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Abstract. The duration of the vegetation period significantly impacts yield formation and is one of the important
characteristics of spring common wheat (Triticum aestivum L.) varieties. The primary developmental phases influenc-
ing the vegetation period include the time from seedling emergence to heading and from heading to maturity. To
identify genes and loci associated with these traits under long-day conditions typical of Western Siberia and to as-
sess their impact on yield components, we conducted QTL mapping followed by an evaluation of yield-related traits
in lines carrying different alleles of key heading time genes. For mapping, we used an F, population derived from a
cross between the varieties Obskaya 2 and Tulun 15, which contrast in their heading and maturity times. QTL analysis
identified a novel locus on the long arm of chromosome 7B associated with maturity time, as well as two loci on
chromosome 2D and the short arm of chromosome 7B associated with heading time. Gene analysis within these
loci revealed candidate genes for the “seedling-maturity” trait, with expression patterns corresponding to the known
maturity time regulator NAM-1. The localization of loci for the “seedling-to-heading” trait suggested their correspon-
dence to the well-known genes Ppd-D1 and Vrn-B3. Analysis of progeny carrying the Ppd-D1a and Vrn-B3a allele
combination demonstrated that Ppd-D17a had a stronger effect on heading time than Vrn-B3a, and their combined
presence resulted in the earliest heading — on average, five days earlier than in lines with the Ppd-D1b and vrn-B3
alleles. Evaluation of yield-related traits (number and weight of grains per main spike and per plant, and 1,000-grain
weight) indicated that Ppd-D1 was significantly associated with all traits, with the Ppd-D1a allele generally exerting a
negative effect on yield. In contrast, Vrn-B3 had a comparatively smaller effect on yield traits than Ppd-D1.
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AHHoTauusA. MpoaoMKNTENBHOCTb BEreTaLMOHHOMO Nepuoja oKasblBaeT 3HaUUTeIbHOe BAUsIHME Ha pOpMMpPOoBa-
HUe ypoxasn 1 ABNAETCA OQHOW M3 BaXKHbIX XapaKTePUCTMK COPTOB APOBOM MArKon niweHuubl (Triticum aestivum L.).
K oCHOBHbIM MeXda3HbIM neprofam, BANAIOWMM Ha NPOACIKUTENbHOCTb BereTaluum, OTHOCATCA BPeMA OT BCXO-
[l0B 10 KONOLUEHNA 1 OT KOMOLIEHWA A0 Co3peBaHuA. 1A BbIABIEHNA reHOB 1 JIOKYCOB, aCCOLMNPOBAHHbIX C 3TUMM
npvi3HakaMm B yCNIOBUAX AJIMHHOTO [IHA, XapakTepHoro Ana 3anagHon Cnbupw, 1 oLeHKN UX BANAHUA Ha CTPYKTYpPY
ypoxas Mbl nposenu KapTupoBaHue QTL ¢ nocnepyioLlen oLeHKON NPU3HAKOB YPOXKANHOCTA Y IMHWIA, HECYLLNX
pa3ninyHble annenn reHoB, onpefenArwmnx CKOPoCTb pa3BUTUA. B kauecTBe KamepyloLuelh nonynaunn mbl Uc-
nonb3oBanu pacteHns F,, NonyyeHHble OT CKpeLMBaHMA KOHTPACTHBIX MO CKOPOCTH pa3Butua coptos Obckas 2 1

© Kiseleva A.A.,, Stasyuk A.l, Leonova I.N,, Salina E.A., 2025

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0002-3725-8596
https://orcid.org/0000-0002-2931-6709
https://orcid.org/0000-0002-6516-0545
https://orcid.org/0000-0001-8590-847X
https://orcid.org/0000-0002-3725-8596
https://orcid.org/0000-0002-2931-6709
https://orcid.org/0000-0002-6516-0545
https://orcid.org/0000-0001-8590-847X

A.A. Kiseleva, A.l. Stasyuk
I.N. Leonova, E.A. Salina

Mapping loci and genes controlling heading
and maturity time in wheat under long-day conditions

TynyH 15. QTL aHanu3 BbiABUA HOBbIV JIOKYC Ha AJIMHHOM Miieye XpOMOCOMbI 7B, accoLMmpoBaHHbI CO BpeMeHem
co3peBaHuA, 1 ABa JIOKyca Ha Xpomocome 2D 1 KopoTKOM rjieye XPOMOCOMbI 7B, acCoLMMPOBaHHbIX CO BpEMeHeM
KosnoweHunA. AHanM3 reHoB, BXOAALLMX B COCTaB JIOKYCOB, MO3BOJIWI BbIABUTb FreHbl-KaHAMAATbI A1A NPU3HaKa «BCXO-
[bl—-CO3peBaHMe», MaTTePHbl SKCMPECCUM KOTOPbIX COOTBETCTBOBASIM FrEHaM M3BECTHOFO PEryfAaTopa CKOPOCTH CO-
3peBaHuna NAM-1. Jlokanvsaumsa NoKycoB AnsA NpU3HaKa «BCXOLbl—KOJOLEHMe» NMO3BONIa NPeANONOXKNTb, YTO OHY
COOTBETCTBYIOT N3BECTHbIM reHam Ppd-D1 n Vrn-B3. AHanu3 noTomMcTBa IMHUI C couyeTaHuem annenei Ppd-Dia n
Vrn-B3a nokasan, uto Ppd-D1a oka3biBaeT 6onblwnii 3PeKkT Ha Bpema KonoweHus, yem Vrn-B3a, a couetaHme 3Tmx
LBYX annenein NpvBoauT K Hambonee paHHeMY KOJOLEHNIO, B CPeHEM Ha MATb JHEN paHbLUe NVHUIA C annenamm
Ppd-D1b v vrn-B3. OueHKa Npu3HaKoB CTPYKTYpbl ypoxasn (KONMYecTBO U Macca 3epeH C rlaBHOro Kosoca 1 ¢ pac-
TeHuA, macca 1000 3epeH) nokasana, uto reH Ppd-D1 accoumnmpoBaH co BCeMM NMPr3HaKaMun Ha BbICOKOM YPOBHE 3Ha-
YMMOCTW, NPV 3TOM B OONbLUMHCTBE cilyyaeB annenb Ppd-D1a HeraTMBHO BAUAN Ha YPOXanHOCTb. [eH Vrn-B3 Bnnan
Ha NPU3HAKM YPOXKANHOCTY B MEHbLLEN CTEMEHW NO CpaBHeHWio ¢ Ppd-D1.

KnioueBble cnoBa: MArkasa nieHnLa; Bpemsa KOJIOWEHWSA; BPeMA CO3peBaHuns; ypoxanHocTb; QTL KapTnpoBaHue;

Ppd-D1; Vrn-B3

Introduction

Wheat yield and its adaptability to diverse environmental
conditions are largely determined by the duration of key
developmental stages. The most critical stages in wheat de-
velopment are the transition from vegetative to reproductive
growth —namely, heading time —and maturity time. In variety
evaluations, the prediction of heading time is most often based
on the allelic composition of key regulatory genes, inclu-
ding Vrn-Al, Vrn-B1, Vrn-D1, Ppd-D1, and, less frequently,
Vrn-B3 (TaFT-1), as these genes exert the most substantial
influence on this trait (Zhang Y. et al., 2010; Kiss et al., 2014;
Chen S. etal., 2018; Mizuno et al., 2022; Palomino, Cabrera,
2023). The primary genes associated with maturity time are
those belonging to the NAM-1 family (Hagenblad et al., 2012;
Alhabbar et al., 2018Db).

Most Ppd-1 alleles conferring photoperiod insensitivity are
characterized by structural changes in the promoter region,
such as deletions or insertions, which affect various regulatory
sequences (Beales et al., 2007; Wilhelm et al., 2009; Nishida
etal., 2013). Besides, dominant alleles known for Ppd-B1 are
characterized by an increased number of copies (Diaz et al.,
2012). Among all Ppd-1 genes, the dominant Ppd-D1a allele
is currently the most widely utilized in global wheat breed-
ing programs (Seki et al., 2011). According to Z. Guo et al.,
the Ppd-D1a allele has been identified in 33 % of common
wheat cultivars in South America, 45.5 % of those cultivated
in Southern Europe, and 8 % of varieties in Northern and
Western Europe (Guo et al., 2010). The highest frequency
of this allele has been reported in Asia, where it is present in
57.4 % of wheat cultivars grown in China. Among Japanese
cultivars, 84 % carry this dominant allele (Seki et al., 2011).
In contrast, the Ppd-D1a allele remains relatively rare among
cultivars developed through Russian breeding programs,
despite its potential not only to accelerate heading but also
to positively influence other agronomic traits (Likhenko et
al., 2014; Lysenko et al., 2014). In most studies, the effect
of this allele has been examined under short-day conditions,
where it shortens the time to heading by 20 to 30 days. How-
ever, there is limited evidence suggesting that the Ppd-D1a
allele can also accelerate heading by 3 to 5 days even under
long-day conditions (Worland et al., 1998; Kiseleva et al.,
2014).

Another important gene is Vrn-B3, which serves as a cent-
ral regulator of heading time. The Vrn-B3a allele promotes
early flowering, with its expression enhanced by the insertion

of a 5,300 bp retroelement into the promoter region (Yan
et al., 2006). This allele is very rarely found in cultivated
wheat varieties (Zhang X K. et al., 2008; Igbal et al., 2011;
Chen F. et al., 2013; Lysenko et al., 2014). Additionally, four
other alleles of this gene — designated as b, ¢, d, and e — have
been identified, although they exhibit much weaker effects on
heading time (Chen F. et al., 2013; Berezhnaya et al., 2021).

The wild-type allele of the NAM-B1 gene is associated with
earlier maturity; however, it is rarely found in modern cultivars
due to its negative impact on yield (Lundstrom et al., 2017).
Alleles of its homoeolog, NAM-AL — specifically NAM-Ala
and NAM-A1lb — have also been identified and are similarly
associated with earlier maturity (Alhabbar et al., 2018a).

Environmental conditions significantly influence the de-
velopmental rate of common wheat. Climatic conditions vary
considerably across different regions where wheat is cultivated
in Russia. Despite the clear importance of investigating the
regulation of heading and maturity times under long-day
conditions — typical of most regions in Russia — the genetic
mechanisms underlying these traits under such photoperiods
remain poorly understood. For example, several studies have
demonstrated the influence of Vrn-1, Vrn-B3, and NAM-A1 on
maturity time (Zaitseva, Lemesh, 2015; Alhabbar et al., 2018a;
Whittal et al., 2018). However, in our previous research, no
association was found between the allelic state of these genes
and maturity time in spring wheat cultivars under the condi-
tions of Western Siberia. Instead, novel loci associated with
this trait were identified on chromosomes 2A, 3B, 4A, 5B,
7A, and 7B (Kiseleva et al., 2023).

Thus, the genetic control of wheat developmental rates is
highly dependent on growing conditions, with different genes
influencing the trait in distinct climatic zones. In Western
Siberia, there is a particular need for early-maturing, high-
yielding common wheat cultivars, as most varieties currently
registered for this region are mid-season types. Cultivating
spring wheat with a range of maturity times allows for a more
flexible harvest schedule, which is crucial for minimizing
yield losses due to over-ripening (Belan et al., 2021). This
highlights the need for further analysis of known loci and
identification of new loci and genes controlling the duration
of key growth stages, as well as breeding of wheat cultivars
and lines with heading and maturity times adapted to specific
environmental conditions.

The objective of our study was to identify loci and their
associated genes related to the duration of major develop-
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mental phases in spring common wheat and to assess their
effects on yield under the environmental conditions of Western
Siberia.

Materials and methods

Plant material. The mapping population was developed
from a cross between two spring common wheat cultivars,
Obskaya 2 and Tulun 15. Obskaya 2 belongs to the group
of mid-season cultivars and is characterized by high yield
potential and baking quality comparable to that of premium
wheat. Tulun 15 is an early-maturing cultivar with high grain
quality, although it has lower yield performance compared to
Obskaya 2. Hybridization of the parental cultivars, subsequent
self-pollination of the F, hybrids, and cultivation of the F,
generation were carried out under the greenhouse conditions
of the Federal Research Center Institute of Cytology and Ge-
netics, Siberian Branch of the Russian Academy of Sciences
(ICG SB RAS). The subsequent F3 and F4 generations were
also obtained through self-pollination and grown under field
conditions (Fig. S1)!.

Phenotypic analysis. The F; and F, generation plants de-
rived from the cross between Obskaya 2 and Tulun 15 were
sown in 2018 and 2019 at the experimental field of the Siberian
Research Institute of Plant Production and Breeding (Kras-
noobsk, Novosibirsk Region; 54.914070°N, 82.975379°E).

Heading was defined as the stage when half of the wheat
spike had emerged from the sheath, and heading time was
recorded as the duration (in days) from seedling emergence
to heading. Maturity was determined based on the hardening
of the grain and the yellowing and drying of the spikes and
stems. The grain filling period was calculated as the differ-
ence between maturity time and heading time. The soil at the
experimental field was leached chernozem. Field trials were
established on plots 0.5 meters wide, with 20 seeds sown per
row. Each sample was sown in two rows with a 20 cm row
spacing. Mature plants were harvested in bundles, dried, and
subsequently used for yield component analysis. The number
of grains per main spike, the grain weight per main spike, the
total number and weight of grains per plant, and the 1000-grain
weight were evaluated. Structural analysis was performed on
20 plants per sample.

Weather conditions in the Novosibirsk Region during the
growing seasons deviated from the long-term averages. In
May 2018, the mean monthly temperature was 7 °C, compared
to the long-term average of 12.5 °C, while rainfall reached
82 mm — 2.5 times higher than the norm. In June, July, and
August 2018, temperatures were close to long-term averages.
Rainfall in June and July did not differ significantly from the
norm; however, August was characterized by warm and dry
conditions, with only 35 mm of rainfall compared to the aver-
age of 53 mm. In 2019, the temperature regime throughout
the growing season was consistent with long-term averages.
Moisture availability in May 2019 was comparable to the
long-term norm. However, June and August experienced a
moisture deficit, with only 26 mm and 22 mm of precipitation,
respectively, compared to the averages of 59 mm and 53 mm.
In contrast, July 2019 was warm and humid, with 98 mm of
rainfall compared to the average of 69 mm.

1 Figures S1, S2 and Tables S1-S8 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx26.xIsx
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1 Co3peBaHnA MAFKOW NiLEeHNLbl B YCNoBUAX ONTMHHOTO AHA

DNA extraction and PCR. Genomic DNA was extracted
from wheat leaf tissue using a modified protocol based on the
method published by J. Plaschke et al. (Plaschke et al., 1995).
Allele-specific primers previously reported in the literature were
used to identify the alleles of the Virn-1, Virn-B3, and Ppd-D1
genes (Yan etal., 2004, 2006; Fu etal., 2005; Beales et al., 2007;
Shcherban et al., 2012). PCR amplification was performed us-
ing a T100 Thermal Cycler (Bio-Rad, USA) and BioMaster
HS-Taq PCR-Color reagents (Biolabmix, Russia) following
the protocols described in the corresponding publications.

Genotyping, genetic map construction, and QTL map-
ping. High-throughput SNP genotyping was performed on
DNA from the F, mapping population of common wheat
(84 lines) derived from the cross between Obskaya 2 and
Tulun 15, using the Illumina Infinium 20K Wheat chip
(TraitGenetics GmbH, Germany). A total of 17,267 markers
were analyzed.

Genetic map construction was performed using the Mul-
tiPoint UltraDense software (Mester et al., 2003). Markers
with more than 25 errors or with a segregation distortion (%)
greater than 42 were removed. The minimum size for a group
of co-segregating markers (linked markers mapped to the same
position) was set at 2. Clustering was carried out with a re-
combination fraction threshold of 1.5. Marker ordering within
clusters was conducted using the GES (guided evolutionary
strategy) algorithm with jackknife resampling. To generate
stable maps, monotony control was applied, involving the
removal of outlier markers followed by sequential elimination
of destabilizing markers.

Using the constructed genetic maps and phenotypic data,
QTL mapping was conducted to identify loci controlling head-
ing time, maturity time, and grain filling period in the popula-
tion derived from the cross between Obskaya 2 and Tulun 15.
QTL mapping was performed using the MultiQTL software
based on the CIM (composite interval mapping) algorithm.

Gene prioritization from identified loci. For the functional
characterization of candidate genes, sequences were anno-
tated using the IWGSC RefSeq v1.0 reference genome. Gene
expression patterns were assessed based on transcriptome
sequencing data from the common wheat cultivar Azhurnaya,
obtained from various plant tissues during development from
germination to full maturity (Ramirez-Gonzalez et al., 2018).
As reference transcripts, sequences for NAM-A1 (TraesC-
S6A02G108300.1/.2) and NAM-D1 (TraesCS6D02G096300.1)
were used, since NAM-B1 in the Chinese Spring (CS) cultivar
is represented by a non-functional allele and does not have an
annotated ID in the RefSeq genome annotation.

Statistical analysis. Descriptive statistics, ANOVA, Tukey
test, and Pearson correlation coefficients (r) were calculated
using R software. All plots were generated with the R package
ggplot2 (Wickham, 2016).

Results

Evaluation of developmental phase duration

in the mapping population

Heading time in the population ranged from 34 to 41 days.
Descriptive statistics for the three traits are presented in
Table S1. The distribution of heading time was approximately
normal (Fig. 1), while the distributions of maturity time and
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Fig. 1. Pearson correlation coefficients between traits related to developmental rate.

HT - heading time; MAT — maturity time; GFP — grain filling period. Significant differences are indicated by asterisks: * p < 0.05;

***p <0.001.

grain filling period were skewed toward lower values. A very
strong correlation was observed between maturity time and
grain filling period, with an r? of 0.96.

Genetic maps and QTL mapping

For the construction of genetic maps for the Obskaya 2 x Tulun
15 population, 3,323 polymorphic markers were selected. Of
these, 2,629 markers were mapped, including 534 skeleton
markers. A total of 25 linkage groups were developed, with
chromosomes 3B, 3D, and 5D represented by multiple groups.
Summary data are presented in Table S2, and graphical rep-
resentations of the maps are shown in Figure S2.

Using the CIM model, significant loci associated with the
duration of developmental phases in common wheat were
mapped to chromosomes 2D and 7B (Fig. 2). The locus on
chromosome 2D was associated exclusively with heading time
and accounted for 37 % of the phenotypic variation (PEV)
for this trait. A locus on the short arm of chromosome 7B was
also associated with heading time, explaining 20 % of the
variation. Additionally, two loci on the long arm of chromo-
some 7B were associated with maturity time and grain filling
period; these loci overlapped. The PEV values were 11.5 %
for maturity time and 18 % for grain filling period.

The locus on chromosome 2D associated with heading time
was located in the interval between markers BS00022276 51
(position 29454345 on RefSeq v1.0) and wsnp CAP12
c1503 764765 (position 35683599 on RefSeq v1.0). Thus, the
most likely candidate gene for this QTL is Ppd-D1 (position

33952048-33956269), the physical location of which on the
reference map precisely corresponds to the interval between
the identified markers.

The locus on chromosome 7B associated with heading
time was located in the interval between markers Tdu-
rum_contig5352 556 (position 5061935 on RefSeq v1.0) and
AX-95248379 (position 12717101 on RefSeq v1.0). Thus, the
most likely candidate gene for this QTL is Vrn-B3 (position
9702354-9704354), the physical location of which on the refe-
rence map falls within the interval defined by these markers.

For the loci associated with maturity time and grain filling
period on the long arm of chromosome 7B, no known genes
were identified. A search of the WheatQTLdb database also
did not reveal any loci with similar positions.

Candidate genes within the maturity time

and grain filling period locus

The QMat.icg-7BL locus was localized to the interval between
712618516 and 721195460 bp on RefSeq v1.0 and contains
141 genes (Table S3). Analysis of gene expression patterns
in various tissues during plant development identified several
candidate genes (Table S4).

A total of eight genes were identified that are predominantly
expressed in the flag leaf, the fifth leaf after heading, or in
the grain: TraesCS7B02G455300, TraesCS7B02G459500,
TraesCS7B02G459600, TraesCS7B02G460500,
TraesCS7B02G460300, TraesCS7B02G454000,
TraesCS7B02G461300, and TraesCS7B02G461400.
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Fig. 2. Genetic maps of chromosomes 2D and 7B (showing only skeleton markers) with loci associated with heading time (green), maturity time

(maroon), and grain filling period (red) indicated.

Selection of plants with different alleles
of Ppd-D1 and Vrn-B3
The Ppd-D1 and Vrn-B3 genes were identified through QTL
analysis as the primary candidates controlling heading time
in the studied population. Therefore, PCR was conducted to
determine their allelic composition. Genotyping revealed that
the early-maturing cultivar Tulun 15 carries the Ppd-D21a and
Vrn-B3a alleles, whereas Obskaya 2 carries the Ppd-D1b and
vrn-B3 alleles. Both cultivars shared the same allelic compo-
sition for the Vrn-1 genes: Vrn-Ala, Vrn-Blc, and vrn-D1.
Subsequently, the F, population plants were genotyped.
As a result, 34 plants in which Ppd-D1 and Vrn-B3 were
in a homozygous state were selected. Based on their allelic
composition, the selected plants were divided into four groups
(Fig. S1). The F5 and F4 progeny of these plants were sown
in the field to determine the heading times for each group.

Evaluation of heading time in the F; and F, populations

Evaluation of the period from seedling emergence to heading
in 2018 showed that plants from Group 1, carrying the domi-
nant alleles Ppd-D1a and Vrn-B3a, headed the earliest — on
average at 34.5 days (Fig. 3). Plants carrying the Ppd-D1a al-
lele and the recessive vrn-B3 allele (Group 2) headed 2.8 days
later than Group 1, at 37.3 days. Plants from Group 3 (Ppd-
D1b and Vrn-B3a) headed 38 days after emergence. The
latest heading was observed in Group 4 plants (40.3 days),

in which both genes were in the recessive state. Although the
parental cultivar Obskaya 2 had the same allelic composition
as Group 4, it headed even later, at 42.9 days. The Tulun 15
cultivar, despite carrying the same allelic combination as
Group 1 (Ppd-Dla and Vrn-B3a), headed 3 days later than
the Group 1 plants.

Evaluation of the duration from seedling emergence to hea-
ding in 2019 showed that the shortest period (37.1 days) was
observed in the parental cultivar Tulun 15 (Fig. 3). Plants from
Group 1, which had the same allelic composition for the Vrn
and Ppd genes, headed 39 days after emergence, which was
5.8 days earlier than the plants from Group 4 (homozygous
for the recessive vrn-B3 and Ppd-D1b alleles). In Group 2,
carrying the dominant Ppd-D1a allele and the recessive
vrn-B3 allele, the heading period was 2.5 days longer than in
Group 1, totaling 41.5 days. Even later heading (42.8 days)
was recorded in Group 3, where plants carried the reces-
sive Ppd-D1b allele and the dominant Vrn-B3a allele.
Among the hybrid population, plants in Group 4, with the
recessive Ppd-D1b and vrn-B3 alleles, headed the latest —
44.8 days after emergence. The parental cultivar Obskaya 2
exhibited the longest period from emergence to heading —
46.8 days.

ANOVA confirmed that the alleles of Ppd-D1 and Vrn-B3
significantly influenced heading time in both years of the study
(Table S5). The presence of the Ppd-D1a allele accelerated
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Fig. 3. Comparison of the duration from seedling to heading in F5 and F, plants derived from the cross between Obskaya 2 and Tulun 15.

*** Significant differences between hybrids and parental cultivars at p < 0.001.

heading by 3.5 days in 2018 and by 4.4 days in 2019. The
Vrn-B3a allele accelerated heading by 2.3 days in 2018 and
by 2.5 days in 2019. Moreover, the combination of these two
alleles resulted in heading 5.5 days earlier in 2018 and 6.5 days
earlier in 2019 compared to the combination of the recessive
alleles of these genes.

Effect of the Ppd-D1 and Vrn-B3 alleles

on yield components

In both years, several yield parameters were evaluated, inclu-
ding the number of grains per main spike, grain weight per
main spike, total number and weight of grains per plant, and
1000-grain weight (Table S6). According to ANOVA results,
group classification based on the combination of Ppd-D1
and Vrn-B3 alleles had a significant effect on all traits, while
the year of cultivation significantly affected all traits except
for the number of grains per plant and grain weight per plant
(Table S7).

The number of grains per main spike in the Obskaya 2
cultivar was the highest in 2018 — averaging 39.25 grains —
and was significantly greater (p < 0.001) than in all four
studied groups. The lowest number of grains per spike was
observed in plants from Group 1 (25.65 grains), which dif-
fered significantly from Group 3 (29.08 grains) and Group 4
(28.56 grains). In Group 2 and in the Tulun 15 cultivar, the
number of grains per spike was 26.83 and 31.60, respectively;
however, no significant differences were detected between
these and other groups. In 2019, significant differences were
observed only between Group 1 (38.68 grains) and Group 3
(43.67 grains).

The grain weight per main spike in the Obskaya 2 cultivar
was significantly higher than in all other plants in the experi-
ment in both years: 1.99 gin 2018 and 2.21 g in 2019. Plants
of the Tulun 15 cultivar had the lowest grain weight per spike
in both 2018 (0.94 g) and 2019 (1.38 g). However, in 2018,
there were no significant differences between Tulun 15 and
the four groups, whereas in 2019, significant differences were
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observed between Tulun 15 and Group 3 (1.76 g). Comparing
the groups, in 2018, Groups 1 (1.04 g) and 2 (1.02 g) had sig-
nificantly lower grain weight per spike compared to Groups 3
(1.25 g)and 4 (1.20 g). In 2019, the grain weight per spike in
Groups 1 (1.51 g) and 2 (1.40 g) was also significantly lower
than in Group 3 (1.76 g).

The number of grains per plant in 2018 was the lowest in
Group 1 (45.54 grains) and differed significantly compared
to Group 2 (63.18 grains), Group 3 (66.52 grains), Group 4
(59.91 grains), and the Obskaya 2 cultivar (72.30 grains).
No significant differences were observed between Group 1
and the Tulun 15 cultivar (54.60 grains). In 2019, there were
no significant differences among all the studied plants for
this trait.

The grain weight per plant in 2018 was highest in Obskaya 2
(3.56 g) and differed significantly from all other groups.
Significant differences were also observed between Group 1
plants (1.78 g) and those in Group 3 (2.71 g) and Group 4
(2.44 g). In 2019, the Obskaya 2 cultivar again showed a sig-
nificantly higher grain weight per plant (3.53 g) compared to
all other plants in the experiment. The grain weight per plant
in Groups 1,2, 3,4, and in Tulun 15 was 2.03,2.13,2.39,2.28,
and 2.34 g, respectively; however, no significant differences
among these groups were detected in 2019.

The highest 1000-grain weight was observed in the Ob-
skaya 2 cultivar in both years — 48.95 g in 2018 and 45.94 g
in 2019 — and was significantly greater than in all other plants
in the experiment. The lowest 1000-grain weight was recorded
in the Tulun 15 cultivar: 29.58 g in 2018 and 34.15 gin 2019.
In 2018, significant differences were observed between Tu-
lun 15 and plants from Groups 1 (38.86 g), 2 (36.51 g), and 4
(38.62 g), while in 2019, significant differences were found
between Tulun 15 and Group 3 (39.28 g). In 2018, no signifi-
cant differences were found between Group 1 (38.86 g) and
Groups 2 (36.51 g), 3 (40.96 g), and 4 (38.62 g), or between
Groups 3 and 4. In 2019, no significant differences were
detected between Group 1 (37.70 g) and Groups 3 (39.28 g)
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and 4 (37.15 g). However, the 1000-grain weight of the
Group 2 plants (32.93 g) was significantly lower than that of
Groups 1, 3, and 4.

All these observations were supported by factorial analysis,
where the allele combinations of Ppd-D1 and Vrn-B3 were
used as factors (Table S7). ANOVA revealed that the allelic
state of Ppd-D1 was significantly associated with most of the
evaluated traits in both years of the study, with a high level
of significance (except for the number of grains per plant in
2019). In contrast, the allelic state of Vrn-B3 demonstrated a
lower level of significance for all traits compared to Ppd-D1.
In 2019, Vrn-B3 showed a significant association only with
the 1000-grain weight. Overall, it can be concluded that the
lines from Groups 3 and 4 possess a higher yield potential
compared to other groups, although still lower than that of
the original cultivar Obskaya 2.

Discussion

A new locus associated with maturity time

The correlation between maturity time and grain filling period
was very high (0.96), indicating that in this population and
under long-day conditions, grain filling period contributes
the most to overall maturity time rather than heading time,
despite the range for heading time being about seven days —a
considerable variation. Previous studies have also reported
that maturity time does not always depend on heading time
and grain filling period and may be influenced by independent
mechanisms (May, Van Sanford, 1992; Kajimura et al., 2011).
However, genes specifically associated with maturity time in
common wheat, apart from the NAM-1 gene family, are largely
unknown (Hagenblad et al., 2012).

In this study, we identified the QMat.icg-7BL locus on the
long arm of chromosome 7B, associated with maturity time,
localized within the interval 712618516-721195460 bp (Ref-
Seq v1.0). Although a considerable number of studies have fo-
cused on identifying markers and loci associated with maturity
time, describing loci on most wheat chromosomes except 3A
and 6A, they have resulted in only a few associations for this
trait being reported for chromosome 7B (Kulwal et al., 2003;
McCartney et al., 2005; Huang et al., 2006; Kamran et al.,
2013; Yuetal.,, 2015; Perez-Lara et al., 2016; Zou et al., 2017).
We hypothesized that this locus might coincide with a previ-
ously described maturity time locus identified through GWAS
in a population of domestic spring wheat cultivars (Kiseleva
et al., 2023). However, the QTL mapped in the present study
was located closer to the telomere and did not overlap with the
previously identified locus. Similarly, comparison with another
previously reported locus on chromosome 7B associated with
maturity time (Kulwal et al., 2003) also revealed no overlap.
Thus, we can conclude that we have identified a novel locus
associated with maturity time.

Within the boundaries of this locus, 141 genes were
identified. Based on the analysis of expression patterns in
various tissues during plant development, several candidate
genes associated with maturity time were identified. The
TraesCS7B02G455300 gene exhibited an expression pattern
most similar to that of NAM-ALl and NAM-D1, with a peak
in the flag leaf at the full maturity stage. This gene encodes
12-oxophytodienoate reductase 1, a key enzyme involved
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in jasmonic acid biosynthesis. Previously, it was described
as one of the candidate genes involved in the regulation of
stem density (Taria et al., 2025). The TraesCS7B02G459500,
TraesCS7B02G459600, TraesCS7B02G460500, and
TraesCS7B02G460300 genes also exhibited expression in the
flag leaf after the heading stage and showed similar expres-
sion patterns in the fifth leaf. TraesCS7B02G454000 showed
increased expression during maturation in the fifth leaf and
had detectable expression in the first leaf only at the tillering
stage. TraesCS7B02G461300 and TraesCS7B02G461400 are
annotated as Pseudo-Response Regulators, belonging to the
same gene family as Ppd-1, one of the main genes regulating
heading time. These genes exhibited relatively low expression
levels but were specific to the grain at the milk and dough
stages of development.

The Ppd-D1a and Vrn-B3a alleles significantly

influence heading time under long-day conditions

With the same allelic combination of Vrn-Ala, Vrn-Blc, and
vrn-D1, the presence of the dominant Ppd-Dla and Vrn-
B3a alleles results in the earliest heading under long-day
conditions. When the dominant Ppd-D1a allele is combined
with the recessive vrn-B3 allele, heading time is delayed by
2.5-3 days. In plants carrying the recessive Ppd-D1b allele
and the dominant Vrn-B3a allele, the emergence-to-heading
period is further extended by an additional 1-1.3 days.

The obtained results indicate that the Ppd-D1a allele exerts
a stronger influence on the rate of transition to the generative
phase of wheat development than the Vrn-B3a allele. This
finding is consistent with the QTL analysis results, which
showed that the locus on chromosome 2D explains a larger
percentage of the variation in this trait.

Plants in which both genes are in the recessive form
(Group 4) transition to heading significantly later than plants
from the other groups. The Obskaya 2 cultivar, which also
carries the recessive Ppd-D1b and vrn-B3 alleles, heads
even later — by an additional 2 to 2.5 days. Although the
QTL analysis did not reveal other significant loci associated
with heading time, this could be due to the presence of minor
loci that were not detected with sufficient significance in the
analysis, and that may have been inherited by Group 4 plants
from the early-maturing cultivar Tulun 15. In addition to
the genes studied here, other known genes such as TaELF3,
PhyC, PhyB, WPCL, and numerous QTLs distributed across
all chromosomes have been shown to influence the transition
rate to the generative phase (Chen A. et al., 2014; Milec et
al., 2014; Mizuno et al., 2016; Pearce et al., 2016; Wang et
al., 2016; Zikhali et al., 2016).

When comparing heading time assessments across the two
years (Fig. 3), it can be observed that in the second year of the
study, heading occurred 4 to 5 days later in all hybrid groups
and in the Obskaya 2 cultivar. The exception was the Tu-
lun 15 cultivar, in which the duration period from emergence
to heading remained unchanged at 37 days. This increase in
heading time is likely due to differences in weather conditions
between 2018 and 2019. According to data from gismeteo.ru,
the average air temperature in June 2018 was 21.3 °C, whereas
in June 2019 it was 18.5 °C — 2.8 °C lower. The stability of
heading time in the Tulun 15 cultivar may indicate its high
level of environmental plasticity.
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We observed that the effects of combining the Ppd-Dla
and Vrn-B3a alleles are additive (Table S5). According to
the established model of floral meristem initiation leading
to heading (Li C. et al., 2024), Ppd-D1 acts as a primary
inducer of the Vrn-B3 gene. It is possible that Ppd-D1a does
not directly influence Vrn-B3a because Vrn-B3a expression
is already enhanced due to promoter region modifications
(insertion events). Thus, it can be hypothesized that in the
presence of the Vrn-B3a allele, Ppd-D1a affects heading time
through the Vrn-3 homeologs located on chromosomes 7A
and 7D. Although few studies have specifically investigated
the involvement of these genes in heading time regulation,
(Bonnin et al., 2008) demonstrated that nucleotide polymor-
phisms in Vrn-A3 and Vrn-D3 were associated with variations
in heading time.

Effect of early heading alleles

on other agronomically important traits

The effects of Ppd-1 genes on various agriculturally significant
traits have been demonstrated in several previous studies. For
example, (Boden et al., 2015) showed that these genes play
a crucial role in inflorescence architecture and the develop-
ment of paired spikelets in wheat. A more complex influence
of Ppd-1 on spike traits, including spike length, number of
spikelets, and anther length, has also been reported (Okada
et al., 2019), as well as effects on tiller number and spikelet
number (Li W.L. et al., 2002). Several studies have further
noted the influence of Ppd-1 on the number of grains per main
spike and 1000-grain weight (Wu et al., 2021). Our results
showed that the Ppd-D1a allele had a significant negative
effect on traits such as the number and weight of grains per
spike and per plant, as well as on 1000-grain weight.

There is limited information available on the effects of
VIrn-3 genes on these traits. According to our data, the effect
of the Vrn-B3a allele on the traits studied was less pronounced
compared to Ppd-D1a, and its expression was more strongly
influenced by growing conditions.

In most cases, when the differences were significant
(p-value < 0.001), the dominant alleles of the studied genes
were associated with lower trait values (fewer and lighter
grains). Moreover, the trait values for the parental cultivar
Tulun 15 were even lower, suggesting the involvement of
additional genetic mechanisms regulating these traits inde-
pendently of the duration of the vegetative phase.

Selection of lines from different maturity groups

with high productivity traits

Among the F, generation plants, a search was conducted for
highly productive lines across all four groups differing in head-
ing time. Selection was based on traits such as grain weight per
plant, which reflects yield potential, and 1000-grain weight,
which reflects grain size. Additionally, visual assessment of the
plants in the field was taken into account. It is well established
that wheat yield has a strong correlation with the length of
the vegetative period. In our experiment, variation was ob-
served within each group for both grain weight per plant and
1000-grain weight. Although Group 1, characterized by the
earliest heading, generally exhibited lower productivity traits,
some early-heading lines from this group demonstrated grain
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weight per plant and 1000-grain weight values comparable
to those of Group 4, which had the latest heading time, and
substantially exceeded the early-maturing parental cultivar
Tulun 15. Lines with good trait values were also identified
in Group 3. In Group 2, several lines showed competitive
grain weight per plant; however, the 1000-grain weight was
the lowest among all groups. Based on this analysis, 19 lines
from all four groups were selected as promising candidates
for further breeding efforts (Table S8).

Conclusion

The results obtained allow us to conclude that the Ppd-D1a
and Vrn-B3a alleles have a significant impact on the heading
time of spring common wheat under long-day conditions.
Ppd-D1a accelerates heading more strongly but also exerts a
more pronounced negative effect on traits related to producti-
vity. It is hypothesized that in the presence of the Vrn-B3a
allele, Ppd-Dla may influence heading time through its
homeologs Vrn-A3 and Vrn-D3. The practical significance of
this study lies in the development of new promising breeding
lines of spring wheat with heading times optimized for many
regions of Russia and other parts of the world characterized
by long photoperiods.
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