 Chla_BOP, Total_ab_BOP
SGR19 A08 18,726,393 18,727,072 D_SPAD_AY16, SPAD_BOP_AY16
SGR20 A08 48,942,300 50,338,088 SPAD_BOP_AY17, D_SPAD_AY17
SGR21 A08 85,414,259 85,415,664 Ratio_ab_BOP, D_SPAD_HG17
SGR22 A09 40,190,612 40,190,642 D_SPAD_AY17, D_SPAD_blup
SGR23 A09 71,543,578 71,543,578 Ratio_ab_FBP
SGR24 A09 83,855,283 84,822,913 D_SPAD_AY16, SPAD_BOP_AY16
SGR25 A10 5,521,694 5,526,321 D_SPAD_AY16, SPAD_BOP_AY16
SGR26 A10 27,875,320 28,364,565 BOP_blup, D_SPAD_blup
SGR27 A10 92,752,436 92,766,905 SPAD_FBP_HG16, Ratio_ab_FBP
SGR28 A11 5,387,130 5,588,967 D_SPAD_blup, D_SPAD_AY17, SPAD_BOP_AY17
SGR29 A11 106,469,948 106,477,914 D_SPAD_AY16, SPAD_BOP_AY16
SGR30 A12 4,116,205 4,126,358 Chlb_FBP, Total_ab_FBP
SGR31 A12 10,742,829 10,742,829 FBP_blup
SGR32 A12 12,591,095 12,594,279 D_SPAD_blup, D_SPAD_AY17, SPAD_BOP_AY17
SGR33 A12 57,300,054 57,307,338 D_SPAD_AY16, SPAD_BOP_AY16
SGR34 A12 62,551,488 62,556,405 D_ratio_ab, D_ratio_ab
SGR35 A12 70,740,474 70,740,474 D_SPAD_blup, D_ratio_ab, D_SPAD_AY17
SGR36 A12 108,514,660 108,934,586 SPAD_BOP_AY17, D_SPAD_AY17, D_SPAD_blup
SGR37 A13 77,580,822 77,580,838 BOP_blup, SPAD_BOP_AY16
SGR38 D01 51,414,839 51,415,298 BOP_blup, D_SPAD_blup
SGR39 D01 57,675,353 57,675,364 Ratio_ab_FBP, Chla_FBP
SGR40 D01 60,671,107 60,671,202 D_SPAD_blup, D_SPAD_AY17
SGR41 D02 23,837,463 23,837,463 Ratio_ab_FBP
SGR42 D02 32,314,480 32,314,480 D_SPAD_AY17, SPAD_BOP_AY17
SGR43 D02 67,476,213 67,476,218 D_ratio_ab
SGR44 D06 55,810,689 56,177,650 Ratio_ab_BOP, D_ratio_ab, D_SPAD_HG17
SGR45 D07 510,384 510,546 Ratio_ab_BOP
SGR46 D07 10,915,964 11,432,705 SPAD_FBP_HG17, SPAD_FBP_HG17
SGR47 D07 26,125,297 26,125,366 Ratio_ab_FBP, D_ratio_ab, Chlb_FBP
SGR48 D08 43,939,104 43,939,104 Chlb_FBP

SGR49 D10 65,317,192 67,265,400 SPAD_BOP_AY17, BOP_blup, D_SPAD_AY17, FBP_blup,
SPAD_FBP_HG16

SGR50 D11 9,657,009 10,060,413 FBP_blup, SPAD_FBP_HG16
SGR51 D12 23,540,471 23,540,583 D_SPAD_AY16

SGR52 D12 37,359,379 41,685,124 D_total_ab, Chla_BOP, BOP_blup, SPAD_BOP_HG16,
SPAD_FBP_HG16

SGR53 D12 55,716,433 56,755,391 Ratio_ab_BOP, D_ratio_ab
SGR54 D13 26,198,781 26,198,804 D_SPAD_AY17, SPAD_BOP_AY17
SGR55 D13 64,827,390 64,827,424 Ratio_ab_FBP

SGR: senescence-related genomic region; Chr: chromosome.

2.3. Prediction of Candidate Genes

In this study, all the genes located in the 55 SGRs were identified as candidate
senescence-related genes. Subsequently, 977 candidate genes were identified
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(Supplementary Table S4). Of these, 853 candidate genes were annotated as orthologs
in Arabidopsis. Notably, 156 genes were recorded in the leaf senescence database LSD 3.0,
such as EIN3 (Gohir.A03G034800/Gohir.A03G034800), WRKY6 (Gohir.D07G088100), and
PPH (Gohir.D12G102900) (Supplementary Table S5). This result suggests that our approach
to dissecting the genetic basis of cotton senescence was effective. Furthermore, enrichment
analysis of gene ontology (GO) biological processes (BPs) showed that the significant en-
richments (p < 0.05) of these genes were associated with plant senescence-related processes,
such as response to salt stress, ethylene processes, and leaf senescence (Figure 2). For
example, Gohir.D12G208700 (GhRCD1) is a homolog of AT1G32230 in Arabidopsis, encoding
a protein belonging to the (ADP-ribosyl) transferase domain-containing subfamily of the
WWE protein–protein interaction domain protein family, and RCD1 was reported to be
involved in superoxide-induced cell death [40,41]. Gohir.A12G270200 (GhJAZ3) encodes
jasmonate zim-domain protein 3, which negatively regulates AtMYC2, a key transcrip-
tional activator of JA responses [42]. Most strikingly, we focused on the candidate gene
Gohir.A12G270900 (GhMKK9), which is a homolog of AT1G73500 (AtMKK9), a member of
the MAP kinase kinase family that was reported to play a positive role in leaf senescence of
Arabidopsis [43].
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GhMKK9 is located in SGR36, which spans approximately 420 kb and is associated 
with three phenotypic values, D_SPAD_AY17, SPAD_BOP_AY17, and D_SPAD_blup 
(Figure 3A). In the genomic region, we discovered a non-synonymous SNP 
(A12_108859102) within the CDS region of GhMKK9, which causes a change in the base 

Figure 2. GO enrichment analysis of candidate genes associated with cotton senescence.

GhMKK9 is located in SGR36, which spans approximately 420 kb and is associated with
three phenotypic values, D_SPAD_AY17, SPAD_BOP_AY17, and D_SPAD_blup (Figure 3A).
In the genomic region, we discovered a non-synonymous SNP (A12_108859102) within the
CDS region of GhMKK9, which causes a change in the base from C to T, as well as a change
in amino acid from alanine (GCC) to valine (GTC) (Figure 3B). This SNP and another
synonymous SNP (A12_108860059), also located in the CDS region, form two haplotypes,
TG (Hap1) and GA (Hap2). In the associated panel, 158 cotton accessions carried Hap1,
and 197 accessions carried Hap2. Although the SPAD values (FBP_blup) of Hap1 and Hap2
were not significantly different in the FBP period, the BOP_blup and D_SPAD_blup values
of Hap1 were significantly higher than those of Hap2 (Figure 3C), indicating that Hap1 is a
favorable haplotype for delaying cotton senescence.
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2.4. GhMKK9, A Positive Regulator of Cotton Senescence

Quantitative real-time PCR (qRT-PCR) analysis showed that the expression level of
GhMKK9 in old cotton leaves was significantly higher than that in young cotton leaves
(Figure 4A). Furthermore, we silenced the expression of GhMKK9 in cotton using virus-
induced gene silencing (VIGS) (Figure 4C). After one week of drought treatment, the
CK group showed an obvious leaf wilting phenotype, whereas the VIGS-silenced plants
(pTRV2-GhMKK9) only showed a barely visible wilting phenotype (Figure 4B). The SPAD
value of cotton leaves in the CK group after drought treatment was also significantly
lower than that of the VIGS-silenced plants (Figure 4D). Moreover, to further examine the
function of GhMKK9, we overexpressed GhMKK9 under the control of the 35S promoter
(35S::GhMKK9) in Arabidopsis and obtained two transgenic lines (OE7 and OE14), which
were confirmed by qRT-PCR (Figure 4F). After six weeks of culture under normal conditions,
the overexpressing Arabidopsis lines OE7 and OE14 exhibited more severe senescence
phenotypes than wild-type Arabidopsis, such as rosette leaf wilting and a higher degree of
yellowing (Figure 4E). In addition, we determined the transcript levels of two senescence-
marked genes, AtSAG12 (up-regulated during senescence) [44,45] and AtCAT2 (down-
regulated during senescence) [46,47]. The transcript level of AtSAG12 in the transgenic
plants was significantly higher than that in the WT plants (Figure 4G), whereas the transcript
level of AtCAT2 in the transgenic plants was significantly lower than that in the WT plants
(Figure 4H). Taken together, these results suggest that GhMKK9 is a positive regulator of
leaf senescence and may also be involved in drought-stress-induced senescence.
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and old cotton leaves by qRT-PCR. (B) Phenotypes of empty control (CK) and VIGS cotton plants
(pTRV2-GhMKK9) under drought stress. After four weeks, the CK and VIGS cotton plants were
treated with water shortage for 7 days. (C) Expression levels of GhMKK9 in the CK and VIGS
cotton plants. (D) SPAD value of the CK and VIGS plants under drought stress. (E) Phenotypes of
six-week-old WT and transgenic Arabidopsis plants (OE7 and OE14). (F) Expression levels of GhMKK9
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AtSAG12 and AtCAT2 in the WT and transgenic Arabidopsis plants. Asterisks indicate significance
levels (*** p < 0.001, ** p < 0.01, and * p < 0.05).

3. Discussion

The senescence process of plant leaves is a very complex biological regulation process
which first depends on age and is also affected by external environmental signal stimuli [11].
Therefore, internal genetic and external environmental factors together determine the onset
and rate of senescence. The senescence process in plants involves the remobilization
and reutilization of nutrients from senescing parts as sinks [7,48], which is particularly
important for crop plant products. Cotton fiber is one of the most important industrial
textile fibers worldwide. Senescence has an important impact on the quality and yield
of cotton fiber [6]. Compared with other crops, such as rice, wheat, and corn, cotton has
the habit of indeterminate growth, which blurs the lines between growth, maturation,
and senescence. Nevertheless, the flowering and boll period (FBP) is considered to be
an important developmental stage of cotton because the plant undergoes a transition
from vegetative to reproductive growth in which the level of plant endogenous hormones
reaches a peak, photosynthesis is enhanced, and the activity of the “sink” is also enhanced.
Then, in the boll-opening period (BOP), cotton senescence, such as chlorosis, is visible.
Therefore, these two periods were chosen to study the regulation of senescence in cotton.
Although senescence has received increasing attention in cotton breeding, research on
the genetic basis of cotton senescence remains limited. In this study, chlorophyll content
indices were selected as indicators to evaluate the senescence performance of the upland
cotton population. Due to the combined action of genetic and environmental factors,
the chlorophyll content varied widely across different planting locations and years. The
SPAD value in the BOP period had a larger range of variation than that in the FBP period.
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Moreover, the SPAD value in the FBP period showed higher heritability than that in the
BOP period (0.65 and 0.41, respectively), which is similar to the results of the previous
study [37]. These results indicate that environmental factors have a more significant impact
on later cotton development.

A GWAS was performed based on 3,015,002 high-quality SNP markers from the
resequencing data of 355 accessions to detect the genetic structure of cotton senescence. A
total of 380 significant signals were identified. Given that functional variations are usually
rare in GWAS [49], significant SNPs were integrated into genomic regions (GWAS loci). In
the previous study, 50 genomic regions associated with cotton senescence were revealed
based on SLAF-seq data of 185 accessions, which spanned a total of 51.50 Mb [37]. In
the present study, 55 senescence-related genomic regions (SGRs) spanning approximately
18.09 Mb were identified. Compared with SLAF-seq-based GWAS, the resequencing data
greatly increased the fine-mapping resolution. Six SGRs (SGR29, SGR39, SGR40, SGR43,
SGR44, and SGR49) were located within ~1 Mb of the genomic regions reported in the
previous study. (Figure 5). Interestingly, these SGRs were located in the D subgenome
(except for SGR29) and were associated with the chlorophyll content in the BOP period
and/or the diurnal variation of chlorophyll content (excepted for SGR39). These results
suggest that the D subgenome plays an important role in the regulation of senescence
in cotton. A range of abiotic and biotic stressors, such as drought, salt, and pathogen
infection, can accelerate the onset and/or progression of plant senescence [7,8,50], and
the D subgenome was reported to make an important contribution to stress tolerance in
allotetraploid cotton [51]. This provides a possible explanation for the results.
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Of the 55 SGRs, a total of 977 candidate genes were annotated. Among them, 156 genes
were also recorded in the leaf senescence database LSD 3.0, and GO analysis revealed a set
of biological processes, such as salt stress, ethylene processes, and leaf senescence. This
suggests that the theory used in this study was effective. Interestingly, focus was given to a
candidate gene, Gohir.A12G270900, which is homologous to AT1G73500 and encodes an
MKK9 protein in Arabidopsis. AtMKK9 plays an important role in the regulation of Arabidop-
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sis senescence [43]. There are many signaling pathways in plants that involve responses to
external stimuli, and one of the most common is the MAPK signaling pathway. In eukary-
otes, the MAPs cascade signaling pathway is a highly conserved signaling module [52,53].
Each MAPKs cascade signaling module is composed of three protein kinases that act in
sequence: MPK, MKK, and MKKK. In Arabidopsis, there are 20 MPK genes, 10 MKK genes,
and 69 MKKK genes [54]. In upland cotton, there may be 52 GhMKs, 23 GhMKKs, and
166 GhMKKKs genes [55]. The candidate gene Gohir.A12G270900 (GhMKK9) is a member
of the GhMKK family. GhMKK9 is located in SGR36, which is associated with multiple
senescence phenotypes, indicating high repeatability and reliability. Interestingly, a non-
synonymous SNP (A12_108859102) and synonymous SNP (A12_108860059) were observed
in the exon region of GhMKK9. The SNP A12_108859102 changed the amino acid from
alanine (GCC) to valine (GTC), which may affect the function of the GhMKK9 protein.
In addition, these two SNPs formed two haplotypes, Hap1 and Hap2 (Figure 3C). The
BOP_blup and D_SPAD_blup values of the Hap1 are significantly higher than those of the
Hap2. These results suggest that Hap1 is a favorable haplotype for delaying senescence and
that the GhMKK9 gene may play an important role in the regulation of cotton senescence.

The function of the GhMKK9 gene was further verified. By qRT-PCR analysis, it was
found that the expression level of GhMKK9 was significantly higher in old cotton leaves
than that in young cotton leaves, and overexpression of GhMKK9 gene in Arabidopsis thaliana
promoted the senescence process of Arabidopsis leaves, indicating that GhMKK9 is a positive
regulator of plant senescence, which is consistent with the results of a previous study [43,56].
In Rosa hybrida, RhMKK9 silencing significantly delayed petal senescence in flowers [57].
The MKK9–MPK6 module was reported to play an important role in the regulation of the
senescence process [43], in which MPK3/MPK6 could be activated by MKK9 to induce
ethylene biosynthesis [56–58]. Furthermore, the endogenous GhMKK9 gene in cotton
was silenced using VIGS. GhMKK9 gene-silenced plants were found to have enhanced
drought tolerance compared with the control plants (CK), indicating that GhMKK9 may
be involved in drought-stress-induced senescence in cotton. MKK9 is widely involved in
the transmission of environmental signals, but its effects on plant stress tolerance remain
controversial. For example, Yoo et al. [59] and Shen et al. [60] showed that AtMKK9 is a
positive regulator of salt tolerance in Arabidopsis, which is contrary to the results reported
by Alzwiy and Morris [61] and Xu et al. [56]. Similarly, although there is no obvious
difference between WT and mkk9 mutant Arabidopsis plants under drought stress [61], this
study shows that the silencing of GhMKK9 enhances drought tolerance in cotton. These
discrepant results may be attributed to different experimental methods and functionally
redundant genes [60].

4. Materials and Methods
4.1. Plant Materials

The association mapping panels consisted of 355 upland cotton accessions
(Supplementary Table S6), and the germplasm resources were obtained from the Insti-
tute of Cotton Research of Chinese Academy of Agricultural Sciences (ICR-CAAS). These
materials are geographically widespread across China, including in the Yellow River Re-
gion (YRR), the Yangtze River Region (YZRR), the Northwest Inland Region (NIR), and the
Northern Specific Early-Maturity Region (NSER), and a few were from abroad (e.g., the
United States) [62]. In 2016 and 2017, 355 upland cotton accessions were planted in Anyang
(AY), Henan (36◦08′ N, 114◦48′ E), and Huanggang (HG), Hubei (31◦14′ N, 114◦78′ E),
respectively. Three replicates were planted in each environment, except Anyang in 2017,
where two replicates were used.

4.2. Phenotyping and Data Analysis

The relative chlorophyll level (SPAD) of association panels was measured with the
chlorophyll meter SPAD-502 (Konica Minolta, Japan) in four environments in the flowering
and boll-setting period (FBP) and boll-opening period (BOP). The third parietal leaf from
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the top was selected after topping to measure the chlorophyll level, and the average SPAD
of at least three individuals for each accession was recorded. The absolute chlorophyll
concentration of the materials planted in Anyang in 2017 was also measured. Three discs
of 0.6 cm diameter were cut by punch from the third parietal leaf, and these leaf discs
were mixed from at least three individuals for each accession. Chlorophyll concentration
was estimated using the method described by Arnon [63]. Four chlorophyll concentration
indices were obtained: chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (To-
tal_ab), and chlorophyll a/b (Ratio_ab). In addition, the diurnal variation of chlorophyll
content was calculated using the following formulae: D (%) = (chlorophyll content of
BOP − chlorophyll content of FBP)/(chlorophyll content of BOP × days between FBP
and BOP) × 100%, which included D_SPAD, D_chla, D_chlb, D_total_ab, and D_ratio_ab.

The best linear unbiased predictions (BLUPs) and broad-sense heritability (H2) of
SPAD values in the four environments were calculated using the R package sommer [64].
Broad-sense heritability was defined as H2 = σg

2/(σg
2 + σgl

2/l + σgy
2/y + σe

2/rly), where
σg

2 is the genotypic variance; σgl
2 is the interactions of genotype with location; σgy

2 is the
interactions of genotype with year; σe

2 is the error variance; and l, y, and r are the number
of locations, years, and replications, respectively. Statistical and correlation analyses were
performed using the R package Hmisc [65] and visualized using the package corrplot [66].

4.3. SNP Genotyping

The resequencing data of 355 upland cotton accessions were reported in a previous
study [62]. The quality of paired-end reads from 355 accessions was evaluated using
FastQC v.0.11.9 [67] and was controlled using Trimmomatic v.0.39 [68]. All high-quality
clean reads were mapped to the Gossypium hirsutum v1.1 reference genome [69] with
BWA mem v.0.7.17 [70]. The mapping results were sorted and converted to the BAM
format using Picard tools (http://broadinstitute.github.io/picard). GATK v.4.1.8 [71]
was used to detect variants following the best-practice workflows. High-quality SNPs
were filtered with: “QD < 2.0 QUAL < 30.0 FS > 60.0 MQ < 40.0 MQRankSum < −12.5
ReadPosRankSum < −8.0”, missing rate < 50%, and MAF > 0.05.

4.4. GWAS and Identification of Genomic Regions

A linear mixed model was used to perform GWAS on 355 upland cotton accessions,
implemented in the EMMAX software [38]. Before conducting the GWAS, the SNPs were
imputed using Beagle v.5.1 [72]. Both trial values of the single environment and BLUPs were
used for the GWAS. Because a high correlation between SNPs always leads to information
redundancy, PLINK was used to detect the number of genome-wide, effective SNPs. The
parameters for pruning were as follows: within a 500 bp sliding window, r2 ≥ 0.2, and
a step of 100 bp. After pruning, 925,819 SNPs were obtained, and the genome-wide
significance cutoff for GWAS was selected as p = 1 × 10−6 (1/925819). Significant SNPs
were then determined using the following criteria: (1) p < 10−6 or (2) p < 10−5 in at least two
environmental trail values owing to the stability. To identify senescence-related genomic
regions (SGRs), we selected independent, significant SNPs (r2 < 0.6). If r2 > 0.1, the SNP
with p < 10−3 and independent significant SNP were merged into the same genomic region.
In addition, if the distance between two genomic regions was less than 900 kb, they were
merged into one genomic region. The R packages CMplot [73], LDheatmap [74], and
ggplot2 [75] were used to visualize the GWAS results.

4.5. Prediction of Candidate Genes

All genes located in SGRs were selected as putative candidate genes based on the
Gossypium hirsutum v1.1 reference genome [69]. Homologs of these genes in Arabidop-
sis thaliana were determined using BLAST [76], and GO enrichment was performed on
the database for annotation, visualization, and integrated discovery (DAVID) to identify
enriched biological themes [77,78].
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4.6. RNA Extraction and qRT-PCR

To determine the expression level of GhMKK9, the cotton accession “CRI 10” was
planted in a greenhouse, and two-week-old (young) and eight-week-old (old) leaves were
sampled from eight individuals with three biological replicates in each group. Total
RNA was extracted using an RNA Purification Kit (Tiangen, Beijing, China), and the
RNA was reverse transcribed using the PrimeScript RT Reagent Kit (TAKARA, Dalian,
China) following the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR)
was performed on a Roche Applied Science LightCycler 480 using the NovoStart® SYBR
qPCR SuperMix Plus (Novoprotein, Shanghai, China). The qRT-PCR was conducted
as follows: pre-denaturation at 95 ◦C for 60 s; 40 cycles of 95 ◦C for 20 s and 60 ◦C
for 60 s. Three technical replicates were performed for each sample, and the relative
expression of genes was calculated using the 2−∆∆Ct method [79]. The primers are listed in
Supplementary Table S7.

4.7. VIGS

For the VIGS assays, one fragment of GhMKK9 amplified from the cDNA of “CRI
10” was integrated into the pTRV2 vector (pTRV2-GhMKK9) using the nimble cloning
method [80] and then the recombinant vector was introduced into Agrobacterium tumefa-
ciens GV3101. Agrobacterium strains harboring the pTRV2-GhMKK9 and pTRV2 (negative
control) vectors combined with strains harboring the pTRV1 vector were co-transferred into
the cotyledons of 2-week-old cotton plants following previously described methods [81].
The injected plants were kept in darkness for 24 h and transferred to a greenhouse at 25 ◦C
with 16 h light/8 h dark cycle. Four weeks after injection, plants injected with pTRV2
and pTRV2-GhMKK9 were subjected to drought treatment, and SPAD values were deter-
mined. The primers used for the construction of the VIGS vector and qRT-PCR are listed in
Supplementary Table S7.

4.8. Genetic Transformation of Arabidopsis Thaliana

The ORF of GhMKK9 was inserted into the binary expression vector pNC-Cam2304
to generate the 35S::GhMKK9 construct using the nimble cloning method [80]. The
35::GhMKK9 construct was introduced into Agrobacterium tumefaciens GV3101 and then
transformed into Arabidopsis ecotype Columbia using the floral dip method [82]. The posi-
tive plants were screened out using 1/2 MS medium containing kanamycin (100 mg/L) and
confirmed via qRT-PCR. The T3 homozygous generation plants were used for phenotypic
observation of senescence. To observe the performance of transgenic plants under normal
conditions, seeds of WT and two independent 35S::GhMKK9 lines (OE7 and OE14) were
germinated on 1/2 MS agar medium. After two weeks, the seedlings were transplanted
into the soil. Phenotypic characteristics were observed, and the rosette leaves at position
six from six-week-old plants were sampled for qRT-PCR. Primers used for the construction
of 35::GhMKK9 and qRT-PCR are listed in Supplementary Table S7. The primer specificity
of GhMKK9 were confirmed (Supplementary Figure S8).
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Abstract: NF-YCs are important transcription factors with diverse functions in the plant kingdoms
including seed development. NF-YC8, 9, 10, 11 and 12 are close homologs with similar seed-specific
expression patterns. Despite the fact that some of the NF-YCs are functionally known; their biological
roles have not been systematically explored yet, given the potential functional redundancy. In
this study, we generated pentuple mutant pnfyc of NF-YC8-12 and revealed their functions in the
regulation of grain quality and seed germination. pnfyc grains displayed significantly more chalkiness
with abnormal starch granule packaging. pnfyc seed germination and post-germination growth
are much slower than the wild-type NIP, largely owing to the GA-deficiency as exogenous GA
was able to fully recover the germination phenotype. The RNA-seq experiment identified a total
of 469 differentially expressed genes, and several GA-, ABA- and grain quality control-related
genes might be transcriptionally regulated by the five NF-YCs, as revealed by qRT-PCR analysis.
The results demonstrated the redundant functions of NF-YC8-12 in regulating GA pathways that
underpin rice grain quality and seed germination, and shed a novel light on the functions of the
seed-specific NF-YCs.

Keywords: rice (Oryza sativa L.); gibberellins; abscisic acid; NF-YCs

1. Introduction

Rice (Oryza sativa L.) is a major cereal crop in the world, as it is consumed as a staple
food by more than half of the world’s population [1]. Rice seed is a complex organ that is
comprised of a maternal caryopsis coat, a diploid embryo and a triploid endosperm. The
nutrients such as starch, protein and lipids are accumulated in the endosperm underpinning
seed germination or grain yield and quality for human consumption. It has been known that
phytohormones are extensively involved in the regulation of plant seed development [2–5].
The action of GAs and ABA on seed development is strictly correlated and antagonistic [2].
Through the investigation of the rice seed hormonal dynamics during the grain filling
stage, Yang et al. (2001) revealed that GAs play key roles in embryogenesis, while the
ABA content reached the peak at a much later stage, thus it seemed to be more relevant to
the seed maturation [6]. So far, numerous pieces of literature about genes controlling rice
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seed development have been published, and these genes are involved in transcriptional
regulation, the ubiquitin–proteasome pathway, plant hormone response, and so on [7–9].
Specifically, Yao et al. (2017) found that NF-YC8 to NF-YC12 are five important genes
involved in starch synthesis, seed storage protein and the stress response [7]. The study
shows that NF-YC12 is a key transcription factor in regulating endosperm development [8]
and storage material accumulation in rice seeds [10]. A novel transcription factor subunit
NF-YC13 was identified in indica rice, which can respond to salt stress signals by interacting
with the B-subunit [11]. It is studied that NF-YC2 and NF-YC4 proteins can interact with
three flowering-time genes to regulate the photoperiodic flowering response under long
sunlight conditions [12].

Nuclear Factor Y (NF-Y) is a family of transcription factors that are found in vast
quantities in higher eukaryotes. The NF-Y protein complex consists of three subunits:
NF-YA (CBF-B/HAP2), NF-YB (CBF-A/HAP3), and NF-YC (CBF-C/HAP5) which usually
forms a heterotrimer to regulate the transcription of the target genes [13,14]. For yeast
and animals, each NF-Y subunit is encoded by a single gene. However, the situation in
plants is more complicated with multiple members of each subunit, which dramatically
expanded the diversity of NF-Ys’ gene function in the plant kingdom [13,15]. In rice,
each NF-Y subunit covers more than 10 gene members as reported, and many of them
have been identified to participate in extensive developmental processes like nutrient
accumulation in the endosperm, flowering regulation and ABA signal response [16–19].
NF-YBs are well-documented among those three subunits and have been implicated in
plant height regulation, grain yield, carbon assimilation, photoperiodic flowering and
other processes [20–24]. For example, NF-YB2, NF-YB3 and NF-YB4 are close homologs
that are functionally redundant in regulating chloroplast biogenesis in rice [25]. It is
noteworthy that several NF-YBs and NF-YCs were found to be specifically expressed in
rice endosperm. Some seed-specific NF-YBs control rice seed development by affecting
the nutrition accumulation and the loading of sucrose into developing seeds [26–28]. In
addition, endosperm-specific NF-YBs and NF-YCs may also form heterotrimer complexes
with other non-NF-Y transcription factors, hence regulating grain filling and quality via the
ubiquitin–proteasome pathway [8,29]. For example, AtNF-YB9-YC12-bZIP67 can activate
the expression of SUS2 and promote seed development [30]; OsNF-YB1 interacts with
OsNF-YC12, and OsNF-YC12 can bind to the promoter of FLO6 and OsGS1;3 to regulate
grain weight and chalky endosperm [10].

Several previous works have revealed that OsNF-YC8 (LOC_Os01g01290), OsNF-YC9
(LOC_Os01g24460), OsNF-YC10 (LOC_Os01g39850), OsNF-YC11 (LOC_Os10g23910) and
OsNF-YC12 (LOC_Os05g11580) are close homologs with similar seed-specific expression
pattern, implying that they play a role in rice seed development [7,8,29,31]. So far, it
is known that the NF-YC9 controls cell proliferation to influence grain width, and NF-
YC11 regulates the accumulation of storage substances in rice seeds [10,32]. In 2019, our
lab reported that NF-YC12 forms a heterotrimer complex with NF-YB1 and bHLH144 to
regulate rice grain quality [8]. Nevertheless, knowledge about the function of the five genes
is rather fragmented, given that the high similarity of the genes may give rise to functional
redundancy. Here, we report the systematic functional analysis of NF-YC8, 9, 10, 11 and
12 using single gene or pentuple gene mutants. The five genes may work redundantly to
regulate ABA and GA response, thus determining grain quality and seed germination. This
work sheds new insight into the functional roles of the seed-specific OsNF-YCs.

2. Results and Discussion
2.1. Five Seed-Specific NY-YCs Works Redundantly to Regulate Grain Quality

To specify the biological functions of OsNF-YC8, OsNF-YC9, OsNF-YC10, OsNF-YC11
and OsNF-YC12, we generated a single mutant of each gene in the background of Kitaake
(Oryza sativa ssp. Japonica), respectively. Sanger sequencing further confirmed the muta-
tions of the corresponding genes with insertion or deletions, which should have shifted the
open reading frame and disrupted the resulting protein functions (Figure S1). Compared
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with Kitaake, nfyc8 exhibited increased percentage of grains with chalkiness (PGWC),
nfyc12 had higher degree of chalkiness (DEC), while nfyc9 and nfyc10 exhibited increased
PGWC and higher DEC (Figure S2A–C). We used the CRISPR/Cas9 technology to simulta-
neously knock out all the five NF-YC genes in Nipponbare (NIP, Oryza sativa ssp. japonica)
to generate the pentuple nf-yc mutants (hereafter referred to as pnfyc) to assess the potential
functional redundancy among the genes. Two representative lines pnfyc-1 and pnfyc-2
were selected for the followed genotyping and genetic analysis. As shown in Figure S3,
Sanger sequencing detected various types of homozygous insertion or deletion mutations
in each of the NF-YC8-12, suggesting all the five genes were successfully knocked-out.
During the vegetative growth stage, no visible differences were observed in major agro-
nomic traits such as plant height, flowering date, seed setting and spikelets per panicle
in the pnfyc lines (Table S1). However, the milled grains of pnfyc lines showed obvious
chalkiness. As revealed by the cross-sections of the pnfyc seeds, the starchy endosperm
of pnfyc was floury-white when compared with NIP. Scanning electron microscopy (SEM)
images of transverse sections indicated that the starch granule of NIP and pnfyc grains had
different morphologies, shape and packaging densities. Unlike the regular shape of the
starch granule of NIP, pnfyc had irregular, loosely packed starch granules, which might
be responsible for the observed chalkiness (Figure 1A). Furthermore, we examined the
contents of storage substances in the brown seeds, and found that the total starch and
amylose contents of pnfyc were significantly lower than that of the NIP. Conversely, pnfyc
had relatively higher crude protein contents than NIP (Figure 1B–D). The PGWC in pnfyc
reached over 90%, while that of NIP was less than 10% (Figure 1E). Following the change
in the starch contents, differential scanning calorimetry (DSC) analysis demonstrated that
the gelatinization characteristics including the onset, peak as well as end gelatinization
temperatures of pnfyc were also significantly altered (Figure 1F and Table S2). The results
above indicated that OsNF-YC8, 9, 10, 11 and 12 work redundantly to positive regulate rice
grain quality, particularly the grain chalkiness.

2.2. pnfyc Are GA-Deficient with Retarded Seed Germination

The altered storage substance proportion in pnfyc lines provoked us to test the roles of
the five NF-YCs in seed germination. We carried out germination assays on the nfyc single
mutants, pnfyc and NIP lines on 1

2 MS medium for 4 days. All the five nfyc single mutants
showed slightly lower germination rates compared with Kitaake, which was followed
by retarded post-germination growth (Figure S4A–C). However, the pnfyc seeds showed
much retarded germination (56.7–60.0%) than the NIP (90.0–96.7%) at day 4, which further
confirmed the functional redundancy among the five NF-YCs. Given the key roles of ABA
and GA in seed germination regulation, we subsequently investigated the seed germination
under exogenous ABA, GA and PAC (GA biosynthesis inhibitor) treatments (Figure 2A–C).
The application of 2 µM exogenous ABA significantly restrained the seed germination
of both pnfyc and NIP seeds. To evaluate the relative ABA sensitivity of the seeds, we
calculated the relative germination rate of the seeds under mock and ABA treatments.
The results showed that the WT relative germination rates of 2 µM ABA/mock and 5 µM
ABA/mock were 72.2% and 65.5%, respectively. However, for the pnfyc seeds, 84.5% and
51.4% were obtained. Therefore, pnfyc is hypersensitive to exogenous ABA treatment
in seed germination (p < 0.05) (Figure 2D). Similar hypersensitivity to ABA inhibition
effects was also observed in the post-germination growth of pnfyc seedlings. In contrast
to the ABA treatments, the application of 2 µM exogenous GA significantly recovered the
seed germination of pnfyc, and a more intense recovering effect was observed when 5 µM
exogenous GA was applied, suggesting the GA deficiency might be the major reason for the
retarded seed germination in pnfyc. Exogenous PAC displayed similar inhibitory effects as
ABA, as 10 µM exogenous PAC decreased the NIP germination rate and post-germination
growth to the pnfyc level. In addition, we quantified the GA3 contents in the germinative
seeds of NIP and pnfyc-1. The result showed that the GA3 content in pnfyc-1 was reduced
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to only 30% of the NIP (p < 0.01), which is in agreement with the recovered germination of
pnfyc by GA (Figure 2E).
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Figure 1. (A) (a–o) Grain chalkiness phenotypical characterization (a–f), bar = 2 mm. Scanning
electron microscopy (SEM) analysis (g–o). The central areas shown are indicated as red squares. The
magnification is 30 times in (g,h,i); 2000 times in (j,k,l), and 5000 times in (m,n,o). (B–F) Quality trait
parameters of mature seeds from pnfyc lines and NIP. Data are shown as means ± SD of at least three
biological replicates. (** p < 0.01 by two-tailed Student’s t-test).
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ing, we examined the transcription of the genes in the germinative seeds of various ABA 
or GA-related genetic lines by qRT-PCR. SAPK8, 9 and 10 are core elements of ABA 

Figure 2. (A) The germination rate of NIP and pnfyc lines under different concentrations of exogenous
hormones. (B) The plant morphology of NIP and pnfyc lines treated with different exogenous
hormones at 7 days after germination. (C) The seedling height of NIP and pnfyc lines under different
exogenous hormones at 7 days after germination. Bar = 1 cm. (D) The relative germination of the NIP
and pnfyc seeds under ABA treatments were determined after 4 days and expressed as a percentage of
those grown under ‘mock’ conditions. (E) Quantification of GA3 derivatives in NIP and pnfyc seeds
germinated for 6 h was analyzed with liquid chromatography-tandem mass spectrometry. Data are
shown as means ± SD of at least three biological replicates. (** p < 0.01 by two-tailed Student’s t-test).

To test the involvement of the five NF-YCs in ABA and GA biosynthesis and signaling,
we examined the transcription of the genes in the germinative seeds of various ABA or
GA-related genetic lines by qRT-PCR. SAPK8, 9 and 10 are core elements of ABA signaling,
and over-expression of the genes conferred plants ABA hypersensitivity [33]. We found
that NF-YC10 was significantly up-regulated by SAPK8 and 10, while NF-YC8 and NF-YC12
were up-regulated by SAPK10 and SAPK9, respectively. However, NF-YC9 and NF-YC11
were down-regulated in all the three OxSAPK lines (Figure 3A). In the GA-deficient mutant
sd1 [34], the transcription of NF-YC8, 9, 10 and 11 were all severely repressed, indicating the
five NF-YCs are highly responsive to endogenous GA level (Figure 3B). Taken together, we
proposed that NF-YC8, 9, 10, 11 and 12 may serve as key regulators mediating the balance
of GA and ABA.
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Although NF-YC10 and NF-YC12 have been reported as key regulators of rice seed
development [8,10,32], the roles of the five seed-specific NY-YCs are still not very clear so
far, given the potential functional redundancy among them. By simultaneously knocking
out the five genes, we revealed their functions in grain quality and seed germination, and
the GA-deficiency in pnfyc might be the major reason for the observed phenotype. Aside
from the well-known function as a seed germination promoter, GA has been recently found
to regulate endosperm development as well. Cui et al. (2020) reported that application
of exogenous GA4+7 significantly altered the content of other phytohormones such as
auxin, zeatin and ABA, increased the activities of superoxide dismutase, catalases, and
peroxidases and reduced the malondialdehyde content, which finally improved grain filling
and yield in maize [35]. In Arabidopsis, NF-YC3, NF-YC4 and NF-YC9 have redundant
roles in the regulation of GA-ABA-mediated seed germination [36]. NF-YCs bind RGL2,
a repressor during GA signaling, and then in the form of NF-YC–RGL2 module targets
ABI5, a key factor in ABA signaling [37,38]. NF-YC can bind to the CCAAT-box on the ABI5
promoter to regulate ABI5 gene expression. The NF-YC–RGL2–ABI5 module integrates
ABA and GA signaling to regulate seed germination [36].

2.3. NF-YCs Regulates the Transcription of ABA and GA Pathway Genes

RNA sequencing experiments on the 6 HAI (6 h after imbibition) germinating seeds
of pnfyc and WT were carried out to identify the potential target genes of the five NF-YCs.
As a result, there were a total of 469 differentially expressed genes (DEGs) as shown in
(Supplementary Table S1). KEGG analysis revealed predominant enrichment of the DEGs
on the pathways of ‘phenylpropanoid biosynthesis’, ‘protein processing in endoplasmic
reticulum’ and ‘plant hormone signal transduction’ (Figure S5A). We further carried out
a qRT-PCR analysis on eight randomly selected DEGs to verify the RNA-seq results, and
the results showed that seven of those genes had a similar transcriptional level inclination
to that detected by the RNA-seq, indicating the high reliability of our RNA-seq results
(Figure S5B). Notably, a series of genes reported as critical regulators of the ABA signal
pathway were found to be down-regulated in pnfyc (Figure 4B), including positive ABA
signaling factors like OsbZIP46 [39,40], OsbZIP12 [41,42] and OsNAC52 [43] as well as
the OsHSP24.1 encoding an ABA-responsive heat shock protein [44]. Furthermore, we
conducted the qRT-PCR and results showed that the expression of most GA biosynthesis
genes was down-regulated in pnfyc plants, while the expression of ABA biosynthesis and
negative signal pathway-related genes was up-regulated (Figure 4A,B).
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Given the severely affected starch qualities in pnfyc seeds, we also examined the tran-
scriptional levels of several starch biosynthesis enzyme or regulator genes in the developing
seeds of pnfyc and NIP. It was found that, except for ISA2, all of these ADP-glucose py-
rophosphorylase, granule-bound starch synthase, starch synthase and starch branching en-
zyme were mostly down-regulated in 7 DAP endosperm of pnfyc lines (Figure 4C) [45–48].

2.4. Potential Interactive Proteins of the Five NF-YCs

We tested the protein–protein interaction between the 5 NF-YCs and 10 SAPKs which
are ABA signaling components. A total of 50 NF-YC-SAPK combinations were tested by
yeast-two-hybrid, and results showed that NF-YC10 binds to SAPK4, 6 and 10, while all
the other combinations were negative. Hence, the suggestion is that NF-YC10 perceives the
ABA signal from SAPK4, 6 and 10 (Figure 5A).

Our previous study has demonstrated that NF-YB1-YC12 dimer binds to bHLH144 to
form a heterotrimer complex that regulates rice grain quality [8]. To identify other compo-
nents that may interact with NF-YB1-YC12 dimer, we performed yeast-three hybrid (Y3H)
experiments to screen a seed-derived prey library using NF-YB1-YC12-pBRIDGE as bait.
We finally obtained three interactive proteins LOC_Os01g68950, LOC_Os07g46160 and
LOC_Os11g38670 which are annotated as ubiquitin domain-containing protein, BTB/POZ
domain-containing protein and dead-box ATP-dependent RNA helicase, respectively. Inter-
estingly, the interactions are valid only on the SD/-Met/-Leu/-Trp/-Ade/-His/+X-α-Gal
medium, in which the drop-out of methionine drove the expression of NF-YC12 under
Met25 promoter. Meanwhile, the interactions were compromised on SD/-Leu/-Trp/-
Ade/-His/+X-α-Gal medium, in which NF-YC12 was suppressed by the supplemented
methionine in the medium. Hence, the binding of NF-YB1-YC12 is necessary for the
formation of heterotrimer complexes with the three proteins (Figure 5B–D).

In conclusion, we report a rice pentuple gene mutant pnfyc, which knocked out
five homologous genes OsNF-YC8, OsNF-YC9, OsNF-YC10, OsNF-YC11 and OsNF-YC12
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simultaneously. The expression of starch synthesis genes decreased in pnfyc, resulting in the
decrease of starch content and the increase of protein content, the change of grain quality
and the significant increase of chalkiness trait. The results showed that NF-YC8 to NF-YC12
could regulate grain quality traits by regulating starch synthesis. In addition, NF-YC8-12
also inhibited seed germination by affecting the expression of GA-related genes, and the
phenotype is significantly restored by applying exogenous GA. Finally, the expression of
ABA-related genes in pnfyc increased, and pnfyc seeds were hypersensitive to exogenous
ABA. NFYC10 could interact with SAPK to regulate ABA expression.
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NF-YB1, NF-YC12, and Dead-box protein domain.

3. Materials and Methods
3.1. Plant Growth Conditions and Phenotype Measurement

To generate the CRISPR/Cas9-derived knock-out mutants, the specific target small-
guide RNA (sgRNA) of each gene was designed and assembled in a pYLCRISPR/CAS9-
MH vector system according to a previous report [49], and subsequently transformed
into Nipponbare and Kitaake (Oryza sativa, ssp. japonica) backgrounds. All the plants
were grown in the experimental greenhouse and field of the China National Rice Research
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Institute (CNRRI). Agronomic traits were analyzed with 10 replicates. Panicle length,
number of primary branch panicles, number of effective panicles per plant, seed setting
rate (%), and plant height were measured manually. Rice seed grains were harvested
and air-dried at room temperature for at least 2 weeks. The thousand-grain-weight, seed
length, width and chalkiness were examined by a seed phenotyping system (Wan Sheng,
Hangzhou, China). Grain thickness was determined at the same time for each grain using
an electronic digital calliper.

3.2. Physicochemical Properties of Seed Grain

Total starch content of the dried brown seeds was measured using a starch assay
kits Megazyme K-TSTA and KAMYL (Megazyme, Ireland, UK, http://www.megazyme.
com/ accessed on 6 May 2020). The total amylose and protein contents in the grains
were measured by following a previous report [50]. The content is expressed as the
percentage of total sample weight on an oven-dry basis. To analyze the gelatinization
temperature, DSC assay was conducted on a differential scanning calorimeter DSC1 STARe
system (METTLER-TOLEDO, Zurich, Switzerland). Briefly, 5 mg rice powder was sealed
and placed in an aluminum sample cup, mixed with 10 µL distilled water, and then the
samples were analyzed by the differential scanning calorimeter (METTLER-TOLEDO,
Zurich, Switzerland). The heating rate was 10 ◦C min−1 over a temperature range of 40 ◦C
to 100 ◦C [51].

3.3. Scanning Electron Microscopy (SEM) Assay

Prepare two types of milled rice, one was wild-type NIP and the other was the pnfyc
mutant. The whole grains were cut transversely with a sharp blade and then sputtered
with gold in order to increase electrical conductivity. Fractured rice grains were mounted
on the copper stage and then viewed with a scanning electron microscope at 30, 2000 and
5000 times magnification. The analysis was performed based on three biological replicates
at least. The experiment was conducted in institute of Agriculture and Biotechnology,
ZheJiang University as described previously using a HITACHI S-3400N scanning electron
microscope (HITACHI, Tokyo, Japan).

3.4. Seed Germination and Phenotypic Assay

Briefly, 100 dehusked seeds were surface-sterilized in 75% ethanol for 2 min, then in
50% bleach for 30 min, and then cleaned with sterilized ddH2O 5–8 times for 3 min each
time. The sterilized seeds were air dried and sown on a 1

2 strength MS medium containing
different concentrations of ABA (0, 2, 5 µM), GA (0, 2, 5 µM) and PAC (0, 2, 5, 10 µM).
Germination rates were recorded every 12 h. The seedlings’ height above ground was
measured and the growth status of seedlings was photographed after 7 days. Germination
is established with the appearance of the emergence of 2 mm embryos through the seed
coat. The data are the mean of 3 biological triplicates.

3.5. RNA-Seq Analysis and RT-PCR Analysis

For RNA-seq, total RNA of germinative seeds at 6 h-after-imbibition was extracted
using Trizol as instructed (Yeasen, Shanghai, China). The high-throughput sequencing
was performed using the Illumina HiSeq™ 2500 platform and the KEGG pathway analysis
of the DEGs was ultimately done by Personalgene Technology Co (Personal, Shanghai,
China). DEGs were defined as genes with |log2Fold change| ≥ 1 and FDR < 0.01 using
EBSeq [52]. The endosperm of 7 days after fertilization and seeds of 6 h after germination
were collected as samples for the extraction of RNA to detect the expression level of genes in
starch biosynthesis and hormone synthesis, and the RNA was extracted by Trizol according
to the kit manufacturer’s instructions (Yeasen, Shanghai, China).

For the RT-PCR analysis, the first-strand cDNA was synthesized using M-MLV reverse
transcriptase according to the manufacturer’s instructions (Takara, Dalian, China). The
expression levels of different samples were determined using CFX96 touch real-time PCR
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detection system (Bio-Rad, Hercules, CA, USA). Expression was assessed by evaluating
threshold cycle (CT) values. The relative expression level of tested genes was normalized
to ubiquitin gene and calculated by the 2−∆∆CT method. The experiment was performed
in two biological replicates with three technical triplicates of each. Primer sequences are
listed in Supplementary Table S3.

3.6. Yeast-Two-Hybrid Assay

The yeast two-hybrid assay was conducted based on the manufacturer’s protocol
(Invitrogen, Carlsbad, CA, USA). The coding sequence of NF-YC8 to NF-YC12 and SAPK1
to SAPK10 were amplified and cloned into bait vector pdest32 and prey vector pdest22,
respectively. Two vectors, pDEST32-NFYCs and pDEST-SAPKs, were co-transfected into
the Y2H Gold strain, and then yeast cells were grown on SD/-Trp/-Leu and SD/-Trp/-
Leu/-His/-Ade medium for screening. pGBKT7-53 and pGADT7-T were used as positive
controls, pGBKT7-Lam and pGADT7-T were used as negative controls. The primers used
are listed in Supplementary Table S3.

3.7. Yeast-Three-Hybrid Assay

NF-YB1 CDS was cloned to fuse with GAL4 BD domain, and NF-YC12 was driven
by a methionine-responsive promoter Met25 in pBRIDGE (Clontech, Dalian, China). NF-
YB1-NF-YC12-pBRIDGE in strain Y2H Gold was mated with an AD domain-fused seed
cDNA library in Y187 strain. The mated transformants were first selected on SD/-Leu/-Trp.
Positive colonies were then transferred to SD/-Leu/-Trp/-His/-Ade/-Met/+X-a-Gal and
SD/-Leu/-Trp/-His/-Ade/+X-a-Gal, respectively. The interaction was confirmed by the
visualization of blue colonies on the medium.
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Abstract: An excellent root system is responsible for crops with high nitrogen-use efficiency (NUE).
The current study evaluated the natural variations in 13 root- and biomass-related traits under a
low nitrogen (LN) treatment in a rapeseed association panel. The studied traits exhibited significant
phenotypic differences with heritabilities ranging from 0.53 to 0.66, and most of the traits showed
significant correlations with each other. The genome-wide association study (GWAS) found 51 sig-
nificant and 30 suggestive trait–SNP associations that integrated into 14 valid quantitative trait loci
(QTL) clusters and explained 5.7–21.2% phenotypic variance. In addition, RNA sequencing was
performed at two time points to examine the differential expression of genes (DEGs) between high
and low NUE lines. In total, 245, 540, and 399 DEGs were identified as LN stress-specific, high
nitrogen (HN) condition-specific, and HNLN common DEGs, respectively. An integrated analysis of
GWAS, weighted gene co-expression network, and DEGs revealed 16 genes involved in rapeseed
root development under LN stress. Previous studies have reported that the homologs of seven
out of sixteen potential genes control root growth and NUE. These findings revealed the genetic
basis underlying nitrogen stress and provided worthwhile SNPs/genes information for the genetic
improvement of NUE in rapeseed.

Keywords: rapeseed; root and biomass traits; nitrogen stress; GWAS; RNA sequencing

1. Introduction

Nitrogen (N) is one of the most important macronutrients required for plant growth
and development. It is the basic component of proteins, nucleic acids, chlorophyll, and
several hormones [1,2]. Although global agricultural N consumption has increased seven-
fold in the last half-century, most crops utilize only 30–40% of the supplied N [3,4]. A high
N fertilizer application causes serious environmental problems, such as water eutrophi-
cation, acid rain, and soil acidification [5]. To ensure the sustainability of agriculture, it is
imperative to breed crop varieties with a higher nitrogen use efficiency (NUE) [6].

Rapeseed (Brassica napus L.) is the third-largest oil crop in the world, following soy-
beans and palm. However, while absorbing a significant amount of N from the soil,
rapeseed is generally regarded as a low NUE crop, with seed yield per unit N applied
about half that of other cereals [7]. Therefore, addressing the genetic architecture of low
nitrogen stress tolerance and boosting rapeseed’s NUE is vital for the rapeseed’s economic
competitiveness [8,9]. Root system architecture (RSA) plays a critical role in N acquisition,
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both in terms of absorption capacity and soil exploration potential. A deeper understanding
of how the RSA adapts to N availability seems to be a potential lever for optimizing N
acquisition [10–12]. As a primary step, determining the key traits underpinning genotype
variability and RSA adaptability to N availability is required. For example, in most elite
cultivars, increasing the root-to-shoot ratio increases the uptake of N from the deep soil,
or the longer roots provide optimum root nutrient storage in shoots by taking advantage
of the soil’s spatial characteristics [13–15]. Furthermore, the genetic improvement of root
morphological traits was reported to affect crop yield [16]. Rice yields have been shown
to increase under drought stress when DRO1, a QTL associated with both root depth and
root development angle, is expressed at a higher level [17]. The big root biomass (BRB) gene
was reported previously to affect shoot traits and seed yield in sesame [18]. In rapeseed,
coarse root length promotes soil exploration and phosphorus uptake, which increases seed
yield [19]. As a result, optimizing root-related parameters could be a potential strategy for
promoting the development of cultivars with high NUE and yield.

Genome-wide association study (GWAS) is an effective method for identifying loci/genes
associated with complex traits in a genetically diverse crop population, including root
architectural traits in rice, wheat, soybean, maize, rapeseed, etc. [20–26]. Transcriptome
analysis has proven to be valuable for identifying candidate genes, especially differentially
expressed genes (DEGs), between samples with contrasting traits. The weighted gene
co-expression network analysis (WGCNA) method was designed to explore the system-
level functionality of the transcriptome and is widely used in plants to identify gene
modules related to the uncovering of potential transcriptional regulation [27,28]. The
combination of GWAS, transcriptome sequencing, and/or WGCNA has proven to be a
quick and effective strategy for detecting major candidate genes regulating complex traits.
In response to cadmium stress, three hub-genes (OsHSP, OsHSFC2A, and OsDJA5) were
identified through RNA sequencing and WGCNA in rice [29]. Through the integration of
GWAS, WGCNA, and differential expression analysis, four and eight important candidate
genes related to root growth in B. napus were identified during the persistent and specific
stages, respectively [30].

Due to the hidden feature of roots, the main challenge in studying root traits is
developing robust phenotypic evaluation methods. Different artificial systems have been
used to evaluate root traits, including sand, germination paper, and hydroponic-based
cultures [31]. Hydroponic culture with digital imaging could quickly and precisely detect
a variety of root traits in large populations and has been used to examine variations
in root architecture among different crops, including rice, wheat, maize, soybean, and
rapeseed [25,30,32–35]. In the present study, 13 RSA traits were investigated in hydroponic
culture under control and low nitrogen (LN) treatments in an association panel of 327 B.
napus cultivars, which was genotyped by the 50 K Brassica Infinium SNP array [25]. RNA-
seq was performed in the high and low nitrogen efficient groups at two developmental
stages to determine the expression levels of candidate genes. The goals of this study were
to examine the phenotypic variations of 13 root and biomass traits under both control and
LN treatments within a rapeseed association panel, to identify significant SNPs associated
with root and biomass traits related to NUE, and to use a GWAS and RNA-seq approach to
determine potential candidate genes associated with root response to LN stress.

2. Results
2.1. Phenotypic Analysis of Root and Shoot Biomass Traits under the LN Stress

A total of 13 root and shoot biomass traits across 327 accessions in two treatment
conditions (control and LN stress) were evaluated under hydroponics, including five root
morphological traits (MT) and eight biomass traits (BT) (Table 1).

For the investigated traits in the association panel, extensive variations were observed
among genotypes in control and LN-treated conditions (Table 2). The coefficient of variation
(CV) of the 13 traits ranged from 14.5–45.6% and 12.8–31.9%, respectively (Table 2). In
both treatment conditions, moderate to high broad-sense heritability was observed for
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all the studied traits, with the value of 0.53 to 0.70. Overall, these results showed that all
13 traits were inherited in a stable manner under hydroponics in both control and LN stress
conditions. LN treatment affected all investigated root and biomass traits compared with
the control (Table 2). On average, LN treatment significantly increased length, number,
and area of roots in the association population, resulting in an increase in RFW (6.4%) and
RDW (14.2%). However, LN treatment significantly reduced the formation of aboveground
biomass, with SFW and SDW decreased by 80.3% and 24.7%, respectively. Therefore, the
root–shoot ratio increased significantly under LN treatment, RSRF and RSRD by 48.9% and
33.8%, respectively.

Table 1. Description of the 13 examined traits.

Classification Trait Description Abbreviations Units

Root morphological
traits (MT)

Primary root length PRL cm
Total root length TRL cm
Total root surface area TSA cm2

Total root volume TRV cm3

Total number of roots TNR number

Biomass-related traits
(BM)

Shoot fresh weight SFW g
Root fresh weight RFW g
Shoot dry weight SDW g
Root dry weight RDW g
Total fresh weight TFW g
Total dry weight TDW g
Fresh root–shoot ratio RSRF RFW/SFW
Dry root–shoot ratio RSRD RDW/SDW

Table 2. Descriptive statistics for investigated traits under control and low nitrogen treatment in
association panel.

Trait
Control LN Control ×

N Stress
N Stress

Impact (%)Min Max Mean CV (%) h2 Min Max Mean CV (%) h2

PRL (cm) 12.2 34.3 24.3 14.5 0.62 16.3 36.5 25.9 12.8 0.58 ** 6.4
TRL (cm) 434.3 1435.7 843.8 20.7 0.66 330.7 2104.9 912.1 21.6 0.58 * 7.5
TSA (cm2) 18.4 99.9 56.5 23.6 0.62 24.6 158.0 65.8 23.1 0.55 * 14.1
TRV (cm3) 0.062 0.604 0.311 29.9 0.57 0.154 0.719 0.319 25.4 0.53 ns 2.4
TRN 673.5 4804.5 1654.2 45.6 0.55 667 6213.9 2166.8 31.9 0.53 ** 23.7
SFW (g) 1.291 4.889 3.243 20.1 0.72 0.858 4.062 1.799 18.7 0.66 ** −80.3
SDW (g) 0.234 1.377 0.741 26.5 - 0.266 0.992 0.594 20.8 - ** −24.7
RFW (g) 0.261 0.788 0.503 19.2 0.60 0.227 1.479 0.538 22.2 0.60 ** 6.4
RDW (g) 0.013 0.134 0.070 28.2 - 0.033 0.165 0.081 23.4 - ** 14.2
TFW (g) 1.617 5.599 3.746 19.3 0.70 1.077 5.541 2.345 18.3 0.65 ** −59.7
TDW (g) 0.277 1.476 0.809 25.9 - 0.302 1.157 0.676 19.6 - ** −19.6
RSRF 0.102 0.248 0.159 15.9 0.70 0.199 0.470 0.311 16.1 0.55 ** 48.9
RSRD 0.031 0.298 0.095 27.5 - 0.046 0.250 0.143 23.5 - ** 33.8

CV is coefficient of variation; h2 represents heritability; ns, not significant *, p < 0.05; **, p < 0.01, significance based
on the analysis of variance.

Consistent with the correlations under the control condition [30], SFW were positively
and significantly correlated with RFW under LN stress (r = 0.67, p < 0.01). Between
aboveground biomass and root morphological traits, SFW displayed the highest correlations
with TRL (r = 0.52, p < 0.01), indicating that root morphology contributed significantly to
the formation of aboveground biomass. Negative correlations were also observed between
shoot biomass traits and root–shoot ratios, with the values of −0.29 between SFW and
RSRF and −0.45 between SDW and RSRD, respectively (Figure 1A). Furthermore, root
and biomass traits showed positive and significant correlations between CK and LN stress
treatment, and the correlation of SFW (r = 0.63, p < 0.01) was the highest, while TRN
(r = 0.12, p < 0.05) had the lowest correlation (Figure 1B). It further illustrated that it
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is essential to consider multiple inter-related traits to comprehensively assess nitrogen
efficiency concerning RSA traits. In addition, the frequency distributions for 13 parameters
under LN stress were nearly continuous and normal, demonstrating that the examined
accessions were appropriate for subsequent association study (Figure 1A).
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Figure 1. Correlation analysis of the investigated traits. (A) Correlations of studied traits under low
nitrogen stress. Frequency distribution for each trait was displayed on the diagonal. The upper
and lower parts represent the correlation coefficient and scatter plots between two diagonal traits,
respectively. (B) Correlations of each investigated trait between control and low nitrogen stress. Red
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the 0.1%, 1% and 5% levels of probability, respectively.

2.2. Marker–Trait Association Analysis for Root and Biomass Traits under LN Stress

The association panel was genotyped using the Brassica 50 K Illumina Infinium SNP
array containing 45,708 SNPs. As a result of SNP filtering, 20,131 SNP markers were
used to further identify trait–SNP associations [25]. This study only performed genome-
wide association analyses (GWAS) with BLUE values from three trials under LN stress
(Figure 2A–F), since the results of association analysis under normal condition were shown
in the previous study [30]. We grouped SNPs with close proximity (within 1 MB) and an
LD r2 > 0.2 together, since they were found to be a part of the same QTL [36].

To avoid missing SNPs due to the complex nature of RSA traits and the strict criteria
of MLM, we defined suggestive trait–SNP associations (3.50 < −log10 p ≤ −log10 1/20,131).
This resulted in 51 significant trait–SNP associations (−sslog10 > 4.30, −log10 1/20,131),
with 24 significant SNP markers and 30 suggestive trait–SNP associations integrated into
14 valid QTL clusters (Table 3 and Table S1), most of which included at least two investigated
root and biomass-related traits. Genetic variation explained by these QTL clusters varied
from 5.7 to 21.2%. These QTLs were detected for 11 RSA traits, except PRL and RSRF
(Table 3). The highest number of loci were identified on A09 and C03, containing 28 and
18 loci (Table S1).
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Table 3. List of important QTL clusters for investigated traits under LN stress in association panel.

QTL Cluster No. of
SNPs Peak SNP Chr. Position PVE

(%) −log10P Haplotype
Block (Mb) Traits

RT-A02-1 4 Bn-A02-p18994312 A02 17,997,697 7.0 4.5 17.95–18.25 RSRD
RT-A06-1 8 seq-new-rs31601 A06 7,556,204 10.5 6.8 7.25–7.72 TRN

RT-A09-1 19 Bn-A09-p1552993 A09 2,375,212 9.9 6.2 2.18–2.51 TRL, TSA, RFW, RDW, TRV,
TFW, SFW

RT-A09-2 9 seq-new-rs41996 A09 4,405,703 21.2 12.7 4.35–4.41 TRL, TFW, RFW, TSA, SFW,
TRV, RDW

RT-A10-1 4 Bn-A10-p11396195 A10 12,709,829 8.9 5.5 12.67–12.72 RFW, TFW, TRL, SFW
RT-A10-2 1 Bn-A10-p13659996 A10 13,700,523 10.0 6.5 13.56–13.70 TRN
RT-C03-1 2 seq-new-rs49231 C03 4,066,558 7.0 4.6 4.00–4.18 TFW, SFW
RT-C03-2 3 seq-new-rs28219 C03 8,417,394 8.4 5.5 8.32–8.41 TSA, TRL, TRV
RT-C03-3 2 seq-new-rs39672 C03 21,177,143 10.0 6.5 20.85–21.30 TRN

RT-C03-4 11 seq-new-rs41373 C03 27,421,341 9.0 5.8 27.42–27.46 TRV, TSA, TFW, TRL, RFW,
SFW

RT-C06-1 2 seq-new-rs23016 C06 12,887,745 7.1 4.6 12.80–13.08 TDW, SDW

RT-C07-1 7 seq-new-rs46512 C07 35,123,112 20.4 12.8 35.12–35.17 RFW, TSA, TFW, TRL, SFW,
TRV, RDW

RT-C08-1 4 seq-new-rs29850 C08 21,323,655 5.7 4.5 21.23–21.32 TRV, TSA, TFW
RT-C09-1 5 seq-new-rs34959 C09 34,541,392 11.9 7.4 34.38–34.54 TSA, TRL, RFW, TFW, SFW

Since root and biomass traits have exhibited considerable and strong correlations,
several pleiotropic genetic loci were identified, including QTL clusters RT-A09-1, RT-A09-2,
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RT-A10-1, RT-C03-4, RT-C07-1, and RT-C09-1, which affected both root development and
aboveground biomass formation. In particular, the SNP seq-new-rs41996 in the QTL cluster
RT-A09-2 was associated with both BT and RMT (RFW, TFW, SFW, RDW, TRL, TSA, and
TRV), with the highest phenotypic contribution (R2) of 21.2% for RFW. Similarly, the SNP
seq-new-rs46512 loci were also detected as pleiotropic on RT-C07-1 for RFW, TSA, TFW,
TRL, SFW, TRV, and RDW, with the highest R2 of 20.4% for RFW (Table S1). After validation,
these identified loci simultaneously influencing root and shoot biomass traits could be
potential loci for marker-assisted breeding.

2.3. Differentially Expressed Genes (DEGs) between High and Low Nitrogen Efficient Group

According to further phenotypic investigation, root tissues of 10 lines with extremely
high SFW and 10 lines with extremely low SFW were selected as a high nitrogen-efficient
group (HN group) and low nitrogen-efficient group (LN group), respectively, at two devel-
opmental points, T1 (7 days after transplantation) and T2 (14 days after transplantation)
under both control and LN stress for RNA sequencing analysis (Figure 3A). Consequently,
24 libraries, including three biological replicates of the HN and LN groups under the low
nitrogen stress, and HNCK and LNCK groups under the control condition, at T1 and T2
time points were generated. The total, mapped, and unique mapped reads to the reference
B. napus genome are shown in Table S2. After filtering and trimming, the Illumina RNA-seq
analysis yielded 1,153,760,000 clean reads. The average guanine–cytosine (GC) content
was 46.97%, and all of the Phred quality scores (Q30) were above 94.35%. According to
the principal component analysis (PCA) and correlation analysis based on gene expression
levels, the correlation between individuals within the same groups was greater than the
correlation between individuals within different groups (Figure S1A,B), indicating that the
three biological repeats used in the experimental design were sufficiently accurate.
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Using a pairwise approach, we first identified the DEGs of the HN and LN groups at
T1 and T2 under control and LN stress, respectively, including HN/LN-T1 vs. HN/LN-T2
and HNCK/LNCK-T1 vs. HNCK/LNCK-T2. Then, the common DEGs under both control
and LN stress conditions were identified between these two categories (HN/LN-T1/T2
vs. HNCK/LNCK-T1/T2) (Figure 3B). The DEGs between these groups were determined
using a false discovery rate (FDR) ≤ 0.05, and an absolute value of |log2 (fold change)|
was used as the threshold. In HN/LN-T1 vs. HN/LN-T2, 644 DEGs were identified,
including 359 upregulated and 285 downregulated DEGs (Figure 3C). Similarly, in group
HNCK/LNCK-T1 vs. HNCK/LNCK-T2, 939 DEGs were identified (442 upregulated and
497 downregulated). Furthermore, 399 DEGs (222 upregulated and 177 downregulated)
were regarded as common DEGs for HN/LN/HNCK/LNCK-T1/T2 (Figure 3B,C). This
meant that there were 245 DEGs specific to the HN/LN group under the LN stress condition,
and 540 DEGs were specific under the control condition (Table S3).

Details of DEGs, their full names and FPKM values in each group, and corresponding
description information are presented in Table S3. A heatmap was constructed using
normalized FPKM values ranging from −1 to 1 to classify high/low N-specific DEGs based
on expression profile similarity and diversity (Figure S2). The heatmap clearly exhibited
the upregulated and downregulated clusters for the gene expression patterns of DEGs.
Furthermore, qRT-PCR for 12 DEGs in all of the samples was strikingly similar to the
RNA-Seq data, showing that the RNA-Seq data were accurate (Figure 3D).

2.4. Functional Classification of DEGs Involved in High and Low Nitrogen Efficiency

To further determine the functional significance of the DEGs in each group, gene
ontology (GO) classifications were performed. In total, 245 specific DEGs under the LN
stress condition, 540 specific DEGs under the control condition, and 399 common under
both conditions were significantly assigned to 174, 128, and 159 GO terms, respectively
(Table S4). Interestingly, all three groups of DEGs were enriched in different pathways. For
LN-stress-specific DEGs, significant GO terms in molecular function were chitinase activity,
chitin binding, medium-chain-(S)-2-hydroxy-acid oxidase activity, ATPase binding, and
nutrient reservoir activity; in the cellular component category were mitochondrial small
ribosomal subunit, signal recognition particle, and vacuolar proton-transporting V-type
ATPase activity; in the biological function category were chitin catabolic process, cell wall
macromolecule catabolic process and polysaccharide catabolic process, oxidative photo-
synthetic carbon pathway, maintenance of root meristem identity, and cellular response to
reactive oxygen species (Figure 4A).
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According to the GO classification of the specific DEGs under the control condi-
tion, significant terms of molecular function were glucan endo-1-4-beta-glucanase activity,
glucan endo-1-3-beta-glucanase activity, cyclase activity, and carbohydrate binding; the
over-represented terms in the cellular function category were cell wall, apoplast, fol-
lowed by peroxisome; in the biological function category, plant-type cell wall loosening,
branched-chain amino acid metabolic process, sesquiterpene biosynthetic process, cell
wall modification, negative regulation of cell division, reactive oxygen species metabolic
process, maintenance of root meristem identity, and glucose metabolic process were the
most over-represented terms (Figure 4B).

For the common DEGs under both LN stress and control conditions, the significant
GO terms of molecular function were thioredoxin-disulfide reductase activity, indole-3-
acetonitrile nitrile hydratase activity, followed by nitrilase activity; the over-represented
terms in the cellular function category were cytosol, cohesion complex, and glyoxysomal
membrane, while, in the biological function category, the significant GO terms were cellular
response to aluminum ion, removal of superoxide radicals followed by response to cold,
NADP metabolic process, glutamate metabolic process, root hair elongation, regulation of
cell shape, photosynthesis, nitrogen compound metabolic process, and cellular response to
gravity (Figure 4C).

By analyzing the common enrichment pathway of these three DEG groups of differen-
tial genes, it was found that 14 significant pathways composed of 35 DEGs were identified
as common pathways for HN/LN efficiency. Most of these pathways were related to
hydrogen-translocating pyrophosphatase activity (GO:0009678), acid phosphatase activity
(GO: 0003993), translation initiation factor activity (GO: 0003743), magnesium ion binding
(GO: 0000287), 3-isopropylmalate dehydrogenase activity (GO: 0003862), oxidoreductase
activity (GO: 0016702), chloroplast envelope (GO: 0009941), maintenance of root meristem
identity (GO: 0010078), cellular response to reactive oxygen species (GO: 0034614), fatty
acid alpha-oxidation (GO: 0001561), cellular response to aluminum ion (GO: 0071275),
(R)-2-hydroxy-alpha-linolenic acid biosynthetic process (GO: 1902609), and translational
initiation (GO: 0006413) (Table S4). Thus, the regulation of these genes might play an
important role in the N-efficient utilization in B. napus.

2.5. Gene Co-Expression Network Construction and Analysis (WGCNA)

In order to investigate the gene regulatory network during LN stress, WGCNA was
used to determine co-expression gene modules from 83,232 identified expressed genes
with p > 0.05. The dendrogram revealed a total of 17 modules based on gene correlations
(Figure 5A), and the relationships between modules and samples are depicted in Figure 5B.
In total, 48,385 genes were identified to be involved in these 17 modules, ranging from 46
in the “MEgrey” module to 18,376 in the “MEturquoise” module (Figure 5C). The MEpink,
MEsalmon, MEtan, MEmagenta, MEred, and MEcyan modules were highly correlated
with HN-T1, HN-T2, HNCK-T1, LN-T1, LN-T2, and LNCK-T1, respectively. MEgreen
modules were found to be highly correlated with HNCK-T2 and LNCK-T2. In addition, the
MEsalmon module showed a consistent correlation with all samples of the high nitrogen-
efficient group (HN-T1, HN-T2, HNCK-T1, and HNCK-T2). Likewise, the MEbrown
module revealed a high correlation with all samples of the low nitrogen-efficient group
(LN-T1, LN-T2, LNCK-T1, and LNCK-T2) (Figure 5B). The heatmaps revealed that the
genes contained within a single module were significantly expressed in samples that were
strongly correlated with the module (Figure S3).
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Figure 5. WGCNA of gene expression matrix. (A) Gene-based co-expression network analysis
dendrogram. (B) Module–sample association; each row represents a module labeled with the same
color as in (A), and each column represents a sample. (C) Overview of identified genes corresponds
to each module.

The GO and KEGG analysis suggested that the significantly enriched GO terms of
genes in the MEsalmon module were related to mRNA processing, meristem development,
NADPH-hemoprotein reductase activity, cytokinin biosynthetic process and response to
oxidative stress, NADH pyrophosphatase activity, and root hair elongation (Table S5).
Meanwhile, pyruvate metabolism, glycolysis, and oxidative phosphorylation pathways
were significantly enriched in the “MEsalmon” module by KEGG pathway enrichment anal-
ysis (Table S6). Furthermore, significant GO terms in the “MEbrown” module were mRNA
binding, gibberellin-mediated signaling pathway, cell communication, NAD metabolic
process, regulation of carbon utilization, NADP biosynthetic process, and regulation of
auxin-mediated signaling pathway (Table S5). The most enriched KEGG pathway in the
“MEbrown” module was RNA transport, nicotinate, and nicotinamide metabolism, lysine
biosynthesis, and N-Glycan biosynthesis aminoacyl-tRNA biosynthesis (Table S6). These
important pathways played a crucial role in the nitrogen metabolism and assimilation process.

2.6. Candidate Genes’ Prediction and Prioritization by Integrating GWAS, DEGs, and WGCNA

Genes within 300 kb upstream and downstream of significant lead SNPs associated
with each trait were revealed using the decay of the LD approach [37,38]. As a result, GWAS
results revealed a total of 1378 genes around each peak SNP from 14 QTL clusters within
the 300 kb region (up and down) (Table S7). The substantial and consistent correlation
of WGCNA genes with each module allowed us to explore four potential genes from
GWAS and WGCNA overlapped genes (Figure 6A,B). Among the four candidate genes,
two genes with high and consistent correlation to the MEsalmon and two with MEbrown
modules were highly expressed at all stages of the high nitrogen-efficient group and
low nitrogen-efficient group, respectively (Table 4). Furthermore, we identified 12 genes
simultaneously detected as common candidate genes by integrating GWAS and DEGs
(Table 4). Within these 16 genes, we identified some potential candidate genes related to
nitrogen use efficiency, nitrogen utilization, assimilation, and root growth and development.
These findings assessed the efficiency of an approach for screening candidate genes that
integrated GWAS, WGCNA, and differential expression analysis.
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3. Discussion

Nitrogen stress is a major limiting factor for crop production worldwide, and plant
RSA is of great significance in nutrient stress tolerance [39]. In recent years, the use of
RSA is predicted to result in a “second green revolution” in agriculture [13,40]. Different
phenotyping methodologies for early crops’ RSA screening were used, expecting that
genotypes with diverse root architecture at the seedling stage would respond similarly
at the adult stage when water and/or nutrients became limited for grain yield [12]. In
this study, we studied root and shoot behaviors at the seedling stage under N-limited
conditions in a modified hydroponics growth system, which was deemed a valid way to
examine root system changes compared to field conditions [41]. The significant variations
were observed for different root and biomass traits among the genotypes of the association
panel due to their diverse genetic background and wide geographical distributions. In
agreement with the previous studies [26,42], seedlings grown under LN conditions showed
reduced SFW and TFW but increased RSRF, SDW, and RSRD than seedlings grown under
control (CK) conditions. This finding shows that N-deficient plants transport more carbon
in order to promote root development and, hence, mine the substrate for more nitrogen [12].
Greater TRL, TRV, TSA, and TRN indicate an increased ability to acquire more N from the
nutrient solution. Under control and low-N conditions, the broad-sense heritability of the
examined traits was moderate to high (0.55–0.72) and (0.53–0.66), respectively (Table 2),
indicating that these root and biomass parameters are more genetically governed and,
thus, more responsive to genetic improvement. Similar findings were reported by other
researchers [26,43].

Correlations between root and biomass traits demonstrate the balance of root and shoot
organs and resource partitioning between above- and below-ground plant tissues [44]. In
the present study, a high correlation between shoot and root weights observed might
be due to the supply of nutrients from roots to the shoot parts, as reported in rape-
seed [25,26,30,43,45]. Furthermore, the strong correlation between root and biomass traits
aids in successful soil exploration by intercepting nutrients and communicating stress
signals [46]. Understanding the mechanisms underlying root-related traits in crops may
be an effective strategy for developing high-quality root cultivars via marker-assisted
selection [41]. Based on GWAS results, 81 trait–SNP associations (51 significant and 30 sug-
gestive) were identified that were integrated into 14 valid QTL clusters (Table 3, Table S1).
This revealed the complex genetic control of root and biomass traits at an early stage of crop
growth. In addition, some pleiotropic QTLs were found (Table S1), revealing that different
traits from specific QTLs may be addressed separately to increase RSA in rapeseed [47].

Transcriptome analysis is a robust approach that helps the identification of differen-
tially expressed genes with their expression level and regulatory mechanisms [48]. The
present study identified 245 and 540 DEGs specific to HN/LN and HNCK/LNCK, respec-
tively, while 399 DEGs were considered common DEGs for HN/LN/HNCK/LNCK-T1T2
(Table S3, Figure 3B). DEGs associated with significant GO terms might have a critical role in
root growth and nitrogen efficiency/stress tolerance. For example, BnaC02G0384400ZS (At-
GLO4) associated with GO-term medium-chain-(S)-2-hydroxy-acid oxidase activity has been
reported to play a crucial role in carbon and nitrogen metabolism [49]. BnaC06G0457600ZS (At-
GLYK), corresponding to the oxidative photosynthetic carbon pathway, has been recently
reported to regulate nitrogen assimilation [50]. Similarly, BnaC02G0071500ZS (AtNLA),
associated with GO term glucan endo-1-4-beta-glucanase activity, has been reported to
play a key role in nitrogen remobilization and promote root elongation under nitrogen
stress [51,52]. BnaC02G0065900ZS (AtGMII), associated with carbohydrate binding, has
been reported to play a key role in root growth and development [53]. These findings
indicate that DEGs encoding several metabolic, regulatory, signaling, and structural pro-
teins involved in arginine and proline metabolism, galactose metabolism, and tryptophan
metabolism may be primarily responsible for the differences in nitrogen use efficiency
between these groups [54].
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The integration of GWAS, WGCNA, and differential expression analysis has already
been used to identify candidate genes in many crops [55]. We identified 12 and 4 candidate
genes related to root growth and nitrogen stress by integrating GWAS, WGCNA, and
DEGs. For example, BnaA09g04260D, a major hub gene in the MEsalmon module and
located in the region of the QTL cluster qcA09-1, encodes a major facilitator superfam-
ily protein, whose homologous AtSTP13 had a potential role in root growth responses
and nitrogen uptake under nitrogen-starved conditions [56–58]. Another hub gene in the
MEsalmon module and the qcA09-1 region, BnaA09g05270D, has been reported to have a
crucial role in regulating root gravitropism and elongation against various environmen-
tal stresses [59,60]. An overlapped candidate gene between the MEbrown module and
qcA09-2, BnaA09g08440D, a member of the NPY gene family (AtNPY1), had a crucial role
in root gravitropism in A.thaliana [61]. Four potential candidate genes out of twelve were
identified through the integration of GWAS, and DEGs have been reported to function as
central regulators in root development and nitrogen stress. BnaA10g16560D (AtGSR2),
encoding glutamine synthetase, has been reported to function in nitrogen assimilation, and
thus improve nitrogen use efficiency [62,63]. BnaA10g19550D (AtLAZY1/AtANR1), an
important candidate gene identified in RT-A10-2, has a crucial role in root gravitropism and
nitrate regulation of root development [64,65]. BnaA10g19700D (AtXTH5) encoding en-
doxyloglucan transferase has been reported to regulate root cap during nitrogen stress [66].
Another important gene, BnaC07g30400D (AtSLAH3), plays a potential role in nitrogen
uptake and assimilation during nitrogen-deprived conditions [67–69].

The aforementioned results revealed that these candidate genes played an important
role in root growth and nitrogen utilization efficiency. A better understanding of nitrogen
stress tolerance and root growth was acquired by identifying potential associated SNPs and
promising candidate genes of nitrogen stress tolerance, which will serve a crucial role in
the elite’s rapeseed breeding programs. However, further research based on these putative
candidate genes will comprehensively elucidate the significance of these genes in rapeseed
NUE, root development, and growth.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Based on the Rapeseed Research Network in China, 327 B. napus lines were used in
this study, including 191 semi-winter (population 1; P1), 34 winter (P2), and 102 spring
accessions (P3). A total of 327 rapeseed germplasm accessions were studied, with 222 from
China’s Yangtze River, 52 from other places/unknown origins, 23 from northwestern China,
16 from Europe, and 14 from Australia. All the accessions were strictly self-crossed.

The root-related traits of 327 B. napus accessions were evaluated using the previously
described hydroponic setup [41]. After two days in the dark on the medical gauze of the
germination device, uniform and robust rapeseed seeds were exposed to light (180 µmol
photons m−2s−1) and grew for four days in a greenhouse (60–80 percent relative humidity)
under 16/8 h day/night cycles at 24 ◦C [70]. The Hoagland’s solution (the concentration
of N was 15 Mm; control treatment) was composed of: 5 mM Ca (NO3)2·4 H2O, 5 mM
KNO3, 2 mM MgSO4 ·7H2O, 1mM KH2PO4, 0.05 mM EDTA-Fe, 46 µM H3BO3, 9.14 µM
MnCl2·4H2O, 0.77 µM ZnSO4·7H2O, 0.37 µM NaMoO4·2H2O, and 0.32 µM CuSO4·5H2O.
Six days after planting, seedlings were shifted to a growth device containing a quarter of
Hoagland’s solution (two treatments, control and LN), as described by [43]. Each basin had
30 seedlings of five different lines (five seedlings for each line). Once a week, the nutrient
solution was replaced. Each week, the 1/4 solution was changed to a 1/2 solution, and then
100% solution until harvesting. The N content was decreased to 0.5 mM for LN treatment by
lowering KNO3 and replacing Ca(NO3)2 with CaCl2. A completely randomized design was
applied to three independent hydroponic culture trials conducted at Oil Crops Research
Institute, Chinese Academy of Agricultural Sciences-Wuhan, China.
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4.2. Phenotypic Investigation

Three plants from each genotype were collected during harvest, and each plant was
divided into root and shoot sections. Five root morphology traits (RMT) viz. total root
length (TRL), total root surface area (TSA), total root volume (TRV), and total root number
(TRN) were captured through images using a scanner (EPSON V700, Japan) and further
analyzed by WinRHIZO software (Pro 2012b, Canada), while primary root length (PRL)
was measured manually using a ruler. Eight biomass-related traits (BT), including root
fresh weight (RFW) and shoot fresh weight (SFW), were measured manually by using a
weighing balance. Root dry weight (RDW) and shoot dry weight (SDW) were measured
after oven drying at 80 ◦C until a consistent weight was reached. Total dry weight (TDW)
and total fresh weight (TFW) were estimated as SDW + RDW and SFW + RFW, respectively.
The ratio of root-to-shoot fresh weight (RSRF) and ratio of root-to-shoot dry weight (RSRD)
were measured as the ratio between RFW and SFW and ratio between RDW and SDW,
respectively.

4.3. Statistical Analysis

Statistical analysis was conducted using BLUE values for 13 traits studied under
nitrogen stress across three trials. Statistically significant differences between treatments
were estimated using a paired samples t-test, with α = 0.05 as a significant threshold. Basic
statistics and broad-sense heritability were calculated using QTL Ici mapping 4.2 [36,71].
The “PerformanceAnalytics” package in R software was used to calculate Pearson correla-
tion at a significance level of (p < 0.05). The response of each trait to LN was represented by
the increase or decrease of LN relative to CK, calculated as (LN-CK)/LN × 100%.

4.4. Association Analysis

Using the new B. napus 50 K Illumina Infinium SNP array, 327 B. napus lines were geno-
typed. After filtering, there were 20,131 SNP markers for further investigation [25]. The
trait–SNP association was investigated utilizing Best Linear Unbiased Estimates (BLUE) val-
ues of three LN trials via Tassel 5.0 software using a mixed linear model (MLM) with (Q + K)
matrix [72]. To find marker–trait associations, an arbitrary cutoff value of 1/20,131 SNPs
(−log 10 (p) = 4.30) was used. The Manhattan and Quantile–Quantile (Q-Q) plots were gen-
erated using the qqman and ggplot2 tools, respectively [73,74]. The four-gamete criterion
was used to identify marker haplotypes at each linked locus using Haploview software [75].

4.5. Candidate Gene Prediction

The complete gene list in the QTL cluster region was scanned using the B. napus
“Darmor” reference genome information [76]. Potential candidate genes for nitrogen
efficiency/LN nitrogen tolerance were identified using gene ontology (GO terms) from the
TAIR website and gene functions recovered from prior studies [76].

4.6. Transcriptome Sequencing and Analysis

Based on the differences in SFW, 20 accessions (S5, S39, S46, S49, S64, S78, S118, S129,
S140, S170, S189, S226, S251, S275, S283, S289, S291, S303, S313, and S324) with extremely
high and 20 accessions (S18, S32, S90, S104, S106, S124, S145, S149, S161, S176, S193, S197,
S205, S237, S252, S256, S265, S272, and S326) with extremely low SFW were selected from
the association panel. The phenotypic values divided these accessions mainly into high
nitrogen efficiency (HN) and low nitrogen efficiency (LN). These accessions were grown
hydroponically under control and LN treatment conditions, and the same protocol of
Hoagland’s solution was applied for the transcriptome experiment as described above.
Samples were collected at two time points, 7 and 14 days after transplanting (T1 and T2).

Total RNA was extracted from root tissue of high-N and low-N efficiency accessions.
Then, equal amounts of total RNA from 20 high-N and 20 low-N efficiency accessions
were separately pooled. Three biological replicates, each obtained from three independent
plants, were collected for RNA sequencing (RNA-seq) for each sample.
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Twenty-four RNA-seq libraries (one tissue× two groups× two treatments× two-time
points × three biological replicates per sample) were prepared for total RNA extraction
with IRIzol reagent (Invitrogen, USA). An Illumina HiseqTM 2500 platform was used by
Oebiotech Company in Shanghai, China, to construct sequencing libraries and conduct
Illumina sequencing. Raw readings with 150 paired-end base pairs (bp) were filtered and
aligned [77].

The clean reads were mapped using HISAT v2.0.4 and the B. napus ZS11 refer-
ence genome (https://www.genoscope.cns.fr/brassicanapus/data/, accessed on 22 April
2022) [76]. The WGCNA was conducted using the WGCNA package in R [78]. The “DESeq”
R package was utilized to identify DEGs using ≤ 0.05 for the false discovery rate (FDR)
and |log2 ratio| ≥ 1 as criteria.

4.7. Validation of DEGs by Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Twelve differentially expressed candidate genes were assessed by qRT-PCR to measure
the reliability of the RNA-seq data, as previously described [79]. The primer sequences are
presented in Table S8. The SYBR qPCR Master Mix (Vazyme) was used with the CFX96 for
qRT-PCR analysis (BIO-RAD). Each sample was subjected to three technical replications.
The 2−∆∆CT method was utilized to determine the relative expression of target genes using
B. napus ACTIN2 as an internal control. [80].
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Abstract: Lotus (Nelumbo nucifera), under the Nelumbonaceae family, is one of the relict plants
possessing important scientific research and economic values. Because of this, much attention has
been paid to this species on both its biology and breeding among the scientific community. In the
last decade, the genome of lotus has been sequenced, and several high-quality genome assemblies
are available, which have significantly facilitated functional genomics studies in lotus. Meanwhile,
re-sequencing of the natural and genetic populations along with different levels of omics studies
have not only helped to classify the germplasm resources but also to identify the domestication of
selected regions and genes controlling different horticultural traits. This review summarizes the latest
progress of all these studies on lotus and discusses their potential application in lotus breeding.

Keywords: lotus; genome; variant; germplasm; breeding; omics

1. Introduction

Food shortage has become a rising challenge with the increase of the world’s popu-
lation and decrease of natural resources. It is incredibly significant to breed crops with
high yields, of good quality, and high-stress resistance to ascertain food security since
crops provide a staple food supply for the world. To achieve this, it is necessary to ob-
tain a deeper understanding of the crops’ genetic background, especially their genome
information. Since the first flower plant, Arabidopsis thaliana genome was sequenced in
2000 [1], more and more plant whole genomes have been sequenced and deposited in
databases, which are available to the public [2], including Nelumbo genome database
(http://nelumbo.biocloud.net/nelumbo/home) [3]. Third-generation sequencing, which
can produce long sequence read, has shown its advantages over next-generation sequencing
(NGS) in generating high continuity reference genome assemblies [4].

Genomics is the cornerstone of breeding, and studies based on whole-genome sequenc-
ing and genome-wide association study have greatly driven forward genomics-assisted
breeding in many crops [5,6]. Cloning and functional analysis of genes associated with im-
portant agronomic traits in rice (Oryza Sativa), soybean (Glycine max), and tomato (Solanum
lycopersicum) have also demonstrated that high-quality genomes are prerequisite to clarify
variations in each species [7–11]. However, population genetic analysis relied on a sin-
gle reference genome that lost variant information, especially in the highly polymorphic
region. Pan-genome contains the totality of genome sequence information of the target
species and covers more comprehensive variant information. Pan-genomes have been
constructed in many plants, such as rice, maize, brassica, and soybean, and applied to iden-
tify causal genes [12–15]. Pan-genome or graph pan-genome is obtaining new references
along with the upgrading of sequencing. The information on genome maps, domestication,
improvement-related genes, and regulation pathway promotes the understanding of plant
evolution and accelerate breeding [15].

Lotus is one of the relict plants retaining the original morphology of its ancestors,
as well as Ginkgo biloba, Liriodendron, and Metasequoia glyptostroboides. It belongs to the
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Nelumbo genus of the Nelumbonaceae family, which includes two species, namely Asian
lotus (Nelumbo nucifera Gaertn.) and American lotus (Nelumbo lutea Pear.). The two species
are named for their different geographical distributions. Asian lotus is mainly distributed
in Asia and the north of Oceania, while American lotus is distributed in North America
and South America. The plant morphology differs between them. Asian lotus is a tall
plant, with oval leaves and seeds, and red or white flower colors, whereas American lotus
is a short plant, nearly round and with dark green leaves, spherical seeds, and yellow
flowers [16]. There is no strict reproductive isolation between them, and the life cycles
are similar at about five months. Asian lotus is commonly called lotus and has more than
3000 years of cultivation history as a horticultural crop [17]. Lotus seeds and rhizomes have
rich nutritional value and unique health-care function. Lotus seeds contain starch, proteins,
amino acids, polysaccharides, polyphenols, alkaloids, and mineral elements. Lotus rhizome
has a high vitamin C content. During the long period of domestication and artificial
selection, about 4500 lotus cultivars have been obtained up till the present [18]. These
cultivars have been planted to produce edible vegetables, snacks, beverages, restorative
materials, and ornamental flowers, which impact human life and economic development.
The lotus industry is also important for rural revitalization in the Yangtze River, Pearl
River, and Huang Huai river basins. The cultivated lotus is generally divided into rhizome
lotus, seed lotus, and flower lotus based on their different usage. The notable feature of the
rhizome lotus is the enlarged rhizome but with few flowers. It can be divided into power
and crisp type according to the taste of the rhizome. Different varieties were bred to meet
the taste of the different regions of people or for further usage. The main breeding goal
of rhizome lotus is to improve the yield and quality of the rhizome. Seed lotus is mainly
for lotus seed production, with high yield, good quality, and disease resistance being the
breeding goals. Flower lotus is preferred for ornamental use, and it has distinct flower colors
and shapes. During long cultivation, ornamental lotus with different flower morphologies
were obtained, including few-petaled, double-petaled, petaloidy, and thousand-petalled
flowers. Red, pink, yellow, and white are the main flower colors. Currently, the breeding
objective is mainly aimed at flower shape and color, yield or quality of lotus seed and
rhizome, and wide adaptability.

As a basal eudicot species, lotus plays an essential role in studying plant evolution and
phylogeny. It is adapted to the aquatic environment, while its relatives are shrubs or trees
living on land. Water lily lies at the phylogenetic position of the base angiosperm and has
similar living conditions and flowers. However, its genomes are vastly different [19]. Lotus
has unique features such as water-repellent self-cleaning function, multi-seed production,
and flower thermogenesis, which may relate to flower protogyny or provide a warm
environment for pollination [16]. Because of its importance in plant phylogeny and wide
application, lotus has gained increasing attention from the scientific community. Since
the release of the first version of two lotus reference genomes [20,21], genome-based
investigations have been conducted continuously. Subsequently, the high-resolution genetic
map and BioNano optical map were applied to improve the accuracy and assembly of the
lotus genome [22]. A hybrid assembly was completed using PacBio sequencing data and
previously published short reads [23]. High-quality genome assembly of “Taikonglian NO.
3” and American lotus genome were also recently generated [24,25]. High-throughput
re-sequencing of different lotus cultivars has been utilized to identify numerous molecular
markers, promoting marker-assisted selection. Moreover, “omics” approaches such as
transcriptomics, proteomics, and metabolomics were applied in elucidating molecular
regulatory networks of yield, quality, and response to stress in lotus. Here, we briefly
review the latest progress of studies on the lotus genome, and how genome information
could be used in lotus breeding. Meanwhile, the existing challenge and potential prospects
are also discussed.
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2. Sequencing, Assembly and Annotation of Lotus Genome

Lotus occupies a crucial phylogenetic position in flowering plants. The high-quality
reference genome of lotus plays a vital role in studying the origin of eudicot and lotus
molecular breeding. In the last decade, some lotus varieties were sequenced by different
platforms, which resulted in a different version of the genome assembly and annotation
(Table 1). Based on NGS, a wild lotus, “China antique (CA)”, was successfully sequenced
and assembled [20]. The total sequenced genome length of “CA” is 804 Mb, of which
543.4 Mb (67.6%) were anchored to nine megascaffolds. The contig N50 was 38.8 Kb and the
scaffold N50 was 3.4 Mb. The heterozygosity of “CA” genome is 0.03%, and the repetitive
sequence is about 57%. A total of 26,685 protein-coding genes were predicted, with the
average length of a gene being 6561 bp. Simultaneously, another wild strain of lotus,
“Chinese Taizi” was assembled through NGS technology. The final assembled genome
size is 792 Mb with the contig N50 39.3 Kb and scaffold N50 986.5 Kb [21]. The length of
transposable elements is 392 Mb (49.48%), and 36,385 protein-coding genes were annotated.
One WGD event -λ in lotus instead of the paleo-hexaploid arrangement (γ WGD) event
that occurred in core eudicots was predicted [20,21]. These two genomes were further
anchored to eight pseudo-chromosomes by constructing a higher resolution genetic map
and physical maps [22].

Table 1. Comparison of assembled lotus genomes.

Items Year Sequencing
Technology

Final Assembly
(Mb) Contig N50 Number of

Genes
Repeat

Sequences Ref.

China Antique v1.0 2013 Illumina, 454 804 38.8 Kb 26685 57% [20]
Taizi 2013 Illumina Hiseq2000 792 39.3 Kb 40348 49.48% (TEs) [21]

China Antique v2.0 2020 Pacbio Sequel, Illumina 821.2 484.3 Kb 32124 58.50% [23]
Taikonglian NO.3 2022 Nanopore 807 5.1 Mb 28274 63.11% [24]

American lotus 2022 Pacbio RSII, Hi-C 843 1.34 Mb 31382 81.00% [25]

With the advent of a new sequencing platform, the genome of “CA” was re-assembled
using 11.9 Gb long-read data from PacBio Sequel, and 94.2 Gb previously sequenced
short-read data [23]. The new assembly of “CA” is 807.6 Mb with the contig N50 being
484.3 Kb, which has significantly increased the quality of the genome. The ratio of repetitive
sequence (58.5%) was similar to the first version. Moreover, a cultivated lotus, “Taikonglian
NO. 3”, was also assembled using the Oxford Nanopore sequencing platform (57.9 Gb raw
data) with the contig N50 being 5.1 Mb, and eight chromosomes were anchored based on
high-throughput chromatin conformation capture (Hi-C) data [24]. Another lotus species,
American lotus, was recently assembled using PacBio RSII (74.6 Gb raw data) and Hi-C
(50.32 Gb raw data), and the total length is 843 Mb while contig N50 is 1.34 Mb [25]. These
data demonstrate that long-read sequencing technology has greatly improved the quality
of the lotus genome. The successful assembly of the genome in Asian lotus, including
wild and cultivar varieties, and American lotus will assist the investigation of functional
genomics as well as molecular breeding in lotus.

3. Study on the Potential Adaptive Evolution and Domestication of Lotus

The availability of lotus reference genome information has facilitated the resequencing
of different lotus germplasms. Several studies were conducted on how the lotus genome
was subjected to adaptive evolution and artificial selection. Although it is known that
there are only two species of lotus, namely Asian lotus and American lotus, except for the
difference in flower color, their plant architecture and morphology are very similar. Based
on molecular phylogeny analysis, significant genetic differentiation between American
and Asian lotus was verified [25–28]. De-novo deep sequencing of the American lotus
showed that its genome size is 843 Mb, and an approximate 81% repeat sequence was
identified (Table 1), which is larger than the genome of Asian lotus. It is interesting to
investigate the dramatic difference in repeat sequence between them because most protein-
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coding genes show a one-to-one synteny pattern. A total of 29,533 structure variations
(SVs) were detected between two lotus species, with the SV-associated genes overexpressed
in ‘regulation of mitotic cell cycle’, and ‘protein transporter activity’ [25]. Meanwhile,
this study also showed that the selection on an MYB gene might contribute to the color
difference between Asian and American lotus [25]. It is still an open question about when
the two species diverged during the evolution and how they could keep high similarity in
the independent geographical evolution. The wild lotus is distributed widely worldwide
and maintains higher genomic diversity than cultivated lotus. Tropical and temperate
lotus are the two ecotypes of Asian lotus. The comparison of the genome of these two
ecotypes showed that a total of 453 genes were subjected to selection, including cyp714a
genes that may relate to rhizome morphogenesis and a 10-Mb region in chromosome 1 that
might play key roles in environmental adaption; including a homolog gene of at5g2394
in Arabidopsis encoding an acyltransferase protein [24]. By comparing their expressional
patterns, the genes encoding granule-bound starch synthases, storage organ development,
COSTAN-like gene family, vernalization, as well as cold response genes may relate to
ecotypic differentiation [26].

It is very important to know the genetic backgrounds of parental lines in breeding.
The origin, classification, and evolution of cultivated lotus were investigated through
population re-sequence analysis. A total of 18 lotus accessions, including categories of
American, seed, rhizome, flower, wild, and Thai lotus, were re-sequenced, based on which
phylogenetic tree was constructed. The results indicated that the rhizome lotus had a closer
relationship with wild lotus. In contrast, seed and flower lotus were admixed [26], which
could be supported by re-sequencing of an enlarged population containing 296 accessions of
different germplasm (58 wild, 163 rhizome, 39 flower, 32 seed lotus varieties) [28]. Further
re-sequencing of 69 lotus accessions showed that flower lotus might mix with rhizome
or seed lotus [27]. All studies showed a low genetic variation in rhizome lotus, while
higher genetic diversity in seed lotus. The origin of different subgroups is controversial,
which is possible because the same accession of lotus has other names which were then
divided into different subgroups by various people. Based on this genomic diversity,
the potential domestication signals of cultivar subgroups could be speculated because
the selected genomic regions had lower nucleotide diversity. When subgroups of seed,
rhizome, and flower lotus were compared with wild lotus subgroup, a total of 1214, 95,
and 37 artificially selected regions containing 2176, 77, and 24 genes were identified in
seed, rhizome, and flower lotus, respectively [27]. Several of these selected genes were
involved in key developmental processes associated with different organs. For example, a
SUPER-MAN like gene affecting seed weight and size and a legumin A-like gene involved in
storage protein synthesis were identified in the subgroup of seed lotus, while an expansin-A
13-like gene was identified in the subgroup of rhizome lotus [27]. These specifically selected
genes controlling agronomic traits in different subgroups are also possible targets for lotus
breeding. Meanwhile, different types of molecular markers have been developed, which
may further facilitate the clarification of the relationship between different subgroups and
maker-assisted breeding of new lotus varieties [29–38].

4. Identification of Genes with Potential Application in Lotus Breeding

As the largest aquatic vegetable in China, lotus is mainly bred through traditional
cross-breeding and physical and chemical mutation as supplementation, based on which
thousands of varieties have been obtained [39]. However, the selection of high-quality
varieties was mainly based on the breeders’ experience, because the mechanisms underlying
each economic trait remained unclear. With the development of genomics and molecular
genetics of the lotus, genome-based breeding is gradually becoming an effective method
for lotus. Causal genes regulating essential traits, such as flower color and shape, rhizome
yield, and seed quality, have been widely studied.

Flower color, shape, and flowering time are important traits that determine the or-
namental value of lotus. There are three different colors in lotus, red and white in Asian
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lotus and yellow in American lotus. The red color in Asian lotus is determined by the
contents of anthocyanin [40,41], which is controlled by key enzyme encoding genes, and
their regulating transcription factors (TFs) such as MYB, basic-Helix-Loop-Helix (bHLH),
WD40 in its biosynthetic pathway. Among all the enzyme encoding genes in this pathway,
NnANS and NnUFGT seem to be the decisive two genes [42,43]. Several TFs including 5
MYB, 2 bHLH, and one WD-repeat genes, may be involved in the regulation of anthocyanin
biosynthesis in lotus based on a transcriptome analysis [43]. Among them, a bHLH gene
NnTT8 was verified to regulate anthocyanin biosynthesis [44], whereas the yellow color
of American lotus is determined by carotenoid, and no anthocyanin was detected [25,45].
Further analysis indicated that the difference in the coding region between NnMYB5 (Gen-
bank accession, KU198697) and NlMYB5 (Genbank accession, KU198698) is the main reason
for the different colors in the two species. Flower morphology is another factor that de-
termines the ornamental value of lotus. Flower development is controlled by intricate
gene-regulatory networks, and many vital genes that control flowering time have been
identified in flowering plant species. However, the molecular regulation mechanism has
not been well characterized in lotus. Comparative transcriptomic analysis of different
bud development stages in temperate and tropical lotus identified 147 lotus flowering-
time associated genes that participate in photoperiod, gibberellic acid and vernalization
pathways [46]. The MADS-box TFs are widely involved in plant growth and develop-
ment. A total of 44 MADS-box genes were identified in lotus, and based on the selected
candidates, NnMADS14 (SEPALLATA3 (SEP3) homolog gene) was identified to be related
to floral organogenesis in lotus [47]. Lotus possesses distinct types of flower morphol-
ogy, and the floral organ petaloid phenomenon is universal. Comparative transcriptomic
analysis identified many hormonal signal transduction pathway genes and MADS-box
genes; AGAMOUS(AG) was predicted as the candidate which was gene related to carpel
petaloidy [48,49]. Genome-wide DNA methylation analysis showed that different flower
organs exhibited different methylation levels, while plant U-box (PUB33) homolog gene
might play crucial roles in the stamen petaloid [50]. Furthermore, NnFTIP1 was proven to
interact with NnFT1 and regulate the flowering time in lotus [51].

The rhizome is the main edible part of lotus. It is important to explore the mechanisms
underlying rhizome formation and expansion in rhizome lotus breeding. Comparative tran-
scriptomic and proteomic analyses focusing on rhizome development have been conducted
to dig out the key genes and pathways critical for the crucial physiological process [52–54].
Furthermore, re-sequencing of the natural and genetic F2 populations has also identified
several genetic regions and candidate genes that might be involved in lotus rhizome enlarge-
ment [55]. A systematic analysis was conducted on one candidate gene CONSTANS-LIKE 5
(COL5). Functional analysis in the potato system indicated that NnCOL5 might be positively
associated with rhizome enlargement by regulating the expression of CO-FT genes and
the GA signaling pathway [56]. In addition, one SNP was identified in another candidate
gene NnADAP of AP2 subfamily, which is closely associated with rhizome enlargement
phenotype and the soluble sugar content [57]. There is a big difference between temperate
and tropical lotus, especially the rhizome’s morphology. Many genes were highly differenti-
ated between them, such as APL homologs and granule-bound starch synthases genes [26].
Temperate lotus is distributed at 20◦ north latitude and shows a significant annual growth
cycle, whereas tropical lotus is distributed south of 17◦ north latitude and exhibits perennial
growth. Asian wild lotus can be further divided into temperate, subtropical, and tropical
types and is distributed in northeast China, the Yangtze River and Pearl River Basin, Thai-
land and India [27]. Different lotus groups are subject to different selection pressure, such
as light, temperature, UV, and soil types. The genes underlying selection were discussed by
integrating population genetics and omics data. Several genes related to photosynthesis
and DNA repair were selected, such as NAD + ADP ribosyltranferase, 8-oxoguanine-DNA
glycosylase 1 and DNA polymerase epsilon subunit B2. The vacuolar iron transporter (VIT)
family gene, nodulin-like 21 gene encoding vacuolar iron transporter, may be related to
metal ion metabolism [24]. The homolog gene of Arabidopsis VIN3 in lotus was predicted to
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be related to flowering time and dormancy, with higher expression in temperate lotus than
in tropical lotus [26].

Lotus seeds are rich in nutrients and functional compounds such as alkaloids, flavonoids,
and polyphenols [58,59]. They are consumed “as both food and medicine” [60]. It is essential
to increase the yield and nutrition of lotus seed. The main factors determining lotus seed
yield are the seed size and the number of lotus seeds per seedpod. Transcriptome analysis
on the cotyledon of “CA” and “Jianxuan-17 (JX-17)” seeds at different developmental stages
identified 8437 differentially expressed genes (DEGs). Many DEGs are involved in the
brassinosteroid biosynthesis pathway, and further analysis predicted two AGPase genes as
candidate genes affecting lotus seed yield [61]. It seems that phytohormones are involved in
lotus seed development. A combination of metabolomic and proteomic methods revealed
that 15 DAP (Day After Pollination) was a switch time point from the physiological active to
the nutrition accumulation stage [62]. Starch is the primary nutritional component in mature
lotus seed [63]. Its contents and the proportion of amylose and amylopectin could largely
determine the nutritional value and taste of lotus cotyledon, respectively. ADP-glucose
pyrophosphorylase (AGPase) plays an important role in regulating starch biosynthesis.
The evolution of AGPase genes experienced a purification selection, and NnAGPL2a and
NnAGPS1a were the candidate genes related to starch content [64]. Starch branching
enzyme (SBE) genes are key regulatory genes during starch synthesis, and NnSBEI and
NnSBEIII were identified as related to the chain length of amylopectin in lotus [65]. In
addition, comparative metabolomics between wild germplasm “CA” and domesticated
cultivar “JX-17” indicated that the seed yield and the content of metabolites showed trade-
offs [66]. For nutritional and medicinal values of lotus seed, the metabolomics-assisted
strategy might be applied in lotus breeding in the future [67]. Seed dormancy is one of
the domestication traits. The classical stay-green G gene controlling seed dormancy was
cloned in domestication and as improvement genes in soybean, rice, and tomato. G gene
interacts with NCEDS and SPY and in turn, regulates abscisic acid (ABA) synthesis [68].
NnDREB1 and NnPER1 were identified from lotus and may be involved in the ABA signal
transduction pathway and then modulate longevity and dormancy [69].

Except for the above breeding objectives, there are other diversified breeding objectives,
such as resistance to submerging and high antioxidant content. Lotus has evolved novel
features to adapt to aquatic lifestyle. Many putative copper-dependent proteins, especially
COG2132 gene family, expand in lotus and form a separate phylogenetic clade having
functions distinct from Arabidopsis [20]. Research has shown that although lotus grows in
water, it is actually “afraid” of water. A time-course submergence experiment and RNA-seq
analysis showed lotus has a low tolerance to complete submergence stress, and took two
major strategies to cope with submergence stress in different stages. In the early stage
(3~6 h) it initiates a low oxygen “escape” strategy (LOES), with the rapid accumulation of
ethylene, rapid elongation of petioles, and significantly increases the density of aerenchyma
and ERF-VII genes while lotus innate immunity genes become elevated; In the later stage
(24~120 h), it starts a “breath holding” mode to limit its anaerobic respiration to the lowest
level [70]. Flooding is serious abiotic stress affecting plant growth and can be classified
into waterlogging and submergence. During the rainy season, the lotus is vulnerable to
submergence. It is necessary to cultivate lotus varieties that are resistant to flooding to
promote economic value.

WRKY TFs play key roles in modulating plant biotic and abiotic stress response and
secondary metabolic regulations. A total of 65 WRKY genes were identified in lotus, and
they were regulated by salicylic acid (SA) and jasmonic acid (JA), of which NnWRKY40a
and NnWRKY40b were significantly induced by JA and promoted benzylisoquinoline
alkaloid (BIA) biosynthesis [71]. Lotus predominantly accumulates BIA, and the leaf and
embryo have different alkaloid components that may be caused by two cluster CYP80
genes synthetic bis-BIAs, and aporphine-type BIAs, respectively. Five TFs (3 MYBs, one
ethylene-response factor, and one bHLH) were identified as the regulator involved in the
BIA biosynthetic pathway in lotus [72].
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5. Conclusions and Perspective

The new varieties of lotus with high yield, wide adaptability, and stress resistance play
a vital role in improving the economic value of this important horticulture crop. The vari-
ations identification, functional gene cloning, and metabolites alterations among diverse
germplasm resources were investigated in the past decades, driven by the progressively
improved genome information which could facilitate breeding practices in lotus (Figure 1).
However, a high-quality reference genome is the limiting factor that will affect the molecu-
lar breeding process. Improvement of the lotus reference genome will be a requisite in the
future, directly affecting the accuracy of molecular markers and the efficiency of cloning
functional genes. Gapless reference genomes and pan-genomes have become the new
reference, based on which plentiful information of genomes such as open chromatin and
more variant information can be explored. With the explosive growth of large-omics data,
deep learning can be used to mine biological information and decipher gene regulation
networks. Moreover, a sound genetic transformation system has not yet been well estab-
lished in lotus, which still restricts the validation of gene function and genome-based gene
editing, further hindering breeding strategies. Few studies on epigenomics, such as histone
marks, accessible chromatin regions, and genomic interactions, have been conducted and
are needed in future. Based on these investigations, collection of wild lotus germplasm
and classification of both wild and cultivated germplasm, analysis of domestication, and
identification of molecular markers and genes closely linked to important agronomic traits,
should be systematically conducted in the coming years. Combining these and developing
multiple breeding targets will speed up the breeding efficiency in lotus.
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