Euphytica (2024) 220:50
https://doi.org/10.1007/s10681-024-03302-9

RESEARCH

q

Check for
updates

Identification of genetic loci for flag leaf traits in wheat

(Triticum aestivum L.)

Yujuan Xu - Jing Zhao - Mengxiang Kai -
Bangbang Wu - Md Mostofa Uddin Helal -
Jun Zheng

Received: 1 March 2022 / Accepted: 20 January 2024 / Published online: 8 March 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract The flag leaf size of wheat is an “ideo-
typic” morphological trait that plays a critical role in
plant architecture and grain yield by providing pho-
tosynthetic assimilates in wheat. Although many of
the genomics research studies covered the flag leaf
traits, including flag leaf length (FLL), width (FLW),
area (FLA), thickness (FLT), and volume (FLV), for
a better understanding, this research used a recom-
binant inbred line (RIL) population derived from
a cross between DH118 and Jinmai 919 to evaluate
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the genetic regions across six environments, includ-
ing BLUP under both drought stress (DS) and well-
watered (WW) conditions and analyze their correla-
tion with traits related to grain yield. A total of 40
(QTL) quantitative trait loci controlling the five traits
were detected across all environments, with phe-
notypic variance explaining (PVE) 5.09%-15.26%.
Among them, 12 QTL were identified as stable,
including two QTL for FLL, two for FLW, three for
FLA, two for FLT and three for FLV, in which nine
QTL were found to be validated in more than three
environments through a double haploid (DH) popula-
tion Jinchun 7 xJinmai 919. The Qflw.saw-2A, QOfla.
saw-2A, QOflv.saw-2A, QOfit.saw-2B, and Qfit.saw-3B
were stated as novel due to not being reported by
any of the previous research studies related to flag
leaf traits. In addition, traits related to flag-leaf and
grain yield were significantly correlated in both water
regimes. These results provide a better understanding
of the genetic basis underlying flag leaf traits. Also,
target regions for fine mapping and marker-assisted
selection (MAS) were identified and will be valuable
for breeding high-yielding bread wheat.

Keywords Wheat - Flag leaf - FLV - FLT -
Quantitative trait loci - Grain yield
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Introduction

Wheat (Triticum aestivum L.) is one of the most
important staple food crops worldwide, growing in a
wide range of environmental conditions such as water
regimes, climatic factors, and soil types. Due to the
human food security issue in the current global cli-
matic changes, especially under drought (Trenberth
2011), the increased production of wheat must meet
the sustainable food demand for the growing human
population. Specifically, terminal drought is respon-
sible for substantial reductions in grain yield by set-
ting poor grain and development in arid and semi-
arid regions (Nawaz et al. 2013). Therefore, selecting
wheat cultivars for dryland environments, improve-
ments in high grain yield, and drought tolerance are
crucial.

The grain yield of wheat is quantitatively inherited
and determined by the number of grains per spike
(GNS), tiller number (TN) and thousand-grain weight
(TGW) (Cao et al. 2020), and significantly influenced
by the environmental factors (Cui et al. 2014; Li et al.
2018). The uppermost leaf is regarded as flag leaf
morphology (FLM) (length, width, area, thickness,
and volume) significantly determines these three yield
traits (Liu et al. 2021). For instance, ideotypic plant
types, including relatively short, wide, and erect flag
leaves of wheat (Donald 1968), can improve light cap-
ture for photosynthesis of lower leaves and increase
the leaf area index (Sinclair and Sheehy 1999) thus
increasing accumulation of nitrogen in leaves and
increased the proteostasis, lipid re-modeling, and
nitrogen re-mobilization of grains (Cohen et al. 2022)
which finally enhancing grain yield (Pendleton et al.
1968; Duncan 1971; Stewart et al. 2003) and also
sensing environmental signals for adaptation (Tian
et al. 2015). Insufficient photoassimilates yielded
unfruitful spikelet’s, reducing GNS and 10.70% grain
yield per plant (Duwayri 1984). The flag leaf is also
regarded as the "functional leaf" in wheat production,
which contributes 45-58% of plant photosynthate and
41-43% of the carbohydrates during the grain-filling
period (Duncan 1971; Xu et al. 1995; Sharma et al.
2003; Khaliq et al. 2008), while TGW will be incom-
plete due to insufficient photosynthetic products
(Zahedi and Jenner 2003; Yang and Zhang 2006).
Drought stress is a common phenomenon at this stage
and yielded flag leaf senescence (Sawhney and Singh
2002), leading to an aborted grain (Farooq et al.
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2014) due to a reduction in the accumulation of pho-
toassimilates and lower fixation and CO, assimilation
(Yang et al., 2016). Leaf thickness is crucial in the
amount of light absorbed by leaves and CO, diffusion
through the leaf tissue (Givnish 1979; Agusti et al.
1994; Syvertsen et al. 1995). Studies have shown
that leaf thickness is related to photosynthesis and
growth rate and can increase the number of chloro-
plasts, improve photosynthetic capacity, and enhance
leaf water content (Araus et al. 1986; Devika et al.
2018; Wang et al. 2011). Increasing leaf mass area,
thickness, and stomatal closure can reduce water loss
and achieve higher yield under drought and high-tem-
perature stress (Cellier et al. 2000; Pefia-Rojas et al.
2005). Moreover, flag leaf traits have proven to have a
significant relationship with yield-related traits, such
as thousand-grain weight (TGW), grain number per
spike (GNS), grain weight per spike (GWS), grain
hardness, grain yield (Guitman et al. 1991; Sakamoto
et al. 2006), specially FLW was crucial in determin-
ing GNS (Li et al., 2018). Wang et al. (2022) also
revealed that FLW, FLA, and FLV had highly sig-
nificant and positive relationships with SN, GT, GNS,
and TGW under drought and irrigated conditions.
Qian et al. (2009) also revealed that FLL and FLW
were positively correlated with yield-related traits of
wheat under drought conditions. Therefore, to bet-
ter breed for high yield of wheat, it is essential to
understand the genetic basis of FLM traits for drought
tolerance.

Understanding the molecular genetic basis of wheat
traits is crucial for developing molecular marker-
assisted selection and exploring novel functional genes
for improved drought tolerance. The flag leaf traits,
including FLL, FLW, FLA, FLT, and FLV, are complex
quantitative traits significantly influenced by multiple
genes and environmental factors (Simén 1999; Cole-
man et al. 2001; Kobayashi et al. 2003). A large num-
ber of QTL associated with FLM flag leaf traits were
identified in wheat with the improvement of a molec-
ular marker-based genetic map (Wu et al. 2016; Xue
et al. 2013; Fan et al. 2015; Tu et al. 2021; Ma et al.
2020, Chen et al., 2022b; Niu et al. 2023). A QTL for
FLW on chromosome 5A was fine-mapped by Xue
et al. (2013). Fan et al. (2015) revealed a total of 31
QTL associated with traits related to flag leaf by using
a RIL population, including three major and stable
QTL on chromosomes 2A (QFIw-2A), 3B (QFIIl-3B)
and 4A (QFII-4A). Another study identified a total of
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61 QTL associated with traits related to flag leaf in a
RIL population that integrated with high-density simple
sequence repeat (SSR) and single-nucleotide polymor-
phism (SNP) markers (Wu et al. 2016). A total of 23
putative QTL were identified to be associated with flag
leaf traits, including 15 QTL detected in at least two
environments (Liu et al. 2018). Hu et al. (2020) identi-
fied 43 QTL associated with FLM traits using four RIL
populations. Tu et al. (2021), Ma et al. (2020), and Niu
et al. (2023) detected a total of eight major, eight stable,
and eight major QTL related to flag leaf in 10, 11, and
eight environments, respectively. Genetic dissection of
leaf thickness has been studied in rice. For example,
Narawatthana et al. (2023) identified four loci related
to leaf thickness in rice by using multi-model GWAS,
and Chen et al. (2022a) confirmed that chromosome
9 contributed to the flag leaf thickness in rice by fine
mapping. Although QTL for FLL, FLW, and FLA have
been studied in previous studies, but the genetic basis of
FLT and FLV in common wheat has not been studied
in detail except Wang et al. (2022), who identified two
QTL for FLT and two for FLV on chromosome 2B, 6A,
2A, and 7D by using a DH population.

The study emphasizes the need to identify and
pyramid major, stably expressed loci for FLM traits
from diverse wheat germplasm resources due to
their significant impact on wheat yield. The present
research developed and used a simple yet highly
accurate FLT detection technique for calculating FLV.
By using new and conventional techniques, a RIL
population cross between the common wheat cul-
tivars DH118 and Jinmai 919 under drought stress
(DS) and well-watered (WW) conditions across five
environments for five flag leaf traits to i) identify and
validate the novel, major, and stable QTL and ana-
lyze their effects; ii) assess the relationship between
flag leaf and yield-related traits under both of water
regimes. The findings will provide a better under-
standing for the genetic mechanisms of flag leaf traits
to increase wheat grain yield.

Materials and methods
Plant materials and field trials
The RIL of F}, population of 165 lines used for QTL

mapping in the present study was derived from the
cross between two cultivars, such as DH118 and

Jinmai 919, both of which were released by Shanxi
Province. The DH118 was a high-yielding variety
selected for irrigated conditions, and Jinmai 919 for
drought resistance. Jinmai 919 has wider and longer
leaves than DH118, and DH118 is thicker than Jinmai
919. Three flag leaves were collected 20 days after
flowering from each of the five wheats. The 180-line
double haploid (DH) population from Jinchun 7 X Jin-
mai 919 was used to validate QTL identified in the
mapping population.

The RIL populations were planted at the Yaodu
Experimental Station (YD) (36°08'N, 111°52'E,
altitude 450 m), the Hancun Experimental Station
(HC) (36°25'N, 111°67'E, altitude 450 m) in Shanxi
Province in 2018-2019, 2019-2020, and 2020-2021
(Only Yaodu). Plants were grown under drought-
stressed (DS) and well-watered (WW) conditions
across five environments designated as El1 (DS,
2019-HC), E2 (WW, 2019-YD), E3 (DS, 2020-HC),
E4 (WW, 2020-YD), and ES (WW, 2021-YD). The
DH population was planted under the environmental
conditions E2, E4, E5, 2021-HC and 2020-YC (Here,
YC—Yuncheng Experimental Station (34°35" N,
110°15’ E, altitude 450 m on 2020-2021). The field
design was a randomized complete block with three
replications. Each plot consisted of two 1.5 m rows
spaced 0.3 m apart at 21 seeds per row. Field man-
agement used standard wheat production practices in
these regions.

Measurement of flag leaf traits

FLL, FLW, FLA, FLT, and FLV were measured on
the main tiller of ten randomly selected plants. FLL
(cm) was measured from the leaf collar to the tip.
FLW (cm) was measured at the widest part of the
leaf. The derived trait FLA (cm?) was calculated by
FLA=FLLXFLW x0.83 (Fan et al. 2015). FLV
(mm®) was calculated as FLV=FLTxFLA (Wang
et al. 2022). For calculating the thickness of the flag
leaf, the formula h=S/W was used, where h is the
flag leaf thickness (FLT), S is the cross-sectional
area, and W is the leaf width at the cut. The thickness
of each of the 20 segments was then compared with
their average (Wang et al. 2022).
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Statistical analysis

Basic statistics and Pearson’s correlation analysis
were performed on the phenotypic data from each
environment. Analysis of variance (ANOVA) was
done using the SPSS (V22.0) statistical package
(IBM SPSS, Armonk, NY, USA). SAS V8.0 (SAS
Institute, Cary, North Carolina, USA; https://www.
sas.com) was used to calculate the best linear unbi-
ased predictions (BLUP) and broad-sense heritability
(H?) (Smith et al. 1998; Qin et al. 2016).

High-density genetic linkage map construction and
QTL mapping

A genetic map of the mapping population was gen-
erated with 3553 polymorphic SNPs from the wheat
INlumina 90k SNP assay, representing all 21 hexa-
ploid wheat chromosomes (Yang et al. 2022). QTL
was detected using WinQTLCart version 2.5 (https://
brcwebportal.cos.ncsu.edu/qtlcart/ WQTLCart.htm)
and composite interval mapping. The minimal LOD
score to accept the presence of a QTL was set at 2.5.
The QTL was detected in at least three environments
(including the BLUP data set as an environment)
and stated as stable. Major QTL were those that met
these criteria in at least three environments (includ-
ing the BLUP data set as an environment) with more
than 10% of phenotypic variance explained in at least
one environment. QTL that was either within 1 ¢cM of
one another or shared common flanking markers were
considered identical. The naming of QTL followed
the International Rules of Genetic Nomenclature
(https://wheat.pw.usda.gov/ggpages/wgc/98/Intro.
htm). To determine the physical position of identi-
fied QTL regions, a BLAST search in WheatOmics
1.0 (http://wheatomics.sdau.edu.cn/) was performed
to align the QTL-associated peak and flanking SNP
marker sequences (Ma et al. 2021).

Marker development and validation of stable QTLs

To develop kompetitive allele-specific PCR (KASP)
tags from the peak marker SNP sequence of the major
QTLs, two specific primers (F,/F,) and a universal
primer (R) were designed for each SNP. An F, tail
that could bind to induce FAM fluorescence and an F,
tail that could bind to induce HEX fluorescence were
added to the specific sequences. KASP primers were
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designed by Polymarker (http://www.polymarker.
info/) and synthesized by Beijing Jiacheng Biotech-
nology Co. Ltd. The developed KASP markers were
used in PCR to detect previously identified QTLs in
the DH population as a means of validation. Follow-
ing genotyping, the validation population was divided
into two groups and differences in flag leaves between
the groups were assessed by t-tests in SAS V8.0.

Prediction of candidate genes

Genes within the target region of major QTL were
obtained using the genome browser (JBrowse) on
the Triticeae Multi-omics website http://wheatomics.
sdau.edu.cn/jbrowse.html). Functional annotation and
enrichment analysis of genes in these regions were
done using the GO (gene ontology) database and
the R package cluster Profiler. Analysis of orthologs
between wheat and rice used the Triticeae-Gene Tribe
website (http://wheat.cau.edu.cn/TGT/).

Results
Phenotypic variation of flag leaf traits

The phenotypic variation of the RIL population and
the parental lines was evaluated in five environments.
Flag leaves of Jinmai 919 were larger than DH118
as measured by FLL, FLW, FLA and FLV (Table 1,
Fig. 1A) across all environments, including the BLUP
data. The flag-leaf-related traits of the RIL popula-
tion ranged from 8.18 to 30.12 cm for FLL, 1.10 to
2.47 cm for FLW, 0.11 to 0.37 mm for FLT, 9.37 to
61.45 cm” for FLA, and 112.26 to 1324.00 mm’ for
FLV. The H? of five flag leaf traits ranged from 0.68
to 0.84, indicating that genetic factors significantly
affected these traits. Principal component analysis
showed that environmental factors influenced phe-
notypic values considerably, and drought stress
increases the phenotypic variation (Fig. 1B). The
Pearson correlations among different environments
were significant (Table S1). All traits were distributed
normally in the RIL population (Fig. 2).
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Table 1 Measurement of

o Trait Environment Parents RIL population
flag leaf traits in parents and
the RIL population DH118 Jinmai 919 Mean SD  Min Max  H?
FLL (cm) El 15.54  18.10% 13.97 2.00 8.18 21.02 0.84
E2 17.10  25.62* 2133 255 14.74  30.04
E3 16.92 19.00 1458 2.25 9.20 20.40
E4 2420  25.56 22.04 2.85 15.62 29.10
ES 26.84 27.30 21.03  3.38 14.68  30.12
BLUP 19.23  22.04* 15.61 1.03 1292 18.76
FLW (cm) El 1.93 221 * 1.55 0.15 1.12 1.92 0.82
E2 1.74 1.82 1.84 0.17 1.18 2.20
E3 1.52 1.62 1.52 0.15 1.10 1.88
E4 1.86 2.07* 1.96 0.21 1.35 2.36
ES5 2.05 2.45% 1.94 0.22 1.36 2.47
BLUP 1.77 1.96 1.83 0.11 1.44 2.05
FLT (mm) EIl 0.24 0.20 0.24 0.03 0.18 0.37 0.68
E2 0.26 0.20* 0.19 0.02 0.14 0.26
E3 0.23 0.18 0.18 0.03 0.11 0.31
E4 0.24 0.17 * 0.24 0.03 0.15 0.32
ES 0.21 0.17 0.21 0.02 0.16 0.26
BLUP 0.22 0.18% 0.21 0.01 0.19 0.23
FLA (cm?) El 24.89  33.20% 21.33  0.28 8.01 38.38 0.82
E2 2470  38.70* 32.67 552 1498 54.85
E3 21.35 2555 18.63 391 9.37 28.78
E4 37.28  44.00 3595 6.71 20.06  49.68
E5 45.67  55.47* 34.11  7.56 18.49 6145
BLUP 28.85  34.22% 29.73 2.42 23.57  36.94
FLV (mm® El 598.83 670.66 518.54 122.25 232.77 1127.13 0.81
E2 632.95 763.71 612.60 132.05 25524 113546
E3 482.43 470.07 32771 9491 11226 717.39
SD. standard deviation: £, E4 907.55 752.88 * 85829 223.90 354.56 1324.00
broad-sense heritability; E5 958.02 921.41 706.88 162.46 312.11 1177.17
BLUP, best linear unbiased BLUP 743.11 813.64 612.06 100.86 333.03 1037.76

prediction

Correlation analysis for traits related to flag leaf and
yield

The relationship between flag leaf traits within dif-
ferent environments and traits related to yield was
analyzed under two different water regimes. All flag
leaf traits were highly significant and positively cor-
related within different environments except for a
few negative correlations with dependent trait FLT
(Table S1). Furthermore, flag leaf traits, such as FLL,
had a highly significant and positive correlation with
FLW, FLA and FLV in both water regimes (Fig. 2).
All four traits showed a significant and positive

correlation with FLV. Interestingly, FLL. and FLW
showed highly significant and positive correlations
with FLT under WW conditions but non-significant
and positive correlations under DS conditions, indi-
cating that FLT is performed well under irrigated
conditions.

Subsequently, the relationship between flag-leaf
and yield-related traits was also evaluated. Under
both water regimes, FLW showed highly signifi-
cant positive correlations with GL, GW and TGW,
but FLL showed no correlations with yield-related
traits. Furthermore, FLT had highly significant
and positive correlations with GL and GW in WW
conditions and only in TGW under DS conditions.

@ Springer
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Fig. 2 Phenotypic correlation coefficients between flag leaf traits and yield-related traits in the RIL population grown under two
water regimes (DS-Drought stress; WW-Well-watered). *Significant at P <0.05, **significant at P <0.01, ***significant at P <0.001

FLA and FLV had highly significant and positive
correlations with TGW under both water regimes,
and FLW, FLA, and FLV had highly significant and
positive correlations with SNS in DS conditions
(Fig. 2). Correlation coefficients in DS conditions
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across environments were slightly lower than in
WW conditions.
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QTL mapping

A total of 40 QTL, including 6 for FLL, 7 for FLW, 9
for FLT, 10 for FLA, and 8 for FLV, were identified
and located on the chromosomes of 1B, 2A, 2B, 3B,
3D, 4A, 5A, 5A, 5B, 6B, 6D, 7A and 7B (Table 2).
These QTL phenotypic variances explained (PVE)
about 0.80%-15.26% in different environments. Out
of the 40 QTL, the DHI118 alleles contributed 14,
whereas Jinmai 919 contributed 26.

For FLL, six QTL were mapped to chromosomes
4A, 5A, 5B, 6D, and 7A, with PVE ranging from
5.54-8.85%. Among them, Qfll.saw-4A and Qfil.
saw-5A were found to be stable QTL and detected
in four environments, including BLUP, explaining
PVE ranging from 6.32-8.28% and 5.72-8.85%,
respectively. The additive effect values indicated
that the positive alleles at Qfll.saw-4A were from
DHI118, and those at Qfll.saw-5A were from Jinmai
919.

For FLW, a total of seven QTL were identified
to be distributed on chromosomes 1B, 2A, 3B, 3D,
4A, 5B, and 7B, with the PVE ranging from 6.15 to
12.80% in different environments. In which, QOfiw.
saw-2A was identified as novel and stable and Qfiw.
saw-5B as stable, as well as were detected in four
environments including BLUP within the PVE rang-
ing from 8.94-12.80% and 6.71-9.15%, respectively.
Both of the QTL contributed to an increase in the
favourable alleles for FLW by Jinmai 919.

For FLA, ten QTL were mapped to chromosomes
2A, 3B, 3D, 4A, 5A, 5B, 6D, and 7B, with individual
QTL contributing 5.09-9.91% of the PVE. Among
them, QOfla.saw-2A, QOfla.saw-4A, and Qfla.saw-5B
were stably detected in three to four environments,
including BLUP, with PVE ranging from 6.43-9.91%,
5.78-7.00% and 5.09-6.22%, respectively. Qfla.saw-
2A and Qfla.saw-5B contributed to increased FLA
through Jinmai 919 alleles, whereas Qfla.saw-4A by
DH118.

For FLT, nine QTL were detected to be distrib-
uted on chromosomes 2B, 3B, 4A, 5A, 6B, 7A, and
7B, with the PVE ranging from 5.52 to 15.26%. The
QTL Qfit.saw-2B and Qflt.saw-3B were observed in
four environments, including BLUP and PVE, from
5.78 to 13.30% and 6.29 to 12.32%, respectively,
and stated as major and stable QTL. The Ofilt.saw-2B
alleles that increased FLT were contributed by Jinmai
919 and Qfilt.saw-3B by DH118.

For FLV, eight additive effects QTL were detected
on chromosomes 2A, 2B, 3B, 4A, 5B, and 7B, and the
PVE by individual QTL ranged from 0.80-13.70%.
The QTL Qflv.saw-2A, Qftv.saw-4A.1, and Qflv.saw-
5B were found to be stable and identified in three
to four environments, including BLUP, with the
PVE ranging from 0.80-12.13%, 7.81-9.08%, and
6.34-9.70%, respectively, and Qflv.saw-2A was stated
as a major and stable QTL. The additive effect of
Oftv.saw-2A and Qflv.saw-5B indicated that the allele
contributing to the increase of FLV was from Jinmai
919, whereas DH1 18 contributed Qftv.saw-4A.1.

Remarkably, we found three overlapping regions
underlying the QTL for flag leaf traits, suggesting
these loci simultaneously control flag leaf morphol-
ogy in multiple dimensions (Fig. 3). For example, two
genomic regions containing the QTL QOflw.saw-24/
Ofla.saw-2A/Qflv.saw-2A and QOflw.saw-5B/Qfla.saw-
5B/Qflv.saw-5B were found to be simultaneously con-
trol FLW, FLA, and FLV. In addition, there are three
stable QTL QOfil.saw-4A, QOfla.saw-4A and Qflv.saw-
4A.1 were also co-located in a region 40.8-49.2 cM
(Fig. 3, Table 2).

Analyses of additive effects of the major QTL

Generally, the higher the number of positive alleles,
the larger the leaf size. The linear relationship
between phenotypic data and the number of positive
alleles was analyzed. We detected 12 stable QTL,
including two for FLL (Qfll.saw-4A and Qfil.saw-
5A), two for FLW (Qflw.saw-2A, and Qflw.saw-5B),
three for FLA (Qfla.saw-2A, Qfla.saw-4A, and Qfla.
saw-5B), two for FLT (Qflt.saw-2B and Qfilt.saw-3B),
and three for FLV (Qflv.saw-2A, Qflv.saw-4A.1, and
QOflv.saw-5B). The additive effects for each trait were
further analyzed based on linked peak markers. The
average trait value increased as the number of posi-
tive alleles increased (Fig. 4, Table S2). RIL lines
with positive alleles at both QTL regions had an aver-
age FLL 1.27 cm greater than lines with contrasting
alleles. Similarly, lines with more than two positive
alleles showed significantly increased FLW. RIL lines
with positive alleles at all two QTL regions had an
average FLW 0.16 cm greater than lines with con-
trasting alleles. RIL lines with positive alleles at three
QTL regions had an average FLA of 4.80 cm? greater
than lines with contrasting alleles. RIL lines with pos-
itive alleles at two QTL regions had an average FLT
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Table 2 Stable quantitative trait loci (QTL) for flag leaf traits detected in the DH population derived from DH118 X Jinmai 919

Trait QTL Env Chr Interval (cM) Peak marker LOD PVE (%) Add
FLL Ofill.saw-4A E3 4A 41.7-41.7 BS00108852_51 3.43 8.28 0.64
E4 4A 41.7-47.1 BS00108852_51 3.62 7.58 0.86
E5 4A 41.7-41.7 BS00108852_51 2.94 6.32 0.01
BLUP 4A 41.7-46.7 BS00108852_51 3.33 7.13 0.28
Ofil.saw-5A El 5A 71.2-75.6 wsnp_Ex_c3772_6866645 2.59 5.72 -0.35
E2 5A 71.2-75.6 Kukri_c5766_550 3.18 7.31 -2.24
E5 5A 71.2-75.6 Excalibur_c7729_144 2.81 5.54 -0.91
BLUP 5A 71.2-75.6 Ra_c14657_919 4.07 8.85 -0.46
Ofil.saw-5B.1 E2 5B 0-2.2 Ku_c10387_272 3.50 8.12 -0.74
Ofil.saw-5B.2 BLUP 5B 27.6-32.7 Ku_cl10913_2542 2.92 6.19 -0.26
Ofil.saw-6D E2 6D 38-43.6 Jagger_c2234_128 347 7.82 0.72
Ofll.saw-7A E4 7A 10.4-13.4 wsnp_Ex_c40247_47349166 3.61 7.63 -0.89
FLW  QOflw.saw-1B E2 1B 228.4-229.8 BobWhite_c20015_300 4.97 10.40 -0.06
Oflw.saw-2A E2 2A 271.8-277.6 Tdurum_contig62138_385 5.01 10.47 -0.06
E3 2A 271.8-277.6 Ku_c23118_149 3.79 8.94 -0.05
E4 2A 271.8-277.6 Kukri_c17269_1349 5.45 11.83 -0.07
BLUP 2A 275.9-281.8 wsnp_Ex_rep_c103167_88182254  6.21 12.80 -0.04
Oflw.saw-3B E2 3B 328.3-333.3 wsnp_JD_c16245_15468917 3.75 7.68 -0.05
Oftw.saw-3D E4 3D 20.8-27.1 Excalibur_c9829_654 2.87 6.15 -0.05
Oflw.saw-4A BLUP 4A 212.8-220.8 wsnp_Ex_c12812_20324622 4.23 8.49 -0.03
Oflw.saw-5B E2 5B 62.7-66.5 wsnp_BF201102B_Ta_2_5 3.79 7.78 -0.05
E3 5B 67.6-72 Tdurum_contig44127_202 3.53 7.57 -0.03
E5 5B 62.7-67.3 wsnp_BF201102B_Ta_2_5 3.07 6.71 -0.06
BLUP 5B 63.1-66.4 wsnp_BF201102B_Ta_2_5 4.54 9.15 -0.03
Oflw.saw-7B E4 7B 20.3-26.6 RAC875_c1329_298 4.02 8.68 -0.06
FLT Ofit.saw-2B E2 2B 442.4-450.3 IACX8202 5.12 11.05 -0.01
E3 2B 442.4-450.3 IACX8202 2.68 5.78 -0.01
E4 2B 466.2-471.6 BS00100117_51 4.59 9.70 -0.01
BLUP 2B 442.4-450.3 RAC875_rep_c71149_148 6.25 13.30 0.00
Oflt.saw-3B E3 3B 170.1-180.41 BobWhite_c4502_252 3.01 6.29 0.01
E4 3B 161.333-172.6  Excalibur_c8284_580 4.32 9.10 0.01
E5 3B 167.9-172.6 Excalibur_c8284_580 441 12.32 0.01
BLUP 3B 172.1-180.41 BobWhite_c4502_252 3.38 9.89 0.01
Ofilt.saw-4A E2 4A 210.8-216.8 BS00072025_51 2.94 6.32 0.01
Ofilt.saw-5A E2 5A 91.6-98.3 BobWhite_rep_c64318_615 2.75 5.96 0.01
Ofilt.saw-6B.1 El 6B 15.4-17.9 Tdurum_contig54917_597 3.84 8.04 0.01
Ofilt.saw-6B.2 El 6B 111-114.9 Excalibur_c58747_289 6.34 15.26 -0.01
Ofilt.saw-6B.3 El 6B 133.6-140.9 BS00027770_51 3.33 6.92 0.01
Oflt.saw-7A E3 TA 160.2-166.8 Excalibur_c61603_1209 3.03 8.29 0.01
Oflt.saw-7B BLUP 7B 12.5-16.6 BS00010355_51 2.72 5.52 0.00
FLA Ofla.saw-2A E2 2A 271.4-282.9 Ku_c23118_149 3.57 8.53 -0.84
E3 2A 267.9-274.9 Ku_c23118_149 4.01 9.91 -1.26
E4 2A 271.8-277.6 Kukri_c17269_1349 4.53 9.32 -2.30
BLUP 2A 271.4-282.9 Ku_c23118_149 3.02 6.43 -0.63
Ofla.saw-3B E5 3B 284.3-288.2 Excalibur_c57658_54 4.21 8.78 2.26
Ofla.saw-3D E4 3D 19.2-27.1 Excalibur_c9829_654 2.60 5.33 -1.76
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Table 2 (continued)

Trait QTL Env Chr  Interval (cM) Peak marker LOD PVE(%) Add

Ofla.saw-4A E2 4A 143.9-151.1 Excalibur_rep_c102020_253 3.25 6.80 1.45
E3 4A 40.8-46.7 BS00108852_51 2.51 5.90 0.97

E4 4A 40.8-49.2 BS00108852_51 2.88 5.78 1.81

BLUP 4A 40.8-46.8 BS00108852_51 3.38 7.00 0.64

Ofla.saw-5A.1  E2 5A 137.1-140.8 Tdurum_contig49187_356 3.45 7.44 -1.63
Ofla.saw-5A.2  ES5 5A 234.5-242.4 BS00077879_51 4.67 9.87 2.54
Ofla.saw-5A.2  E2 5B 2.2-74 Ku_c10387_272 4.03 8.51 -1.64
Ofla.saw-5B E3 5B 62.7-66.5 wsnp_BF201102B_Ta_2_5 2.50 5.09 -1.73
E5 5B 67.6-72 Tdurum_contig44127_202 3.01 6.22 -0.61

BLUP 5B 62.7-67.3 wsnp_BF201102B_Ta_2_5 2.97 6.08 -1.88

Ofla.saw-6D E2 6D 37.9-43 Jagger_c2234_128 4.31 9.18 1.70
Ofla.saw-7B E4 7B 50.6-55.5 wsnp_CAP7_c172_96407 272 5.65 -1.86
FLV Oflv.saw-2A E2 2A 271.8-277.6 Kukri_c17269_1349 4.69 12.13 -0.34
E3 2A 271.8-277.6 Kukri_c17269_1349 4.19 10.46 -0.43

E4 2A 271.8-277.6 Ku_c23118_149 3.16 0.80 -0.36

BLUP 2A 275.9-281.8 Ku_c23118_149 4.73 9.81 -0.02

Oflv.saw-2B.1 BLUP 2B 168.5-176.2 BobWhite_c41535_52 3.02 6.13 -0.26
Oflv.saw-2B.2 E4 2B 475.6-479.5 RACS875_c19042_443 3.23 6.61 -0.65
Oflv.saw-3B E3 3B 133.9-139 RFL_Contig29_1062 5.12 13.70 0.36
Oftv.saw-4A.1 E3 4A 41.9-49.6 BS00108852_51 3.73 8.81 0.47
E4 4A 41.9-49.6 BS00108852_51 3.62 7.81 0.69

BLUP 4A 42.2-48.2 BS00108852_51 4.37 9.08 0.31

Oftv.saw-4A.2 BLUP 4A 142.3-146.6 BS00062059_51 4.18 9.84 -0.32
Oftv.saw-5B E2 5B 62.7-66.5 wsnp_BF201102B_Ta_2_5 2.83 7.16 -0.36
E3 5B 62.7-67.3 wsnp_BF201102B_Ta_2_5 3.69 9.70 -0.30

ES 5B 62.7-66.5 wsnp_BF201102B_Ta_2_5 2.56 6.34 -0.34

BLUP 5B 62.7-67.3 wsnp_BF201102B_Ta_2_5 3.19 8.22 -0.28

Oflv.saw-7B E4 7B 15.7-16.6 CAPI12_c194_240 4.85 10.18 -0.82

PVE, phenotypic variance explained; LOD, logarithm of odds, Add, additive effect of a QTL; positive values, alleles from JDH118
increased the trait scores; negative values, alleles from Jinmai 919 increased the scores; BLUP, best linear unbiased prediction; Inter-

val, Genetic position (cM)

0.0lmm thicker than lines with contrasting alleles.
RIL lines with positive alleles at three QTL regions
had an average FLV of 203.84 mm® greater than lines
with contrasting alleles.

Quantitative trait loci (QTL) validation

To further validate the stable QTL, the KASP mark-
ers for each QTL were used to evaluate their effects
in the Jinchun 7 X Jinmai 919 population (Table S3).
The KASP markers for Qfll.saw-5A, Qflw.saw-5B,
Ofla.saw-5B, and QOflv.saw-5B were not polymor-
phic between Jinchun 7 and Jinmai 919; thus, the

effects could not be evaluated. The remaining eight
QTL were polymorphic and evaluated. The effect
of Qfit.saw-3B, Qfll.saw-4A, Qfla.saw-4A, and Qflv.
saw-4A did not differ significantly between the two
groups in the Jinchun 7 XJinmai 919 population
(Fig. 5). The effect of the other four QTL, QOfiw.
saw-2A, Ofla.saw-2A, Qflv.saw-2A, and Qfit.saw-2B
were highly significant (P < 0.05) in more than three
environments. According to the markers profile of
four QTL, lines with homozygous alleles from Jin-
mai 919 had significantly higher (P <0.05) values
than those from DH118. The Qfiw.saw-2A, Qfla.
saw-2A, and Qflv.saw-2A lines were homozygous
for the Jinmai 919 alleles had significantly higher
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«Fig. 3 Genetic map of the stable QTL Qflw.saw-2A/Qfla.saw-
2A10flv.saw-2A, Qfll.saw-4A/Qfla.saw-4A/Qflv.saw-4A.1, and
Oftw.saw-5B/0Ofla.saw-5B/Qflv.saw-5B and their effects. A, C
and E: Genetic map of 2A, 4A and 5B; B, D and F: Effect of
QTL on FLL, FLW, FLA, and FLV shown as box plots calcu-
lated after grouping the DH118 X Jinmai 919 RIL population
into two classes based on the allele of the flanking markers. *,
** and *** represent significance at P<0.05, P<0.01, and
P <0.001, respectively

phenotypic values than those with the Jinchun 7
alleles irrespective of QTL region, with the differ-
ences in FLW, FLA and FLV ranging from 3.17 to
8.06%, 4.45 to 10.04%, and 7.32 to 14.84%, respec-
tively. The FLT of lines with the Qflt.saw-2B allele
was significantly higher than for lines lacking the
QOfit.saw-2B allele and the difference was between
2.54 and 12.47%.

QTL for FLT and FLV co-located with yield-related
traits

Hundreds of yield-related QTL have been mapped
on all chromosomes of wheat (Cao et al. 2020).
We detected five stable QTL for FLT and FLV
(Table 2). The Qflt.saw-2B was mapped between
IACX8202 and [AAV1798, which is physically
located between 765.06 and 788.52 Mb on chromo-
some 2B. It overlapped with loci TKW-IWB32380
for a thousand kernel weight on 2B, as reported by
Sukumaran et al. (2018). The Qfit.saw-2B was near
to SNS-wsnp_Ex_c41300_48154348 for SNS that
was physically located at 786.23 Mb on chromo-
some 2B, suggesting they may be allelic (Tadesse
et al. 2019).

Oftv.saw-2A mapped between Ku_c23118_149
and wsnp_Ex_rep_c103167_88182254 and was
physically located between 33.04 and 50.91 Mb
on chromosome 2A. It overlapped with QHGfd.
bhu-2A (Tiwari et al. 2013) and QTgw.nfcri-2A
(Guan et al. 2018) for TGW, and ¢Sit-2A (Zhao
et al. 2019) for Spike-layer thickness, which was
in the markers wmcl77-gwm71, Tdurum_con-
tig51537_275 and AX-110601484-AX-111567412,
respectively. In addition, Qflv.saw-5B was mapped
between TA0I14612-0744 and BobWhite_rep_
¢50066_63 and physically located between 21.43
and 27.83 Mb on chromosome 5B. Zhai et al.
(2018 revealed that QGa.cau-5B.1 and QTgw.cau-
5B.1 were also located in the same interval. The

OSL-4A.1 for spike length mapped between Tdu-
rum_contigl 868_24 and Ku_c7594_1179 and was
physically located between 11.71 and 16.96 Mb
on chromosome 4A (Hu et al. 2020), which also
overlapped with QOflv.saw-4A.1. Therefore, it can
be suggested that FLT and FLV have pleiotropic
effects and close connection with grain yield traits.

Putative candidate genes

Based on the result of local-blast browse through the
IWGSCv1.1 reference sequence, no homologues of
the above genes were found in the physical regions
of 33.04 and 50.91Mb Mb for QOftw.saw-2A, Ofla.
saw-2A, QOflv.saw-2A on 2AS, 765.06 and 788.52
Mb for Qfit.saw-2B on 2BL, and 54.75-66.18 Mb for
Ofit.saw-3B on 3BS in wheat. It indicated that there
might be novel genes related to flag leaf among the
three regions. But Qflt.saw-3B were not validated in
the DH population. Thus, these four QTL QOftw.saw-
2A, Ofla.saw-2A, QOflv.saw-2A and Qflt.saw-2B were
chosen for further analysis. A total of 495 genes
were identified within the two regions, including 212
genes in Oflw.saw-2A, QOfla.saw-2A, QOflv.saw-2A
(Table S4), and 283 genes in Qfit.saw-2B (Table S5).
According to gene functional annotations in the Gene
Ontology (GO) public database, 24 of these genes are
involved in chloroplast stroma and auxin/cytokinin-
activated signaling pathways. Five genes were related
to the hormone signaling pathway. For instance,
TraesCS2A02G076100, TraesCS2B02G591500
and TraesCS2B02G578500 were involved in auxin-
activated signaling pathways, such as the series of
molecular signals generated by the binding of the
plant hormone auxin to a receptor, and ending with
modulation of a downstream cellular process, e.g.
transcription. In addition, TraesCS2A02G081900 and
TraesCS2B02G582300 were involved in cytokinin-
activated signaling pathways, and nineteen genes
were related to chlorophyll photosynthesis.

Discussion

Multiple environment-based analyses of FLM traits
and correlation with GY traits

In wheat, the flag leaf morphology can not only alter
the plant architecture at the vegetative growth stage
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Fig. 4 Linear regressions between the number of posi-
tive alleles and trait values for five flag leaf traits in the
DH118 xJinmai 919 RIL population. The number of lines car-
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but also influence the capacity of light capture and
photosynthate assimilation (upto 45-58%) (Sharma
et al. 2003; Khaliq et al. 2008) and 41-43% of the
carbohydrates at the grain filling stage (Duncan 1971;
Xu et al. 1995). Yang et al. (2016) found a significant
positive correlation with each of the FLM traits under
both of the water regimes, in which correlations
in DS (r=0.31* to 0.93**) were higher than WW
(r=0.29* to 0.81**) conditions. Qian et al. (2009)
also found that, under drought stress, FLW was posi-
tively correlated with yield component traits during
grain-filling. A recent study revealed to be SN, GNS,
GT, and TGW were significantly and positively asso-
ciated with FLW, FLA and FLV (Wang et al. 2022).
For instance, in this research, correlation results were
also similar to Yang et al. (2016) under both water
regimes and DS (0.31%* to 0.86%*)>WW (0.18* to
0.84**) condition, which suggested that phenotypic
reduction could be a more efficient way to coordinate

all flag leaf traits under DS components in order to
endure unfavourable conditions. TGW was signifi-
cantly correlated with FLW and FLV under both DS
and WW conditions but non-significant with FLA in
DS and FLT in WW condition, as well as FLA signif-
icantly and positively associated with SNS under DS,
indicating that FLA contributed more to grain yield.
In previous research studies, identified genetic
regions associated with flag leaf traits were from
different genetic backgrounds (Ma et al. 2020; Tu
et al. 2021), but the present research study used
two important traits, FLT and FLV along with
flag leaf traits and comprehensively investigated
in six environments including BLUP. Interest-
ingly, out of 12 stable QTLs in this research, nine
were validated in all environments by Jinchun
7xJinmai 919 population, of which three were
related to FLV. In contrast, other research studies
detected few major QTLs (very few were validated)
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by using more environments and different genetic
backgrounds (Ma et al. 2020; Tu et al. 2021).
Therefore, the KASP markers created were helpful
in wheat breeding, and these nine QTLs for traits
linked to flag leaves were strongly recognized in
most environments studied with PVE and higher
LOD values.

Identification of four novel stable QTL related to flag
leaf traits

A total of twelve stable QTLs for flag-leaf-related
traits were identified in the present study. In order
to compare the intervals of the previously identi-
fied QTL with those detected, QTL was mapped
onto target chromosomes in Chinese Spring. The
QTL viz. Qfilsaw-4A, QOfla.saw-4A and Qflv.saw-
4A.1 were mapped between BS00043286_51 and
BS00108852_51 and located within the physical
distance of 7.40-11.31 Mb on chromosome 4A,
which is overlapped with RACS875_c8121_1490
(3.87 Mb) (Muhammad et al. 2021). The QTL Qfil.
saw-5A (chr 5A: 580.94-616.52 Mb) were mapped
between wsnp_Ex_c62818_62296773 and wsnp_Ex_
c3772_6866645, co-located by Yao et al., (2020) (chr
5A: 591.32 Mb). As well as Qftw.saw-5B, Ofla.saw-
5B, and Qflv.saw-5B overlapped with QFlw.sicau-
6A.2 as reported by Ma et al., (2020) and was also
closer to the QFLW-6A (Yan et al. 2020). The QFLW-
7A.1 overlapped with a genetic region reported by Li
et al. (2023) and Zanella et al. (2022). Furthermore,
comparing physical intervals suggested that none of
the studies had yet been detected and co-located with
the QOflw.saw-2A, QOfla.saw-2A, QOflv.saw-2A, Qfit.
saw-2B, and Qflt.saw-3B, and stated as novel.

Leaf thickness is of great significance to grain yield

Flag leaf morphological characteristics contribute
significantly to "the source" during the grain-filling
stage and are crucial in determining crop yield and
biomass. Leaf thickness is an essential leaf mor-
phological trait that affects the utilization of light
energy and wheat grain yield. In this research, FLT
was identified to have a highly significant posi-
tive relationship with TGW (0.250**) under the DS
condition, whereas, in the WW condition, there was
a significant positive correlation with GL (0.164%*)
and GW (0.154%). The linkage mapping analysis

@ Springer

results of this research study, out of two stable QTL
(Oftt.saw-2B and Qfit.saw-3B), Qflt.saw-2B was co-
located with the previously reported loci related to
TKW (IWB32380) (Sukumaran et al. 2018) and SNS
(wsnp_Ex_c41300_48154348) (Tadesse et al. 2019),
indicating this locus have pleiotropic effects and close
connection with grain yield traits. Moreover, another
QTL (Qflt.saw-3B) was found to be novel compared
to other studies. Improving grain yield is believed
to be possible through breeding for the ideal size of
the flag leaf. To restrict shade and the population of
plant’s susceptibility to disease, there is a limit on
how much leaf area may be raised in order to maxi-
mize grain yield. Thus, breeding for increased leaf
thickness provides a further means of boosting grain
yield and photosynthetic potential. Furthermore, the
SNP for FLT found in this work may be transformed
into KASP markers and utilized in future molecular
marker-assisted breeding.
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