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Abstract
Background: pre-harvest sprouting (PHS) is a signi�cant cause of yield loss in cereal crops, and is an important topic of study
for the improvement of wheat quality. Many studies have focused on PHS in wheat during the last 10 years, especially on the
involvement of abscisic acid (ABA) in PHS, however, a lot remained unknown about this topic.

Results: In this study, a PHS resistant line was isolated from an ethylmethane sulfonate (EMS) mutant population derived
from the wheat cultivar ‘Long 13-3778’, namely ‘LQ18’. The mutant line LQ18 showed highly signi�cant resistance to PHS
compared with the wild-type. Transcriptome sequencing was conducted to determine the differences between the LQ18
mutant and the wild-type at the level of gene expression. The results showed no conclusive evidence that the ABA biosynthesis
and signaling pathways contribute to the differences in PHS between the mutant and the wild-type, and some genes and their
alleles associated with PHS tolerance showed differential expression between the mutant and wild-type lines. The most
interesting result of this study was that the expression levels of the chitinase family genes showed signi�cant differences
between the mutant and the wild-type as determined by GO enrichment analysis, and a subsequent analysis of differential
expression pro�ling of the chitinase genes led to the same conclusion.

Conclusions: Transcriptomic analysis in this study have revealed the global transcriptome pro�les of the PHS sensitive wheat
cultivar ‘Long 13-3778’ and its PHS resistant mutants. Furthermore, this study has proposed a possible explanation of the
connection between PHS and the chitinase family for the �rst time, which added to our understanding of PHS and seed
dormancy in common wheat.

Background
Pre-harvest sprouting refers to the germination of grains on mature spikes before harvest, usually in wet weather, which
generally causes yield losses and reduces the end use of cereals[1]. Accordingly, PHS tolerance has been an important research
topic for quality improvement in wheat. It is thought that PHS occurs because of the lack of dormancy in cereal seeds, and the
results of many studies have been used to explain the mechanisms of seed dormancy in an effort to relieve PHS.

Sensitivity to abscisic acid (ABA) has been frequently found to correlate with seed dormancy and to further affect PHS
tolerance[2,3]. ABA content was originally thought to have little effect on seed dormancy, but the results of recent studies have
shown that ABA metabolism may play a part in dormancy release in after-ripened grains[2,4,5,6]. Changes in ABA content have
been found to correlate with the timing of germination of imbibed dormant seeds[2,4]. Gibberellic acid (GA) was found to have
an effect on promoting germination, and there is evidence that a high concentration of GA can release seeds from dormancy.
Studies have shown that the GA concentration is negatively correlated with ABA levels, and the balance between the two
hormones determines the timing of dormancy release[1]. Considering the complex crosstalk among phytohormones, this could
be another complicated research topic.

Recent studies of the effect of ABA on dormancy further con�rmed the earlier �ndings. Studies involving PHS in rice found
multiple genes that regulate seed dormancy through ABA pathways. These genes include PHS9, which regulates PHS by
adjusting the ABA sensitivity[5]; OsMFT2, an ABA signaling gene that regulates the sensitivity to ABA by interacting with three
OsbZIP transcription factors[6]; and OsDOG1L-3, a gene that is induced by ABA and positively regulates ABA pathways. Over-
expression of OsDOG1L-3 results in enhanced seed dormancy[4]. Recent studies have provided evidence that GA participates in
seed dormancy through the action of the microRNA miR156, which is an important regulator of GA pathways[1].

Other than the regulation of seed dormancy that is controlled by the antagonistic action of the phytohormones ABA and GA,
quantitative trait locus (QTL) analysis has identi�ed a correlation between coat color and seed dormancy in wheat[7–11]. In
Sorghum bicolor, although the correlation between coat color and germination could not be rigorously con�rmed, studies still
found relationships between seed coat color and germination in tannin-less sorghums[3].
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QTL localization has identi�ed several major QTLs that control PHS in wheat. A wheat MOTHER OF FT AND TFL (MFT)
homolog was identi�ed in a wheat microarray assay of mature seeds grown at different temperatures as a candidate gene
that may contribute to the high dormancy level of seeds grown at low temperature. Transient expression studies con�rmed the
important role of MFT in the control of seed dormancy[12]. Later studies in rice further de�ned the role of MFT and its effect on
seed dormancy. Studies have shown that OsMFT2 expression enhances rice seed dormancy by interacting with the
transcription factors OsbZIP23/66/72 and altering the sensitivity to ABA[6]. Phs1, another major locus responsible for seed
dormancy in wheat, was identi�ed by QTL analysis, and a candidate gene that may regulate the dormancy functions of the
QTL phs1 is a MITOGEN-ACTIVATED PROTEIN KINASE KINASE 3 (MKK3) gene, designated TaMKK3-A. Transformation of the
TaMKK3-A allele from a non-dormant cultivar to a dormant cultivar signi�cantly relieved its seed dormancy[13]. Studies in
wheat also showed that the expression of an ABSCISIC ACID-INSENSITIVE 5 (ABI5) gene, TaABI5, was much higher in the PHS
resistant cultivar SHW-L1 than in PHS susceptible cultivar ‘Chuanmai 32’. Four expression quantitative trait loci (eQTL) of
TaABI5 are located on chromosomes 2DS, 4DS, 6DS, and 7DL, and explained 13%-46% of the total phenotypic variation[14].
The Delay of Germination 1 (DOG1) gene is responsible for seed dormancy in Arabidopsis, and ectopic overexpression of its
homologs from wheat and barley, TaDOG1L1 and HvDOG1L1, respectively, signi�cantly enhanced seed dormancy in
Arabidopsis[15]. In addition, the rice homolog of Arabidopsis DOG1, OsDOG1L-3, is responsible for the function of the QTL qsd-
1-1, which has a large effect on seed dormancy in rice. Expression of OsDOG1L-3 enhanced seed dormancy and was
enhanced by ABA[4].

A number of previous studies have reported research results on PHS and seed dormancy in wheat; however much remains to
be discovered about the regulation of PHS. In our study, we obtained two individual M2 plants carrying PHS resistant
mutations, namely LQ1813 and LQ1815, that were isolated from the cultivar ‘Long 13-3778’ by EMS treatment. The mutant
plants showed signi�cantly lower levels of PHS compared to the wild-type. A comprehensive transcriptomic analysis was
performed to discover the molecular basis of PHS-resistance in the mutants. Our objective is to provide directions for
additional focused research. This study aims to broaden our overall understanding of seed dormancy and PHS, and to provide
resources for future studies.

Materials And Methods

Plant materials and sampling
The wheat cultivar ‘Long 13-3778’ was obtained from the Heilongjiang Academy of Agricultural Sciences. The mutants were
generated by EMS treatment and the M2 mutant pool was constructed with 3,000 mutant individuals. The wild-type and the M2

mutants were planted in an experimental plot at Inner Mongolia Agricultural University in April 2018. Row spacing was 20 cm,
and the seeds were sown 15 cm apart. Fully mature seeds were collected at 100–105 d after sowing. The seeds used for
determining germination index (GI were collected and treated according a published method (Yang et al. 2007)[34]. The seeds
used for transcriptome sequencing were frozen in liquid nitrogen immediately after sampling, and stored at -80℃ prior to RNA
extraction.

Agronomic trait statistics
The seeds of 23 selected M3 plants (LQ01-LQ23) and the wild-type ‘Long13-3778’ were planted in an experimental plot at Inner
Mongolia Agricultural University in April 2019 using the same methods described above. The entire plants were removed from
the plot when fully mature, and the values for the following agronomic traits were recorded; tiller number, plant height, GI, �rst
stem length and width, second stem length and width, and third stem length and width.

RNA-sequencing and library construction
Fully mature seeds of the mutants and the wild-type ‘Long13-3778’ were collected and stored as described above. Seeds of the
M2 mutants LQ1813 and LQ1815 were chosen for transcriptome sequencing, and three biological replicates were used.
Transcriptome sequencing and analysis were performed by OE Biotech Co., Ltd. (Shanghai, China). First, total RNA was
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extracted using the mirVana™ miRNA ISOlation Kit (Ambion-1561, also capable of mRNA extraction) following the
manufacturer's instructions. The total RNA was treated with DNase to remove contaminating DNA, and mRNA was enriched by
using Oligo DT magnetic beads. The mRNA was broken into short fragments and then used as a template for the synthesis of
�rst-strand cDNA using six-base random primers. Second-strand cDNA was synthesized, and the double-stranded cDNA was
puri�ed, end-repaired, and ligated with a poly-A tail and the adapter to produce the sequencing library. An Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA) was used to determine the quality of the libraries. RNA-sequencing was
conducted on an Illumina HiSeqTM platform (Illumina, San Diego, CA). Trimmomatic[35] software was used for quality control,
including removing the adaptor sequences and low-quality reads. Statistics for the raw and clean reads, percent quality scores
Q30, and the percent GC were analyzed.

Mapping and gene expression analysis
The clean reads were mapped to the wheat genome reference from IWGSC (Triticum_aestivum. IWGSC.dna.toplevel) using
hisat2[36]. Htseq-count[37] and cu�inks[38] were used for gene expression analysis and to identify differentially expressed
genes, respectively. DESeq[39] was used for the normalization of read counts, fold-change calculation, and negative binomial
distribution tests. Gene expression comparisons with adjusted p value < 0.05 and foldchange > 2 were determined to be
differentially expressed.

Members of the TaDOG, TaSdr, PM19, and TaQsd1 gene families were identi�ed in IWGSC based on the existing references.
Certain members of these gene families have been reported to affect seed dormancy and PHS. Expression pro�les of the
genes are given in Table 1.

Members of the NCED family, the abscisic acid receptor PYL family, and the ABI 5-like family were identi�ed. The numbers of
DEGs in the gene families in each comparison were counted. The DEG ratios were calculated and compared with the DEG
ratios for all the genes.

GO and KEGG analyses
GO and KEGG enrichment analyses were conducted. Annotation �les from IWGSC were used as annotation references
(Triticum_aestivum.IWGSC.43.gff3). The genes that showed differential expression between the wild-type and both mutants
were designated as the intersection genes. We performed a GO classi�cation analysis of the intersection genes and the total
genes. The ratios of each GO term at level 2 were calculated and compared between the two clusters. DAGs were generated for
the GO enrichment in the three major GO categories “biological process”, “cellular component”, and “molecular function” of the
intersection genes. A KEGG pathway classi�cation was also performed, and the KO (KEGG Ontology) ratios were compared
between the intersection genes and the total genes at level 2, similar to the GO classi�cation.

Results

Agronomic traits of the LQ18 mutants and the wild-type
The average length of the �rst, second ,and third stems on M2 plants of the mutant LQ18 were 4.81 cm, 10.74 cm, and 15.8
cm, respectively, which were signi�cantly higher than in the wild-type (3.19 cm, 7.57 cm, and 12.19 cm). The average
germination index (GI) value of the mutants was 0.04, which was signi�cantly lower than that of the wild-type (0.43). There
were no signi�cant differences in agronomic traits between the mutant strain and the wild-type other than stem length and GI
(Fig. 1, additional �le 1).

RNA-sequencing of the wild-type ‘Long 13-3778’ and its mutants
An RNA-sequencing was performed to identify the global differences between the transcriptomes of the mutants and the wild-
type. Two individual M3 sel�ngs of LQ18 (namely LQ1815 and LQ1813, respectively) and the wild-type ‘Long 13-3778’ were
chosen for sampling. Three replicates were used in the experiment. An average of 11.30 GB of clean bases was created for
each sample, with the Q30 scores > = 93.92%. 64.96% of the total reads were mapped uniquely in average.
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A principal component analysis was conducted based on the gene expression levels of each sample (Fig. 2A). Legends that
represented the replicates of the same sample were closely plotted, and according to the results of the analysis, the global
expressional differences between the mutants LQ1815 and LQ1813 was smaller than the differences between the wild-type
and each mutant. The results indicated a good repeatability for the sequencing, and the global transcription pro�le of the two
mutants were comparatively similar. Additionally, a sample-to sample cluster analysis has come to a similar result (Fig. 2B).

ABA biosynthesis and signaling
A comparative transcriptome analysis was conducted to identify the deferentially expressed genes (DEGs) in the ABA
synthesis and signaling pathways between the mutants and the wild-type. The results came out that the DEG ratio for the 9-
cis-EPOXYCAROTENOID DIOXYGENASE (NCED) gene family, which encodes the key enzyme in ABA biosynthesis, was
arguably higher than in the total genes (Fig. 3A), which suggests that ABA biosynthesis may play a more important role in the
mutant LQ18 than in the wild-type. However the chi-square test results, due to the insu�cient sample number (P = 0.05),
showed that the expression pro�les of the 9-NCED genes were not signi�cantly different between the two mutants and the
wild-type. In addition, no strong evidence of differences in ABA signaling between the wild-type and the mutants could be
found based on the expression pro�les of genes for abscisic acid receptor PYL families and abscisic acid-insensitive 5-like
(ABI5-like) protein families, which are key components of ABA signaling(Fig. 3A). However, the expression of one ABI5-like
gene (ID = TraesCS2A02G099400) was signi�cantly higher in both mutant plants compared with the wild-type (additional �le
2). Additionally, the ratio of DEGs of the genes that contained the gene ontology (GO) term "abscisic acid" was calculated,
which showed no signi�cant differences compared with the ratio of DEGs of the total genes (Fig. 3B). In summary, no
conclusive evidence could be found that the ABA biosynthesis and signaling pathways contribute to the differences in PHS
between the mutant and the wild-type in this study.

PHS-related gene expression pro�ling
The expression pro�les of the genes in wheat that were previously reported to have obvious effects on PHS regulation[12–15,

16–21] are shown in Table 1. Nine genes and their alleles located on the wheat A, B, and D genomes were chosen based on the
results of previous studies. Most genes did not show a particular pattern of expression, and no �rm conclusions could be
made; however, a few genes and their alleles did show differential levels of transcript abundance between the mutants and the
wild-type.

• TaDOG
The expression of the alleles of the TaDOG gene located on chromosomes 3A (TraesCS3A02G103500) and 3D
(TraesCS3D02G105800) were higher in the wild-type than in both of the mutants. Transcription of all TaDOG alleles remained
at a comparatively low level.

• TaSdr
The expression of TaSdr alleles located on chromosomes 2A (TraesCS2A02G191400), 2B (TraesCS2B02G215300), and 2D
(TraesCS2D02G196200) showed consistently lower expression in mutant plants compared to the wild-type. Transcription of
all alleles of TaSdr remained at a comparatively low level.

• PM19
Expression of the PM19 alleles located on chromosome 4A (TraesCS4A02G313300 and TraesCS4A02G313400) was much
higher in the wild-type than in the mutants. Of these, TraesCS4A02G313300 showed a signi�cant difference in transcript levels
between the mutants and the wild-type (p < 0.05, fold change > 2).

• TaQsd1
The alleles of TaQsd1,TraesCS5B02G214700 and TraesCS5D02G224200, located on chromosomes 5B and 5D, respectively,
showed signi�cantly higher expression levels in the mutant LQ1815 (p < 0.05, fold change > 2) than in wild-type. Although no
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scienti�c conclusions could be reached from this, the expression of the two alleles in LQ1813 was also higher than in wild-
type.

 
Table 1

Expression pro�le of PHS associated genes and their alleles.
gene_ID gene_family FPKM_wildtype FPKM_LQ1815 FPKM_LQ1813 Sig_CvT15 Sig_CvT13

TraesCS3D02G004100 MFT 14.49 ± 4.74 9.97 ± 1.59 9.26 ± 1.85 -- --

TraesCS3B02G010100 MFT 13.28 ± 3.69 6.76 ± 1.26 7.67 ± 2.11 Down --

TraesCS3A02G006600 MFT 57.56 ± 8.20 41.82 ± 6.59 49.20 ± 7.38 -- --

TraesCS5B02G565100 Mkk3 2.06 ± 0.16 2.87 ± 0.31 2.84 ± 0.46 -- --

TraesCS5D02G549600 Mkk3 1.45 ± 0.14 1.76 ± 0.20 1.79 ± 0.29 -- --

TraesCS3A02G063600 Mkk3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 -- --

TraesCS3A02G417300 TaVp 7.12 ± 0.47 10.45 ± 0.46 9.07 ± 1.02 -- --

TraesCS3B02G452200 TaVp 20.71 ± 2.24 23.99 ± 2.10 24.85 ± 1.17 -- --

TraesCS3D02G412800 TaVp 15.67 ± 0.75 20.55 ± 1.44 17.58 ± 1.03 -- --

TraesCS3B02G120900 TaDOG 0.09 ± 0.16 0.00 ± 0.00 0.06 ± 0.07 -- --

TraesCS3D02G105800 TaDOG 1.11 ± 0.61 0.07 ± 0.05 0.10 ± 0.02 Down Down

TraesCS3A02G103500 TaDOG 1.70 ± 0.32 0.06 ± 0.05 0.20 ± 0.02 Down Down

TraesCS2A02G191400 TaSdr 5.83 ± 0.65 1.92 ± 0.38 2.34 ± 0.37 Down Down

TraesCS2B02G215300 TaSdr 3.31 ± 0.61 1.67 ± 0.25 1.34 ± 0.12 Down Down

TraesCS2D02G196200 TaSdr 1.66 ± 0.27 0.72 ± 0.14 0.78 ± 0.41 Down Down

TraesCS3D02G468400 Tamyb10 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 -- --

TraesCS3B02G515900 Tamyb10 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 -- --

TraesCS5D02G558800 PM19 535.99 ± 23.38 654.22 ± 35.25 518.10 ± 16.75 -- --

TraesCS4A02G313300 PM19 61.28 ± 5.75 8.82 ± 1.35 6.67 ± 0.47 Down Down

TraesCS4A02G313400 PM19 81.80 ± 7.26 167.90 ± 14.24 119.06 ± 10.12 -- --

TraesCS3B02G404300 ABI5 35.87 ± 4.44 48.80 ± 4.90 45.03 ± 0.91 -- --

TraesCS3B02G404400 ABI5 5.46 ± 0.80 3.20 ± 0.21 5.46 ± 0.08 Down --

TraesCS3B02G404500 ABI5 6.49 ± 2.82 11.03 ± 0.55 6.69 ± 0.47 -- --

TraesCS3B02G404200 ABI5 5.18 ± 0.65 3.59 ± 0.20 4.34 ± 0.12 -- --

TraesCS3A02G371800 ABI5 31.47 ± 4.64 62.03 ± 5.90 48.40 ± 2.86 -- --

TraesCS5A02G216200 TaQsd1 25.90 ± 0.64 58.63 ± 2.91 48.84 ± 1.40 -- --

TraesCS5D02G224200 TaQsd1 18.13 ± 1.09 53.40 ± 4.92 31.43 ± 1.92 Up --

TraesCS5B02G214700 TaQsd1 15.25 ± 0.99 39.77 ± 2.19 28.71 ± 1.58 Up --

“Sig_CvT15” and “Sig_CvT13” indicate the signi�cance of the expression of LQ1815 and LQ1813 compared to the wild-
type, respectively. “UP” and “DOWN” indicate up-regulation and down regulation (P = 0.05).

Results of the GO and KEGG analysis
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The genes that showed differential expression between the wild-type and both mutants (LQ1815 and LQ1813) were
designated as the intersection genes, which reduced the impact of deviations and better represented the differences between
the wild-type and the mutants. A GO classi�cation was conducted to compare the GO enrichment at level 2 (The second layer
of GO terms) between the intersection genes and the total genes. A total of 2,967 and 67,855 GO terms were enriched in the
target gene group and the total gene group, respectively. The percentage of each GO enrichment to the total GO enrichment
was calculated for the intersection genes and the total genes and compared to the other to determine the overall differences in
GO enrichment between the two groups. As shown in Fig. 4A, the results indicated a matched enrichment level for most of the
GO terms in “biological process” and “cellular component”, while there was an obvious difference in the “molecular function”
category. The GO terms that were highly different between the two groups were “cell killing”, “localization”, “nucleoid”, “electron
carrier activity”, “molecular transducer activity”, “nutrient reservoir activity”, “protein binding transcription factor activity”,
“protein tag”, “receptor activity”, and “structural molecule activity”.

Directed acyclic graphs (DAGs) of the GO enrichment analysis of the intersection genes were generated (additional �le 3) to
illustrate the differences between the GO enrichment in the mutants and the wild-type in the three major GO categories
“biological process”, “cellular component:, and “molecular function”. Based on the DAGs for “biological process” and
“molecular function”, we concluded that the pathways involved in chitin catabolism were signi�cantly enriched, which
indicates a major difference in chitin catabolism activity between the two PHS mutants and the wild-type.

A Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway classi�cation analysis was performed similar to the GO
classi�cation. A total of 27,732 and 732 KEGG ontology (KO) terms were enriched in the intersection genes group and the total
genes group at level 2, respectively. The numbers and percentages of genes enriched for 23 KOs for the two groups are shown
in Fig. 4B. Some KOs showed noticeable differences between the two groups. These were: translation, transcription,
xenobiotics biodegradation and metabolism, metabolism of other amino acids, lipid metabolism, carbohydrate metabolism,
and amino acid metabolism.

Expression pro�ling of the chitinase family genes and the WRKY transcription factor genes in the target gene group
Because a signi�cant GO enrichment was found for genes involved in chitin catabolism, the expression pro�les of the
chitinase family genes in the intersection genes will be studied in greater depth. Additionally, the expression pro�les of genes
encoding WRKY transcription factors in the intersection genes will also be studied, as WRKYs have been frequently reported to
be associated with plant defense and the stress response, and function as regulators of chitinase gene expression. In this
study, we identi�ed 26 chitinase genes and 18 WRKY transcription factor genes in the target gene group, all of which
consistently showed signi�cantly higher expression levels in the wild-type than in the mutants (Fig. 5).

Discussion
Chitinase like proteins (CLPs) are members of the glycosyl hydrolase 18 and 19 families and are grouped into six classes.
These proteins are usually known to function in plant defense against pathogens and biotic stresses. CLPs from several plant
species, such as chickpea and �eld bean, have been shown to have anti-fungal activities[22–24]. There is also evidence that
CLPs may play a role in plant tolerance to abiotic stresses such as heat, salt, and drought. In Arabidopsis, the hot2 mutant,
which has a mutation in a CPL gene, showed tolerance to salt and drought conditions, possibly by preventing over-
accumulating Na+ ions[25].

CLPs also take part in plant organ development, particularly in cellulose metabolism and lignin deposition, thus, they have a
signi�cant effect on primary and secondary cell wall development[22]. This effect may also in�uence the architecture of seed
coats, as both lignin and cellulose are involved in seed coat composition. There is evidence to show that lignin de�ciency may
correlate with seed coat fragility. Another study identi�ed an EMS-derived peanut mutant with a signi�cantly shorter
germination time and showed seed-coat cracking, which represented weaker dormancy capacity. The mutant showed lower
levels of lignin, anthocyanins, and proanthocyanidins compared to the wild-type[26]. Lignin was also found to affect the
permeability of seed coat, hence affecting the longevity of seeds[27]. The transcription pro�le of the CLP family in our study
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showed a signi�cant difference between the wild-type and the mutants. The two wheat mutants in our study showed
de�ciencies in the expression of multiple CLP genes, which may lead to the abnormal deposition of lignin and cellulose
(Fig. 6), and eventually affect seed dormancy by changing the permeability of the seed coat (Fig. 7).

CLP genes in plants have been shown to be regulated by transcription factors from families such as WRKY, NAC, and MYB.
These transcription factors have similar patterns of regulation according to related studies; they bind directly to the W-box cis-
regulatory elements and positively regulate CLP gene activity in the plant defense response against pathogens. Gao et. al
isolated a MYB TF, BjMYB1, from Brassica juncea that speci�cally binds to the W-box-like-4 element in the promoter of the CLP
gene BjCHI1, which is responsive to fungal infection[28]. In another study, an NAC transcription factor in rice, OsNAC111, was
found to positively regulate several defense-related genes, including two CLP genes. Over-expression of OsNAC111 resulted in
enhanced resistance to the rice blast fungus Magnaporthe oryzae[29]. WRKYs were also found to regulate CLP gene
expression. Three WRKY TFs were found to bind speci�cally to the two W-boxes present in the CLP gene CHN48 in tobacco.
Subsequent studies showed that CHN48 is positively regulated by these WRKYs in response to elicitor treatment, suggesting a
possible involvement of NtWRKYs in the defense response via the regulation of CLP gene transcription[30]. Recent �ndings
have provided more evidence for the relationship between WRKY TFs and CLP gene regulation than for other TFs. Further
studies on the regulatory roles of WRKY TFs in wheat may provide an explanation for the signi�cant differences in expression
pro�les of the CLP family genes between the mutants and the wild-type. In addition, over-expression of a WRKY gene in rice,
OsWRKY71, resulted in a signi�cant up-regulation of the expression of multiple CLP genes and the defense response. In this
study, the over-expression of OsWRKY71 in rice cells resulted in the up-regulation of 200 genes, 146 of which could also be up-
regulated by chitin oligosaccharide elicitor treatment. Sixty genes were down-regulated, 21 of which were also down-regulated
by chitin oligosaccharide elicitor treatment. Seven rice CLP genes showed the most signi�cant up-regulation of all the up-
regulated genes. Together with the other �ndings mentioned above, these results indicate that there is a strong relationship
between WRKY TFs and CLP genes, and that certain WRKYs may function in the generic regulation of multiple CLP genes[31].
In our study, all the WRKY genes in the target gene group showed reduced transcription in the mutants compared to the wild-
type. These results suggest a possible explanation for the transcriptional pro�le of CLP genes; the de�ciency of WRKYs and/or
expression of a certain WRKY gene in the mutants has led to the down-regulation of the CLP genes.

In our study, GO analysis also identi�ed a signi�cant enrichment of genes involved in nodulation. This result is consistent with
the discovery that CLPs participate in the development of nodules. A related study demonstrated that a CLP gene, Srchi24, is
involved in the onset of nodulation in Sesbania rostrata[22].

ABA and the corresponding synthesis/signaling pathways have been shown to be key regulators of seed dormancy and PHS.
However, in our study, we found no signi�cant evidence to show that ABA contributes to the enhanced seed dormancy in the
mutants. From the transcriptome data, however, we identi�ed one ABI5-like gene that showed differential expression between
the mutants and the wild-type. Further research will be needed to elucidate the possible role of this gene in seed dormancy.

Other transcriptomic studies of seed dormancy in cereals have identi�ed a diversity of dormancy control mechanisms, with
variable contributions from the activities of ABA. Consistent with our �ndings, a previous transcriptomic study of two rice
cultivars with different levels of seed dormancy, found no obvious differences in the ABA synthesis and signaling pathways.
The seed maturation pathways are signi�cantly correlated with seed dormancy[32]. In another study, however, the strongly
dormant rice cultivar N22 and two mutants derived from it, Q4359 and Q4646, which showed weaker dormancy, were used in a
microarray study. Genes involved in ABA signaling and GA biosynthesis/signaling showed differential expression between
Q4359 and the wild-type N22, indicating that ABA and GA are involved in the seed dormancy process[33]. These �ndings
suggest that the mechanisms of seed dormancy control could be complicated, with ABA signals only partially controlling the
regulation.

It should also be noted that although a possible pathway of dormancy regulation involving CLPs has been proposed, we
cannot determine whether the overall differential expression of the CLP gene family causes the variation in seed dormancy or
merely correlates with it based on our current �ndings. The group changes in the CLP family and WRKY genes indicate that
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there could be a mutation in a key upstream regulatory factor in the two wheat mutants, which might be the initiator of the
changes in seed dormancy. Follow-up studies will focus on �nding the causes of the differential expression of the CLP genes,
and possibly the key upstream regulator.

Conclusions
A PHS-resistant wheat strain, LQ18, was isolated from an EMS population. The mutant showed signi�cantly stronger PHS
tolerance and longer stem length compared to the wild-type. A transcriptome sequencing project was performed based on the
wild-type and two independent M2 lines derived from LQ18, LQ1815 and LQ1813. RNA-seq results showed no signi�cant
contributions from ABA biosynthesis and signaling pathways to the transcriptional differences between the mutants and the
wild-type. The expression pro�le of nine genes and their alleles, which have been con�rmed as functioning in dormancy
release and PHS resistance, were studied, and the alleles of TaDOG, TaSdr, PM19, and TaQsd1 showed differential expression
between the mutants and the wild-type. A GO classi�cation analysis of the intersection genes and the total genes at level 2
was performed to determine the GO enrichment in the two groups. The overall results were similar between the two groups,
while an obvious difference was found in GO terms in the “molecular function” category. A KEGG classi�cation analysis of the
intersection genes and the wild-type at level 2 was conducted similar to the GO classi�cation analysis. Some KOs showed
differential enrichment between the two groups. We generated DAGs of the GO enrichment analyses of the intersection genes
in the “biological process”, “cellular component”, and “molecular function” GO categories, and found a signi�cant enrichment
in chitin catabolism genes. Subsequent expression pro�ling showed consistently higher expression levels of chitinase family
genes in the wild-type in the target gene group. These results add to our overall understanding of seed dormancy and PHS
tolerance in cereal crops. Future studies will be conducted to further con�rm the role of the chitinase genes in PHS, and to
explore the reasons for the changes in expression found in the chitinase gene family members in the mutants.
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Figure 1

Agronomic traits of the LQ18 mutants and the wild-type 'Long 13-3778'. (a) germination index. (b) average height. (c) tillering
number. (d) the �rst, second and third stem length. (e) average width of the �rst, second and third stem width.
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Figure 2

validity analysis of the transcriptome data. (a) PCA analysis. (b) sample-to-sample cluster. Samples C1-C3: wild-type samples.
Samples T1-T3: LQ1815 samples. Samples T4-T6: LQ1813 samples.

Figure 3

Comparison of DEG ratio in ABA pathway genes and the total genes. (a) Comparison between the ABA synthesis and signaling
genes and the total genes. (b) Comparison between genes with the GO term “abscisic acid” and the total genes.
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Figure 4

GO and KEGG classi�cation analysis. (a) GO classi�cation. (b) KEGG classi�cation.



Page 16/18

Figure 5

Expression pro�le of the chitinase and WRKY gene family of the RNA-sequencing. (a) Expression pro�le of the chitinase gene
family. (b) Expression pro�le of the WRKY gene family. The values of log10 (FPKM+1) were used as the indicator of
expression level.
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Figure 6

Comparison of DEG ratio in lignin associated genes, cellulose associated genes and the total genes. Lignin and cellulose
associated genes were designated as genes with the GO term “lignin” and “cellulose”, respectively.
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Figure 7

Possible regulation pathway of lignin and cellulose in seed coat composition involving WRKY transcription factors and CLP
genes.
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