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Abstract: Late embryogenesis abundant (LEA) proteins play important roles in plant development
and responses to diverse stresses. However, their specific roles in seed dormancy and germination
remain unclear. In this study, we identified TaLEA-1A4, an LEA gene highly expressed in wheat seeds
and differentially expressed in imbibed seeds of weak-dormancy variety Jing 411 (J411) and strong-
dormancy variety Hongmangchun 21 (HMC21). Sequence analyses revealed 14 variations in the
promoter and coding regions of 7TaLEA-14 between J411 and HMC21. Subsequent validation
established associations of a single nucleotide polymorphism (SNP) in the promoter (-1366 bp, G/A)
and an insertion/deletion (Indel) variation in the coding region (+345 bp, -/C) with seed dormancy
and germination across 192 wheat varieties. Furthermore, the effects of the strong-dormancy allele
TaLEA-14-345-ins and weak-dormancy allele TalLFEA-1A-345-del on seed dormancy and
germination were confirmed using transgenic Arabidopsis and rice lines as well as J411 mutant
induced with ethyl methane sulphonate. Analyses of endogenous hormone contents and expression
patterns suggested that 7TaLEA-14A may regulate seed dormancy and germination by mediating
gibberellic acid and abscisic acid balance. These findings not only contribute to unraveling the
intricate regulatory network governing seed dormancy and germination in wheat and other plants
but also provide a favorable gene and molecular marker for genetic improvement of wheat PHS

resistance.

Keywords: Wheat, late embryogenesis abundant protein, seed dormancy and germination,
gibberellic acid, abscisic acid
1. Introduction

Wheat (Triticum aestivum L.), ranking among the world’s top three grain crops (Brenchley et
al., 2012), has a large (~16 Gb) and complex heterologous hexaploid genome (International Wheat

Genome Sequencing Organization, 2018). As the global population continues to grow, the demand



for food escalates, emphasizing the importance of ensuring wheat production stability.

Pre-harvest sprouting (PHS) of wheat refers to the germination of grains on the spike in rainy
days before harvest. This phenomenon threatens wheat grain yield, quality, and vigor due to the
degradation of starch and proteins triggered by increased a-amylase and protease activities.
Sprouted grains are discounted in the marketplace, making PHS a significant challenge for wheat
production worldwide. Previous studies have indicated a close association between seed dormancy
and PHS resistance, with wheat varieties exhibiting stronger seed dormancy displaying higher PHS
resistance (Liu et al.,, 2008). Therefore, cultivating varieties with high dormancy levels can
effectively reduce PHS damage. However, only a few genes related to seed dormancy and PHS
resistance have been identified in wheat, including TaVp-1, TaMFT-34, TaMKK3, TaSdr, TaQsdl,
Mybl10-D, and TaPI4K-24 (Yang et al., 2007; Nakamura et al., 2011; Torada et al., 2016; Zhang et
al., 2017; Wei et al., 2019; Lang et al., 2021; Tai et al., 2023). Therefore, identifying additional
dormancy-related genes is significant for improving wheat PHS resistance.

Late embryogenesis abundant (LEA) proteins are important proteins predominantly
accumulated in the late stages of seed development (Battaglia et al., 2008) of various plants, such
as Oryza sativa (Xiao et al., 2007), Arabidopsis (Hundertmark and Hincha 2008), Zea mays (Liu et
al., 2013), wheat (Zan et al., 2020), and Canavalia rosea (Lin et al., 2021). Most LEA proteins are
intrinsically disordered proteins characterized by a rich glycine content and a high proportion of
hydrophilic amino acid residues (Hincha and Thalhammer, 2012). Based on the amino acid
sequences and protein family domains, wheat LEA proteins are divided into eight groups: LEA 1,
LEA 2,LEA 3,LEA 4,LEA 5,LEA 6, dehydrated protein, and seed maturation protein (Liu et
al., 2019). Among them, the LEA 5 subfamily proteins, classified as group 1 in the early stage, are
characterized by a conserved sequence of 20 amino acid residues (TRKEQ[L/M]G
[T/EJEGY[Q/K]JEMGRKGGIL/E]), a small molecular weight of 6.8-23.9 kD, and as high as 18%
of glycine residues. Therefore, it has high hydrophilicity and strong hydration ability (Battaglia et
al., 2008).

LEA proteins are recognized for their pivotal roles in regulating various stresses and
contributing to plant development, particularly in conferring desiccation tolerance. For example,
overexpressing barley LEA gene (HVA1) in rice enhances transgenic plants’ drought resistance and
salt tolerance (Xu et al., 1996), overexpressing wheat LEA genes PMAS80 and PMA1959 improves
the dehydration tolerance of transgenic rice (Cheng et al., 2002), overexpressing wheat LEA gene
(WCORA410) significantly increases the cold acclimation of strawberry leaves (Houde et al., 2004),
and overexpressing wheat LEA gene WZY3-1 boosts the drought tolerance of transgenic Arabidopsis
(Yu et al., 2019). Conversely, overexpressing OsLEA9 significantly reduces the cold tolerance of
rice at both the reproductive and seedling stages (Lou et al., 2022), and knocking out the LEA3 gene
renders cotton plants more susceptible to salinity and drought stresses (Shiraku et al., 2022).
Furthermore, SILEA6 positively regulates the expression of downstream drought-responsive genes
under drought stress, thereby improving the drought tolerance of tomato plants (Jia et al., 2022). In

addition, the expression of maize Em gene (an LEA gene) in maize embryos relies strongly on the



transcriptional activator Viviparous-1 (Vpl), which is specifically required for the maturation
program in seed development (McCarty et al., 1991). During Arabidopsis seed development, the
expression of the LEA genes AtEm7 and AtEm6 is dramatically impaired in seeds with mutations in
abscisic acid (ABA)-insensitive 3 (ABI3) gene, a homolog to the maize Vpl (abi3-4) (Parcy et al.,
1994). Notably, LEA proteins have also been proven to play a regulatory role in rice seed
germination. For instance, Huang et al. (2017) reported that the rice OsLEAS gene regulates seed
germination via reactive oxygen species (ROS) pathway. Li et al. (2020) showed that the rice LEA33
gene facilitates seed germination by affecting the brassinosteroid and gibberellin (GA) biosynthesis
pathways. However, the role of LEA proteins in wheat seed dormancy and germination remains
unknown.

In this study, we identified an LEA_5 subfamily gene TraesCS1A402G224600, designated as
TaLEA-1A, based on our previous transcriptome data. Our subsequent investigations confirmed that
natural variations in the TaLEA-14 gene significantly correlated with wheat seed dormancy and
germination phenotypes across 192 wheat varieties. By integrating expression analysis and
physiological indicators, we proposed that 7aL EA-1A4 may regulate seed dormancy and germination
through ABA and GA metabolism and signaling pathways. Our findings not only provide a novel
molecular marker for enhancing wheat PHS resistance through genetic improvement but also
broaden our understanding of the functions of wheat LEA genes in seed dormancy and germination.
2. Materials and methods
2.1 Plant materials and growth conditions

Two wheat varieties, Jing 411 (J411, weak dormancy) and Hongmangchun 21 (HMC21, strong
dormancy), were chosen for TaLEA-IA cloning and expression analysis. A total of 192 wheat
varieties with different dormancy levels were used for validating the association of 7TaLEA-1A4 with
seed dormancy and germination. Detailed information on these 192 varieties, including germination
index (GI) and field sprouting (FS), could be found in a previous report (Zhu et al., 2019). All wheat
materials were cultivated at the Dayangdian Experimental Station (31°58'N, 117°240'E) of Anhui
Agricultural University in Hefei, China, during the 2014—2017 wheat growing seasons.

The ethyl methane sulfonate (EMS)-mutagenized wheat mutant talea-1a-j411 (1D:310824) in
J411 background was provided by Boredi Biotechnology Company (http://www.molbreeding.com)
and used to validate the role of 7auLEA-14 in seed dormancy and germination. The Ms generation of
talea-1a-j411 was cultivated in Dayangdian Experimental Station (Hefei, China) during the 2022-
2023 cropping season.

Exons corresponding to TaLEA-1A4-345-del from J411 and TaLEA-1A4-345-ins from HMC21
were amplified and cloned into the pBWA(V)HS-GUS vector. The validated constructs were
transformed into Arabidopsis (Col-0) using the Agrobacterium tumefaciens-mediated floral dip
method (Clough and Bent 1998). The constructed 7aLEA-1A4-345-ins vector was also transformed
into Nipponbare rice (Sahoo et al., 2011). Col-0 and transformed Arabidopsis plants were vernalized
in Murashige and Skoog (MS) medium at 4°C for three days. They were then transferred to an
incubator with 8 h dark/16 h light cycle at 24+1°C for 12 days before being transformed into a
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square basin containing a mixture of black soil and vermiculite (1:3, v/v). Nipponbare and
transgenic rice plants were grown naturally during the growing season after seedling cultivation at
28+1°C in a greenhouse with 16 h light/8 h dark cycle. The Nipponbare and transgenic rice plants
showed no significant differences in main agronomic traits during the growth and development
period.

2.2 Seed dormancy assay

Physiologically matured wheat grains with seed moisture of approximately 12% were
harvested. The intact spikes were submerged in deionized water for 3 h and then placed in a 90%
moisture growth chamber in the dark for 3 days (Lang et al., 2021). The intact spikes and the seeds
isolated from them were photographed. In addition, 40-50 selected seeds were sown on Petri dishes
containing two layers of filter papers and 10 ml of distilled water at 20°C for 36 h with 18-25 seeds
per Petri dish. The germinated seeds were counted at various intervals until all seeds had germinated.
The germination index (GI) and germination percentage (GP) were calculated as described
previously (Jiang et al., 2018) and used to assess seed dormancy. Similarly, harvested Arabidopsis
and rice seeds (dehulled) were sown on germination papers in round glass Petri dishes with
appropriate amounts of distilled water. These dishes were moved to a greenhouse with an 16 h light/
8 h dark cycle at 2441 °C and 28+1 °C, respectively. The germinated seeds were counted at various
intervals until all seeds had germinated, and the GP was calculated.

To test the germination phenotype of transgenic rice plants, freshly harvested panicles from the
overexpression rice (35S:TaLEA-14-345-ins-1/2/3) and wild-type Nipponbare cultivars (control)
were immersed in sterile water for 3 h. After that, the panicles were placed vertically in an incubator
with daily refreshed water under 8 h dark/16 h light cycle at 28+1°C (Xu et al., 2022).

2.3 Amplification of TaLEA-1A gene and development of CAPS markers

To amplify the promoter (upstream 2000 bp) and exon sequences of TaLEA-1A gene in J411
and HMC21, various specific primer sets (Table S1) were designed using Primer Premier v.5.0 based
on the TuLEA-14 gene sequence in the Chinese Spring genome. The amplified fragment sequences
were analyzed using DNAMAN version 6. Two mutations occurred at -1633 bp in the promoter and
+345 bp in the coding region of TuL EA-1A were identified using cis-element analysis (PlantCARE).
Based on the obtained amino acid sequences, two corresponding cleaved amplified polymorphic
sequences (CAPS) were developed as markers.

2.4 TaLEA-1A cloning and subcellular localization analysis

The TaLEA-14 cDNA was cloned into the vector pAN580 (from Wuhan BioRun Biosciences
Co., Ltd.) with a GFP reporter gene for subcellular localization analysis. The obtained 35S:: TaLEA-
1A-GFP and vector control 35S::GFP were transformed into wheat protoplasts (Zhao et al., 2017),
and GFP expression was screened using a confocal laser scanning microscope.

2.5 Determination of GA and ABA contents

A total of 0.1g talea-1a-j411 and J411 seeds imbibed for 0, 6, 12, and 24 h with distilled water

were used to determine GA and ABA contents with corresponding ELISA (enzyme-linked

immunosorbent assay) kits (MM-013801 and MM-012501; Jiangsu Meimian Industrial Co., Ltd.,



China). The absorbance of each well was measured at 450 nm using a multifunctional enzyme
labeling instrument (model SPARK, TECAN), and the ABA and GA contents were calculated
following the instructions provided in the kits.
2.6 Total RNA extraction and qRT-PCR analysis

Total RNA was extracted using a TaKaRa RNA extraction kit. Reverse transcription was
performed to synthesize cDNAs in a 40 pL reaction system using the Evo M-MLV RT Mix Tracking
Kit (AG11706, Accurate Biotechnology (Hunan) Co., Ltd, ChangSha, China). The primers specific
to TaLEA-14 and control AtActin7, OsActinl and TaActinl genes were designed using Primer
Premier v.5.0 (Table S1) (Liu et al., 2017; Xu et al., 2022; Ji et al., 2011). gRT-PCR was performed
on the Applied Biosystems 7500 Real-Time PCR System (Bio-Rad Laboratories, USA) under a
condition consisting of a 30 second denaturation step at 90°C, followed by 30-40 cycles at 95°C for
30 seconds, 60°C for 15 seconds, and 72°C for 10 seconds. All experiments were performed in three
biological replicates, and relative gene expression was determined using the 272! method
(Schmittgen and Livak, 2008).
2.7 Statistical analysis

Statistical analysis was performed using SPSS version 25.0 software. Significant differences
were examined using Student’s t-test, U-test, and LSD (least significant difference) test at
significance levels of P < 0.05 and P < 0.01. Graphs were generated using GraphPad Prism v8
Software. All assays were performed with at least three biological replicates.
3. Results
3.1 Identification and expression analysis of the TaL EA-1A4 gene

To unravel genes associated with seed dormancy and germination, we analyzed RNA-seq data
from seeds collected from weak-dormancy J411 and strong-dormancy HMC21 at 4, 6, and 10 h
imbibition stages in our previous study (Cheng et al., 2020). Notably, HMC21 seeds did not
germinate at 4, 6, and 10 h imbibition stages. Although J411 seeds did not germinate at 4 h and 6 h
stages, they did at 10 h stage. RNA-seq analysis revealed a significantly higher expression level of
the TraesCS1A402G224600 gene, designated TaLEA-1A4, in HMC21 seeds than in J411 seeds at 10 h
imbibition stage (Fig. S1A). This expression trend of 7aLEA-14 was further validated using qRT-
PCR (Fig. S1B). We also analyzed the expression patterns of 7aLEA-1A in different wheat tissues
using the public database (WheatOmics 1.0) and found that TuLEA-14 was highly expressed in
grains in comparison to other tissues such as roots, stems, leaves, and spikes. These observations
were further confirmed by qRT-PCR (Fig. S1C and 1D). Taking together the seed dormancy and
germination phenotypes of J411 and HMC21 and the expression profiles of TuLEA-1A, we speculate
that 7TaLEA-14 is involved in seed dormancy and germination processes.
3.2 Cloning and sequence analysis of 7TaLEA-1A4

Based on the Chinese Spring draft genome sequence, we cloned the promoter (upstream 2000
bp) and full-length (355 bp) sequence of the TaLEA-1A4 gene in J411 and HMC21. The TaLEA-14
gene includes a 73-bp intron and two exons. Sequence analysis revealed 12 SNPs in the promoter

and two variations in the coding region of TuLFEA-1A between J411 and HMC21 (Fig. 1A). In the



promoter region, only the SNP at -1366 bp (G/A) resulted in a change to a cis-element AT~TATA-
box, while other 11 did not. In the coding region, the 1-bp insertion/deletion (Indel, -/C) variation
occurred at +345 bp in the second exon, causing a frameshift mutation. The other SNP (G/C) at
+304 bp in the second exon was a synonymous mutation (Fig. 1A, Fig. S2A and B). In addition, the
cis-elements in the promoter region (upstream 2000 bp) were related to responses to light (40.625%),
abscisic acid (ABA, 25%), jasmonic acid (JA, 25%), anaerobic induction (6.25%), and circadian
rhythm (3.125%) (Table S2).

To explore whether the 1-bp Indel (-/C, +345 bp) affects the protein properties and structures,
we analyzed the physicochemical properties of amino acid residues and predicted protein secondary
and tertiary structures of TaLEA-1A in J411 (J411-type TaLEA-1A) and HMC21 (HMC21-type
TaLEA-1A). Compared with J411-type TaLEA-1A, HMC21-type TaLEA-1A had lower pl and
instability index (II) and higher hydrophobic index and alpha-helix proportion (Table S3, Fig. S3).

To investigate the evolutionary relationship of LEA among wheat and other plant species, we
constructed a phylogenetic tree using 21 homologous genes from the Ensembl Plants database. The
results showed that TaLEA-1A shared 100% sequence identity with Secale cereale, Triticum
turgidum, and Triticum urartu (Fig. S4A and B). The high homology of TaLEA-1A across different
plants indicates that TaLEA-1A is highly conserved during evolution.

3.3. Association of TaL EA-14 with seed dormancy and germination

To investigate the association of 7aLEA-14 with seed dormancy and germination, we
developed two CAPS markers based on an SNP mutation (G/A, -1366 bp) in the promoter and a 1-
bp Indel (-/C, +345 bp) in the second exon of TaLEA-1A, designated TaLEA-1A--1366 and TaLEA-
1A-345, respectively (Fig. 1B). The two CAPS markers were further utilized to genotype 192 wheat
varieties with distinct dormancy and germination phenotypes. The two allelic variations were
identified as TuLEA-1A4--1366-G and TuLEA-1A4--1366-A for TALEA-1A--1366 and TaLEA-1A4-345-
ins and TaLEA-1A4-345-del for TaLEA-1A-345. U-test results revealed significant differences in GI
values between cultivars carrying TaLEA-1A-1366 and TaLEA-1A-345 (Table S4). As depicted in
Fig. 1C, for TALEA-1A--1366, the allele TuLEA-1A4--1366-4 (15GI15, 0.58; 16GIS, 0.37; 16GI15,
0.45) was significantly associated with lower GI values compared to 7TaLEA-14--1366-G (15GI15,
0.66; 16GI5, 0.48; 16GI15, 0.57), but no significant difference was observed in 15GIS5, 15FS, and
16FS between varieties harboring the two alleles (15GIS, 16GI5, 15GI15, and 16GI15 represent the
GI values measured at 5 days and 15 days after harvest in 2015 and 2016, respectively; 15FS and
16FS represent the FS values measured in 2015 and 2016, respectively). For TaLEA-1A-345, the
allele TuLEA-1A4-345-ins (15GIS, 0.31; 15GI15, 0.48; 16GIS, 0.31; 16GI15, 0.40; 15FS, 0.15; 16FS,
0.14) was significantly associated with lower GI and FS values compared to TaLEA-1A4-345-del
(15GI5, 0.55; 15GI15, 0.65; 16GIS5, 0.47; 16GI15, 0.55; 15FS, 0.34; 16FS, 0.34) (Fig. 1D). These
data indicate that the 1-bp Indel (~/C, +345 bp) in the second exon has a stronger association with
seed dormancy and germination phenotypes compared to the SNP mutation (G/A, -1366 bp) in the
promoter of TaLEA-1A4.

The two CAPS markers formed three haplotypes, namely Hapl, Hap2, and Hap3, in the 192



wheat varieties (Fig. S5). Significant differences were observed in GI and FS values among varieties
with Hapl, Hap2, and Hap3. The haplotype Hap3 was significantly related to lower GI and FS
values under all conditions compared to Hap!l and Hap2 (Fig. 1E). Based on these results, we
propose that Hap3 is a favorable haplotype for high seed dormancy and PHS resistance.

3.4. Effects of TaLEA-14-345-ins and TaLEA-1A4-345-del on Arabidopsis seed dormancy and
germination

Arabidopsis is an excellent model plant for functional research due to the ease of generating
transgenic lines. Previous studies have demonstrated that certain seed dormancy genes, such as Vp-
1/ABI3, MFT, Qsdl, Sdr, and MKK3, exhibit conserved functions in Arabidopsis, wheat, rice, and
barley (Yang et al., 2007; Nakamura et al., 2011; Wei et al., 2019; Zhang et al., 2017; Torada et al.,
2016). To investigate the effect of the 1-bp Indel (-/C, +345 bp) in the second exon of TuLEA-1A on
seed dormancy and germination in Arabidopsis, we cloned TaLEA-1A-345-ins and TaLEA-1A4-345-
del into the pBWA(V)HS-GUS vector and transformed the validated constructs into Arabidopsis
(Col-0) through Agrobacterium tumefaciens-mediated floral dip. The obtained transgenic T seeds
were used for preliminary screening on the Murashige and Skoog (MS) medium containing 50 mg/L
hygromycin, and T; leaves were used for GUS test. The genetically transformed lines were stained
blue, while the parent Col-0 line was not stained blue (Fig. S6). After GUS test, DNA from the
transgenic and wild-type plants was extracted and used for PCR amplification using specific primers
(Table S1). The results revealed a 1003-bp band in transgenic lines (Fig. S7A and C) but not in the
Col-0 line. We further detected 7auLEA-1A4 expression levels in three randomly selected lines from
the transgenic seedlings. The results revealed a significantly higher TaLEA-1A expression in the
three lines (Fig. S8A and B).

Germination test of the freshly harvested Tz generation of 35S:TaLEA-1A4-345-ins transgenic
and wild-type seeds showed that the transgenic lines had significantly lower average GP on the 2™
and 3" days compared to Col-0. The GP was close to 100% on the 4™ and 5" days for both the
35S:TaLEA-1A-345-ins transgenic and Col-0 lines (Fig. 2A and 2C). In addition, germination test
of the freshly harvested T3 generation of 35S:TalEA-1A-345-del transgenic and wild-type seeds
showed that the transgenic lines had significantly higher average GP on the 2™ and 3™ days
compared to Col-0 (Fig. 2B and D). These findings indicate that 35S:7aLEA-1A4-345-ins
overexpression delays Arabidopsis seed germination and increases dormancy level, whereas
358:TalLEA-1A4-345-del overexpression accelerates Arabidopsis seed germination and decreases
dormancy level, supporting that 7aLEA-1A has a significant effect on Arabidopsis seed dormancy
and germination.

3.5. Effect of TaL EA-1A4-345-ins on rice seed dormancy and germination

Rice is another excellent model plant for functional analysis of target genes due to the ease of
obtaining transgenic lines. Given that TaLEA-1A4-345-ins is associated with high dormancy and PHS
resistance, we further investigated its effect on rice seed dormancy and germination by transforming
TaLEA-1A-345-ins into Nipponbare rice. TaLEA-1A4-345-ins transgenic Ti seeds were obtained.

After initial selection with 50 mg/L hygromycin, specific primers were designed for amplification



(Fig. S7B) and expression level verification (Fig. 3A). Germination tests of the freshly harvested T3
transgenic and Nipponbare seeds revealed that the average GP of TauLFEA-1A-345-ins transgenic
seeds was significantly lower than that of Nipponbare seeds (Fig. 3B and 3C). In addition, the
germination behavior of 35S:TaLEA-1A4-345-ins1/2/3 panicles was obviously delayed compared to
Nipponbare panicles (Fig. 3D). These observations indicate that 35S:TaLEA-1A-345-ins
overexpression inhibits rice seed germination but enhances dormancy and PHS resistance.

3.6. Effect of TaLEA-1A4-345-del on wheat seed dormancy and germination

Considering that J411 carries the weak-dormancy allele TaLEA-1A4-345-del, we generated a G
to A mutation at the 206™ position of the second exon of talea-1a-j411 in the J411 background using
the EMS method, designated talea-1a-j411. The mutation resulted in the substitution of the 45%
amino acid in the conserved domain from non-polar glycine (Gly) to polar aspartate (Asp) of the
TaLEA-1A protein (Fig. S9A and B). Subsequently, we tested the germination of the intact spikes
and threshed J411 and talea-1a-j41Imutant seeds. As depicted in Fig. 4A, the germination behavior
of talea-1a-j411 mutant spikes was obviously delayed compared to J411 spikes. The average GP of
the talea-1a-j411 seeds before 24 h imbibition was significantly lower than that of J411 seeds,
especially at 12 h of imbibition (Fig. 4B and C). These results suggest that the mutation of the weak-
dormancy allele 7aLEA-1A4-345-del may enhance wheat seed dormancy and PHS resistance. In
addition, compared to the wild-type J411, the talea-1a-j411 mutant exhibited longer grain length,
shorter grain width, no significant difference in thousand-grain weight and decreased plant height
(Fig. S9C and D).

3.7. Potential regulatory mechanism of 7aLEA-1A in mediating seed dormancy and
germination

It is well known that the antagonism of plant hormones GA and ABA regulates seed dormancy
and germination. To elucidate whether GA and ABA pathways are involved in TaLEA-1A4’s
regulatory mechanism in seed dormancy and germination, we measured GA and ABA contents in
talea-1a-j411 mutant and J411 seeds at different imbibition stages (0, 6, 12, and 24 h) (Fig. S10).
As shown in Fig. 5A, GA content was significantly reduced while ABA content was significantly
increased in talea-1a-j411 mutant seeds compared to J411 seeds, leading to a decreased GA/ABA
ratio. This observation might partially account for the significant increase in seed dormancy of falea-
la-j411 mutant seeds.

We further investigated the transcriptional changes of several key genes involved in GA and
ABA biosynthesis, catabolism, and signal transduction pathways, including 7aGA430x3, TaNCED2,
TaGA20x, TaABAS'OHI, TaAmyl, TaABI3, TaPYL5, and TaSnRK?2, at different imbibition stages (0,
6, 12, and 24 h) (Mieog et al., 2017; Son et al., 2016; Jacobsen et al., 2013; Izydorczyk et al., 2018).
The results demonstrated no significant difference in the expression levels of GA and ABA synthesis
genes (TaGA3ox3 and TaNCED?2) between the talea-1a-j411 mutant and J411 seeds. However, in
talea-1a-j411 mutant seeds, the expression of GA catabolism gene 7aGA20x1 was significantly
increased, while the expression of ABA catabolism gene Tu4ABA8'OH1 was significantly decreased

compared to J411 seeds, aligning with the changes in GA and ABA contents. In addition, the



expression of TaAmyl, which is involved in GA signal transduction pathway, was significantly
decreased, while the expression levels of TauABI3, TaPYLS5, and TaSnRK2, which are involved in
ABA signal transduction pathway, were significantly increased in talea-1a-j411 mutant seeds (Fig.
5B). Based on these findings, we speculate that 7aLEA-1A4 regulates wheat seed dormancy and
germination via affecting GA and ABA catabolism and signaling pathways.

3.8. Distribution frequency of TaLEA-1A4-345-ins and TaLEA-1A-345-del

We analyzed the distribution frequency of the allelic variations TaLEA-1A-345-ins and TaLEA-
1A4-345-del in 578 wheat germplasms collected from China (404) and other countries (174) utilizing
the SnpHub wheat resequencing database (http://wheat.cau.edu.cn/WheatUnion/). The results
revealed a significantly higher proportion of the weak-dormancy allele TaLEA-1A4-345-del (475,
82%) across all 578 wheat germplasms than the strong-dormancy allele TauLEA-1A4-345-ins (103,
18%). Similarly, among the subset of 404 Chinese wheat germplasms, the proportion of 7aLEA-1A4-
345-del (310, 77%) was also significantly higher than that of TaLEA-1A4-345-ins (94, 23%) (Table
S5). Furthermore, the allele 7uLEA-1A4-345-ins accounted for a large proportion of wheat
germplasms from Southwestern China and Northwestern Africa (Fig. S11). These results indicate
that the strong-dormancy allele 7TaLEA-1A4-345-ins has yet to gain widespread utilization in wheat
breeding.

3.9. Subcellular localization of the TaLEA-1A protein

Most LEA proteins are distributed in the nucleus and cytoplasm (Lou et al., 2022). To observe
the subcellular localization of TaLEA-1A, the TaLEA-1A4-GFP expression vectors were transiently
expressed in wheat protoplasts. TaLEA-1A-GFP signaling was primarily detected in the nucleus,
whereas plants transformed with the constitutively expressed GFP control vector showed GFP
distributed throughout cells (Fig. 6). These findings demonstrate that TaLEA-1A accumulates
mainly in the nucleus and cytoplasm.

4. Discussion

PHS often occurs in wheat seeds with weak dormancy and poses a significant threat to wheat
yields and quality, resulting in substantial economic losses for farmers and flour processing
enterprises. The estimated global economic impact of PHS is approximately $1 billion annually
(Vetch et al., 2019). Identifying genes associated with seed dormancy and germination is crucial for
minimizing PHS damage and breeding wheat varieties with enhanced PHS resistance via transgenic
and gene editing approaches. Our research uncovered the involvement of the TaLEA-1A4 gene, a
member of the LEA gene family, in seed dormancy and germination and validated its role using
expression analysis, sequence analysis, CAPS marker development, haplotype analysis, wheat EMS
mutagenesis, and transgenic Arabidopsis and rice experiments.

Studies showed that many LEA genes in different plant species, including 7aLEA-1A4, were
involved in seed dormancy and germination. ATEMG6, an Arabidopsis homolog of TulLEA-1A, is
specifically expressed in embryos and plays a crucial role in water binding/loss during embryo
maturation. Importantly, seeds from homozygous mutant atem6 plants demonstrated increased

germination ability under standard conditions, underscoring that ATEM6 is associated with seed



germination (Manfre et al., 2006, 2009). In rice, overexpressing OsEmi, another TalLFEA-14
homolog, increases ABA sensitivity and drought tolerance, indicating that OsEm functions as a
positive regulator in the ABA signaling pathway and drought tolerance (Yu et al., 2016). ABA
sensitivity has been linked to dormancy acquisition (Kawakami et al., 1997). Wheat cultivars with
enhanced dormancy and PHS resistance are more sensitive to exogenous ABA (Walker-Simmons,
1987; Morris et al., 1989; Corbineau et al., 2000). Our results revealed that TaLEA-1A4 regulated
seed dormancy and germination by affecting ABA and GA pathways, aligning with the functions of
TaLEA-1A4 with its homologs ATEM6 and OsEm! in seed dormancy and germination. Hong et al.
(1992) found that during barley seed imbibition, the mRNA transcription of the LEA gene HVAI in
dormant embryos declined significantly slower than in non-dormant embryos, suggesting that HVA1
may contribute to delayed barley seed germination. Huang et al. (2017) found that the rice OsLEAS
protein interacts with the zinc finger transcription factor ZFP36 to co-regulate ABA-inhibited seed
germination through the reactive oxygen species (ROS) pathway. Li et al. (2020) demonstrated that
a mutation in the rice LEA33 gene inhibits GA biosynthesis and increases brassinosteroid
accumulation, negatively impacting seed germination. These findings suggest that TaLEA-14 is
involved in seed dormancy and germination processes. Currently, we are in the process of
constructing overexpressed and gene-edited wheat materials to validate our present findings.

Our study identified a 1-bp Indel variation in the coding region (+345 bp, -/C) of TaLEA-14,
leading to a frameshift mutation and the generation of two proteins with distinct lengths in J411 and
HMC21, namely J411-type TaLEA-1A with shorter sequence (corresponding to 1-bp deletion) and
HMC21-type TaLEA-1A with normal sequence. We further analyzed their physicochemical
properties and structures and revealed that HMC21-type TaLEA-1A had higher hydrophobicity,
lower hydrophilicity, and increased a-helical content in the secondary and tertiary structures
compared to J411-type TaLEA-1A. LEA proteins typically contain predominantly charged and
uncharged polar amino acid residues, making them hydrophilic with water-binding capacity. Gilles
et al. (2007) have shown that changes in the a-helical content of LEA proteins’ N-terminal structure
significantly affect their normal folding during dehydration and rehydration. Therefore, we
speculate that the observed changes in physicochemical properties and protein structure of TaLEA-
1A may partly lead to phenotypic differences in seed dormancy and germination between J411 and
HMC21. However, the hypothesis needs to be elucidated with more experimental data in the future.

Developing PHS-resistant germplasm resources is crucial for breeding new wheat varieties
with high PHS resistance. Our study found that compared to wild-type J411, the wheat EMS mutant
talea-1a-j411 plants exhibited not only lower germination rate and higher dormancy level but also
longer grain length, shorter grain width, and decreased plant height. In general, proper reduction of
plant height can improve the lodging resistance of wheat plants. These changes in plant height and
germination behavior make the mutant Talea-la-j411 plants a valuable genetic resource for
improving lodging resistance and PHS resistance in wheat. However, the potential breeding
applications of falea-la-j411 plants need thorough evaluation across diverse environmental

conditions, especially considering the observed slight shrinkage phenomenon in the seed coat of



talea-1a-j411 plants harvested in 2023.
5. Conclusion

We identified a group 5 LEA gene in wheat, designated 7aLEA-1A4, and demonstrated that it is
highly expressed in seeds. Furthermore, we provided preliminary experimental data supporting the
association of 7aLEA-IA with seed dormancy and germination through expression analysis,
sequence variation analysis, CAPS marker development, haplotype analysis, physicochemical
properties and protein structure analysis. Additionally, we verified the role of TuLEA-1A4 in seed
dormancy and germination using transgenic Arabidopsis and rice materials, along with a wheat EMS
mutant. Our findings strongly suggest that 7aLEA-1A4 may regulate seed dormancy and germination
by affecting GA and ABA metabolism and signal transduction pathways. This study not only lays a
theoretical basis for in-depth functional analysis of 7alLEA-I4 in wheat seed dormancy and

germination but also provides useful gene-special markers for improving wheat PHS resistance.
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Fig. 1. Sequence variations of the TuLEA-1A4 gene and their association with seed dormancy and
germination

A. Sequence analysis of the TuLEA-1A gene in weak-dormancy wheat variety Jing 411 (J411) and
strong-dormancy Hongmangchun 21 (HMC21). B. Development of two CAPS markers and their
application in detecting TaLEA-1A4--1366 and TaLEA-1A-345 variants in TaLEA-1A in J411 and
HMC21 using Acil (C/CGC) and PfIFI (GACN/NNGTC) on 1.5 % agarose gels, where M represents
the 2K DNA marker. J411 and HMC21 indicate electrophoresis patterns of the J411 genotype
(TaLEA-1A--1366-G and TauLEA-1A4-345-del) and the HMC21 genotype (TaLEA-14--1366-A and
TaLEA-1A-345-ins), respectively. C. Significant differences observed in germination index (GI)
values among the 192 wheat varieties with the two allelic variations (7aLEA-1A--1366-G and
TaLEA-1A--1366-A) of TalLEA-1A. D. Significant differences observed in germination index (GI)
and field sprouting (FS) values among the 192 wheat varieties with the two allelic variations

(TaLEA-1A4-345-del and TaLEA-1A4-345-ins) of TaLEA-1A. E. Haplotype analysis of TaLEA-14 in



192 wheat varieties, with significant differences based on LSD test. 15GIS, 16GI5, 15GI15, and
16GI15 represent the GI values measured at 5 days and 15 days after harvest in 2015 and 2016,
respectively. 15FS and 16FS represent the FS values measured in 2015 and 2016, respectively. * P
<0.05, **P <0.01.
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Fig. 2. Germination tests of Arabidopsis seeds with TaLEA-1A4-345-ins and TaLEA-1A4-345-del
overexpression

A. Images depicting the germination phenotype of T3 Arabidopsis seeds with 35S:7TaLEA-14-345-
ins-1/2/3 overexpression and Col-0 seeds at 7 days of imbibition. B. Images depicting the
germination phenotype of T3 Arabidopsis seeds with 35S:TaLEA-1A-345-del-1/2/3 overexpression
and Col-0 seeds at 5 days of imbibition. C. Germination percentages of T3 Arabidopsis seeds with
358:TalLEA-1A4-345-ins-1/2/3 overexpression and Col-0 seeds at 5 days of imbibition. D.
Germination percentages of Tz Arabidopsis seeds with 35S:TalEA-1A4-345-del-1/2/3
overexpression and Col-0 seeds at 5 days of imbibition. *P < 0.05, **P < 0.01. Germination criteria

refer to radicle emergence.
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Fig. 3. Germination tests of TauLEA-1A4-345-ins overexpression rice seeds and panicles

A. Relative expression of TaLEA-I1A4 in leaves of wild-type Nipponbare and 35S:TaLEA-1A4-345-
ins-1/2/3 overexpression rice plants. B. Germination percentage of Nipponbare and 35S:TaLEA-1A4-
345-ins-1/2/3 overexpression rice seeds at 84 h of imbibition. *P < 0.05, **P < 0.01. C. Images of
germination phenotype of Nipponbare and 35S:TaLEA-1A4-345-ins-1/2/3 overexpression rice seeds
at 84 h of imbibition. D. Germination phenotypes of the freshly harvested panicles from Nipponbare
and 35S:TalEA-1A4-345-ins-1/2/3 overexpression rice plants at 7 days of imbibition. Rice seeds with

radicle lengths of >1 mm were considered germinated.
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Fig. 4. Germination tests of wild-type J411 and EMS mutant falea-1a-j411 intact spikes and seeds

A. Germination phenotypes of intact J411 and EMS mutant talea-1a-j411 spikes after 3 days of
culture in a chamber with 90% relative humidity at 22°C. B. Germination phenotypes of J411 and
EMS mutant talea-1a-j411 seeds at 18 h of imbibition. C. Germination percentages of J411 and
EMS mutant talea-1a-j411 seeds at 36 h of imbibition. *P < 0.05, **P < 0.01. The rupture of the

pericarp over the embryo was considered germinated.
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Fig. 5. Hormone GA and ABA contents and expression analysis of genes involved in GA and ABA
pathways

A. GA and ABA contents and GA/ABA ratio in the seeds of J411 and EMS mutant talea-1a-j411 at
0, 6, 12, and 24 h of imbibition. B. Relative expression levels of key genes involved in GA and ABA
biosynthesis, metabolism, and signal transduction pathways at 0, 6, 12, and 24 h of imbibition. *P
<0.05, **P <0.01.
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Fig. 6. Subcellular localization of TaLEA-1A in wheat protoplasts. GFP and TaLEA-1A-GFP were
transiently expressed in wheat protoplasts under the control of the CaMV 35S promoter using a
PEG-mediated approach. Scale bar = 10 um. At least 5 independent protoplasts were imaged per

experiment.
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Highlights

e Role of wheat Late embryogenesis abundant gene 7alFEA-14 in seed
germination and dormancy.

e Discovery of a superior haplotype of 7aLEA-1A for PHS resistance in wheat.

e We verified the role of TauLEA-14 in seed dormancy and germination using
transgenic Arabidopsis and rice materials, along with a wheat EMS mutant.

o TalLEA-1A4 may regulate seed dormancy and germination by affecting GA and
ABA metabolism and signal transduction pathways.





