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Abstract

Key message A minor-effect QTL, Qhd.2AS, that affects heading date in wheat was mapped to a genomic interval
of 1.70-Mb on 2AS, and gene analysis indicated that the C,H,-type zinc finger protein gene TraesCS2A02G181200
is the best candidate for Qhd.2AS.

Abstract Heading date (HD) is a complex quantitative trait that determines the regional adaptability of cereal crops, and
identifying the underlying genetic elements with minor effects on HD is important for improving wheat production in diverse
environments. In this study, a minor QTL for HD that we named Qhd.2AS was detected on the short arm of chromosome 2A
by Bulked Segregant Analysis and validated in a recombinant inbred population. Using a segregating population of 4894
individuals, Qhd.2AS was further delimited to an interval of 0.41 cM, corresponding to a genomic region spanning 1.70 Mb
(from 138.87 to 140.57 Mb) that contains 16 high-confidence genes based on IWGSC RefSeq v1.0. Analyses of sequence
variations and gene transcription indicated that TraesCS2A02G 181200, which encodes a C,H,-type zinc finger protein, is
the best candidate gene for Qhd.2AS that influences HD. Screening a TILLING mutant library identified two mutants with
premature stop codons in TraesCS2A02G181200, both of which exhibited a delay in HD of 2—4 days. Additionally, varia-
tions in its putative regulatory sites were widely present in natural accession, and we also identified the allele which was
positively selected during wheat breeding. Epistatic analyses indicated that Qhd.2AS-mediated HD variation is independent
of VRN-BI and environmental factors. Phenotypic investigation of homozygous recombinant inbred lines (RILs) and F,.5
families showed that Qhd.2AS has no negative effect on yield-related traits. These results provide important cues for refining
HD and therefore improving yield in wheat breeding programs and will deepen our understanding of the genetic regulation
of HD in cereal plants.

Introduction

The timing of flowering marks the transition from vegetative
growth to reproductive development, and thus it is essential
for plants to optimize seed production and complete a suc-
cessful life cycle (Andres and Coupland 2012). In cereal
crops, heading date (HD; flowering time) is an important
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and complex agronomic trait that determines regional adapt-
ability under various climatic conditions, thereby affecting
crop production. Plants have evolved multiple pathways that
integrate intrinsic genetic signals and external environmental
stimuli to initiate flowering at the appropriate time (Jung and
Muller 2009). Hence, identification and cloning of QTLs/
genes that control HD will deepen our understanding of
the genetic control of this trait and provide useful genetic
resources for the engineering and breeding of novel wheat
varieties with high yield and broad adaptability.
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Bread wheat (Triticum aestivum L.) is one of the world’s
most important staple crops because it produces ~20% of the
daily calories consumed by humans (Dubcovsky and Dvorak
2007). Wheat is an allohexaploid species (2n = 6x=42) that
was formed through two rounds of polyploidization, and its
genetic diversity partially contributed to its spread from the
Fertile Crescent area to diverse environments around the
world (Dubcovsky and Dvorak 2007; Salamini et al. 2002).
In the past several decades, many studies have been per-
formed to dissect the genetic control of HD and elucidate
its interactions with environmental factors (Distelfeld et al.
2009a; Shi et al. 2019). These studies have identified the
vernalization pathway, photoperiod response, and earliness
per se as three main components that shape heading date in
wheat.

Many plant species require prolonged exposure to low
temperatures in winter to trigger the initiation of flower-
ing; such a requirement is known as vernalization (Chouard
1960). Depending on the requirement of vernalization,
wheat is classified into either winter or spring growth hab-
its, under which the genetic regulation is mainly mediated
by Vernalization (VRN) genes, including VRNI, VRN2,
VRN3, and VRN-D4 (Kippes et al. 2015; Yan et al. 2003,
2004b, 2006). VRN1, a gene that encodes an APETALAI-
like MADS-box transcription factor, was isolated from the
diploid wheat species Triticum monococcum L. and acts as
a flowering promoter (Yan et al. 2003). VRNI expression is
repressed in non-vernalized plants, but a cold treatment dra-
matically induces transcription in the shoot apex and leaves
(Chen and Dubcovsky 2012; Loukoianov et al. 2005; Oliver
et al. 2009). Genetic analysis showed that allelic variations
in the promoter and intronic region of VRN are associated
with different growth habits in wheat (Fu et al. 2005; Yan
et al. 2004a). Further studies demonstrated that conserved
regulatory elements such as the CArG-box are crucial for
expression of VRN by mediating its binding with other
flowering regulators (e.g., VRT2) (Kane et al. 2007; Xie
et al. 2021a; Zhang et al. 2012). The VRN2 locus contains
two tightly-linked genes, ZCCTI and ZCCT2, which encode
proteins with zinc-finger and CCT domains that function as
flowering repressors (Yan et al. 2004b). An investigation into
natural allelic variations in ZCCTI and ZCCT?2 indicated that
both genes function in delaying HD, and mutations in either
one of the two genes cannot completely disrupt the VRN2
function (Distelfeld et al. 2009b). Genetic analysis revealed
that mutations in the conserved CCT domains are associated
with the non-functional vrn2 allele, suggesting that the CCT
domain is essential for VRN2-mediated flowering repression;
this hypothesis was further supported by biochemical evi-
dence showing that mutations in the CCT domain reduced
the ability of VRN2 to interact with NUCLEAR FACTOR-Y
proteins (Distelfeld et al. 2009b; Li et al. 2011). The expres-
sion levels of VRN2 remain high in non-vernalized winter
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wheat to repress flowering by inhibiting the transcription of
VRNI. After vernalization, the level of VRN2-specific tran-
scripts gradually decreased, thus releasing the repression of
VRN3 (Chen and Dubcovsky 2012; Dubcovsky et al. 2006).
In wheat and barley, VRN3 is the closest homolog to Arabi-
dopsis FLOWERING LOCUS T (AtFT) (Yan et al. 2006).
AtFT is specifically expressed in leaves and the protein is
transported to the shoot apical meristem where it interacts
with the bZIP transcription factor FD to activate downstream
floral genes (Putterill and Varkonyi-Gasic 2016). Similarly,
wheat FT1 (VRN3) physically interacts with FLOWRING
LOCUS D like 2 (FDL2) and 14-3-3C proteins to form a
florigen activation complex that binds directly to the pro-
moter of VRNI (Li and Dubcovsky 2008; Li et al. 2015).
VRN-D4 was mapped to the short arm of chromosome 5D,
and cloning of this locus identified an insertional segment
from chromosome 5SAL that contained a copy of VRN-AI
with distinctive mutations in its regulatory regions (Kippes
et al. 2014, 2015).

Photoperiod is another environmental factor that affects
HD in wheat. As a long-day (LD) plant, short-day conditions
(SDs) significantly delay heading in most wheat varieties.
However, some varieties exhibit a short delay in heading
date under SDs; this characteristic has been referred to as
photoperiod insensitivity (PI), which confers a wide adapta-
tion on wheat to regions with hotter and drier environments,
because the plants can complete their life cycles before
experiencing adverse stresses (Beales et al. 2007; Wilhelm
et al. 2009). The photoperiod response in wheat is mainly
mediated by three homoeologous genes, Ppd-Al, Ppd-Bl,
and Ppd-D1, in chromosome group 2; Among these genes,
many allelic variations have been identified that are associ-
ated with PI (Bentley et al. 2013; Diaz et al. 2012; Seki
et al. 2011). The semi-dominant Ppd-D1a allele is the major
source of PI in wheat; this allele has a 2089 bp deletion in its
promoter compared to the wild-type allele Ppd-D1b (Beales
et al. 2007). In addition, the Ppd-Ala allele has a 1085 bp
deletion and the Ppd-Bla allele has a 308 bp insertion in
the 5" upstream regions that interrupt a highly conserved
regulatory site that affects PI in wheat (Nishida et al. 2012).

When fully-vernalized wheat cultivars were grown under
inductive LD conditions, a large difference in heading date
was still present in breeding populations, and the underlying
genetic factors were categorized as earliness per se genes
(Worland et al. 1994). Such genes are difficult to precisely
map and identify under natural conditions due to their minor
genetic effects and the complex inheritance of HD in hexa-
ploid wheat (Bullrich et al. 2002; Chen et al. 2015). The
major Earliness per se loci have been mapped to chromo-
somes 1A (Eps-A"1, QEps.dms-1A), 1D (Eps-D1I), and 4A
(QEps.dms-4A); some of these genes display significant
epistatic interactions with vernalization and the photoper-
iod response (Appendino and Slafer 2003; Bullrich et al.
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2002; Chen et al. 2015). Further studies have suggested that
TaELF3-DI and TaELF3-Al, which are both orthologous
to the Arabidopsis circadian clock gene Early Flowering
3 (ELF3), are the most likely causal genes responsible for
Eps-D1 and Eps-A™1, respectively.

Although extensive studies have identified many major
genes involved in the genetic regulation of HD in wheat,
the dramatic effects that these genes have on HD and other
agronomic traits (e.g., plant height and yield) make them
unsuitable for fine-tuning the improvement of wheat cul-
tivars. Genes with minor effects on HD are more desirable
targets for improving regional adaptability through modern
breeding. In this study, we report the identification and fine-
mapping of a minor QTL for heading date, Qhd.2AS, that
had no negative effect on yield. Sequence variation, gene
expression, and mutant analyses suggested that TraesC-
S2A02G 181200, alocus that encodes a C,H,-type zinc finger
protein, is the most likely causal gene for Qhd.2AS. These
results provide basic information and novel genetic resources
for marker-assisted selection in wheat breeding.

Materials and methods
Plant materials and phenotypic investigations

The early heading I (ehl) wheat mutant was induced by
gamma ray treatment of seeds of the winter wheat inbred
line “Zhongyuan 9’ (ZY9). The M; plants were crossed with
an elite winter cultivar ‘Lunxuan 987" (LX987) to develop
400 Fg-generation recombinant inbred lines (RILs) by sin-
gle-seed descent. The F¢ RILs were planted in three con-
secutive years for phenotypic assessments. The RILs and the
parental lines were sown in 1.5 m row plots with 20 seeds
in each row. All field trials were designed in randomized
complete blocks with three replications at the Zhongpuchang
Experimental Station of the Institute of Crop Sciences, Chi-
nese Academy of Agricultural Sciences (Beijing, China).
The secondary mapping population was derived from RILs
that were homozygous for the recessive Vrn-Blv allele but
heterozygous for Qhd.2AS. Herein we used Vrn-Bla and
Vrn-Blv to refer to the dominant and recessive alleles at
VRN-BI locus, as previously described (Eagles et al. 2010).
For individual plants, HD was set as the time when at least
half of the spikes had emerged from the leaf sheath. When
two-thirds of the individual plants headed in a RIL, the num-
ber of days from sowing to heading were recorded. Plant
height (PH) was measured from the bottom of the stem to the
top of the spike in the main stem at maturity. Thousand grain
weight (TGW) was determined as the grain weight divided
by the number of grains in each plant and then multiply-
ing by 1000. For kernel-dimension-related traits, 100-200
plump seeds from each plant were measured with an SC-A1

automatic seeds tester (Wseen Technology, China). PH and
TWG were measured in 2016, 2017, and 2018; the kernel-
dimension-related traits were measured in 2017 and 2018.

SNP-array-based bulked segregant analysis (BSA)

Based on the HD collected over the 3 years, extremely
early- or late-heading RILs were selected for DNA extrac-
tion using the PVP 40 protocol (Guillemaut and Mardchal-
Drouard 1992). The quality and quantity of genomic DNA
was determined using a NanoDrop ND-2000 spectropho-
tometer (Thermo Scientific) and agarose gel electrophore-
sis. The BSA was conducted as previously described (Li
et al. 2020). Briefly, each bulk was constructed by mixing an
equal amount of DNA from 18 to 22 RILs. A total of eight
bulks, including three early-heading, three late-heading,
and two parental bulks, were constructed and genotyped
with the Affymetrix® Axiom® Wheat 660 K SNP array.
High-quality Single Nucleotide Polymorphisms (SNPs) were
selected between the two parental lines based on the thresh-
old of Dash QC value > 0.82, Call-Rate > 0.94, and missing
data rate < 0.25. The homozygous SNPs present in the par-
ents were identified in the extremely-heading bulk pairs for
SNP-trait association analysis. The allele frequency in each
early- or late-heading bulk was calculated as the number of
early or late SNPs (eh! or LX987 allele) divided by the total
number of homozygous SNPs. SNP density was determined
by counting the number of SNPs within 1 mega-base (Mb)
on chromosomes 2A and 5B.

Development of molecular markers and genotyping

Based on the Wheat 660 K SNP assay and our previous BSR-
seq analysis, high-quality SNPs were converted to Kompeti-
tive Allele Specific PCR (KASP) markers using the online
primer design pipeline (https://galaxy.triticeaetoolbox.org/).
Each of the two allele-specific forward primers were labeled
with a FAM (5'-GAAGGTGACCAAGTTCATGCT-3") or a
HEX (5'-GAAGGTCGGAGTCAACGGATT-3’) tail at the 3
end. All primers were synthesized by Sangon Biotechnology
(Shanghai, China) and the names and sequences are given
in Table S6. A single PCR reaction contained 2.5 pl KASP
master mixture (LGC Genomics, Middlesex, UK), 2.4 pul
template DNA (60 ng pl™"), 0.04 ul MgCl,, and 0.06 pl of
a primer mixture that consisted of 12 pl of each forward
primer (100 pM), 30 pl of the reverse primer (100 pM), and
46 pl of ddH,0. PCR cycling was performed in the CFX
96 Real-Time System (Bio-Rad, USA) using the following
conditions: pre-denaturation at 95 °C for 15 min, followed
by 10 touchdown cycles (95 °C for 20 s, touchdown at 65 °C
initially and decreasing by 0.8 °C per cycle for 30 s), with
an additional 32 cycles of 95 °C for 10 s; and 57 °C for 60 s.
After the amplification reactions, fluorescence was detected
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using the FLUOstar Omega reader (BMG LABTECH, Ger-
many), and signal discrimination was performed using Klus-
tercaller software (v2.22.0.5, LGC Genomics).

Genetic mapping of Qhd.2AS

Based on the genotypes obtained from the KASP assays in
the RILs, a genetic linkage map of chromosome 2A was con-
structed using the MAP function of IciMapping 4.1 (Meng
et al. 2015). The re-combination frequency was converted
to centi-Morgans (cMs) using the Kosambi mapping func-
tion (Kosambi 1943). QTLs for HD were detected in the
BIP module using an inclusive composite interval mapping
(ICIM) algorithm. Significant QTLs were identified at a
logarithm of odds difference (LOD) threshold of 2.5. The
phenotypic variance explained (PVE) of significant QTLs
was calculated by ICIM analysis. The degree of dominance
was calculated using the mean values of homozygous and
heterozygous lines as previously described (Li et al. 2020).
For fine mapping of Qhd.2AS, we constructed a segregating
population derived from heterozygous RILs. Two molecu-
lar markers from the initial mapping that map to flanking
loci were used to screen recombinant events for Qhd.2AS.
The recombinant plants were self-pollinated and their
progeny were genotyped to identify homozygous individu-
als. The HDs of homozygous recombinant progeny plants
were used to compare with lines homozygous for LX987 or
the ehl allele. Based on the genotypes and phenotypes of
these recombinant plants, the Qhd.2AS locus was precisely
mapped to a limited region.

Variation annotation and expression analysis

We previously re-sequenced the whole genomes of ZY9,
LX987, and the ekl mutant (Li et al. 2021; Xie et al. 2021b).
SNPs and Insertion/deletion polymorphisms (Indels) in the
candidate mapping region were identified and filtered based
on a sequencing depth of >20 and mapping quality > 5.
High-quality SNPs and Indels were annotated using ANNO-
VAR software (Wang et al. 2010) according to the refer-
ence genome annotation (IWGSC RefSeq annotation v1.0).
Predication of cis-regulatory elements were performed in
PlantCARE (Rombauts et al. 1999). For gene expression
analysis, fresh leaves and young spikes were sampled at
the booting stage. Total RNA was isolated using a Prime-
Script RT reagent Kit with genomic DNA Eraser (TaKaRa,
China). First-strand cDNA synthesis was performed with
the Goldenstar® RT6 cDNA Synthesis Kit (Tsingke Bio-
technology, China). Quantitative real-time PCR (qQRT-PCR)
was performed using the ChamQ SYBR qPCR Master Mix
(Vazyme, China) in the CFX 96 Real-Time System (Bio-
Rad, USA). In each reaction, the Actin gene was used as
an endogenous control to normalize the relative expression

@ Springer

using the 2724¢T method (Livak and Schmittgen 2001). All
samples were evaluated with at least three biological and
three technical replicates.

Screening for TILLING mutants

We generated an in-house mutant library including over
2000 mutant lines induced by 1.0% EMS in the genetic
background of the winter wheat cultivar ‘Jing411.” Mutants
with stop-gain or frameshift mutations were identified. The
mutations in E0039 and E0683 were further validated by
Sanger sequencing with gene-specific primers (Table S6).
The HDs of these mutant lines were investigated during
the 2020-2021 growing season. Photos were taken on the
same day when the wild-type ‘Jing411’ plants had finished
heading.

Haplotype analysis

For Qhd.2AS, four tightly linked KASP markers (Table S6)
were used to genotype 262 wheat accessions. The frequency
of each haplotype was calculated in three categories of plants
with different growth habits, and in modern cultivars and
landraces. For the candidate gene TraesCS2A02G181200,
SNPs in the gene and the 3 kb upstream sequence were
obtained from the Wheat Union Database, which contains
variations identified by whole genome re-sequencing from
677 hexaploid wheat accessions (Wang et al. 2020). SNPs
with a missing data rate of > 0.4 were filtered out. Linkage
disequilibrium (LD) analyses of selected SNPs and identifi-
cation of haplotypes were performed with Haploview soft-
ware (Barrett et al. 2005). The geographic distribution of the
SNP-140361773 was analyzed and visualized using the Hap-
Map function in the SnpHub web server (Wang et al. 2020).

Statistical analysis and visualization

Multivariate analysis of variance for HD was computed
using a general linear model in IBM SPSS v22.0 software
(http://www.spss.com). Phenotypic differences between
homozygous RILs carrying different alleles were evaluated
by Student’s #-test. Data visualization was conducted using
GraphPad Prism (R) version 8 (https://www.graphpad.com).

Results

SNP-array-based BSA of heading date in a RIL
population

We previously identified the early-heading wheat
mutant eh/ from gamma-ray irradiation of the inbred
line ‘Zhongyuan 9’ (ZY9). A total of 400 recombinant
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inbred lines (RILs) were developed by crossing ehl with
an elite winter cultivar, ‘Lunxuan 987 (LX987), which
exhibited 4 to 8 days later heading than e/ but headed
4 to 6 days earlier than ZY9 across three environments
(Li et al. 2020). Using a BSR-Seq approach, we previ-
ously identified a large fragment deletion in the major
flowering gene VRN-BI that are mainly responsible for
the HD variation in the RILs (Li et al. 2020). Addition-
ally, a continuous distribution in HD was observed in the
RILs with the homozygous VRN-BI genotype. The HDs of
RILs homozygous for the dominant and recessive VRN-BI
alleles exhibited similar differences (7-10 days) in mul-
tiple environments (Fig. S1), suggesting that additional
minor-effect QTLs for HD are present in the RILs. In an
initial attempt to test this hypothesis, we performed Wheat
660 K array-based BSA with three independent replicates
and identified six chromosomes (2A, 2B, 3A, 3B, 5B, and
6A) that might be associated with the variation in HD (Li
et al. 2020). In BSA, multiple bulks can be selected inde-
pendently and compared with parallel bulks to reduce the
probability of false positives (Zou et al. 2016). Thus, we
re-analyzed the SNP distribution of extremely early and
late heading bulks by mixing the three replicates together.
Notably, we observed that most SNPs were identified in
chromosomes 2A, 2B, 3B, and 5B in the three bulk pairs,
which correlated with the SNP distribution between the
two parental lines (Fig. 1a). In each early- or late-heading
bulk, the HD-associated markers are more likely to be
selected together and present a relatively higher frequency
of early- or late-heading alleles in the corresponding bulks
(Giovannoni et al. 1991; Michelmore et al. 1991). There-
fore, we investigated the allele frequency of homozygous
SNPs in the candidate chromosomes from each bulk. In
the three early-heading bulks, the frequency of the ehl
alleles on chromosomes 2A and 5B ranged from 0.59 to
0.76. Similarly, the .X987 allele in the late-heading bulks
showed a relatively higher frequency than the ehl allele
on 2A and 5B, while both the eh/ and LX987 alleles had
comparable frequencies on chromosomes 2B and 3B in
all bulks (Fig. 1b). These results suggest that chromo-
somes 2A and 5B are more likely to be associated with
heading date variations in the RILs. To further explore
the genomic regions that are potentially associated with
HD, we scanned the SNPs within 1 Mb windows on the
candidate chromosomes. The SNP distributions showed
a high density on the short arm of 2A, corresponding to
the physical position of 50-150 Mb (Fig. 1c), while the
SNP density peaks were on the long arm of 5B (Fig. 1d).
In addition, we noted that more SNPs were enriched in
the terminal region of 5B compared with the candidate
region in 2A, suggesting a strong association with heading
date on chromosome 5B. This is in agreement with our

previous study that the vernalization gene VRN-BI is a
major HD regulator in the RILs (Li et al. 2020).

Fine mapping of the HD gene on chromosome 2A

To confirm the potential heading date QTL on chromo-
some 2A, we developed 22 KASP markers based on
SNPs between the two parental lines that were detected
by BSR-Seq or in the Wheat660K SNP array. A linkage
map was constructed by genotyping the RIL population
with these markers, which spanned a genetic distance of
217.4 cM (82.35-760.67 Mb on IWGSC RefSeq v 1.0)
with an average density of 9.8 cM per locus. Combining
the HD data collected from three consecutive years with
the linkage map, we delimited a stable QTL for HD on
the short arm of chromosome 2A to a 6.31 Mb interval
(135.19-141.50 Mb) that was flanked by KASP mark-
ers flkl and flk3, which we refer to as Qhd.2AS (Fig. 2a).
The LOD score of Qhd.2AS ranged from 3.4 to 4.2 and
explained 6.8-9.2% of the phenotypic variance over the
three years. These results suggested that Qhd.2AS is a
minor HD QTL as compared to VRV-BI that explained
a higher proportion of phenotypic variance in the RIL
population (Li et al. 2020). To precisely map Qhd.2AS,
we selected six RILs that were heterozygous for this locus
but homozygous for the recessive Vrn-Blv allele, and used
2112 progeny plants for gene mapping. In this segregat-
ing population, the plants differed in HD by 10 days (Fig.
S2a), and Qhd.2AS was associated with the variation in
HD by statistical analysis of the mean values of HD in
homozygous and heterozygous plants (p <0.01, Fig.
S2b). The degree of dominance was calculated to be 0.19,
indicating that Qhd.2AS has a minor dominant effect. No
recombinant events were identified by screening this popu-
lation with the flanking markers flk/ and flk3. Furthermore,
we generated a large segregating population consisting of
4894 individuals derived from the lines that were hete-
rozygous for Qhd.2AS. Ultimately, Qhd.2AS was mapped
to a 0.41 cM interval flanked by marker loci flk2 and flk3
(Fig. 2b). We further developed three KASP markers in
the candidate region and identified five key recombina-
tion events (R#1-R#5). The recombinant plants were self-
pollinated and the homozygous progeny plants were used
for phenotype investigation. The homozygous recombinant
lines R#3 and R#5 headed significantly earlier than that of
lines R#1, R#2, and R#4 (p <0.05, Fig. 2¢). Combining
this data with the genotypes in these recombinant lines
we were able to delimit Qhd.2AS to a physical interval
of 1.7 Mb flanked by marker loci fm71 and fm76. This
chromosomal region includes 16 high-confidence genes
according to the Chinese Spring reference genome v1.1
annotation (Fig. 2d).
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Fig. 1 Bulked segregant analysis (BSA) of heading date in RILs. a
Distribution of homozygous SNPs from three DNA bulk pairs with
contrasting HD. Histograms with different colors represent the num-
ber of homozygous SNPs identified from different mixed bulks, and
the line chart indicates the number of SNPs identified from LX987
and ehl. b Comparison of allele frequencies in each of the early- and
late-heading bulks. Green and blue histograms show the LX987 and
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ehl alleles, respectively. The dotted red line indicates the allele fre-
quency at 50%. ¢, d Distributions of SNP densities on chromosomes
2A and 5B. The x-axis represents physical positions on the chromo-
somes and y-axis shows the number of SNPs. Red dots refer to the
numbers of SNPs in a 1 Mb interval. The triangle indicates the physi-
cal position of the VRN-BI locus (Color figure online)
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variation in HD explained by Qhd.2AS ranged from 6.8% to 9.2%. b
A refined map of the Qhd.2AS locus with four additional molecular
markers loci. The map was constructed by genotyping 4,894 plants

Identification of the Qhd.2AS candidate gene
by DNA sequencing and gene expression analysis

To identify the causal gene for Qhd.2AS, we analyzed the
sequence variations and expression patterns of the genes
in the mapped region between the two parental lines. For

.....
~——
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~——
~—
~——
~—

that were segregating for Qhd.2AS. ¢ Fine mapping of Qhd.2AS with
five key recombinant events. The HDs of homozygous progeny from
the recombinant plants were investigated in the 2020-2021 growing
season. n, the number of plants used for phenotypic evaluation. Dif-
ferent letters indicate a significant difference at p <0.05. d Schematic
diagram of the 16 high-confidence candidate genes in the 1.70 Mb
Qhd.2AS candidate region (138.87-140.57 Mb; IWGSC RefSeq v1.1)
(Color figure online)

sequence analysis, we investigated the whole genome re-
sequencing and RNA-seq data from eh/ and LX987, and
found that three candidate genes (TraesCS2A01G180300,
TraesCS2A01G 180400, and TraesCS2A01G181600) con-
tained 5, 2, and 1 missense mutations, and additional three
genes (TraesCS2A01G 180200, TraesCS2A01G 180500, and
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Table 1 Annotation of sequence variations in the candidate genes

Gene ID Position LX987 ehl Type Region Annotation
TraesCS2A01G180100 - - - - - -

TraesCS2A01G180200 138,917,929 A AAC Indel Intronic -

TraesCS2A01G180200 138,918,528 C CA Indel Intronic -

TraesCS2A01G180300 139,132,776 T C SNP Exonic SNV:exonl:c.T194C:p.V65A
TraesCS2A01G180300 139,132,997 G T SNP Exonic SNV:exonl:c.G415T:p.V139F
TraesCS2A01G180300 139,133,069 A G SNP Exonic SNV:exonl:c.A487G:p.T163A
TraesCS2A01G180300 139,133,093 A C SNP Exonic SNV:exonl:c.A511C:p.T171P
TraesCS2A01G180300 139,133,193 T C SNP Exonic SNV:exonl:c.T611C:p.L204S
TraesCS2A01G180400 139,474,199 T G SNP Exonic SNV:exonl:c.T14G:p.V5G
TraesCS2A01G180400 139,474,270 C T SNP Exonic SNV:exonl:c.C85T:p.P29S
TraesCS2A01G180500 139,510,581 T TACGATG Indel Intronic -

TraesCS2A01G180500 139,510,770 A AT Indel Intronic -

TraesCS2A01G 180600 - - - - - -

TraesCS2A01G180700 - - - - - -

TraesCS2A01G180800 - - - - - -

TraesCS2A01G180900 - - - - - -

TraesCS2A01G181000 - - - - - -

TraesCS2A01G181100 - - - - - -

TraesCS2A01G181200 140,361,773 A G SNP Promoter 2781 bp upstrem
TraesCS2A01G181200 140,361,804 C G SNP Promoter 2750 bp upstrem
TraesCS2A01G181200 140,361,786 T TGA Indel Promoter 2768 bp upstrem
TraesCS2A01G181300 - - - - - -

TraesCS2A01G181400 140,505,714 TCTTA T Indel Intronic -

TraesCS2A01G181500 - - - - - -

TraesCS2A01G181600 140,580,165 A T SNP Exonic SNV:exonl:c.T191A:p.L64H

TraesCS2A01G181400) showed 2, 2, and 1 Indels in the
intron region, respectively. Notably, we identified two SNPs
and one Indel located in the region upstream of TraesC-
S2A02G 181200 (Table 1), which is predicted to be close to
a conserved cis-regulatory element CAAT-box (Table S1),
suggesting that this locus might be functionally important
for regulating the expression of downstream genes. Fur-
thermore, we investigated the expression levels of all can-
didate genes in young spikes of es/ and LX987 plants from
our previous RNA-seq data (Li et al. 2020). Among the 16
candidate genes, only TraesCS2A02G 181200 expression
was detected in both samples and was up-regulated in eh/
(Table 2). Transcription of eight genes were not detected in
either ehl or LX987 plants, and three genes were found to
be expressed at low levels in eh/ but not in LX987 (Table 2).
We also analyzed the expression levels of these 16 genes
in published RNA-Seq database that included 318 leaf and
100 spike samples (Borrill et al. 2016), and found that 8 of
these 16 genes have undetectable transcript levels in leaves
or spikes (Fig. 3a). These genes are less likely to affect HDs
since they are not expressed in the leaves and spikes. We fur-
ther confirmed the up-regulation of TraesCS2A02G181200
expression in ehl by real-time quantitative PCR (Fig. 3b),
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and the SNPs and Indel that differed between the two paren-
tal lines by Sanger sequencing (Fig. 3c). Taken together, the
gene expression and sequence variation analysis indicated
that TraesCS2A02G 181200 is more likely to be the causal
gene for Qhd.2AS; however, we cannot rule out TraesC-
S2A02G180200 and TraesCS2A02G180500 as candidate
genes due to the intronic variations and the fact that both
are expressed in LX987 and eh! plants.

Validation of the candidate gene in the TILLING
mutants

We previously generated an in-house mutant library in the
background of the winter cultivar ‘Jing411.” A comparison
of the promoter sequences between ‘Jing411’ and the paren-
tal lines showed that the Jing411’ contained the same allele
as LX987 in TraesCS2A02G180200 (Table S2). Screening
the mutant library identified five mutants with frameshift or
stop-gain mutations in the three candidate genes (Table S3).
Functional prediction suggested that all these mutations had
highly disruptive effects on protein function (Table S3).
Phenotypic analysis suggested that two of the mutants,
E0313 and E0984, both in TraesCS2A02G 180200, and
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Table 2 Comparisons of the expression levels of the candidate genes between LX987 and eh/

Gene ID Function description Count!  FPKM*"  Count"X*®” FPKM'X%7 FDR log,FC Regulated
TraesCS2A01G180100 Sucrose synthase 5 117 1.73 98 1.29 0.86 0.27 Normal
TraesCS2A01G180200 Aldose 1-epimerase 869 25.60 763 22.24 0.95 0.20 Normal
TraesCS2A01G180300 PAS tyrosine kinase family 0 0 0 0 - - -
TraesCS2A01G180400 Disease resistance (TIR-NBS-LRR) 0 0 0 0 - - -
TraesCS2A01G180500 F-box family protein-like 50 1.03 62 1.25 0.85 —0.29 Normal
TraesCS2A01G180600 Carboxyl-terminal peptidase 0 0 0 0 - - -
TraesCS2A01G180700 Protein tesmin/TSO1-like CXC 2 0 0 0 0 - - -
TraesCS2A01G180800 SNAP25 homologous protein 0 0 0 0 - - -
TraesCS2A01G180900 Myosin heavy chain-like protein 79 0.94 0 0 9.01E-13 554 Up
TraesCS2A01G181000 S-locus lectin protein kinase family 0 0 0 0 - - -
TraesCS2A01G181100 F-box domain containing protein 20 0.45 0 0 - - -
TraesCS2A01G181200 C2H2-type zinc finger 239 7.09 41 1.28 3.46E-08 2.51 Up
TraesCS2A01G181300 Myosin heavy chain-like protein 85 1.18 122 1.72 0.77 —0.50 Normal
TraesCS2A01G181400 SNAP25 homologous protein 0 0 0 0 - -
TraesCS2A01G181500 Putative Heparanase 160 4.28 0 0 6.54 Up
TraesCS2A01G181600 Disease resistance (CC-NBS-LRR) 0 0 0 0 - - -

one mutant, EO415, in TraesCS2A02G 180500 had similar
HDs to ‘Jing411.” In contrast, the HDs of the two mutants
in TraesCS2A02G181200, E0039 and E0683, were two
and four days later than ‘Jing411,” respectively (Table S3,
Fig. 4a). This suggested that the functional mutations in
TraesCS2A02G181200 caused delayed HDs compared to
the wild-type ‘Jing411.” We further confirmed the stop-gain
mutation in EO039 and the frameshift mutation in E0683
by Sanger sequencing. The premature termination mutation
in E0039 and the frameshift mutation in E0683 truncated
two and one of the predicted C,H,-type zinc finger motifs
at the C terminus, respectively (Fig. 4b). Taken together,
the sequence variations present in the regulatory region, the
upregulated expression in ek / plants, and the delayed HD in
the two TILLING mutants together provide evidence that the
C,H,-type zinc finger protein gene TraesCS2A02G181200
is the most likely candidate to be the Qhd.2AS causal gene.

Haplotype analysis

To analyze the natural variation present in the causal gene,
we identified 15 SNPs in the promoter and gene sequence
of TraesCS2A02G181200 in 677 wheat accessions from the
Wheat Union Database (Wang et al. 2020). Ten of the 15
SNPs showed linkage disequilibrium (LD) in a 4-kb block
(Fig. 5a). We identified four haplotypes (Hap-A, Hap-B,
Hap-C, and Hap-D) in this block with a frequency of 0.48,
0.35, 0.14, and 0.03, respectively (Fig. 5b). Notably, two
tightly linked SNPs (SNP-140361773 and SNP-140361804)
in the LD block were also identified between the parental
lines LX987 and ehl (Fig. 5b, Table 2). We then charac-
terized the geographical distribution of the representative

SNP-140361773. The results showed that the G allele
from ehl was predominantly distributed around the world
except for part of the wheat production region in Asia
(Fig. 5¢). Similarly, an investigation of the tightly linked
SNP-140361804, which was also identified between the
two parental lines, showed that it exhibited a comparable
geographical distribution with the SNP-140361773 (Fig.
S3a). Additionally, the A allele of SNP-140361773 and
the C allele of SNP-140361804 were mainly identified in
modern cultivars but was present at a low frequency in the
landraces (Fig. S3b). This indicates that the LX987 allele in
TraesCS2A02G 181200 gene was positively selected in wheat
breeding. Additionally, a comparison of the genotypes at the
two SNPs and one Indel variation sites identified the LX987
allele as the reference haplotype (Table S2). Moreover, we
compared the promoter sequences of TraesCS2A02G 181200
with its homeologues in the B and D sub-genome, and the
relatives in diploid and tetraploid wheat (Fig. S4). Interest-
ingly, all investigated sequences displayed the ekl genotypes
at SNP-140361773 and Indel-140361786 loci; while only
the wild Emmer and Durum wheat had the same allele as
LX987 in the SNP-140361804 (Table S2). These results sug-
gested that the eh/ haplotype was the ancestral haplotype.
To explore the genetic diversity of Qhd.2AS, we also
used four closely linked KASP markers around this locus
to genotype 262 accessions in the Chinese wheat mini-core
collection (MCC) (Wang et al. 2012), which includes diverse
landraces and elite modern cultivars with different growth
habits (Fig. S5a). Notably, these KASP markers exhibited
high genotyping efficiency (80.4-97.7%) in the MCC panel,
which indicates that the obtained genotypes are reliable and
sufficient to perform haplotype analysis (Table S4). The
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Fig.3 Verification of sequence variations and expression analysis
of candidate genes. a Spike and leaf expression patterns for the 16
candidate genes identified in the 1.70 Mb Qhd.2AS candidate gene
region on chromosome 2AS. The expression data includes 100 spike
and 318 leaf samples in ExpVIP (http://www.wheat-expression.
com/). Darker blue indicates a relatively high level of expression. b
Expression analysis of the candidate gene TraesCS2A02G181200 in
leaves and spikes as determined by qRT-PCR. The flag leaves and
young spikes were sampled at the booting stage from LX987 and eh/
in the field. The expression of TraesCS2A02G181200 in each paren-

MCC panel accessions were classified into four haplotypes
(Hap-1, Hap-2, Hap-3, and Hap-4) based on these diag-
nostic markers. The frequencies of the individual haplo-
types varied considerably, from 2.6 to 57.3% (Table S4),
suggesting that Qhd.2AS had experienced some selective
pressure in the MCC panel. We characterized the frequency
distributions of these haplotypes in accession with different
growth habits. For Hap-1, Hap-2, and Hap-3, we observed
decreasing frequency distributions in winter, weak-winter,
and spring wheat accessions, while the frequency of Hap-4
increased in spring wheat compared to the winter acces-
sions (Fig. S5b). Additionally, we noted that, despite the
comparable frequency of Hap-1 in the landraces and modern
cultivars, Hap-2 and Hap-3 showed higher frequencies in the
modern cultivars compared to the landraces, while Hap-4
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CAAAGGITTGGT GAGTTIGA'GACTT
Indel-140361786
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tal line was determined with three biological replicates from differ-
ent individual plants, and each biological replicate was assayed with
three technical replicates. **p <0.01. ¢ Verification of two SNPs and
one Indel in the promoter region of TraesCS2A02G 181200 by Sanger
sequencing. The primers used for PCR amplification are given in
Table S6. Numbers indicate the physical positions of the three vari-
able sites in IWGSC RefSeq v1.1. Red dotted rectangles represent the
positions of the variable sites in the promoter sequence of TraesC-
S2A02G 181200 (Color figure online)

exhibited the highest frequency in the landraces (Fig. S5c¢).
These results suggest that Qhd.2AS has undergone divergent
selection in wheat with different growth habits and during
the process of selection in modern breeding programs.

Epistatic analysis of Qhd.2AS and VRN-B1

To assess the epistatic effect of VRN-BI on Qhd.2AS, we
compared the HDs of homozygous Qhd.2AS RILs in the
dominant or recessive VRN-BI background. Intriguingly,
the HDs of homozygous Qhd.2AS*"! RILs showed 2-3 days
earlier than homozygous Qhd.2AS™*¥" lines under both
the dominant Vrn-Bla and recessive Vrn-BIv genotypes
(p <0.05, Fig. S6). Moreover, multivariate analysis of
variance using VRN-BI, Qhd.2AS, and Years as factors
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Fig.4 Functional validation of TraesCS2A02G181200 in the TILL-
ING mutants. a Phenotypes of the two mutant lines (E0039 and
E0683) grown in the field. Photos were taken on the same day that
the wild-type ‘Jing411’ plants had finished heading. b Schematic
diagram of gene structure and validation of gene mutations in the
TILLING mutants. Green rectangles in the schematic diagram rep-

revealed that all three factors had significant effects on HD,
and there were significant interactions between VRN-B1
and Years (p <0.001). However, no significant interactions
were observed between Qhd.2AS and VRN-BI (p=0.300),
or between Qhd.2AS and Years (p=0.461, Table S5). These
results suggested that the genetic regulation of Qhd.2AS
on HD is independent of VRN-BI and environmental
conditions.

Evaluation of Qhd.2AS on important agronomic
traits

To investigate the effect of Qhd.2AS on important agro-
nomic traits, we compared PH, TGW, and five kernel-
dimension-related traits (kernel length, width, area,
perimeter, and diameter) between RILs homozygous for
the alleles Qhd.2AS"**®" and Qhd.2AS"!. For PH and
TGW, we observed no significant differences between the
Ohd.2ASY*%¥ and Qhd.2AS™ RILs in 2016 and 2017, but
slightly higher values in the Qhd.2AS™*°" lines compared
to the Qhd.2AS°" lines in 2018 (p <0.05, Fig. 6a, b). For
the five kernel-dimension-related traits measured in 2017
and 2018, the mean values in the two types of RILs showed
no significant differences (Fig. 6¢c—g). In addition, we fur-
ther evaluated these agronomic traits in a secondary popula-
tion segregating for the Qhd.2AS locus. Despite the slightly
higher mean values of PH and kernel area, and a relatively
lower mean value of kernel perimeter in the Qhd.2AS"
lines, the other four agronomic traits showed comparable

E0039

E0683

Jinga11 C C C c‘c'AAGGccG“

MAUNAY e L 1A
E0683 CCCCCAA——-—EGCGCCC

'
i i

L —f:'\p‘
i
1
1

resent the four conserved C,H,-type zinc finger motifs in the pro-
tein encoded by TraesCS2A02G181200. Black triangles indicate the
positions of the mutations. The stop-gain mutation in EO039 and the
frameshift mutation in E0683 were validated by Sanger sequencing.
Mutation sites are included in the red dotted rectangles (Color figure
online)

mean values and all seven traits displayed no significant dif-
ferences between the two types of homozygous plants (Fig.
S7). These results indicate that Qhd.2AS is not significantly
associated with important agronomic traits.

Discussion

Heading date (HD) in wheat is a key factor that contributes
to its global environmental adaptability and yield stability
under diverse climatic conditions (Kamran et al. 2014). Dis-
secting the genetic control of HD is necessary to understand
this wide adaptability and stable yield of wheat grown in
distinct environments. In the past several decades, studies
have identified a number of genes that show high impacts
on HD and growth habit in wheat (Distelfeld et al. 2009a;
Shi et al. 2019). However, these genes are often unsuitable
for deployment in wheat breeding programs due to their
dramatic effects on HD and the trade-off effect with yield-
related traits; thus, genes with minor effects on HD are more
desirable targets for fine-tuning the improvement of crop
varieties (Cai et al. 2021; Wu et al. 2018). Using a BSR-Seq
approach, we previously identified allelic variations in the
vernalization gene VRN-B] that were mainly responsible for
HD variations in the RIL population (Li et al. 2020). How-
ever, a continuous distribution in HD was still observed in
the RILs carrying homozygous VRN-BI genotypes. By com-
bining BSA and QTL analysis, we identified an environmen-
tally stable locus, Qhd.2AS, on the short arm of chromosome
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Fig.5 Haplotype analysis of the candidate gene TraesC-

S2A02G181200. a Linkage disequilibrium (LD) block analysis of the
15 SNPs identified in the 3 kb promoter region and gene sequences
from 677 wheat accessions. Numbers in red squares represent the >
value of two selected SNPs. b Four haplotypes identified in the LD
block based on 10 out of the 15 SNPs. Numbers on the top and right

2A. The LOD scores and explained phenotypic variance in
the RILs indicated that Qhd.2AS is a minor-effect HD gene
compared to VRN-BI (Li et al. 2020). Minor HD genes are
useful for adjusting regional and seasonal adaptation in
crop varieties; however, they have been poorly character-
ized using traditional mapping strategies due to their small
effects which are often unstable and difficult to score across
environments (Chen et al. 2014; Wu et al. 2013). An inves-
tigation of the DTH2 gene highlighted the significance of
minor HD genes in the historical expansion of cultivated rice
to long-day growth conditions (Wu et al. 2013). In our study,
the homozygous Qhd.2AS"! plants headed approximately 3
days earlier than that of plants carrying the Qhd.2AS"X%%
allele, suggesting that the Qhd.2AS locus can be useful for
minor adjustment of HD in wheat breeding.

The photoperiod gene Ppd-Al on chromosome 2A is a
key regulator of HD in wheat (Wilhelm et al. 2009). We
previously identified a 131-bp deletion at the 3’ end of
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indicate the physical position of the SNPs in IWGSC RefSeq v1.1
and the haplotype frequency, respectively. ¢ Geographical distribu-
tion of the representative SNP-140361773. The larger pie chart rep-
resents more wheat accessions. The proportions of the G (ek/) and A
(LX987) alleles are indicated by different colors (Color figure online)

Ppd-Al in ehl but not in LX987; however, this deletion was
not associated with HD variation in the RIL population (Li
et al. 2020). Additionally, the physical position of Ppd-Al
is located outside of the candidate region for Qhd.2AS, sug-
gesting that Qhd.2AS and Ppd-Al are not allelic. Recently,
several studies have identified numerous QTLs and/or
marker-trait associations for HD on wheat chromosomes 1A,
2A, 2B, 3A, 4B, 5B, 7A, 7B, and 7D; many of these QTLs
are co-located with known flowering genes such as Ppd-1,
Vrn-Al, Vrn-Bl, and Vrn-B3 (Avila et al. 2021; Bogard et al.
2020; Chen et al. 2020; Gupta et al. 2020; Liu et al. 2017;
Sesiz and Ozkan 2021). Chen et al. (2020) reported a QTL
that controls HD located close to the centromere region on
chromosome 2A, and Bogard et al. (2020) identified a HD
QTL on chromosome 2A from Australian wheat cultivars
and breeding lines. More recently, a minor HD QTL on
chromosome 2AS was identified around the marker locus
AX111681607 (106.77 Mb position in IWGSC RefSeq v1.0)
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Fig.6 Evaluation of the effects of Qhd.2AS on agronomic traits in the RILs. Each trait was investigated using at least five randomly selected
RILs. For each RIL, three representative plants were used. Error bars represent the standard errors of the means. ns, not significant. *p <0.05

(Wu et al. 2022). The physical positions of these loci dif-
fered from that of Qhd.2AS identified in this study. There-
fore, Qhd.2AS could be a novel HD gene.

We identified a gene that encodes a C,H,-type zinc
finger protein that could be the causal gene for Qhd.2AS.
Using a large segregating population excluding the VRN-
B1I locus, we eventually delimited Qhd.2AS to a genomic
interval of 1.70-Mb (138.87-140.57 Mb, IWGSC RefSeq
v1.0) that contained 16 annotated high-confidence genes.
Our results provide strong evidence to support the notion
that the TraesCS2A02G181200 gene, which encodes a
C,H,-type zinc finger protein, is the causal gene of Qhd.2AS.
First, we analyzed whole genome re-sequencing and RNA-
seq data from the two parental lines and identified seven
genes that showed sequence variations in the mapped region

including eight missense SNPs in the coding sequence of
three genes, five Indels in the intronic regions of three genes,
and two SNPs and one Indel in the putative regulatory site of
TraesCS2A02G181200 (Table 1). Many studies have dem-
onstrated that mutations in the coding sequence, intronic
regions, and regulatory sites of flowering genes are impor-
tant to their function because they affect protein activity
or gene expression. For example, a single nucleotide poly-
morphism changed Ala'®® in the dominant Vrn-Ala allele
to Val'®®, and the mutated protein had a decreased ability
to bind with TaHOX1 (Li et al. 2013). Additionally, sin-
gle nucleotide polymorphisms in the first intron of Vin-Al
and in the promoter region of Vrn-D1I are associated with
different vernalization responses, possibly by mediating
the binding activity of other transcription factors (Kippes
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et al. 2018; Zhang et al. 2012). Therefore, the seven genes
that show sequence variations between the two paren-
tal lines are potential candidate genes that affect heading
time. Furthermore, from our RNA-seq data and an analysis
of large-scale leaf or spike samples from the public RNA-
seq database, we found that three of the seven candidate
genes could be detected in leaves or spikes of wheat, and
only the TraesCS2A02G181200 gene was up-regulated in
ehl (Table 2, Fig. 3a, b). The effect of gene expression
changes on flowering time mainly depends on their func-
tions in the regulation pathways. For example, the down-
regulation of flowering promoter genes such as VRNI and
VRN3 could delay flowering time, while down-regulation
of the repressor gene VRN2 accelerates flowering in winter
wheat (Yan et al. 2003, 2004b, 2006). We inferred that the
three candidate genes could be involved in the regulation of
HD since the leaves and spikes are the main tissues where
many flowering genes are often expressed (Yan et al. 2003,
2004b, 2006). Finally, we identified five functional TILL-
ING mutations for the three candidate genes (Table S3).
Plants carrying the mutations in TraesCS2A02G 180200 and
TraesCS2A02G 180500 exhibited similar HDs to the wild-
type ‘Jing411,” while plants carrying the two mutations in
TraesCS2A02G181200 headed 2—4 days later than ‘Jing411’
under field conditions (Fig. 4b, Table S3). Collectively, the
sequence variations present in putative regulatory sites, the
up-regulated gene expression in eh/, and mutant analysis
suggest that TraesCS2A02G 181200 is the most likely causal
gene for Qhd.2AS. The TraesCS2A02G 181200 gene encodes
a putative transcription factor with four C,H,-type zinc
finger motifs (Fig. 4b). Proteins with zinc finger domains
have been widely characterized in plants and are known to
participate in multiple biological processes including plant
growth, development, and abiotic stress tolerance (Xie et al.
2019; Yan et al. 2014). In Arabidopsis, the nuclear-localized
C,H,-type zinc finger protein SUF4 represses flowering
by activating the expression of FLC, a well-characterized
flowering repressor in the vernalization pathway (Kim et al.
2006). Additionally, the C,H,-type zinc finger protein LATE
inhibits flowering in the photoperiod response by down-reg-
ulating flowering promoter genes such as CO and FT (Wein-
gartner et al. 2011). These results suggest a potential role for
TraesCS2A02G 181200 in the regulation of HD in wheat.
HD is sensitive to environmental factors such as tem-
perature and day length. Genes involved in the vernaliza-
tion pathway and photoperiod response are often integrated
with environmental stimuli to determine wheat growth and
development (Distelfeld et al. 2009a; Shi et al. 2019). In
some winter wheat varieties, a period of short-day treat-
ment can replace the vernalization requirement; this process
was found to be associated with down-regulated expression
of the flowering repressor VRN2 (Dubcovsky et al. 2006).
The vernalization gene VRN and photoperiod gene Ppdl
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were shown to have epistatic interactions and impacts on
the development of winter wheat through a temperature-
dependent manner (Dixon et al. 2019; Eagles et al. 2010).
The Earliness per se locus also exhibited an additive interac-
tion effect with the vernalization gene Vrn-B1 on HD (Chen
et al. 2015). In agreement with previous studies, our multi-
variate analysis of variance revealed a significant interaction
between VRN-BI and the environment on HD. However, the
Qhd.2AS-mediated HD variation in the RILs was independ-
ent of VRN-BI and environmental factors (Table S5), which
indicates a distinctive role for Qhd.2AS in the regulation of
HD. Growth habit in wheat is mainly determined by major
allelic variations in the VRNI gene (Yan et al. 2003, 2004a).
Studies have shown that different haplotype combinations of
exonic variations in VRN-AI are associated with spring or
winter growth habits in domesticated wheat (Muterko and
Salina 2018). Results of our haplotype analysis suggested
that the predominant Hap-4 haplotype of Qhd.2AS has been
positively selected for in spring wheat accessions (Fig. S5b).
Additionally, the G allele (ei] genotype) of SNP-140361773
in TraesCS2A02G 181200 is widely distributed in wheat cul-
tivars grown around the world (Fig. 5c), suggesting a poten-
tial value of this gene in enabling wheat to adapt to different
growth conditions. In addition to their effects on HD, many
flowering-related genes are often associated with other agro-
nomically important traits in wheat. Ppd-1 has an inhibitory
effect on paired spikelet formation by regulating the expres-
sion of FT1 (Boden et al. 2015). Knock-out mutants of F7-
DI had increases in spikelet number, plant height, and spike
length (Chen et al. 2022). Similarly, deletions in the FT-BI
gene not only delayed flowering time, but also increased the
spikelet number and tiller number in wheat (Dixon et al.
2018; Finnegan et al. 2018). We investigated the effects of
Qhd.2AS on major yield-related components including plant
height, 1000-grain weight, and five kernel-dimension-related
traits. Notably, we did not observe significant associations
between Qhd.2AS and these agronomic traits, suggesting
that the Qhd.2AS is a suitable potential target to balance the
trade-off effect between HD and yield components in wheat.

Although the early-heading phenotype in ekl plants
resulted from a gamma-ray induced mutation, we inferred
that the Qhd.2AS-mediated variation in HD was not associ-
ated with the induced mutation in ehl. Firstly, the HD of
ehl plants was more than 10 days earlier than the HD in
wild-type ZY9, while Qhd.2AS only explained a small pro-
portion of the phenotypic variance in the RIL population.
Moreover, there is a significant difference in HD between
LX987 and ZY9 (Li et al. 2020), suggesting that variations
in the genetic background might be associated with HD in
RILs. Additionally, we identified 16 SNPs and 6 Indels from
the genome re-sequencing data in the candidate region for
Ohd.2AS between ZY9 and ehl, and found most variations
were located in the intergenic regions and none of them were
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annotated in the exonic or intronic sequences (Table S7).
Lastly, sequence variations in the putative regulatory sites
of TraesCS2A02G 181200 were widely present in natural
wheat accessions (Fig. 5). It is a common phenomenon that
the same mutant allele leads to distinct levels of phenotypic
variation in different genetic backgrounds. In rice, two cul-
tivars carrying the same deficient mutant allele PDILI-1
exhibited significant differences in flour characteristics, plant
height, and grain yield, suggesting that certain genetic back-
grounds can counteract the phenotypic changes that result
from gene mutations (Hori et al. 2022). Similarly, the early
heading effect caused by the induced mutation in ek could
be neutralized by the genetic background of LX987; it is
therefore difficult to pinpoint the mutated locus that affects
HD. Further studies are needed to explore the effects of the
induced mutation in a homogeneous genetic background.

Conclusion

We identified an environmentally stable quantitative trait
locus named Qhd.2AS that conferred minor effects on HD
in a wheat RIL population. Qhd.2AS was validated in a seg-
regating population and the physical location was delimited
to a genomic interval of 1.70 Mb. This region contained 16
high-confidence genes based on IWGSC RefSeq v1.1. Phe-
notypic investigations showed that Qhd.2AS has no negative
effects on yield-related traits. Combining sequence varia-
tion analysis, gene expression, and phenotypic validation
in mutants with truncated proteins, we concluded that the
TraesCS2A02G181200 locus that encodes a C,H,-type zinc
finger protein is the best candidate to be the causal gene for
Qhd.2AS. These results will facilitate a better understanding
of the genetic regulation of HD and provide a novel target
gene for marker-assisted selection in wheat breeding.
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