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Abstract: Pre-harvest sprouting (PHS) is a complex abiotic stress caused by multiple exogenous and
endogenous variables that results in random but significant quality and yield loss at the terminal crop
stage in more than half of the wheat-producing areas of the world. Systematic research over more
than five decades suggests that addressing this challenge requires tools beyond the traditional genetic
manipulation approach. Previous molecular studies indicate a possible role of epigenetics in the
regulation of seed dormancy and PHS in crops, especially through RNA-directed DNA methylation
(RADM) pathways mediated by Argonaute (AGO) proteins. In this study, we explore the role
of the AGO802B gene associated with PHS resistance in wheat, through the presence of a SINE
retrotransposon insertion. The current study found the SINE insertion at 3'UTR of the TiAGO802B
present in 73.2% of 41 cultivars analyzed and in 92.6% of the resistant cultivar subset. The average
expression of TiAGO802B in cultivars with the SINE insertion was 73.3% lower than in cultivars
without insertion. This study also indicated a significant positive correlation between the PHS score
and methylation levels in the cultivars. The resistant cultivars with the SINE insertion recorded
54.7% lower methylation levels than susceptible cultivars. Further analysis of a DH population
(Sadash x P2711) reveals that SINE insertion co-segregates with PHS resistance. This sets forth the
SINE insertion in TiAGO802B as a genetic marker for screening wheat germplasm and as an efficient
tool for breeding PHS-resistant wheat cultivars.

Keywords: pre-harvest sprouting; Argonaute; SINE; epigenetics; dormancy; DNA methylation;
genetic marker

1. Introduction

Wheat ranks second after maize in terms of total crop yield. In total 808 million tons
were produced, at an average yield of 3.69 t/ha, during 2022 [1], against the crop potential
of up to 13 t/ha [2]. This gap in realized yield potential is attributed to several abiotic and
biotic stresses affecting different stages of crop production [3]. Pre-harvest sprouting (PHS),
one of the primary abiotic factors impacting the yield and quality of grains at the terminal
crop stage is prevalent in more than half of the wheat-producing areas of the world [4]
and results in an annual loss of more than USD 1 billion globally [5]. PHS is one of the
major detrimental factors affecting the Canadian wheat economy, restricting the average
productivity to just 3.40 t/ha, almost 8% lower than the world average and at least 43%
lower than the comparable European agro-ecologies [1]. This results in annual losses of
around USD 100 million for the Canadian wheat industry [6].

PHS in wheat was unknowingly but gradually accrued during domestication, mainly
through modern wheat breeding programs [7]. As a result, most wheat cultivars, particu-
larly the modern semi-dwarf varieties, are highly susceptible to PHS [8]. PHS refers to the
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germination of physiologically mature grains while still present on the parent plant upon
prolonged exposure to wet weather conditions before harvest [9]. This ultimately leads to
significant losses in yield, decreased falling number values, and substandard baking quality
of the dough. Traditionally, the occurrence of PHS is sporadic, but the rapidly changing
climate indicates a future with more frequent and intense PHS events [10]. Additionally,
the increased demand for safe and assured food for a growing population and the current
global trade scenario necessitate the mitigation of PHS-driven losses in wheat.

Systematic research efforts to address the challenge of PHS stress were initiated in the
early nineteen-seventies. It was observed that this complex trait is mainly controlled by
seed dormancy but is significantly influenced by environmental cues or abiotic stresses,
viz., rainfall and temperature [11]; morphological traits, viz., awn length, head angle,
spike shape, glume tenacity, waxy spikes, and seed color [12,13]; and physiological and
biochemical factors [14]. The untimely rains during the harvest season increase the activity
of amylases, lipases, and proteases in drying seeds, leading to the breakdown of stored
starch, lipids, and proteins [12]. This process in seeds is mainly mediated by modulating
the balance between plant growth regulators Abscisic acid (ABA) and Gibberellic acid
(GA) [15].

Numerous quantitative trait loci (QTLs) associated with PHS have been reported
throughout the wheat genome [16]. In total, 66 meta-QTLs have been identified across
21 wheat chromosomes [16], with particular attention given to QTLs on chromosomes 3AS,
4AL, and 2BS [17]. Recently, Dhariwal et al. identified seven major loci (on chromosomes
1A, 2B, 3A, 3B, 3D, and 7D), each explaining at least 10 percent of phenotypic variation for
PHS resistance in wheat [6]. In addition to QTLs, seven candidate genes (TuMFT/IaPHS],
Tamyb10, TaMKK, TaVp-1, TaDOG1, TaSdr, TaQsd1) [12] associated with PHS have also been
isolated through homology-based cloning and mapping, and four genes (TaGASR34, TaVQ,
TaCDPK21, TnCPK40) have been identified using bioinformatics and transcriptomic tools [5].
These QTLs/genes primarily regulate seed dormancy by influencing the ABA/GA signal-
ing pathways. However, their response varies with varying genetic backgrounds [5,17],
changes in allele frequencies [18], and pleiotropic effects [19]. This suggests that the solution
to the complex PHS problem may lie beyond the genetic manipulation of loci controlling
hormonal balances or pathways specific to seed dormancy [20].

Recent advances in PHS research have focused on delineating the role of epigenetic
modifications in the seed development and dormancy [7]. Accurate DNA processing and
subsequent gene transcript levels have shown tight linkage to chromatin status, which
is regulated by epigenetic modifications, including DNA methylation, histone modifica-
tions, chromatin remodeling, and the activity of small RNAs [21]. Epigenetic research in
barley [22] and wheat [23] has indicated the involvement of ARGONAUTE (AGO) genes
in gene silencing via DNA methylation. AGO1003, an AGO4_9 gene in barley exhibits
differential expression in the embryos of dormant and non-dormant cultivars. AGO genes
are believed to act as negative regulators of seed dormancy through the RNA-dependent
DNA methylation (RADM) pathway [22]. Furthermore, the degree of PHS resistance in
wheat cultivars was affected by the presence of short interspersed nuclear element (SINE)
at 3’'UTR of the TiAGO802B, an ortholog of barley AGO1003 in wheat [23]. This 160bp
insertion had 9bp repeats at both ends. This suggested a possible role of the AGO gene
and SINE insertion in modulating PHS; SINE can be harnessed as a molecular marker for
screening wheat germplasm against PHS if confirmed in genetically varied populations. We
hypothesize that wheat germplasm exhibits genetic variability for SINE insertion in tandem
with PHS response. Therefore, the present study was conducted to test this hypothesis
across Canadian wheat cultivars and breeding lines of diverse genetic backgrounds to
delve deeper into the role of AGO genes and SINE insertion in regulating PHS in wheat.
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2. Results
2.1. PHS Phenotyping

The PHS assay revealed a significant variation in the PHS tolerance levels of the
Canadian wheat cultivars analyzed (Figure 1). The PHS score varies between 0.102 and 0.718
on a zero-to-one scale among the evaluated cultivars, where a perfect score of one indicates
highly susceptible cultivars and values approaching zero indicate an increasing level of PHS
resistance. Of the 41 cultivars evaluated, 34.1% of cultivars were found to be moderately to
highly susceptible to PHS with an average score of 0.548 (range: 0.411-0.718), and 65.9% of
cultivars were resistant to PHS with an average score of 0.249 (range: 0.113-0.388), which
is 54.6% lower than the average score of susceptible cultivars. Overall, cv. RL4137 was
observed as the most tolerant to PHS, followed by HY2122. Contrastingly, cv. AAC Innova,
Chiffon, and Conquer were found to be highly susceptible to PHS.
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Figure 1. PHS score levels in diverse Canadian wheat germplasm. The pink line represents the
distribution of scores on the scale represented by the radius. A higher score denotes high susceptibility
to PHS, while values approaching 0 reflect increasing resistance.

2.2. Polymorphism in Wheat Cultivars for SINE

The amplification of AGO802B in the current panel exhibited size polymorphism. A
160bp insertion in the 3'UTR, located 30bp downstream of the stop codon, was observed in
various cultivars, viz., Enchant, Vesper, CDC Stanley, and AAC Penhold, but was absent
in other cultivars, viz., AC Andrew, AAC Awesome, and Sadash (Figure 2a, Table 1).
The presence of a 9bp duplication at both ends of the sequence in question suggests a
retroelement origin, likely representing short interspersed nuclear element (SINE). Overall,
73.2% of cultivars contained the SINE insertion, but the pattern was highly skewed among
the resistant and susceptible cultivars. Almost 92.6% of resistant cultivars had SINE
insertion, while only 35.7% of susceptible cultivars had this insertion (Figure 2b). Among
resistant cultivars, only two highly resistant cultivars, namely AAC Tenacious and Pasteur,
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lacked SINE insertion. Further association analysis revealed that the presence of SINE
insertion indicates a 92.6% chance of a cultivar being resistant, and in contrast, the absence
of the insertion indicates an 81.8% chance of a cultivar being susceptible to PHS.

0 SINE Present
» a 2 3 SINE Absent

Number of Cultivars

Resistant Susceptible

Figure 2. Analysis of SINE insertion in AGO802B. (a) Agarose gel displaying polymorphism in a
subset of wheat cultivars. (b) Graphical representation of the association of SINE insertion with PHS
tolerance in Canadian wheat cultivars.

Table 1. List of wheat cultivars displaying variation in SINE insertion.

PHS Response SINE-Present SINE-Absent
CDC Kernen, AAC Goodwin, Glenn, AAC Westlock, SC-8021-V2,
Resistant HY2096, BW5070, BW5077, HY2122, HY2135, Snowbird, HY2152, Pasteur. AAC Tenacious
AAC Camrose, HY2141, Enchant, Cardale, AAC Penhold, Carberry, !
RL4137, RL4555, Stettler, CDC Stanley, Vesper, Lilian, P2711
Conquer, HY2120, HY2136, Sadash,
Susceptible Fielder, AAC Iceberg, AAC Whitehead, AAC Foray, AAC Brandon = AAC Chiffon, AAC Innova, AAC

Indus, AAC Awesome, AC Andrew

A study of pangenome data also confirmed the polymorphism for this insertion in
the wider wheat germplasm. Out of the 16 genome assemblies examined, 3 genomes,
namely Landmark, Lancer, and Kariega, had the insertion (Supplementary Figure S1 and
Supplementary Table S1). However, information on the level of PHS tolerance of these
cultivars is needed for correlation with the current findings.

2.3. Gene Expression

Relative fold change analysis revealed a consistent pattern of significant variation
among the wheat cultivars for the expression of TnAGO802. Overall, susceptible cultivars,
particularly, AAC Awesome, AAC Chiffon, and Sadash displayed markedly higher expres-
sion levels (average fold change value = 14.21). In comparison, resistant cultivars, viz.,
Enchant, Stettler, and CDC Stanley, had a 79.3% lower average expression (Figure 3a). Inter-
estingly, the resistant cultivar AAC Tenacious exhibited an unexpectedly higher expression
level compared to all other resistant cultivars analyzed, as well as one of the susceptible
cultivars, AAC Foray, and showed expression levels comparable to another susceptible
cultivar, AAC Chiffon.

The presence of SINE insertion was observed to have a significant impact on the
expression of TaAGOS802. In general, the presence of SINE insertion in a cultivar reduced
the expression of TaAGO802 by 73.3%, compared to the cultivars with no SINE insertion.
However, this reduction in the average expression of TaAGO802 was 72.6% among resistant
cultivars but only 51.6% among susceptible cultivars (Figure 3b).
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Figure 3. Expression of AGO802 gene in various wheat cultivars. (a) Relative fold change in various
wheat cultivars with varying levels of PHS. The lowercase letters above the bar indicate a significant
difference (p < 0.05). (b) Boxplot distribution of SINE insertion in PHS-resistant and PHS-susceptible
wheat cultivars.

2.4. DNA Methylation Study

Global 5-mC% methylation levels of the 23 wheat genotypes ranged from 0.074 to 2.391,
with an average of 0.77% (Figure 4a). PHS-resistant cultivars demonstrated lower levels
of methylation, with values ranging from 0.27% to 0.97%, while PHS-susceptible cultivars
displayed higher methylation levels on average, ranging from 0.98% to 2.39%. The average
methylation level was 1.43% among the susceptible cultivars; however, resistant cultivars
had 86.5% lower methylation levels than the susceptible cultivars. The correlation between
the PHS score and the methylation level was found significant for the evaluated cultivars
(r = 0.774). Interestingly, AAC Tenacious presented an unexpectedly higher methylation
level, even when compared to AAC Brandon, a susceptible cultivar.
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Figure 4. The study of global 5-mC% methylation levels in Canadian wheat cultivar panel: (a) 5>-mC%
in wheat cultivars having different levels of PHS. The lowercase letter above the bar indicates the
significant difference (p < 0.05). (b) Boxplot distribution of SINE insertion in PHS-resistant and
susceptible wheat cultivars.
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The presence of SINE insertion also affects the PHS level among the wheat cultivars.
The cultivars with SINE insertion had a 54.7% lower average methylation level than
cultivars with no SINE insertion. However, the methylation rate was on par among the
susceptible and resistant cultivars with SINE insertion (Figure 4b).

2.5. Population Study

Of the 140 DH lines (Sadash x P2711) analyzed, 69 were resistant, while 71 lines were
susceptible to PHS (Table 2). Overall, the PHS score of DH lines ranged between perfect 0
and 0.70. Almost half the lines were found susceptible to PHS with a mean score of 0.61
(0.40-0.70), and the remaining half were resistant with an average score of 0.38 (0.00-0.39),
indicating, on average, a 38.8% better resistance level than that of susceptible lines.

Table 2. Association of PHS score and SINE insertion in DH lines of Sadash (Susceptible) x P2711
(resistant) population.

Fopuion Necof o alCuus I pcon s scre (Rango

Resistant 69 51 0.182 (0.01-0.40)

Susceptible 71 11 0.582 (0.40-0.92)
Total 140 62

These lines were also evaluated for the presence of SINE insertion as P2711 and Sadash
exhibit SINE polymorphism (present vs. absent, respectively). The insertion was present in
44.3% of the population (Table 2). It is interesting to note that 73.9% of resistant lines had
SINE insertion, while it was absent from 85.5% of susceptible lines (Figure 5). The average
PHS score of resistant lines was 0.182 (range 0.01-0.40), while it was 0.582 for susceptible
lines (range 0.400-0.921). Among the resistant lines, the average PHS score was 0.303 for
lines without SINE insertion, but the presence of this insertion improved the PHS resistance
by 53.8% to the average PHS score of 0.140. However, no significant difference in PHS level
was observed due to the presence/absence of SINE insertion among susceptible lines.
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Figure 5. PHS level and SINE polymorphism seen in DH population (Sadash x P2711).

3. Discussion

Over the past decade, numerous studies have aimed to identify the factors influencing
PHS. Despite extensive efforts, significant breakthroughs have been elusive. However,
various studies have highlighted the critical role of epigenetic modification pathways in
seed development [21,24]. One such pathway is RADM, where AGO genes mediate the
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DNA methylation [25] of key genes responsible for seed development. The AGO4_9 class
of genes are involved in seed development and germination, for instance, HvAGO1003 and
HvAGO1002 in barley [22] and TaAGOS802 [23] in wheat.

Singh et al. previously identified a transposon-induced mutation (SINE) in the 3'UTR
of the AGOS802B gene in ten wheat cultivars, suggesting a potential link to PHS resis-
tance [23]. Previous studies have highlighted the role of AGOs in various biotic and abiotic
stresses [26]. In maize, the expression patterns of nine ZmAGO genes were significantly
upregulated in response to drought [27]. Similarly, in wheat, TiAGO2A, 5B, 5D, 6A, 9, and
17 appeared to be affected by polyethylene glycol and salinity stresses [28]. In addition to
stresses, AGO proteins are also involved in reproductive tissue development. In Arabidop-
sis, AtAGO9 loaded with miRNA822 modulates monosporic female gametogenesis [29],
while OsAGO18 inrice is involved in male gametophyte development as the mutants of this
gene result in stunted plants that are male-sterile [30]. Based on previous findings [22], we
analyzed 41 Canadian wheat cultivars with varying levels of PHS resistance. Our findings
reveal that most of the resistant cultivars (92.6%) contain this transposon insertion, whereas
64% of the susceptible cultivars lack it.

Further validation through pangenome analysis confirmed genetic variation in the
AGO802B gene. However, many cultivars in the pangenome lacked this insertion, likely
due to the pangenome cultivars being sourced from various regions globally, where this
specific insertion may not be as widespread. Notably, PHS-resistant Canadian cultivar
RL-4137 [31], having SINE insertion, can be traced in the pedigree of many PHS-resistant
cultivars used currently. This evidence suggests that transposon insertion in AGO802B
plays a significant role in conferring PHS resistance in the wheat cultivars under study.

Transposable elements (TEs) have the potential to generate phenotypic variation,
which can facilitate rapid responses to various abiotic stresses [32]. In plants, TEs are com-
monly located within genes or their regulatory regions, where their position significantly
affects gene expression and various regulatory mechanisms tied to growth, development,
and stress adaptation [33]. An insertion of transposon-like element is known to increase
the level of aluminum resistance in wheat [34]. In rice, a long terminal repeat (LTR) retro-
transposon renovator is involved in the activation of the resistance gene Pit, which confers
race-specific resistance against the fungal pathogen Magnaporthe grisea [35]. SINEs play a
significant role in Arabidopsis; one such element is found in the promoter region of the
flowering repressor gene FWA [36]. The epigenetic regulation of this retrotransposon helps
it further modulate the gene expression. In the current study, the presence of SINE in
3'UTR enhances tolerance to PHS. 3'UTR is known to contain various motifs that control
the epigenetic modulation patterns of the genes in which they are found [37]. We speculate
that a regulatory mechanism similar to the one found in FWA may be at play in regulating
the expression of the AGO802 gene.

The lines in our analysis exhibited a differential expression of TaiAGO802 in relation to
pre-harvest sprouting (PHS) resistance. Specifically, we observed that PHS-resistant wheat
cultivars exhibit significantly lower TnAGO802 expression, whereas susceptible cultivars
demonstrate two- to fifteen-fold higher expression levels. This pattern of expression
mirrors patterns previously observed in barley, for which Singh and Singh reported reduced
AGO1003 expression in resistant cultivars compared to their susceptible counterparts [22].
This conserved expression pattern across different species points to a potential role for
AGO4_9 in regulating seed dormancy and germination. Meng et al. discovered that the
expression of TiAGO4 was greatly downregulated in the endosperm tissues during seed
imbibition, and this coincided with the upregulation of enzymes during germination [38].

Multiple studies on major methylases have underscored the correlation between
methylation and seed development in wheat [39], rice [40], soybean [41], and Arabidop-
sis [42]. In our study, the global methylation (5-mC%) analysis revealed that the methylation
level of the PHS-resistant cultivars such as RL4137, Enchant, and Stettler was significantly
lower than those of the susceptible cultivars such as AAC Innova, AC Andrew, and AAC
Awesome. Similar results were obtained in Brassica napus, where in response to heat
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stress, the resistant genotype was hypomethylated compared to the susceptible ones [43].
In rice, hypomethylation is commonly observed in several stress-responsive genes and
transposable elements [44]. Interestingly, the resistant cultivar AAC Tenacious showed
higher expression of TiAGO802 and global methylation levels compared to other resistant
cultivars, likely due to the absence of SINE insertion at the 3'UTR of TuAGO802B. These
results suggest that resistance in AAC Tenacious may also be regulated by the presence
of other pathway genes, such as MFT-A1b, MFT-3B-1, HUB1, TaVp1-D1, and TaMyb10-D1,
which are involved in embryo- and seed coat-imposed dormancy, as previously reported [6].
Further studies could provide a more comprehensive understanding of the underlying
associations between SINE insertion and the PHS response. This is particularly important
in light of the fact that even established tests like falling numbers cannot accurately and
certainly predict PHS response [45].

In line with the presence of SINE insertion and DNA methylation polymorphisms
on the cultivar panel, the DH population exhibited similar patterns. The SINE was seen
in 3/4th s of resistant lines, while nearly 85% of the susceptible lines lacked the insertion.
In general, the SINE insertion increased the tolerance level of wheat lines/cultivars to
PHS. This could be mediated by decreasing the expression of the TiAGO802 gene, as seen
currently. This decrease in the availability of AGO could in turn reduce the formation
of the siRNA-AGO complex, which would then lower the DNA methylation levels in
these resistant cultivars. In plants, cytosine methylation is a conserved epigenetic mark
critical for the regulation of gene expression [46]. This mark is distributed, among other
regions, in repetitive DNA and TEs like SINE insertion. When present at gene regulatory
sites such as UTRs and promoters, DNA methylation can trigger transcriptional gene
silencing (TGS) [47]. Interestingly, CG methylation is often found within the gene bodies of
housekeeping or constitutively expressed genes in many plant species, though its precise
functional role in these contexts remains uncertain [46]. The reduced DNA methylation
level might allow the dormancy-promoting genes such as TaMFT, TaMKK, and TaSdr to
express, and this would increase the level of seed dormancy in the resistant cultivars as
well as lead to increased PHS tolerance levels.

4. Materials and Methods
4.1. Plant Material and Spike Collection

A set of 41 Canadian wheat cultivars, representing various levels of PHS tolerance,
were employed for analysis. Of these, twenty-three cultivars were grown in a greenhouse
under controlled conditions, with daytime temperatures maintained at 22 °C for 16 h
and nighttime temperatures at 18 °C for 8 h. A 20:20:20 fertilizer (nitrogen—phosphorus—
potassium) was applied both after sowing and during the tillering stage to promote plant
growth. At the flowering stage, spikes were tagged on the day of pollination (identified
by the appearance of yellow anthers after plucking a spikelet from the center of the spike).
Two spikes from two different plants representing two biological replicates were sampled
from a subset of twenty-three cultivars at 20 days after pollination (DAP) for RNA isolation.
The spikes were immediately frozen in liquid nitrogen and stored at —80 °C until further
use. Sampling was also carried out upon seed maturation, wherein 15-20 seeds from each
cultivar were stored at —80 °C for DNA isolation.

Additionally, a doubled haploid (DH) population was developed by crossing Sadash,
used as a female parent with P2711 as a male parent. F;s produced from ‘Sadash/P2711’
crosses were used for doubled haploid production. A total of 140 DH lines produced from
this cross were employed for further analysis. Sadash is a soft white spring wheat cultivar
that is susceptible to PHS and lacks SINE insertion, whereas P2711 is an experimental
spring wheat breeding line from South Africa that is resistant to PHS and also possesses
a SINE insertion. Common wheat cvs. Lilian, Carberry, Brandon, Chiffon, Innova, Indus,
and CDC Stanley were used as checks for comparisons.
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4.2. Genomic DNA Isolation

For each cultivar, 2-3 mature seeds were surface-sterilized with 20% bleach and thor-
oughly rinsed with water. The seeds were then placed on filter paper in Petri plates for
germination. After two weeks, young leaves from each cultivar were collected. DNA
was extracted using the Urea method [48] and quantified using a NanoDrop ND-1000
(NanoDrop Technologies, Wilmington, DE, USA). The integrity and purity of the genomic
DNA was assessed with 0.8% agarose gel electrophoresis. Additionally, DNA was iso-
lated from mature seeds, which were cut in half, ensuring that one half contained intact
embryos [49,50].

4.3. PCR and Determination of SINE Polymorphism

To ascertain the presence or absence of SINE in wheat cultivars, PCR amplification was
performed using specific primers (Supplementary Table 52) followed by gel electrophoresis.
The resultant bands were eluted from the gel and outsourced for Sanger sequencing to
Genome Quebec. The sequences thus obtained were analyzed using a multiple alignment
tool—Multialin [51]. Publicly available pangenome data were also used for the in silico
analysis of the wheat AGO802 gene [52,53].

4.4. RNA Isolation and cDNA Synthesis

The immature embryos were carefully isolated from the medial seeds of previously
stored 20DAP wheat spikes into 1.5 mL vials. The immature embryos were chilled in
liquid nitrogen and then crushed with pellet pestles. Total RNA was extracted using
Sigma-Aldrich’s Spectrum™ Plant Total RNA Kit per the manufacturer’s protocol. RNA
was then quantified using the NanoDrop ND-1000 (NanoDrop Technologies, Wilmington,
DE, USA). The RNA was then treated with DNase (Invitrogen, Burlington, ON, Canada)
to eliminate DNA contamination; 500 ng of pure RNA thus obtained was utilized for
cDNA synthesis using the AffinityScript QPCR ¢cDNA Synthesis Kit (Agilent Technologies
Canada Inc., Mississauga, ON, Canada). The integrity of the cDNA was validated through
standard RT-PCR with wheat-specific ACTIN primers (Supplementary Table S1) followed
by gel electrophoresis.

4.5. gqRT-PCR Analysis

gqRT-PCR was carried out on three technical replicates each of the cDNA obtained from
two biological replicates per cultivar along with two replicates of the no-template control.
The qRT-PCR was executed on an Mx3005 instrument (Agilent Technologies Canada Inc.,
Mississauga, ON, Canada) using Wisent low Rox Supergreen QPCR master mix (Agilent
Technologies Canada Inc., Mississauga, ON, Canada) per the manufacturer’s protocol. A
20 pL reaction mixture was set up for amplification, containing 10uM of both forward
and reverse gene-specific primers (QRT802-FP and qRT802-RP) (Supplementary Table S1),
1X Wisent low Rox Supergreen QPCR master mix, and 1 pL (500 ng) of cDNA template.
Thermocycling was carried out by running the reaction at 95 °C for 2 min, followed by
40 cycles of denaturation at 95 °C for 15 s and 60 °C for 30 s. Internal controls included
the expression of a reference gene ACTIN, a housekeeping gene in wheat. The relative
expression of the gene was analyzed using the 27444 method [54].

4.6. DNA Methylation Analysis

The global DNA methylation status of contrasting wheat genotypes was estimated
using the Abcam Global Methylation Assay Kit. Both positive and negative DNA controls
provided in the kit were included to establish a standard curve for 5-mC quantification.
Genomic DNA (100 ng) extracted from mature seeds was utilized for the detection of
5-methylcytosine (5-mC) using the manufacturer’s protocol. Genomic DNA samples were
coated in triplicate onto the assay plate wells. Absorbance was recorded at 450 nm after
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color development. The percentage of 5-mC was quantified by plotting the standard curve
and applying the specified formula [55]:

Sample OD — Negative Control OD

5—mC% = Slope x S

x 100%

where S is the amount of input sample DNA in ng.

4.7. PHS Phenotyping

PHS tolerance was assayed using a protocol modified from the method proposed
by Hisano et al. [56]. In total, 15 physiologically mature spike heads (3 biological reps of
5 spikes each) of each genotype were collected and allowed to dry at room temperature
for 2 days. Subsequently, the harvested spikes were immersed in water for 5 min. and
then laid horizontally on trays, which were covered with domes to maintain high humidity.
The trays were placed in growth chamber maintained with a 16 h light period at 25 °C
and 8 h dark period at 15 °C. Wet conditions were maintained by spraying the spikes with
water thrice daily. Germinated grains were counted daily, and the results were expressed
as either a cumulative percentage sprouting curve or a weighted sprouting index [57]. The
maximum index is 1 if all grains sprouted by day 1, whilst lower indices are indicative of
increasing levels of grain dormancy or PHS resistance. The PHS score of each cultivar was
calculated by averaging the PHS score of three replicates, which was further averaged from
the five spikes comprising that replicate.

4.8. Statistical Analysis

One-way analysis of variance (ANOVA) and Tukey’s test (p < 0.05) were carried out
using JMP Pro 17 software to determine statistical significance in the TAGOS802 expression
and 5-mC% methylation level among different wheat cultivars with varied PHS responses.

5. Conclusions

PHS is a complex trait influenced by numerous genetic and environmental factors.
Our findings highlight the critical role of epigenetic regulation, particularly the influence
of a transposon-induced mutation in the AGO802B gene, in controlling seed dormancy
and PHS resistance. The SINE within AGO802B offers potential as a genetic marker for
identifying PHS-resistant wheat cultivars, especially within Canadian breeding programs.
These insights provide a valuable tool for the development of PHS-resistant wheat cultivars,
contributing to global food security in the face of climate change and other environmental
challenges. By leveraging genetic and epigenetic markers, breeders can better select traits
that enhance crop resilience, ensuring stable yields under increasingly variable environ-
mental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13212981/s1, Table S1: List of wheat pangenome varieties
showing differences in SINE insertion in AGO802 gene; Table S2: List of primers used in the study;
Figure S1: Multiple sequence alignment of pangenome data from various wheat varieties.
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