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Starch is a product of photosynthetic activities in leaves. Wheat yields largely depend on 
photosynthetic carbon fixation and carbohydrate metabolism in flag leaves. The mapping of 
quantitative trait loci (QTLs) associated with flag leaf starch content (FLSC) in wheat 
(Triticum aestivum L.) was completed using unconditional and conditional QTL analyses. 
The FLSC of this population during the early grain-filling stage was measured at six stages 
in six environments. Combining unconditional and conditional QTL mapping methods, eight 
unconditional QTLs and nine conditional QTLs were detected, with five QTLs identified as 
unconditional and conditional QTLs. Four unconditional QTLs (i.e. qFLS-1B, qFLS-1D-1, 
qFLS-4A, and qFLS-7D-1) and one conditional QTL (i.e. qFLS-3A-1) were identified in two 
of six environments. Two QTLs (qFLS-1D-2 and qFLS-7D-1), which significantly affected 
the FLSC, were identified using the unconditional QTL mapping method, while three QTLs 
(i.e. qFLS-1A, qFLS-3A-1, and qFLS-7D-1) were detected using the conditional QTL map-
ping method. Our findings provide new insights into the genetic mechanism and regulatory 
network underlying the diurnal FLSC in wheat.

Keywords: wheat (Triticum aestivum L.), quantitative trait loci, developmental behav-
iour, starch

Introduction

Starch is a product of photosynthetic activities in leaves (Zeeman et al. 2007). A large 
proportion of the carbon assimilated in leaves during the day is transiently stored in 
chloroplasts as starch, and is degraded at night (Weise et al. 2004; Ishimaru et al. 2005). 
The synthesis and degradation of starch need to be well regulated to ensure that the 
starch temporarily stored in leaves supplies enough carbon and energy for growth and 
metabolic activities in plants that accumulate starch (Fondy and Geiger 1985; Fondy et 
al. 1989; Smith et al. 2003; Zeeman et al. 2004). Wheat yields largely depend on photo-
synthetic carbon fixation and carbohydrate metabolism in flag leaves (Jenner et al. 1991). 
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Under normal conditions, about 30% of the yield is determined by the accumulated 
carbohydrate content during the grain-filling stage (Matsushima 1966; Ishimaru et al. 
2005). 

The development of molecular genetics research techniques has enabled the selection 
of genes using molecular markers (i.e. marker-assisted selection) during the breeding 
process (Kato et al. 2000). The starch content in wheat leaves is generally considered to 
be controlled by quantitative genes (Ishimaru et al. 2007). The pyramiding of positive 
alleles (expressed at consecutive stages or high phenotypic variation) from different par-
ents by marker-assisted selection may lead to increased flag leaves starch content, thereby 
increasing the grain-filling intensity and improving wheat yields (Xu and Zhao 1995; 
Ishimaru et al. 2007). Molecular mapping experiments have revealed that several quanti-
tative trait loci (QTLs) regulate starch contents in plants. Calenge et al. (2006) exploited 
natural variations in Arabidopsis thaliana to decipher the genetic architecture influencing 
carbohydrate contents and identified 13 QTLs associated with starch. Ishimaru et al. 
(2005) identified a new locus (rg5) related to improved carbohydrate storage capacity and 
maintenance of high sink activity. This locus is responsible for increasing yield potentials 
in various rice (Oryza sativa L.) genetic backgrounds. Ishimaru et al. (2007) studied the 
storage of starch in rice plants before heading using QTL analyses of a population of 
backcross inbred lines. The mapped QTLs explained 42% of the phenotypic variance on 
chromosomes 4 (G235) and 5 (C1268). In these QTL studies, leaf starch contents were 
measured at only one stage without considering the effects of distinct gene expression 
patterns at different developmental stages.

Conditional and unconditional QTLs for the traits were examined using an improved 
statistical mapping method (Zhu 1995; Wang et al. 1999). Several recent studies have 
explored the quantitative traits in wheat (Li et al. 2015; Xu et al. 2017; Zhang and Wang 
2015). To the best of our knowledge, there are no reports describing the analysis of QTLs 
for wheat flag leaf starch content (FLSC). In this study, a doubled haploid (DH) popula-
tion derived from a Huapei 3 × Yumai 57 cross was used to investigate the QTLs associ-
ated with temporal changes to the wheat FLSC under six environmental conditions. Con-
ditional and unconditional QTLs for the FLSC were examined using a statistical mapping 
method. The objectives of this study were to: (1) characterize the expression of QTLs 
associated with the FLSC using conditional and unconditional QTL mapping methods 
and (2) clarify the genetic basis of the accumulation of starch in wheat flag leaves. Our 
findings provide new insights into the genetic mechanism and regulatory network under-
lying the diurnal FLSC in wheat.

Materials and Methods

Plant materials

For linkage map construction, we used a population of 168 DH lines produced by hy-
bridization with maize pollen of wheat F1 hybrid plants from the cross between two Chi-
nese wheat cultivars Huapei 3/Yumai 57, which were, respectively, released by Henan 
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Province, China in 2006 (Hai and Kang 2007) and nationally in 2003 (Guo et al. 2004). 
The two parents, which are cultivated over a large area of the Yellow and Huai valley 
wheat region of China, differ with respect to several agronomically important traits as 
well as some related to baking quality (Guo et al. 2004; Hai and Kang 2007; Zhao et al. 
2010). 

Experimental design

A total of 168 lines and their parents were grown at the following three sites in China: 
experimental farm of the Institute of Crop Sciences–Academy of Agricultural Sciences in 
Xingtai (i.e. E1–1 in 2011 and E1–2 in 2012), Stock Seed Farm in Cangzhou (i.e. E2–1 in 
2011 and E2–2 in 2012), and the Academy of Agricultural Sciences in Baoding (i.e. E3–1 in 
2011 and E3–2 in 2012). The experimental design followed a randomized complete block 
design with three replications. Plants were grown under normal field conditions in three-
row plots (2 m long with between-row spacing of 25 cm), with 20 seeds sown in each row, 
interplant was 10 cm distance. The flowering time of each line was recorded and at least 
50 simultaneously flowering spikes in the DH lines were tagged, and collected leaf tissue 
10 days after anthesis. Eight leaves tagged spikes from each line were sampled in a 4-hour 
interval starting from 7:00 up to 3:00 (i.e. 7:00, 11:00, 15:00, 19:00, 23:00, and 3:00, 
which were designated as T1, T2, T3, T4, T5, and T6, respectively) and stored at −70 °C. 

Measurement of flag leaf starch content

Wheat flag leaf starch content according to the method described by Wang et al. (1993) 
with minor modifications. For all time points, leaf samples from each DH line and the 
parents were cut into small pieces. Leaf samples (200 mg) were homogenized and placed 
in 50-mL centrifuge tubes, to which 15 mL 80% (v/v) ethanol was added. Samples were 
centrifuged at 10,000 × g for 10 min, after which the supernatant was discarded. The pel-
leted leaf material was stirred in 15 mL 80% (v/v) ethanol and used 80 water bath heating 
one hour, later cooled at room temperature for 30 min. Samples were centrifuged at 
10,000 × g for 10 min, after which the supernatant was collected in a beaker. This washing 
was repeated twice more (i.e. four washings) or until a test with anthrone reagent pro-
duced a negative result. The remaining residue following the extraction of sugar was re-
suspended in 10 mL 35% (v/v) HClO4, and starch was extracted overnight. Samples were 
used 80 water bath heating 10 min and centrifuged at 10,000 × g for 10 min, after which 
the supernatant was collected and diluted with buffer solution to 25 ml. The resulting free 
glucose was analysed with an anthrone–H2SO4 reagent by Wang et al. (1993) using a UV-
240 UV/V spectrophotometer (Shimadzu, Tokyo, Japan).

Data and QTL analyses

Mean, standard deviation, minimum, maximum, skewness, kurtosis, and coefficient vari-
ation were carried out using SPSS version 17.0 (SPSS, Chicago, IL, USA). Analysis of 
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variance determined using SAS PROC MEANS. The genetic linkage map consisted of 
368 markers were SSR loci, EST loci, inter-simple sequence repeat locus, and HMW-GS 
locus. The map covered a total length of 3074.1 cM, with an average distance of 8.35 cM 
between adjacent markers. These linked markers formed 24 linkage groups over 21 chro-
mosomes (Zhang et al. 2008; Zhao et al. 2010; Li et al. 2012). Genomic locations of 
marker loci/linkage groups were determined based on the wheat consensus map con-
structed by Somers et al. (2004). In our case, 30 loci (7.03%) were found to map to dif-
ferent chromosomal locations than those on the Somers et al. (2004) map. Based on the 
recommendation of Doerge (2002), we used a maximum map distance of 10 cM for ge-
nome-wide QTL scanning.

The genetic map was constructed with MAPMAKER/Exp version 3.0b (Lincoln et al. 
1993). The commands “group” with LOD 4.0, “try”, “compare”, and “ripple” were used 
to develop the linkage map. Unlinked groups were oriented and placed for the same chro-
mosome based on the microsatellite consensus map (Somers et al. 2004). The Kosambi 
mapping function (Kosambi 1944) was used to convert recombination fractions into cM 
as map distances. The linkage map was finally drawn using the software Mapchart, ver-
sion 2.1 (Voorrips 2002).

Both unconditional and conditional QTLs were detected under a mixed linear model 
using IciMapping v3.2 (http://www.isbreeding.net/). Composite interval analysis was 
performed by forward–backward stepwise multiple linear regression, with a probability 
into and out of the model of 0.05 and a window size of 10 cM. For each data set, signifi-
cant thresholds for QTL detection were calculated using 1,000 permutations and genome-
wide error rates of 0.10 (suggestive) and 0.05 (significant). The LOD score of 2.5 was 
chosen.

For QTL mapping, unconditional and conditional phenotypic values were arranged in 
the same data file. Unconditional phenotypic values corresponded to the data measured at 
different stages. Conditional phenotypic values at time t given phenotypic values at time 
t − 1 were predicted by the software program QGA Station v1.0 (http://ibi.zju.edu.cn/
software/qga/). Unconditional QTLs represent the cumulative effects of QTLs from the 
initial time to time t, while conditional QTLs correspond to the cumulative effects of 
QTLs from time t − 1 to time t. QTLs were designated using the format “QTL + trait + 
chromosome” in accordance with international nomenclatural recommendations for 
QTLs in wheat and related species (McIntosh et al. 1994).

Results

Phenotypic variations

The results analysis of variance of wheat flag leaf starch contents over 2 years were listed 
in Table S1*. For FLSC, significant effects at 0.01 level were found for all variation 
sources except for Years × Lines × Sample times, Locations × Lines × Sample times and 
Lines × Sample times. Details regarding the FLSC of the DH population and the parents 

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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in six environments at six time points are provided in Table S2. Strong transgressive seg-
regations were observed, indicating that alleles with positive effects were distributed 
among the parents. The absolute values of the skewness and kurtosis for the FLSC distri-
butions in the DH population were less than 1. This suggested that the trait approximate-
ly followed normal distributions, and the experimental data were suitable for QTL analy-
ses. The FLSC increased from 7:00 to 19:00 and then decreased from 19:00 to the follow-
ing 7:00 (Wang et al. 2014). 

Unconditional quantitative trait loci detected for the diurnal wheat flag 
leaf starch content 

Eight unconditional QTLs were identified for the FLSC at the six sampling stages in six 
environments (Table S3; Fig. S1). Unconditional QTLs with a contribution rate of 3.1–
15.8% for the FLSC were located on six chromosomes (i.e. 1B, 1D, 3A, 4A, 7B, and 7D). 
An independent analysis of the data generated for different environments identified four 
main additive QTLs (i.e. qFLS-1B, qFLS-1D-1, qFLS-4A, and qFLS-7D-1) in two of six 
environments. Two QTLs (qFLS-1D-1 and qFLS-7D-1) were steadily expressed at the 
same stages in different environments, but had different effects. The other additive QTLs 
were detected in only one environment.

Additional details were revealed when the data for six environments were analysed 
together. No QTL was detected at all six stages. The qFLS-1D-2 was the only QTL identi-
fied at three stages (i.e. T2, T4, and T5), and explained 12.7%, 8.0%, and 15.8% of the 
total phenotypic variance, respectively. Three QTLs (i.e. qFLS-1B, qFLS-4A, and qFLS-
7D-1) were detected at two stages, and explained 17.7%, 15.3%, and 26.0% of the total 
phenotypic variance, respectively. Additionally, qFLS-7D-2, which was detected at stage 
T4, explained 10.2% of the total variance. The remaining QTL was identified at one stage. 
On chromosome 7, QTLs detected at stages T1, T2, and T4 explained 36.2% of the pheno-
typic variance.

Several unconditional QTLs affecting the diurnal wheat FLSC were detected at differ-
ent developmental stages. According to the conditional QTL mapping results, seven ad-
ditional QTLs detected at the T4 stage explained 76.8% of the phenotypic variance. The 
results of the unconditional QTL mapping suggested that more QTLs could be detected 
using phenotypic data collected at different time points throughout the plant developmen-
tal stages than with data from only one stage. The detection of different QTLs at various 
time points indicated that the expression of the genes regulating the wheat FLSC may 
change over the course of a day.

Conditional quantitative trait loci detected for the diurnal wheat flag  
leaf starch content 

The nine conditional QTLs for the FLSC detected at six stages were distributed on eight 
chromosomes (Fig. S1; Table S4). These QTLs explained 6.8–22.5% of the phenotypic 
variation. The conditional QTL qFLS-3A-1 was identified in two environments, and ex-
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plained 11.2% and 9.5% of the total phenotypic variance in these environments. The QTL 
(qFLS-7D-1) was detected at four stages, and explained 15.3%, 14.4%, 12.7%, and 12.8% 
of the total phenotypic variance at these stages. Additionally, qFLS-7D-2, which was de-
tected at two stages, explained 10.1% and 7.8% of the total phenotypic variance. The 
QTL (qFLS-7D-2) was detected at one stage, and explained 22.5% of the phenotypic 
variance. Four and three QTLs were identified at the T3|T2 and T4|T3 stages, and ac-
counted for 34.1% and 45.8% of the total phenotypic variance, respectively. 

We mapped 12 QTLs, and a comparison of the unconditional and conditional QTL 
mapping results (Tables S3 and S4; Fig. S1) revealed nine unconditional QTLs and elev-
en conditional QTLs. Eight QTLs were both unconditional and conditional QTLs. Of 
these, four unconditional QTLs (i.e. qFLS-1B, qFLS-1D-1, qFLS-4A, and qFLS-7D-1) 
and one conditional QTL (i.e. qFLS-3A-1) were identified in two of six environments. 
Based on the unconditional QTL mapping results, qFLS-1D-2 and qFLS-7D-1 having the 
largest contribution to the phenotypic variation (more than 10%) and were detected more 
than one stage. In contrast, three QTLs (i.e. qFLS-1A, qFLS-3A-1, and qFLS-7D-1) were 
detected using the conditional QTL mapping method. Our findings indicated that combin-
ing unconditional and conditional QTL mapping methods enabled the detection of gene 
expression changes associated with quantitative traits.

Discussion

Temporal expression of quantitative trait loci

Several QTLs affecting the diurnal FLSC have been detected by QTL mapping (Calenge 
et al. 2006; Ishimaru et al. 2005, 2007). Previous studies on these QTLs focused on a 
single developmental stage (i.e. usually the harvest stage). Thus, they did not reveal 
changes to QTL expression during trait development. To clarify the mechanism regulat-
ing the accumulation of starch in leaves, we used unconditional and conditional QTL 
mapping methods to investigate the developmental changes in the wheat diurnal FLSC 
during the early grain-filling stage in different environments. 

We identified eight unconditional additive QTLs and nine conditional additive QTLs 
for the FLSC during the early grain-filling stage over 2 years at three locations (Table S3; 
Fig. S1). The number of QTLs related to the wheat FLSC and their genetic effects dif-
fered among various stages. One unconditional QTL (i.e. qFLS-1D-2) was identified at 
three stages (i.e. T2, T4, and T5), while another three unconditional QTLs (i.e. qFLS-1B, 
qFLS-4A, and qFLS-7D-1) were detected at two stages. The conditional QTL qFLS-7D-1 
was identified at four stages, while qFLS-7D-2 was detected at two stages. These QTLs 
reflected the continuous expression of specific genes, and significantly affected the FLSC. 
They are more important than the remaining QTLs that were detected at only one stage 
because the FLSC increases over a long period during different developmental stages. 
The pyramiding of positive alleles (expressed at consecutive stages) from different par-
ents by marker-assisted selection may lead to increased FLSC, thereby improving wheat 
seed yields.
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Most QTLs were detected at only one stage, and no QTL was detected at all five ana-
lysed periods. These results indicate that the expression levels of the genes controlling the 
FLSC exhibit dynamic changes during plant development. Most of the genes associated 
with the identified QTLs are only briefly expressed, although some are expressed over a 
longer period under very specific situations. However, none of the genes are expressed 
throughout the day and night. Our results are clearly in agreement with the developmental 
genetics principle that states genes are selectively expressed at different growth stages 
(Atchley and Zhu 1997). These results may improve our understanding of the genetic 
control of the diurnal FLSC.

Combining conditional and unconditional quantitative trait loci

Unconditional QTL mapping can be used to determine the results of accumulated genetic 
effects at measurement time t, thus providing information about “static” gene expression 
at time t. In contrast, conditional QTL mapping can reveal the gene expression levels 
from time t − 1 to time t, thereby reflecting the net effects of gene expression over a spe-
cific period and providing information about “dynamic” gene expression at time t (Bian 
et al. 2015; Shang et al. 2016; Zhang et al. 2016). Combining unconditional and condi-
tional QTL mapping results enables the detection of multiple QTLs, helps verify the re-
sults of the two methods, and simultaneously provides static and dynamic gene expres-
sion details (Jiang et al. 2013).

In this study, four additive QTLs (i.e. qFLS-1A, qFLS-2D, qFLS-3A-1, and qFLS-5A) 
were detected using a conditional QTL mapping method, but not with an unconditional 
QTL mapping strategy. Genes with very small effects during a specific growth period 
may be undetectable using the unconditional QTL mapping approach. In contrast, three 
additive QTLs (i.e. qFLS-1B, qFLS-1D-2, and qFLS-3A-2) were identified using an un-
conditional QTL mapping method, but not with a conditional QTL mapping procedure. 
Genes with opposing effects may be expressed at the same or nearby locations during 
previous growth periods. Consequently, variations in the cumulative gene effects may be 
diminished to the point of being undetectable. Therefore, a combination of conditional 
and unconditional QTL mapping methods that considers genetic effects may lead to a 
deeper characterization of the complexity of QTLs associated with the development of 
quantitative traits. In other words, dynamic mapping of QTLs based on conventional and 
conditional methods represents a powerful approach to revealing the genetic basis under-
lying the development of quantitative traits.

The number of unconditional QTLs differed among the analysed stages. We identified 
one, three, one, eight, and one unconditional QTLs at T1, T2, T3, T4, and T5, respectively. 
There were no unconditional QTLs detected at T6. The greater number of QTLs at T4 (i.e. 
19:00) is consistent with the fact that the transient starch in flag leaves starts to degrade 
during the transition from day to night. Additionally, T6 (i.e. 3:00) corresponds to the mid-
dle of the night when most of the flag leaf starch content has degraded, which is consistent 
with a lack of detected unconditional QTLs at this time point.
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Comparisons with previous studies

Molecular mapping experiments have revealed that several QTLs regulate starch contents 
in Arabidopsis thaliana and rice. There are no reports describing the analysis of QTLs for 
wheat flag leaf starch content (FLSC). But some QTLs controlling grain or flour starch 
content on 1A, 1B, 1D, 2A, 2D, 3A, 4A, 5B, 7A, 7B, and 7D chromosomes were found 
using different mapping populations (McCartney et al. 2006; Sun et al. 2008; Deng et al. 
2015). Compared with previous reports, we detected QTLs for starch content on 1B, 1D, 
2D, 3A, 4A, 5A, 7B, and 7D chromosomes by unconditional and conditional QTL map-
ping. By comparing these chromosomes, several chromosomes were same for starch con-
tent. There were some important critical loci controlling starch synthesis on 1D, 4A, 7B, 
and 7D chromosomes detected in the present research.

In summary, the dynamic QTLs identified in this study facilitate better understanding 
of the genetic regulation of FLSC. However, the final aim of the QTL mapping was to 
effectively utilize the detected QTLs. Any identified QTLs that are highly stable (i.e.  
environmentally stable) and that explain more than 10% of the phenotypic variation may 
be candidates for MAS in wheat breeding programs. We identified 6 conditional and 4 
unconditional relatively stable QTLs for protein fraction content that explained more than 
10% of the phenotypic variation. Five QTLs (qFLS-1B, qFLS-1D-1, qFLS-3A-1, qFLS-
4A and qFLS-7D-1) were expressed in several environments. We also identified 3 QTLs 
(qFLS-1D-2, qFLS-7D-1 and qFLS-7D-2) that were expressed in consecutive stages. It 
should be noted, however, that relatively stable QTLs with small effects should be chosen 
carefully for marker-assisted selection in breeding programs (Jiang et al. 2010). QTLs for 
two or more important traits in non-homologous regions could facilitate pyramiding of 
favourable alleles by MAS for simultaneous improvement of those traits. To reduce the 
negative effect of unfavourable correlations among alleles controlling different traits, 
larger segregating populations must be developed for fine QTL mapping and further MAS 
in breeding programs. Exploitation of additional markers (new SSRs and SNPs) for map-
ping the target regions is therefore needed.
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