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Abstract Flag leaf senescence is a critical fac-
tor affecting the yield and quality of wheat. The 
aim of this study was to identify QTLs associated 
with flag leaf senescence in an  F10 recombinant 
inbred line population derived from durum wheats 
UC1113 and Kofa. Bulked segregant analysis using 
the wheat 660K SNP array identified 3225 SNPs 
between extreme-phenotype bulks, and the differ-
ential SNPs were mainly clustered on chromosomes 
1A, 1B, 3B, 5A, 5B, and 7A. BSR-Seq indicated 
that the significant SNPs were mainly located in 
two intervals of 354.0–389.0 Mb and 8.0–15.0 Mb 
on 1B and 3B, respectively. Based on the distribu-
tion of significant SNPs on chromosomes 1B and 
3B, a total of 109 insertion/deletion (InDel) mark-
ers were developed, and 8 of them were finally used 
to map QTL in UC1113/Kofa population for flag 
leaf senescence. Inclusive composite interval map-
ping identified two major QTL in marker intervals 
Mar2005–Mar2116 and Mar207–Mar289, explaining 

14.2–15.4% and 31.4–68.6% of the phenotypic vari-
ances across environments, respectively. Using BSR-
Seq, gene expression and sequence analysis, the 
TraesCS1B02G211600 and TraesCS3B02G023000 
were identified as candidate senescence-associated 
genes. This study has potential to be used in cloning 
key genes for flag leaf senescence and provides avail-
able molecular markers for genotyping and marker-
assisted selection breeding.
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Introduction

Durum (Triticum turgidum subsp. durum (Desf.) Hus-
not) and bread wheat (Triticum aestivum L.) provide 
roughly 20% of the calories consumed by humans and 
are crucial to global food security (Li et  al. 2021). 
Flag leaves are one of important photosynthetic 
organs of wheat, play an important role in determin-
ing the grain yield of wheat. It has been reported 
that almost 50% of the assimilates for grain filling 
are derived from the photosynthates of the flag leaf 
(Liu et al. 2018). In wheat, flag leaf senescence (FLS) 
relates to the period of reallocating resources from the 
source to the sink during grain filling (Verma et  al. 
2004). The appropriate initiation and progression of 
FLS are essential for improving wheat yield poten-
tial (Uauy et  al. 2006a). Generally, leaf senescence, 
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the last stage of leaf development, is controlled by 
an innate genetic program including age, phytohor-
mones, reactive oxygen species (ROS), and reproduc-
tion (Gan and Amasino 1995; Beers and McDowell 
2001; Lim et  al. 2007; Woo et  al. 2013). Moreover, 
leaf senescence can also be triggered by unfavora-
ble environmental stresses during leaf development 
(Leng et al. 2017; Hu et al. 2017; Woo et al. 2019). 
Senescence is characterized by a series of changes 
in cellular physiological and biochemical changes 
in leaf cells that ultimately boost reproductive suc-
cess by redistributing resources to growing tissues or 
storage organs like flowers and seeds (Guo and Gan 
2005; Lim et al. 2007). Efficient senescence is essen-
tial for maximizing viability in the next generation 
or season (Hörtensteiner and Feller 2002). However, 
premature leaf senescence caused by various internal 
or environmental signals reduces the yield of major 
cereal grains, such as rice, maize, and wheat (Dis-
telfeld et al. 2014).

In model plants such as Arabidopsis, tomato, and 
rice, a large collection of genes involved in the regula-
tion of leaf senescence was identified through forward 
genetics and multi-omics approach (Lim et al. 2007; 
Woo et  al. 2013; Kim et  al. 2016; Woo et  al. 2016; 
Li et  al. 2020b; Xiong et  al. 2021). Through high-
throughput DNA microarray analysis, more than 800 
genes were identified as senescence-associated genes 
(SAGs) in Arabidopsis. Recent studies suggested that 
temporal regulation of transcription factors, including 
those in the WRKY (contains the WRKY amino acid 
signature at the N-terminus and a novel zinc-finger 
structure at the C-terminus) and NAC (NAM, ATAF, 
and CUC) families (Olsen et al. 2005; Rushton et al. 
2010), is critical for cascades of biological changes in 
the progression of leaf senescence or FLS (Lim et al. 
2007; Kim et al. 2016; Lei et al. 2022; Cohen et al. 
2022). Using the combination of transcriptomic and 
forward genetic approaches, the functions and pro-
cesses of melatonin in controlling leaf senescence 
have been demonstrated in rice (Liang et  al. 2015). 
In addition, the construction of various senescence 
mutants has provided important information for 
understanding hundreds of functional SAGs (Li et al. 
2020b).

Durum wheat contributes to wheat primary gene 
pool and is cultivated on around 18 million ha world-
wide with an annual production of approximately 35 
million tons (Cakmak et al. 2010). Although FLS is a 

major factor affecting wheat production worldwide, a 
few studies have recently reported QTL and molecu-
lar markers for FLS in durum and bread wheat. Thus, 
it is essential to identify QTLs and genes associated 
with FLS in order to improve plant fitness and yield.

The wheat 660K SNP array and RNA-sequencing 
have been utilized successfully to identify genetic 
loci linked to quality traits, agronomic traits, and dis-
ease resistance in bread wheat (Zhang et  al. 2017; 
Mu et  al. 2019; Zhao et  al. 2020; Li et  al. 2022; 
Qu et  al. 2022). A major stripe rust resistance QTL 
was mapped to a 0.4 cM genetic region on chromo-
some 7B using the wheat 600K SNP array to geno-
type bulked extremes (Mu et  al. 2019). In addition, 
Qu et  al. (2022) used bulked segregant analysis 
(BSA) and wheat 660K SNP array to rapidly identify 
genomic regions for kernel length and thousand-ker-
nel weight of wheat. Moreover, the two major QTL 
for tiller angle were rapidly identified by BSR-Seq 
and the wheat 660K SNP array (Zhao et  al. 2020). 
Using BSA-wheat 660K array and BSR-Seq tech-
nologies, two loci for black point resistance were also 
identified (Li et al. 2022). Due to the high proportion 
of shared alleles between tetraploid durum and hexa-
ploidy bread wheat (Dvorak et al. 2006; Wang et al. 
2014), the wheat 660K SNP array and resequenc-
ing data of bread wheat cultivars serve as invaluable 
resource for genotyping tetraploid durum wheat.

The objectives of this study were to (1) identify 
major genetic loci for FLS in a recombinant inbred 
line (RIL) population derived from two durum wheat 
cultivars UC1113 and Kofa, (2) develop molecular 
markers related to FLS for wheat breeding, and (3) 
identify candidate genes on chromosomes 1B and 3B 
through BSR-Seq and gene sequence.

Materials and methods

Plant materials

A  F10 RIL population consisting of 93 lines was gen-
erated by single seed descent method from a cross of 
durum wheats UC1113 and Kofa. Kofa is a durum 
cultivar and has excellent pasta quality with optimal 
semolina and pasta color, high protein content, and 
strong gluten, whereas UC1113 is a durum accession 
from UC Davis wheat breeding program and has great 
excellent agronomic performance (Zhang et al. 2008). 
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UC1113 and Kofa both showed normal FLS timing 
in the field from 2018 to 2021 (Fig. S1), whereas the 
RILs in the UC1113/ Kofa (UK) population showed 
obvious differences of FLS timing. Subsequently, 
we evaluated FLS from the heading to milky stage 
of the UK population and parents at Zhengzhou in 
four years (2018, 2019, 2020, and 2021) and at Yuan-
yang, Henan province, in three years (2019, 2020, 
and 2021). The field trials were conducted in rand-
omized complete blocks with two replications. Each 
accession was planted in two 1.5 m rows spaced 30 
cm apart, with 15 seeds in each row. Field data from 
Yuanyang 2020–2021 was excluded from the statisti-
cal analysis and QTL detection due to the low FLS 
score.

We scored FLS in a scale of 0–4 based on the per-
centage of green flag leaf area (GFLA) as described 
in previous report (Verma et  al. 2004) (Fig. 1A, B), 

where category 0: full green (100%); 1: the GFLA 
is more than 75%; 2: the GFLA is more than 50% 
and less than 75%; 3: the GFLA is more than 25% 
and less than 50%; 4: the GFLA is less than 25%. 
The FLS rating was recorded in every five days from 
approximately 25 days after flowering. The maximum 
FLS rating for each replication and the mean FLS rat-
ing of two replications were used for subsequent data 
analysis.

DNA extraction and BSA

Wheat flag leaves were collected from parents and 
RILs in the field at the beginning of May for extrac-
tion of genomic DNA using the sodium lauryl sulfate 
(SLS) method (Chen et al. 2011). Two normal senes-
cence bulks (NSB) and two premature senescence 
bulks (PSB) were made by forming an equal amount 

Fig. 1  Schematic diagram for phenotypic evaluation of 
flag leaf senescence (FLS) of lines (A) and leaves (B) in the 
field and the phenotypic distribution of 93 RILs into 5 cat-
egories based on response to FLS rating across six environ-
ments (C, D). 0, full green; 0–1, green flag leaf area (GFLA) 

>75%; 1–2, 75%>GFLA >50%; 2–3, 50%>GFLA>25%; 3-4, 
GFLA<25%. E1 to E6, Zhengzhou 2017–2018, Yuanyang 
2018–2019, Zhengzhou 2018–2019, Yuangyang 2019–2020, 
Zhengzhou 2019–2020, and Zhengzhou 2020–2021 seasons, 
respectively. FLS refers to flag leaf senescence
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of DNA from 10 RILs with normal senescence and 
10 with premature senescence, respectively, based on 
their FLS scores (0 or 1 for NSB; 3 or 4 for PSB) in 
2018 and 2019. The extreme-phenotype bulks were 
genotyped using the wheat 660K SNP array at China 
Golden Marker Biotech Co. Ltd. (Beijing, China). 
SNP genotyping and clustering were processed using 
Affymetrix Axiom Analysis Suite software (Thermo 
Fisher Scientific, Waltham, MA, USA). A dish QC 
(DQC) value ≥ 0.82 and call rate (CR) ≥ 95 were 
used as the criteria for SNP filtering (Baurley et  al. 
2016). The consistent SNPs between two NSB and 
two PSB were assumed to be associated with FLS.

BSR-Seq and molecular genotyping

In April 2020, the flag leaves of RILs for two NSB 
and two PSB were sampled and frozen immediately 
in liquid nitrogen for BSR-Seq. Total RNA was iso-
lated using the TRIzol reagent (Invitrogen). RNA 
concentration and purity were measured using Nan-
oDrop 2000 (Thermo Fisher Scientific, Wilmington, 
DE). RNA integrity was assessed using the RNA 
Nano 6000 Assay Kit of the Agilent Bioanalyzer 
2100 system (Agilent Technologies, CA, USA). 
Sequencing library of each sample was constructed 
using an NEBNext UltraTM RNA Library Prep Kit 
for Illumina (NEB, USA) following the manufactur-
er’s instructions.

SNP and InDel genotype calling were processed 
with GATK2 software. SNP/InDel filtering criteria 
were as follows: monomorphic and poor-quality SNP/
InDel with more than 10% missing values, ambigu-
ous calling, and minor allele frequencies < 5% 
were excluded from subsequent analysis. The SNPs 
between two NSB and two PSB were calculated by R 
program. The regions associated with potential FLS 
QTL were analyzed using four methods, including 
the SNP density method, VarScore algorithm method 
(Dong et al. 2020), Euclidean distance (ED) method 
(Hill et  al. 2013), and SNP-index method (Takagi 
et  al. 2013). The regions determined by four meth-
ods were considered candidate regions identified by 
BSR-Seq.

Differential expression analysis of two NSB and 
two PSB was performed using the DESeq2 which 
provides statistical routines for determining differen-
tial expression in digital gene expression data using 
a model based on the negative binomial distribution. 

The resulting P values were adjusted using the Ben-
jamini and Hochberg’s approach for controlling the 
false discovery rate. Genes with an adjusted P value 
< 0.05 found by DESeq2 were assigned as differen-
tially expressed.

Development of InDel markers

Using wheat genome resequencing data of 480 bread 
wheat cultivars available in our lab, 232 polymor-
phic sites, including InDels, were found in the range 
of 354.0–389.0 Mb of chromosome 1B. Then the 
upstream and downstream sequences of these InDel 
loci were downloaded. Based on the interval distri-
bution of SNPs, 32 primers were developed in the 
region using primer designing tool (https:// www. ncbi. 
nlm. nih. gov/ tools/ primer- blast/ index. cgi) and Primer-
3Plus software (https:// www. prime r3plus. com) (Table 
S1). After verifying the polymorphism between two 
NSB and two PSB, three polymorphic InDel mark-
ers (Mar2005, Mar2116, and Mar2128) with distinct 
physical positions were employed to genotype the UK 
population (Table  1; Fig. S2-D-F). Using the same 
method, 813 polymorphic sites, including InDels, 
were found in the interval of 8.0–15.0 Mb on chromo-
some 3B. Based on the interval distribution of SNPs 
on chromosome 3B (Fig. 3C), 32 InDel markers were 
developed within the 7 Mb region (Table S1). First, 
these InDel markers were tested on the two NSB 
and two PSB, five of them showing polymorphisms 
between the extreme bulks, and subsequently, three 
(Mar207, Mar289 and Mar311) with different physi-
cal positions were used to genotype the UK popula-
tion (Table 1; Fig. S2-A-C). However, the results of 
QTL mapping showed that the LOD contours did not 
fall completely (Fig. S3). Hence, we further identified 
the polymorphic sites, including InDels in the range 
of 5.0–8.0 Mb and 15.0–20.0 Mb of chromosome 3B 
and their upstream and downstream sequences to fur-
ther develop flanking markers, and eventually added 
one InDel marker on each side (Mar122 and Mar389), 
respectively (Table 1).

Map construction and QTL analysis

A total of 269 polymorphic SSR markers between 
UC1113 and Kofa were used to genotype the map-
ping population and construct a genetic map in a 
previous study (Zhang et  al. 2008). These reported 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.primer3plus.com
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Table 1  Indel markers mapped to genetic linkage map of chromosomes 1B and 3B and the specific primers for real-time PCR

a Physical position, physical position of the Indel marker against the reference genome sequence of Chinese Spring (IWGSC, https:// 
urgi. versa illes. inra. fr/ blast iwgsc/ blast. php)
b NSL/PSL, normal senescence lines/premature senescence lines

Marker name Forward primer 
(5′-3′)

Reverse primer 
(5′-3′)

Physical 
position 
(Mb)a

Annealing 
temperature 
(°C)

Fragment size 
(bp) NSL/PSLb

Description

Mar122 TCT CGC GTA GAA 
GAT ACA GAGC 

ACT TAC GGA 
GGC GCC AGA G

5.6 63 138/152 InDel marker

Mar207 GAG GAA TTA 
CGG TGG GCC 
TTA 

ACG AGG TGC 
CGA GAT GGT 
AA

8.8 63 172/158 InDel marker

Mar289 GAC TTC CTT GCT 
TTT CGT GC

GCG GGC TTC 
ACT AAA ATC C

12.4 63 165/231 InDel marker

Mar311 TGT GCT AAG 
AGC CTG AGG 
GA

CCA ACG CAC 
TCT ACC ACA GT

14.2 63 152/177 InDel marker

Mar389 CCG TGT ACA 
AGG CAA GCG A

GAT CTC CTG CCC 
GCC ATC 

18.7 63 135/127 InDel marker

Mar2005 AGC TAC GTC 
GCG ATC CAA 
AT

GCA CAC ACA 
CGT AAA CCC 
AG

359.2 63 124/142 InDel marker

Mar2116 CCA GGT TCA ATG 
TAT GTA TTG 
TTG T

TAT AAA TCT AGT 
ACT CCC TCT 
CCC T

385.1 63 193/177 InDel marker

Mar2128 ATG TCT GAA TGC 
GGC TTT GC

ACA GGT TAA TTA 
GTG CTT CCGC 

386.2 63 181/159 InDel marker

TraesCS3B02G020700 TCT CGG TCT CAC 
TCGCC 

CTC CTT GAG 
CAC CTT CAC G

8.7 60 140 For real-time PCR

TraesCS3B02G021000 CCA AGT GCT ACA 
TCC TCG AC

TGC AGG ACA 
TTG AAG CCT 
TT

8.8 60 130 For real-time PCR

TraesCS3B02G021100 GCA TCT TTG GTG 
GCT TGG 

TTG GGG TGG 
AGG AGGG 

8.8 60 164 For real-time PCR

TraesCS3B02G022500 CTG GCT TCC CCT 
TCTT 

TCA GTC CAA 
ACT TTC TCG 

9.7 60 222 For real-time PCR

TraesCS3B02G022600 CCT CCC TGA CAC 
CTTCT 

TCG TCC AGC CTT 
CCA 

9.8 60 197 For real-time PCR

TraesCS3B02G023000 CTC CGC CAC TTG 
TTC AGC A

CGC CAG CCA 
TGT GTCGA 

9.9 60 225 For real-time PCR

TraesCS3B02G023400 CCC ACG GCA 
GTT CAG ACC 

GCG ATG GAG 
GAC AAG TAA 
GGG 

10 60 236 For real-time PCR

TraesCS3B02G024000 TGC TTC CTC ATC 
TCCG 

GCG TCT CCC 
TGC TTT 

10.2 60 209 For real-time PCR

TraesCS3B02G024100 GAC CAA TCC 
ACC CTC CCT G

CGG TCA ATG 
TTG CTC GCA G

10.3 60 239 For real-time PCR

TraesCS3B02G024200 ACG TCG GGT 
GCT TCA 

ACT GCC AAA 
TCC ATA ACA 

10.3 60 183 For real-time PCR

TraesCS1B02G207100 GCC CCG ACT 
GCT TCT 

ATG CCG TTG 
AGG ACC 

374.3 60 214 For real-time PCR

TraesCS1B02G211600 CCA AGC ACA 
AGA ACA TAG T

CAT TCA AGT 
CCG CAAGA 

385.1 60 178 For real-time PCR

https://urgi.versailles.inra.fr/blastiwgsc/blast.php
https://urgi.versailles.inra.fr/blastiwgsc/blast.php
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polymorphic SSR markers and the filtered InDel 
markers were used to construct a new genetic map 
using the software IciMapping 4.1 (http:// www. isbre 
eding. net) in the present study. Inclusive composite 
interval mapping (ICIM) with the ICIM-ADD func-
tion of the software IciMapping 4.1 was then used to 
map the QTL based on the FLS rating for each rep-
licate and the means of two replicates in all environ-
ments. A LOD threshold of 2.5 was set for declaring 
significant QTL based on 1000 permutations at P < 
0.05. QTL effects were estimated as the proportion 
of phenotypic variance explained (PVE) by the QTL. 
Physical positions of mapped markers in the QTL 
regions were obtained by blasting flanking sequences 
of InDels against the reference genome sequences of 
Chinese Spring (https:// urgi. versa illes. inra. fr/ blast_ 
iwgsc/ blast. php).

qRT-PCR analysis

The qRT-PCR analysis was performed following 
Lv et  al. (2021) with minor modifications. Relative 
expression levels were evaluated according to the 
relative quantification method  2−△△CT (Livak and 
Schmittgen 2001). The expression levels of candidate 
genes were detected using specific primers (Table 1). 
The wheat β-actin gene (GenBank accession number: 
AB181991) was used as an internal control.

Statistical analysis

Phenotypic correlation coefficients and Student’s 
t-test were conducted using the Excel software. Anal-
ysis of variance (ANOVA) was performed with the 
General Linear Model in the IBM SPSS Statistics 26.

Results

Flag leaf senescence distributed in the UK population

The mean FLS score was 0.3 for the parent Kofa and 
0.2 for UC1113 across six environments. Bimodal 
distribution of FLS rating among 93 offspring lines 
ranged from 0 to 3.5 with a mean of 1.5 among six 
environments, indicating a significant difference 
among lines (Table S2; Fig.  1C, D). Pearson’s cor-
relation coefficients of FLS scores for the mapping 
population ranged from 0.745 to 0.958 among six 

environments (P < 0.01) (Table S3). ANOVA showed 
a significant variation among genotypes and geno-
type-environment interaction (G×E), but no signifi-
cant between environments (Table S4).

Significant SNPs were detected to be associated with 
FLS by BSA

To map the genetic loci for FLS, we genotyped two 
NSB and two PSB using the wheat 660K SNP array. 
After filtering out SNPs with the criteria of DQC ≤ 
0.82 and CR ≥ 95, we selected 226,737 high-resolu-
tion SNPs from the 660,014 SNPs for further analy-
sis. A total of 3225 SNPs showed polymorphisms 
between two NSB and two PSB (Table S5). These 
SNPs were mainly located on chromosomes 1A, 1B, 
3B, 5A, 5B, and 7A, which might be associated with 
FLS in the UK population (Fig.  2A). However, the 
candidate QTL region on these chromosomes was 
larger (Fig. 2B).

Two loci were detected to be associated with FLS by 
BSR-Seq analysis

We sequenced the transcriptomes of the aforemen-
tioned four extreme bulks. After quality control, a 
total of 219.1 Gb Clean Data with a minimum Q30 
of 94.0% were obtained (Table S6). About 92.9% 
of reads were aligned to the Chinese Spring refer-
ence sequences, among which ~88.1% were uniquely 
mapped reads (Table S7). Based on the results by 
BSR-Seq, candidate regions associated with FLS 
in the UK population were identified on chromo-
somes 1B and 3B, which represented correspond-
ing regions identified by all methods (Fig. 3A). The 
SNP density revealed that the majority of variations 
between two NSB and two PSB were mainly located 
between 283.0–284.0 Mb on 1B and 8.0–14.0 Mb on 
3B (Table S8). Using the highest scoring points of 
the VarBScore algorithm, the candidate loci for FLS 
were located in similar regions of 281.0–286.3 Mb on 
1B and 11.3–14.0 Mb on 3B (Table S9). The SNP-
Index method found that 1B (37.7–389.7 Mb) and 3B 
(8.0–17.1 Mb and 416.6–418.1 Mb) were associated 
with FLS based on the chromosomal distributions of 
clustered polymorphic SNPs and InDels above 0.4 or 
under −0.4. On the basis of fitted ED^4 value above 
1.0, two genetic loci for FLS were located within 
192.3–389.1 Mb on 1B and 7.0–17.6 Mb on 3B. 

http://www.isbreeding.net
http://www.isbreeding.net
https://urgi.versailles.inra.fr/blast_iwgsc/blast.php
https://urgi.versailles.inra.fr/blast_iwgsc/blast.php
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Consequently, combining the above results, it is sug-
gested that the candidate regions associated with FLS 
in the UK population were probably on chromosomes 

1B (192.3–389.1 Mb) and 3B (8.0–17.1 Mb). Fur-
thermore, the interval distribution of significant SNPs 
on chromosomes 1B and 3B was mostly concentrated 

Fig. 2  Distribution of SNPs associated with flag leaf senescence (FLS) on all chromosomes (A) and the distribution of SNPs associ-
ated with FLS on chromosomes 1A, 1B, 3B, 5A, 5B, and 7A (B)

Fig. 3  Circles represent the molecular mapping for flag leaf 
senescence (FLS) by BSR-Seq analysis (A) and the distribu-
tion of SNPs associated with FLS on chromosomes 1B (B) and 
3B (C) based on SNP densities, VarScore algorithm, Euclidean 

distance (ED) and SNP-index methods. a Chromosome scale 
plate, b Gene density (gene number/1Mb), c SNP density, d 
VarBScore, e SNP-index, f G value, and g fitted  ED4 value
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in the intervals of 354.0–389.0 Mb (Fig.  3B) and 
8.0–15.0 Mb (Fig. 3C), respectively.

QTL mapping revealed two genetic loci for FLS

Integration of BSA-wheat 660K array and BSR-Seq 
showed that two important genetic loci for FLS were 
located on chromosomes 1B and 3B, respectively, 
which mainly concentrated in a 35 Mb region on 1B 
and a 7 Mb region on 3B according to Chinese Spring 
reference genome. Using the wheat resequencing data 
of 480 bread wheat cultivars available in our lab, the 
InDel variant loci in the intervals of the two loci were 
identified, and 8 additional polymorphic InDel mark-
ers were added in the targeting region. Combining the 
genotypes and FLS scores of RILs (Table S2; Table 
S10), the two major QTL for FLS, designated as 
Q.FLS.hnau-1BL (PVE=14.2%–15.4%) and Q.FLS.
hnau-3BS (PVE=31.4%–68.6%), were mapped on 
chromosomes 1B and 3B, respectively (Table  2 and 
Fig. 4). The normal FLS alleles of Q.FLS.hnau-1BL 
and Q.FLS.hnau-3BS originated from the parent 
Kofa.

The effect of the two QTLs was further esti-
mated based on their flanking InDel markers. Results 
showed that Q.FLS.hnau-1BL conferred 0.6–1.0 
of reduced FLS scores, whereas Q.FLS.hnau-3BS 
reduced FLS scores by 1.8–2.4 in different environ-
ments (Table S11).

Candidate genes were predicted in Q.FLS.hnau-1BL 
and Q.FLS.hnau-3BS

Q.FLS.hnau-1BL was mapped in a 2.9 cM region 
between markers Mar2005 and Mar2116, from 359.2 
Mb to 385.2 Mb based on the Chinese Spring reference 
genome (https:// urgi. versa illes. inra. fr/ blast_ iwgsc/), 
including 108 high-confidence annotated genes 
(TraesCS1B02G200500–TraesCS1B02G211600) in 
the interval. The BSR-Seq analysis showed that only 
TraesCS1B02G207100 and TraesCS1B02G211600 
of the 108 annotation genes in Chinese Spring were 
significantly differentially expressed between two 
NSB and two PSB (Table S12). qRT-PCR results 
showed that the expression of TraesCS1B02G211600 
was more significantly different between the normal 
and premature RILs (Fig. 5A). In addition, the results 
of gene sequencing results depicted that a 16-bp dele-
tion (TTT CAG TGC TAG ATACA/T) in the down-
stream of TraesCS1B02G211600 was significantly 
associated with FLS in the UK population. Based on 
these results, TraesCS1B02G211600 was considered 
a candidate SAG for Q.FLS.hnau-1BL.

Q.FLS.hnau-3BS was mapped between the 
markers Mar207 and Mar289, which defines 
a 3.6 Mb region in Chinese Spring (8.8–12.4 
Mb). The candidate regions on chromosome 
3B include 82 high-confidence annotated genes 
(TraesCS3B02G020700–TraesCS3B02G028900) 

Table 2  QTLs associated with flag leaf senescence in the UC1113/Kofa RIL population

a Physical intervals (Mb) were obtained by blasting Indel flanking gene sequences against the reference genome sequence of Chinese 
Spring (IWGSC, https:// urgi. versa illes. inra. fr/ blast iwgsc/ blast. php)
b Phenotypic variance explained by the QTL
c Estimated additive effect of the QTL; native values indicated that favorable alleles came from Kofa
d E1 to E6, Zhengzhou 2017–2018, Yuanyang 2018–2019, Zhengzhou 2018–2019, Yuangyang 2019–2020, Zhengzhou 2019–2020, 
and Zhengzhou 2020–2021 seasons, respectively

QTL name Environment LeftMarker RightMarker Position (cM) Physical interval (Mb)a LOD PVE (%)b Addc

Q.FLS.hnau-1BL E2d Mar2005 Mar2116 95 359.2–385.2 3.0 15.44 −0.45
E3 Mar2005 Mar2116 95 359.2–385.2 3.2 15.00 −0.44
E4 Mar2005 Mar2116 95 359.2–385.2 3.0 14.21 −0.50
E5 Mar2005 Mar2116 95 359.2–385.2 3.3 15.24 −0.40

Q.FLS.hnau-3BS E1 Mar207 Mar289 14 8.8–12.4 24.5 64.22 −0.99
E2 Mar207 Mar289 13 8.8–12.4 28.3 68.56 −1.13
E3 Mar207 Mar289 15 8.8–12.4 17.8 31.44 −0.94
E4 Mar207 Mar289 14 8.8–12.4 23.8 52.46 −1.29
E5 Mar207 Mar289 13 8.8–12.4 20.8 58.47 −0.93
E6 Mar207 Mar289 13 8.8–12.4 16.9 55.91 −0.87

https://urgi.versailles.inra.fr/blast_iwgsc/
https://urgi.versailles.inra.fr/blastiwgsc/blast.php
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in the Chinese Spring genome. According to BSR-
Seq results, 10 of the 82 annotated genes were sig-
nificantly and differentially expressed between two 

NSB and two PSB (Table S12). Further analysis of 
the qRT-PCR analysis showed that the differen-
tial expression multiple of TraesCS3B02G023000, 

Fig. 4  LOD contours obtained by inclusive composite interval 
mapping of QTLs for flag leaf senescence in the UC1113/Kofa 
RIL population. E1 to E6, Zhengzhou 2017–2018, Yuanyang 

2018–2019, Zhengzhou 2018–2019, Yuangyang 2019–2020, 
Zhengzhou 2019–2020, and Zhengzhou 2020–2021 seasons, 
respectively

Fig. 5  The relative expression levels of the significant differential genes in NSB and PSB based on qRT-PCR. NSB: normal senes-
cence bulk, PSB: premature senescence bulk. Statistical significance was determined by a two-sided t-test (*P < 0.05; **P < 0.01)
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TraesCS3B02G024100, and TraesCS3B02G024200 
was significantly higher than other differential genes 
between normal senescence RILs and premature 
senescence RILs (Fig.  5B). Expression patterns of 
these genes in WheatOmics (http://202.194.139.32/) 
showed that only TraesCS3B02G023000 of 
the 3 differentially expressed genes was highly 
expressed in leaf (Table S13). In addition, sequenc-
ing results revealed that a SNP (T/C) at 389 bp of 
TraesCS3B02G023000 resulted in a missense muta-
tion (Leu/Lys) between NSP and PSB. Therefore, 
TraesCS3B02G023000, annotated as a RING/U-box 
superfamily protein, was identified as a candidate 
SAG for Q.FLS.hnau-3BS.

Discussion

Since photosynthates in flag leaves contribute 
about 30% to 50% of assimilates in grains at the 
post-anthesis stage (Lupton 1966), mapping QTL 
for FLS and studding the senescence mechanism 
of flag leaf will help to improve productivity of 
wheat. Until now, a few of FLS QTLs and molecu-
lar markers have been reported in durum and bread 
wheat. Verma et al. (2004) identified two QTLs for 
FLS on chromosomes 2B and 2D using amplified 
fragment length polymorphism (AFLP) and sim-
ple sequence repeat (SSR) markers. Barakat et  al. 
(2013) reported one QTL for FLS on chromosome 
2D, which was associated with 1 random amplified 
polymorphic DNA (RAPD) marker, 4 inter-simple 
sequence repeat (ISSR) markers, and 1 SSR marker. 
In addition, five QTLs for FLS were identified in an 
 F4 population of 150 lines derived from Pavon76 
and Yecora Rojo using SSR markers (Barakat et al. 
2015). In the present study, a UK population with 
obvious differences of FLS timing was used to iden-
tify important genetic loci associated with FLS. To 
improve the efficiency and cost of marker develop-
ment and detection, 109 InDel markers were devel-
oped on the targeting regions based on resequenc-
ing data of bread wheat cultivars from our lab. As 
is expected, 14 of them were able to find polymor-
phisms between two NSB and two PSB, indicated a 
more polymorphic (12.8%) relative to SNP markers 
(8.4%) (Zhang et al. 2008). Finally, eight new gene-
derived InDel markers were added in the targeting 
region, which here complements the information 

of genetic map previously reported by Zhang et al. 
(2008). More importantly, these gene-derived mark-
ers can be used as anchor points for comparative 
studies with the sequenced genomes of wheat.

Our study found that although FLS timing in both 
parents was normal, but the  F10 of RILs segregated 
in a 9 normal: 7 premature senescence ratios (Table 
S14), indicating the existence of important genetic 
loci associated with FLS. Using the BSA-wheat 660K 
array, BSR-Seq, genetic linkage map, and ICIM, two 
major QTLs for FLS were rapidly mapped on chro-
mosomes 1B and 3B. The Q.FLS.hnau-1BL carried 
normal FLS allele from the tetraploid durum wheat 
Kofa and was located at 359.2–385.2 Mb with the 
PVE of 14.2–15.4%. Barakat et al. (2015) identified a 
QTL on chromosome 1B in the Mexican wheat culti-
var Pavon76 that was linked to SSR marker barc194, 
explaining 21% of phenotypic variances. Because 
pedigree analyses showed no relationship between 
Pavon76 and Kofa, Q.FLS.hnau-1BL is likely differ-
ent from the QTL. In addition, compared with the 
large range of the QTL on 1B from Pavon76, Q.FLS.
hnau-1BL was greatly narrowed down to a 2.9 cM 
small interval. Since no QTLs for FLS have been 
identified previously on chromosome 3BS, Q.FLS.
hnau-3BS is also possibly a new QTL for FLS. These 
two QTL and their tightly linked markers could be 
used in further FLS genes cloning and wheat molecu-
lar breeding.

Zhang et  al. (2008) reported a strong QTL for 
grain protein content (GPC), wet gluten content 
(WGC), and cooked firmness (CFN) on the short arm 
of chromosome 3B (~7.1–18.8 Mb region in Chinese 
Spring) in the UK mapping population. Interestingly, 
Q.FLS.hnau-3BS affecting FLS in the study overlaps 
with the above QTLs for GPC, WGC, and CFN, sug-
gesting that these multiple traits were either the pleio-
tropic effects of a single gene or the result of multiple 
independent genes. In previous studies, the high pro-
tein content gene Gpc-B1 showed a relationship with 
leaf senescence and pleiotropic effects on wheat Zn 
and Fe content (Uauy et al. 2006a, 2006b). In the pre-
sent study, we investigated grain size in 2020–2021 
cropping season and found that wheat lines contain-
ing Q.FLS.hnau-1BL and Q.FLS.hnau-3BS exhibited 
significantly higher grain width, grain length, and 
thousand-grain weight, possibly implying that the 
delay of FLS increased grain size and weight (Fig. 
S4). Therefore, mining QTLs and screening candidate 
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genes that regulate FLS is important for improving 
wheat yield and grain quality.

Collinearity analysis showed that a high level of 
collinearity of the Q.FLS.hnau-1BL and Q.FLS.hnau-
3BS genomic regions between T. aestivum cv. Chinese 
Spring and T. turgidum ssp. durum cv. Svevo (Fig. 
S5). The assembled genome size of Chinese Spring 
(IWGSC RefSeq v1.0) was 14.5 Gb, with the scaf-
folds with N50s of 7.0 Mb (IWGSC 2018). By com-
parison, the scaffold N50 length for Svevo was 6.0 
Mb, and the high-confidence (HC) gene number in 
the candidate regions for Svevo (175 HC genes) was 
fewer than that in Chinese Spring (190 HC genes). 
Consequently, Chinese Spring reference genome 
(IWGSC RefSeq v1.0) was finally used to screen can-
didate genes within the two localization regions.

Based on BSR-Seq, qRT-PCR analysis, and gene 
sequencing, we selected TraesCS3B02G023000 as 
candidate SAGs for Q.FLS.hnau-3BS. By search-
ing homologous genes in WheatOmics database 
(http://202.194.139.32/), TraesCS3B02G023000 is 
highly homologous with rice RING-H2 type E3 ubiq-
uitin ligase (Table S15). E3 ubiquitin ligase plays an 
important regulatory role in the transfer of the ubiq-
uitin to proteins and targeting substrates to the 26S 
proteasome (Glickman and Ciechanover 2002). Func-
tional studies have identified a number of RING-type 
E3 ligases as regulators of plant immunity. For exam-
ple, Wang et al. (2017) reported that RING-H2-type 
E3 gene VpRH2 from Vitis pseudoreticulata improves 
resistance to powdery mildew by interacting with 
VpGRP2A. Recently, Bi et  al. (2023) showed that 
RING-H2 gene OsRFPH2-6 negatively regulated rice 
immunity against M. oryzae and chitin-triggered PTI. 
The function of TraesCS3B02G023000 also requires 
more evidence to be confirmed. Our results provide a 
theoretical basis for fine mapping and functional gene 
cloning of Q.FLS.hnau-3BS.

Using the same methods, TraesCS1B02G211600, 
located at ~385 Mb, was as a candidate SAG for 
the QTL on 1B. By searching homologous genes 
in WheatOmics database (http://202.194.139.32/), 
TraesCS1B02G211600 is highly homologous with 
cell wall-associated kinase (WAK) of Arabidop-
sis and rice (Table S16). The WAK gene encodes 
functional proteins associated with the cell wall and 
belongs to an important receptor-like protein kinase 
subfamily in plants (Wang et  al. 2012). WAKs, as 
receptors for signaling molecules, have been recently 

found to be essential mediators of innate resistance 
to specific fungal pathogens by ROS control (Li 
et al. 2020a; Wang et al. 2023). However, the role of 
TraesCS1B02G211600 in leaf senescence awaits ver-
ification and unraveling.

Conclusions

In the study, we identified two novel and major 
QTLs associated with FLS based on the BSA-wheat 
660K array, BSR-Seq, genetic linkage map, and 
ICIM. Interestingly, Q.FLS.hnau-3BS overlaps with 
the QTL for grain protein content, wet gluten con-
tent, and cooked firmness, suggesting a pleiotropic 
locus associated with grain quality. In addition, we 
screened two candidate genes in the Q.FLS.hnau-1BL 
and Q.FLS.hnau-3BS interval and further analyzed 
their gene sequence and expression in the RILs in 
UC1113/ Kofa population. Our finding will provide 
available molecular markers for wheat breeding and 
provide a reference for cloning senescence-associated 
genes, understanding the genetic mechanism of leaf 
senescence in wheat.
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