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Abstract

Background: The accumulation and remobilization of stem water soluble carbohydrates (WSC) are determinant
physiological traits highly influencing yield potential in wheat against drought stress. However, knowledge gains of
the genetic control are still limited. A hexaploid wheat population of 120 recombinant inbred lines were developed
to identify quantitative trait loci (QTLs) and to dissect the genetic basis underlying eight traits related to stem WSC
under drought stress (DS) and well-watered (WW) conditions across three environments.

Results: Analysis of variance (ANOVA) revealed larger environmental and genotypic effects on stem WSC-related
traits, indicating moderate heritabilities of 0.51–0.72. A total of 95 additive and 88 pairs of epistatic QTLs were
identified with significant additive and epistatic effects, as well as QTL× water environmental interaction (QEI)
effects. Most of additive QTLs and additive QEIs associated with drought-stressed environments functioned genetic
effects promoting pre-anthesis WSC levels and stem WSC remobilization to developing grains. Compared to other
genetic components, both genetic effects were performed exclusive contributions to phenotypic variations in stem
WSC-related traits. Nineteen QTL clusters were identified on chromosomes 1B, 2A, 2B, 2D, 3B, 4B, 5A, 6A, 6B and 7A,
suggestive of the genetic linkage or pleiotropy. Thirteen additive QTLs were detectable repeatedly across two of
the three water environments, indicating features of stable expressions. Some loci were consistent with those
reported early and were further discussed.

Conclusion: Stem WSC-related traits were inherited predominantly by additive and QEI effects with a moderate
heritability. QTL cluster regions were suggestive of tight linkage or pleiotropy in the inheritance of these traits.
Some stable and common loci, as well as closely linked molecular markers, had great potential in marker-assisted
selection to improve stem WSC-related traits in wheat, especially under drought-stressed environments.
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Background
Wheat (Triticum aestivum L.), one of the most import-
ant cereal crops, is widely grown in semiarid and arid
areas around the world. As increasing the precipitation
variability with frequent episodes of drought in recent
decades, wheat crops often suffer from erratic water def-
icit during the growing season [1]. In particular, the ter-
minal drought scenarios, occurring during reproductive
and grain-filling phases, are the most detrimental to
photosynthetic performance [2] and grain set and devel-
opment [3], which resulted in a substantial reduction in
final grain yield [4, 5]. Therefore, improving water-use
efficiency (WUE) by incorporating drought-tolerant
traits into elite breeding germplasm is an important ob-
jective for the genetic improvement in wheat in water-
deficit environments [6].
An alternative to screening for grain yield and its sta-

bility under different water-stressed environments is to
identify useful physiological adaptations to improve
WUE in wheat and other cereal crops [7]. Of these,
water soluble carbohydrates (WSC), composed mainly of
fructan together with minor components of sucrose and
hexose [8, 9], have been considered a promising physio-
logical trait indicative of drought tolerance in wheat
crops [10–12]. This attributes to WSC acting as osmo-
lytes to enhance water retention [13] and protect plants
from drought stress by scavenging reactive oxygenspe-
cies [14] and by stabilizing cellular membranes [15]. As
the dominant carbon source, WSC reserves can contrib-
ute to grain development and improve grain yield poten-
tial, when active photosynthesis is inhibited by terminal
drought [10, 16, 17]. Previous studies have reported that
WSC reserves can continuously accumulate before an-
thesis and peak at 7–20 days after anthesis in wheat
crops [18, 19], when photosynthetic tissues synthesize
WSC at a rate greater than the requirement for various
sinks [10, 18]. The excess WSC is stored mainly in stems
and leaf sheaths [18], usually accounting for more than
40% of total dry weight of stems [8, 19]. Its remobilization,
afterwards, is available for use in plant growth or respir-
ation [20], but more for contribution to final grain yield
[8, 17]. Under the terminal drought condition, stem WSC
remobilization during the grain-filling phase can contrib-
ute as much as 30–50% of grain yield [8, 11, 17], and even
potentially up to 70% in some elite cultivars [21, 22].
There are considerable genotypic variations in stem WSC

accumulation and remobilization observed in wheat under
individual water environments [8, 11, 19, 23]. Besides, geno-
typic ranking among diverse wheat cultivars for stem WSC
content is consistent across a range of environments, indi-
cating moderate to high broad-sense heritabilities (hB

2) of
0.46–0.93 [22–26]. This indicates that stem WSC levels are
genetically determined and that selection for high-level
WSC should be possible at the early generation stage of a

breeding program [19, 22, 26, 27]. However, some studies
also show wide fluctuations in these traits underlined by
strong genotype × environment interaction (GEI), suggest-
ing stem WSC reserves were highly sensitive to water envi-
ronments [6, 28, 29]. Consequently, further knowledge
gains of genotypic variations, genomic locations, and mo-
lecular genetic basis in stem WSC are critical for well-
understanding yield-limiting factors and for improving yield
potential in wheat, especially in water-deficit environments
[16, 22, 29]. During the last decades, a wealth of quantita-
tive trait loci (QTLs) for stem WSC-related traits have been
identified in diverse genetic populations and field-growing
environments by the strategy of linkage genetic analysis
[22, 28, 30–34] and genome-wide association [6, 26, 29,
35, 36]. These studies have reported that QTLs for stem
WSC accumulation and remobilization could have dif-
ferent expression patterns in response to different
growth stages or environments. Most of additive QTLs
significantly interacted with water environments, sug-
gesting that stable molecular markers for these traits
are essential to understand its genetic basis. Further-
more, Rebetzke et al. [22] identified fewer significant
QTLs for stem WSC levels in three doubled-haploid
(DH) populations, while sizes of individual genetic effects
varied between populations but were repeatable across en-
vironments. Several genomic regions were common across
populations including those associated with plant height
or anthesis date. Some important chromosomal regions
governing stem WSC-related traits were also found to
overlap with locations of QTLs for yield-related traits and
drought tolerance [28, 32–34], suggesting pleiotropic ef-
fects in the inheritance of these traits.
Although stem WSC-related traits proved to be quan-

titative, knowledge gains of the molecular genetic basis
are still limited. In the current study, a hexaploid wheat
population of 120 recombinant inbred lines (RIL) was
employed to map QTLs for eight traits related to stem
WSC accumulation and remobilization across six water
environments. The objectives were to identify putative
QTLs for stem WSC-related traits, and to estimate the
genetic control involving in interaction effects with
water environments. The findings will provide a better
understanding of the polygene-inherited mechanisms
governing stem WSC-related traits in wheat under
water-deficit environments, and should benefit genetic
improvement of drought tolerance in wheat by pyramid-
ing favorable QTLs.

Results
Statistical analysis of phenotypic assessment
The means of eight stem WSC-related traits averaged
across three experimental sites were employed to evalu-
ate phenotypic variations for the RIL population and
parents in response to drought-stressed (DS) and well-
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watered (WW) conditions, respectively. As summarized
in Table 1, both parents differed significantly from tested
traits (P < 0.05). Most of them evaluated in Longjian 19,
except for stem WSC concentration at the maturity
stage (WSCm), were much higher than those in Q9086.
Across all water treatments, mean values of the RIL
population were intermediate between the parents and
showed wide phenotypic variability. The corresponding
coefficients of variation ranged from 13.93 to 51.37% in
the DS and from 11.87 to 58.68% in the WW. Some pro-
genies had extreme values beyond either parent. Both
skewness and kurtosis values were less than 1.0 observed
in almost all treatments, suggesting the continuous vari-
ation and transgressive segregation for tested traits in
the RIL population.
The analysis of variance (ANOVA) showed that

phenotypic variances for stem WSC-related traits in the
RIL population and two parents reached at the signifi-
cant levels (P < 0.05), with the exception of individual
two- and three-way interactions (Table S1 and S2). In
comparison, water condition had larger effects on all
tested traits, followed by genotype and site, whereas, for
other factors, the effects were relatively smaller and even
not significant somewhat (P > 0.05). However, stem

WSC-related traits differed significantly from two water
conditions (Table 1). Most of the traits for all genotypes
had higher phenotypic means (except for WSCm and
grain weight of main spike (GWMS)), and greater coeffi-
cients of variation (except for stem WSC remobilization
rates at pre-anthesis (WRRpr) and WSC contribution
rates to GWMS at pre-anthesis (WCRpr)) under the DS
than those under the WW. Both WRRpr and WCRpr
under the DS were consistently higher than stem WSC
remobilization rates at post-anthesis (WRRps) and WSC
contribution rates to GWMS at post-anthesis (WCRps),
respectively, whereas it was reversed to those under the
WW. The h2B for most of traits (except for WSCm and
GWMS) under the DS was slightly lower than those
under the WW, varying from 0.51 to 0.70 in the WW
and from 0.55 to 0.72 in the DS. The results indicated
that water environment strongly influenced stem WSC-
related traits, which further revealed the genetic nature
of their complex quantitative traits.

Phenotypic correlation analysis
Phenotypic correlation coefficients (r) among tested
traits for the RIL population under DS and WW condi-
tions were shown in Fig. 1. Most of traits were positively

Table 1 Summary statistics of stem WSC-related traits in the parents and the wheat RIL population under drought-stressed (DS) and
well-watered (WW) conditions across different environments

Trait Water
regime

Parents RILs

Longjian19 Q9086 Mean Min. Max. CV (%) Skew. Kurt. h2B

WSCf (mg.g− 1 DW) DS 127.33 113.80* 115.34* 51.39 175.32 21.11* −0.25 − 0.17 0.54

WW 102.49 87.06* 98.42 42.43 172.17 18.86 0.13 0.36 0.63

WSCg (mg.g−1 DW) DS 185.38 157.84* 168.73* 71.36 257.92 17.78 −0.36 0.28 0.69

WW 151.06 110.59** 148.55 81.82 254.85 16.81 0.35 0.73 0.72

WSCm (mg.g−1 DW) DS 34.17 43.82** 40.53** 7.32 95.90 33.26** 0.79 0.88 0.70

WW 73.56 104.53** 80.65 19.81 148.94 24.13 0.32 0.02 0.55

WRRpr (%) DS 69.29 54.46** 64.78** 32.63 90.36 13.93** −0.60 0.28 0.57

WW 19.04 13.39** 18.47 0.92 75.41 48.46 0.70 1.50 0.59

WRRps (%) DS 31.38 24.52** 25.00** 3.65 71.75 38.78** 0.33 0.11 0.51

WW 44.75 31.71** 42.68 1.92 73.53 30.61 0.15 −0.22 0.64

WCRpr (%) DS 16.40 9.54** 15.11** 3.65 27.92 35.92** 0.29 −0.67 0.60

WW 6.24 2.38** 3.48 0.18 14.78 58.68 0.98 1.40 0.61

WCRps (%) DS 8.42 4.51** 5.70** 0.75 27.98 51.37** 0.57 −0.23 0.54

WW 17.73 8.74** 8.93 0.21 26.25 29.27 0.58 −0.49 0.61

GWMS (g) DS 1.05 0.89* 0.98** 0.48 1.52 18.92** 0.05 −0.40 0.73

WW 1.43 1.18* 1.31 0.83 1.71 11.87 0.12 −0.27 0.65

The phenotypic data for each trait is the mean averaged across three experimental sites under drought-stressed (DS) and well-watered (WW) conditions at Anning
farm station, Gansu, China (103°51′E, 36°04′N, 1600 m ASL) in 2012–2013 (E1), at Yongdeng farm station, Gansu, China (103°18′E, 36°42′N, 1950 m ASL) in 2013–
2014 (E2), and at Yuzhong farm station, Gansu, China (104°07′E, 35°51′N, 1900 m ASL) in 2014–2015 (E3). The asterisks in the column of “parent Q9086” represent
significant differences in phenotypic data between two parents by the F test. The asterisks in the columns of “mean” and “CV (%)” represent significant differences
in phenotypic data between two water conditions by the F test. *P < 0.05, **P < 0.01. WSC water-soluble carbohydrate concentration, WSCf WSC at the anthesis
stage, WSCg WSC at the grain-filling stage, WSCg WSC at the grain-filling stage, WSCm WSC at the maturity stage, WRRpr pre-anthesis WSC remobilization rate,
WRRps post-anthesis WSC remobilization rate, WCRpr pre-anthesis WSC contribution rate, WCRps post-anthesis WSC contribution rate, GWMS grain weight of main
spike, Min minimum, Max maximum, CV coefficient of variation, Skew skewness, Kurt kurtosis, h2B broad-sense heritability
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correlated with each other in each water condition, and
some correlations reached at significant levels (P < 0.05).
Nevertheless, correlations among each trait differed
greatly under the DS from that under the WW. Under
the DS, there were positive and significant correlations
identified among stem WSC concentration at the anthe-
sis stage (WSCf) and at the grain filling stage (WSCg),
WCRpr and GWMS (r = 0.31 to 0.63). Besides, the posi-
tive correlations were also significant between GWMS
and WRRpr (r = 0.75), between WSCf and WSCm (r =
0.65), and WRRps and WCRps (r = 0.44), respectively.
Under the WW, positive and significant correlations
were found among WSCg, WRRpr, WRRps, WCRpr,
WCRps and GWMS (r = 0.38 to 0.86), except for weak
correlations of GWMS with WRRpr and WCRpr. Similar
to the DS, WSCf was positively correlated with WSCm
(r = 0.82). In addition, a few of traits were negatively and
significantly correlated with each other between DS and
WW conditions. This situation, under the DS, occurred
between WRRps and WSCf (r = − 0.53) and WSCm (r =
− 0.51), between WRRpr and WSCm (r = − 0.72), and be-
tween WCRps and GWMS (r = − 0.33), respectively.
Under the WW, they involved in WSCm with WRRpr,

WRRps, WCRpr and WCRps (r = − 0.37 to − 0.73), and
WSCf with WRRpr, WRRps and WCRps (r = − 0.33 to −
0.58), respectively. By comparison, phenotypic correla-
tions for most traits between DS and WW conditions
were weak and variable, suggesting that stem WSC accu-
mulation and remobilization were highly influenced by
the water environment.

QTLs mapping and QTL × water environment interactions
Considering the eight traits evaluated in DS and WW
conditions across environments E1 to E3, a total of 95
additive QTLs were identified and widely mapped on
chromosomes 1A, 1B, 2A, 2B, 2D, 3B, 4A, 4B, 5A, 6A,
6B and 7A (Table S3, Fig. 2). These loci individually
accounted for 0.83 to 23.14% of phenotypic variance.
The number of QTLs detected for each trait ranged
from 8 (WSCm) to 21 (WRRps). Of these, 50 (52.6%)
had positive additive (a) effects, indicating favorable al-
lele contribution from the parent Longjian19. In con-
trast, the other 45 (47.4%) showed negative a effects
with favorable alleles from Q9086. For each trait, more
favorable alleles (60.0–85.7%) for WSCf, WSCg, WRRpr
and WCRpr were derived from Longjian19 and those for

Fig. 1 Heatmap summarizing Pearson correlation between stem WSC-related traits in the wheat RIL population under drought-stressed (DS) and
well-watered (WW) conditions across different environments. The stem WSC-related traits evaluated herein involved in grain weight of main spike
(GWMS); water-soluble carbohydrate (WSC) concentration at the anthesis stage (WSCf), at the grain-filling stage (WSCg) and at the maturity stage
(WSCm); WSC remobilization rate at the pre-anthesis (WRRpr) and at the post-anthesis (WRRps); WSC remobilization rate at the pre-anthesis
(WCRpr) and at the post-anthesis (WCRps)
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WRRps (66.7%) and GWMS (90.0%) were from Q9086.
This indicated that favorable alleles governing stem
WSC-related traits were almost unevenly contributed by
the parents. In addition, 82 QTLs (86.3%) were identified
in single environments, and only 13 QTLs (13.7%) were
detectable repeatedly across two of the three water envi-
ronments, suggestive of the features of stable expres-
sions. Both WSCf and WSCg showed the highest
number with three stable QTLs, followed by two for
WRRps and one for each of the other five traits (Table 2).
With the exception of 22 loci (23.2%) expressed only

significant a effects, the other 73 (76.8%) showed QTL×
water environmental interaction (QEI) with drought
stress, indicating their significant additive QEI (ae) ef-
fects. Among them, 43 loci, especially for WSCf, WSCg,
WRRpr and WCRpr, contributed positive ae effects,
whereas, for the other 30 loci mainly for WSCm, ae ef-
fects were negative. The additive QEIs in both groups in-
dividually accounted for phenotypic variance from 0.99
to 18.09% and from 0.81 to 19.86%, respectively.
All eight traits were also influenced by epistatic (aa)

effects of the additive × additive type and the interacting

Fig. 2 Additive QTLs and QTLs cluster for stem WSC-related traits in the wheat RIL population. The black squares are QTLs expressed only in one
environment and red squares are QTLs expressed repeatedly in two environments for stem WSC-related traits
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effects of epistatic QEIs. A total of 88 pairs of epistatic
QTLs were identified, ranging from 6 (WSCm) to 18 pairs
(WCRpr) for each trait (Table S4). These nonallelic loci in-
volved in epistasis generally showed minor a effects and
widely distributed on all 21 chromosomes, explaining 0.90
to 11.04% of the phenotypic variance. Among them, half of
pairs behaved with positive aa effects, indicating that the
parent-type effects were higher than the recombinant-type
effects. The other half, howbeit, had negative aa effects
where recombinant-type effects were higher than parent-
type effects. By contrast to other traits, WSCf and WCRps
exhibited remarkable disequilibrium between the two types
of aa effects, due to 88.9 and 72.7% of corresponding epi-
static pairs with positive and negative effects, respectively.
Similar to additive QTLs, most of epistatic QTLs (85 of 88,
or 96.6%) were identified in single environments, whereas
only three pairs, such as one pair for WSCg and two pairs
for GWMS, were repeated in two environments. This sug-
gested that epistatic QTLs expressed more environment-
dependently than additive loci. When the epistatic QEIs
were considered, 42 of 88 pairs (47.7%) involved in signifi-
cant epistatic QEI (aae) effects by drought-stressed envi-
ronments. For these aae effects, 18 pairs mostly for WSCf
were positive and individually explained 1.84 to 11.42% of
phenotypic variance, whereas the other 24 for all traits ex-
cept WSCf were negative, individually explained 1.62 to
11.03% of phenotypic variance.
With regard to general effects and contributions of gen-

etic components for all eight traits, both mean values aver-
aged across three environmental sites significantly varied

from individual genetic components and tested traits
(Fig. 3). Cumulative genetic effects and interaction with
drought-stressed environments behaved to increase WSCf,
WSCg, WRRpr and WCRpr, but to decrease the other four
traits. Comparatively, both a and ae effects for most traits
were positive and more predominant in controlling pheno-
typic values than aa and aae effects, although aa or aae ef-
fects for WSCf, WCRps and GWMs were not ignorable
(Fig. 3A). On the other hand, the phenotypic variance ex-
plained by genetic component effects also further illustrated
the features of QTL expressions. In particular, cumulative
phenotypic variance explained by a and ae effects
accounted for 58.7% (GWMS) to 74.8% (WSCm) of total
variance contributed by all genetic components, which were
greater than those by both aa and aae effects (Fig. 3B). This
suggested that performances of a and ae effects were highly
predominant to determine the inheritance of stem WSC-
related traits. In this context, some additive QTLs showed
greater contributions (>10%) to phenotypic variance by a
or ae effects, compared to other loci. For example, three
major QTLs for WSCf and WSCg, namely Qwscf.acs-2D,
Qwscf.acs-3B.3 and Qwscg.acs-6B.3, individually explained
11.25–23.14% of the phenotypic variations by significant a
effects. Likewise, 19 loci made greater contributions
(10.04–19.86%) by significant ae effects to the phenotypic
variations in all traits except WRRpr (Table S3).

Chromosomal distribution of identified QTLs
The map positions of 74 additive QTLs for stem WSC-
related traits had a marked tendency to cluster in 19

Table 2 Stable additive QTLs for stem WSC-related traits across water environments in the wheat RIL population

Trait QTL Flanking markers Site (cM) Environ. a R2(a)%

WSCf Qwscf.acs-3B.1 Xpsp3112-Xgwm72 49.6 E1/E3 −3.55***/− 3.48*** 6.96/8.09

Qwscf.acs-4A Xksum51-Xgwm637 75.7 E1/E3 4.07***/3.77*** 9.14/9.58

Qwscf.acs-7A.2 Xbarc195-Xbarc121 113.2 E2/E3 1.59***/2.12*** 3.42/4.12

WSCg Qwscg.acs-2D.1 Xgwm261-Xwmc112 3.5 E1/E2 −2.45***/−3.45*** 3.92/4.62

Qwscg.acs-4B.1 Xgwm495-Xgwm251 76.5 E2/E3 −3.55***/−2.36*** 4.91/3.08

Qwscg.acs-5A.1 Xmag694-Xgwm415 10.4 E2/E3 2.26***/3.32*** 2.97/3.83

WSCm Qwscm.acs-7A.2 Xbarc195-Xbarc121 113.2 E1/E3 2.29***/2.80*** 3.48/8.94

WRRpr Qwrrpr.acs-6B.2 Xwmc341-Xbarc198 69.4 E1/E3 1.68**/1.96*** 5.49/6.66

WRRps Qwrrps.acs-4B.1 Xgwm495-Xgwm251 76.5 E1/E2 −1.50***/−3.05*** 1.75/5.31

Qwrrps.acs-5A.4 Xgwm443-Xcfa2155 98.8 E1/E3 −1.63***/−1.25*** 0.97/0.89

WCRpr Qwcrpr.acs-6B.1 Xcfd13-Xwmc737 5.8 E2/E3 0.43***/0.50*** 4.92/5.76

WCRps Qwcrps.acs-6B.1 Xwmc341-Xbarc198 69.4 E1/E2 −0.85***/−0.99*** 5.81/5.32

GWMS Qgwms.acs-2A Xgwm122-Xmag2150 50.4 E1/E3 −0.01***/− 0.01*** 5.15/4.75

WSC water-soluble carbohydrate concentration, WSCf WSC at the anthesis stage, WSCg WSC at the grain-filling stage, WSCg WSC at the grain-filling stage, WSCm
WSC at the maturity stage, WRRpr pre-anthesis WSC remobilization rate, WRRps post-anthesis WSC remobilization rate, WCRpr pre-anthesis WSC contribution rate,
WCRps post-anthesis WSC contribution rate, GWMS grain weight of main spike. Site (cM), the most likely position of the putative QTL on the specific chromosome.
E1 to E3 represent field trials at Anning farm station, Gansu, China (103°51′E, 36°04′N, 1600 m ASL) in 2012–2013, at Yongdeng farm station, Gansu, China (103°18′
E, 36°42′N, 1950 m ASL) in 2013–2014, and at Yuzhong farm station, Gansu, China (104°07′E, 35°51′N, 1900 m ASL) in 2014–2015, respectively. a, the additive
effect, of which a positive value indicates the Longjian 19 allele having an increasing effect on the trait value and a negative value represents the Q9086 allele
having a decreasing effect on the trait value. R2(a) (%), the proportion of phenotypic variations explained by additive QTL. **P < 0.005, ***P < 0.001. Water
environments (E1 to E3) marked by bold typeface indicated a QTL identified in the specific environment was also interacted significantly with drought stress
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chromosomal regions, which formed QTL hotspots,
namely, chromosomal regions shared by multiple QTLs.
In the majority of QTL clusters, the closest markers of
the QTLs were situated within relatively short intervals
less than 10 cM and even at some specific positions on
chromosomes 1B, 2A, 2B, 2D, 3B, 4B, 5A, 6A, 6B and
7A (Fig. 2, Table 3). Each chromosome harbored one
(1B, 2A, 4B and 6A) to three QTL clusters (5A, 6B and
7A). For example, nine QTL clusters underlying 3–5 of
the eight traits were co-located within 4–10 cM marker
intervals, such as Xmag893-Xwmc44 on chromosome
1B, Xgdm87-Xbarc101 on 2B, Xksum45-Xwmc510 on
3B, and so on. Four intervals within 2 cM regions,
Xmag3579-Xgwm312 on 2A, Xgdm35-Xwmc112 and
Xbarc219-Xgwm349 on 2D, and Xbarc40- Xcfd2121 on
5A, harbored QTL clusters controlling 2–3 traits, re-
spectively. Each of 13 above intervals almost covered 1–

2 specific positions involving environment-specific QTLs
and/or stable QTLs. For example, of seven QTLs identi-
fied in Xgwm284-Xcfd6 on 3B, two environment-
specific QTLs, Qwrrpr.acs-3B.1 and Qwcrpr.acs-3B.1,
were co-located at the position of 46.4 cM, and two
stable QTLs, Qwscf.acs-3B.1 and Qwscf.acs-3B.1, and
two environment-specific QTLs, Qwscm.acs-3B.1 and
Qwcrpr.acs-3B.2, were all located at 49.6 cM. Besides, six
QTL clusters governing 2–3 traits independently located
at the specific positions. Of these, three chromosomal
positions at 13.4 cM on 2B, 58.4 cM on 6A and 26.7 cM
on 7A harbored 2–3 environment-specific QTLs, re-
spectively. Two positions at 98.8 cM on 5A and 5.8 cM
on 6B located one stable QTL and two environment-
specific QTLs, respectively. The position at 113.2 cM
mapped two stable QTLs. Most of these loci were adja-
cent or overlapped at the left markers in flanking inter-
vals. This indicated that these hotspot regions might
carry important polygenes controlling stem WSC accu-
mulation and remobilization, whilst a single locus gov-
erning multiple traits suggested that there could be
genetic pleiotropy.
On the other hand, nonallelic loci interacted with each

other for the epistatic effects, where some loci even con-
stituted QTL-interacting networks at different levels to
realize various aa effects on individual traits responsive
to water environments (Fig. 4). For instance, 34 nonalle-
lic loci made up seven relatively bigger networks from
four to seven-locus interactions, respectively. The other
21 loci were composed of seven smaller networks by two
to three-locus interactions, respectively. In most of inter-
action networks, a key locus interacted with 2–4 loci to
influence individual traits, of which some interactions
even involved in cascade reactions to affect more traits.
In addition, there existed two interacting loci concur-
rently regulating two different traits. This indicated that
epistatic QTLs also exhibited pleiotropic functions.

Discussions
Phenotypic variations highly interacted with drought
stress
High-level WSC reserved in stem have been suggested
as the dominant carbon source for maintaining grain-
filling and subsequent grain yield in wheat, particularly
to offset limitations imposed on concurrent assimilation
during grain development under water-deficit environ-
ments [16, 17, 19, 23]. However, previous studies have
demonstrated that environmental and genotypic, and/or
GEI effects, make a great influence on stem WSC levels
[6, 22, 28, 29]. In the present study, the factorial
ANOVA revealed that water environment and genotype
predominantly affected stem WSC-related traits,
whereas actions of GEIs and other interaction factors
were relatively smaller (Table S1, S2). The means for

Fig. 3 Cumulative genetic effects (A) and phenotypic variations (B)
explained by different genetic components for stem WSC
accumulation and remobilization in the wheat RIL population. The
stem WSC-related traits evaluated herein are involved in grain
weight of main spike (GWMS); water-soluble carbohydrate (WSC)
concentration at the anthesis stage (WSCf), the grain-filling stage
(WSCg) and the maturity stage (WSCm); WSC remobilization rate at
the pre-anthesis (WRRpr) and the post-anthesis (WRRps); WSC
remobilization rate at the pre-anthesis (WCRpr) and the post-
anthesis (WCRps). a, aa, ae and aae represent additive effect,
epistatic effect, and environmental interaction effect by additive (ae)
and epistatic QTLs (aae), respectively
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most traits in the DS, except for WSCm and GWMS,
were significantly higher than those in the WW. Espe-
cially in DS plants, both WRRpr and WCRpr were
higher than WRRps and WCRps, while in WW plants,
they were entirely opposite (Table 1). In addition,
GWMS showed highly positive correlations (r = 0.44 to
0.75) with WSCf, WSCg, WRRpr and WCRpr under the
DS, while it was positively correlated with WSCg,
WRRps and WCRps (r = 0.55 to 0.77) under the WW
(Fig. 1). This indicated that wheat stems remained
higher WSC levels and greater remobilization efficiency
of pre-anthesis WSC reserves for better adaptation to
water-deficit environments [13–15] and partial compen-
sation of grain filling [8, 37].
The substantial contributions from environmental and

genotypic effects, along with minor effects from inter-
action factors, were mirrored in the moderate h2B of
0.51–0.72 for these traits (Table 1). The results con-
firmed previous findings of larger environmental and
genotypic effects on stem WSC levels with the moderate
to high h2B of 0.46–0.93 [22–26]. They suggested that
increasing stem WSC levels via selection in breeding
programs would be possible, and some field practices
had been successfully performed in developing drought-
tolerant wheat varieties in the UK and Australia [38, 39].
In contrast, a few of studies demonstrated that stem

WSC levels were strongly influenced by GEIs, resulting
in these traits showing wide fluctuations in h2B (0.27–
0.79) [6, 12, 28]. In this context, stem WSC levels had
weak and variable correlations with grain yield, indicated
that stem WSC remobilization was complex and not all
of stem WSC completely contributes to the improve-
ment of grain yield [12, 28, 37]. The most likely reason
was that stem WSC reserves could be excessively con-
sumed by plant growth and respiration [20], or highly
regulated by source-sink state [40]. This suggested that
direct selection of wheat breeding germplasm based on
these traits was still challenging.

Genetic components and QEI effects induced by drought
stress
Phenotypic variations in stem WSC accumulation and
remobilization can be essentially attributed to genetic
and environmental factors, as well as their interactions
[22, 28]. The intrinsic mechanism, howbeit, seems to be
still limited, because these traits are inherited quantita-
tively and governed by polygenes [22, 28, 31–34]. On
the basis of the adjusted unbiased prediction of the
mixed linear model approach [41], we detected putative
QTLs with a and aa effects, as well as QEI effects, for
eight stem WSC-related traits using a RIL population
(Table S3, S4). The result was consistent with the

Table 3 Additive QTL clusters for stem WSC-related traits in the wheat RIL population

Chrom. Flanking markers Site (cM) Traits No. of QTLs

1B Xmag893-Xwmc44 94.6–98.5 WSCf, WSCm, WRRpr, WRRps, WCRpr 6

2A Xmag3579-Xgwm312 128.7–130.1 WSCm, WRRpr, WCRpr, WCRps 5

2B Xwmc272-Xgwm630 13.4 WRRpr, GWMS 2

Xgdm87-Xbarc101 52.0–59.5 WSCf, WSCm, WRRps, WCRpr 4

2D Xgdm35-Xwmc112 2.0–3.5 WSCf, WSCg, WRRps 3

Xbarc219-Xgwm349 89.9–91.9 WRRpr, WRRps, WCRps 3

3B Xgwm284-Xcfd6 46.4–53.6 WSCf, WSCm, WRRpr, WRRps, WCRpr 6

Xksum45-Xwmc510 117.3–127.3 WSCf, WSCm, WRRps 4

4B Xgwm495-Xbarc60 76.5–84.6 WSCg, WRRps, WCRps, GWMS 5

5A Xmag694-Xwmc705 10.4–15.8 WSCg, WRRpr, WCRps, GWMS 5

Xbarc40-Xcfd2121 37.7–38.2 WRRpr, WRRps, GWMS 5

Xgwm443-Xcfa2155 98.8 WSCf, WRRps, WCRps 3

6A Xgwm570-Xwmc553 58.4 WRRpr, WCRpr 2

6B Xcfd13-Xwmc737 5.8 WSCg, WRRps, WCRpr 3

Xgwm193-Xwmc539 48.1–52.0 WSCg, WSCm, WRRps 3

Xwmc341-Xwmc182 69.4–75.4 WSCg, WRRpr, WCRps 3

7A Xbarc1034-Xwmc273 26.7 WSCf, WSCg, WCRps 3

Xwmc603-Xwmc607 94.8–101.1 WSCm, WRRpr, WRRps,WCRps, GWMS 7

Xbarc195-Xbarc121 113.2 WSCf, WSCm 2

WSC water-soluble carbohydrate concentration, WSCf WSC at the anthesis stage, WSCg WSC at the grain-filling stage, WSCg WSC at the grain-filling stage, WSCm
WSC at the maturity stage, WRRpr pre-anthesis WSC remobilization rate, WRRps post-anthesis WSC remobilization rate, WCRpr pre-anthesis WSC contribution rate,
WCRps post-anthesis WSC contribution rate, GWMS grain weight of main spike. Site (cM), the marker intervals or specific positions of QTL cluster
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previous findings examining the similar traits by a DH
population under two water-environmental conditions
[28]. As compared with other studies involving in only
the additive QTLs [32, 33], the current study revealed
more comprehensive genetic information for these traits.
For examples, a total of 95 additive QTLs and 88 pairs
of epistatic QTLs were identified with significant main-
effects (a and aa) for these traits evaluated across di-
verse water environments. Among them, 76.8% of addi-
tive QTLs and 47.7% of epistatic QTLs showed
significant QEI effects (ae and aae) with drought-
stressed environments. This indicated that epistatic
QTLs expressed more environment-dependently than
additive loci (Table S3, S4). Although both genetic
main-effects and QEI effects were different in individual
traits and water environments to various degree, the cu-
mulative phenotypic variances explained by a and ae ef-
fects for each trait were greater than those by aa and
aae effects (Fig. 3b). On the other hand, it was clear that
low genetic contributions to phenotypic variance ex-
plained by aa effects were due to large numbers of non-
allelic loci with minor a effects involving in epistasis

(Table S4). These results supported the previous view-
point that the stem WSC levels was mainly governed by
robust a and ae effects, rather than weak epistatic effects
[22]. Therefore, both a and ae effects predominantly de-
termine the inheritance of stem WSC accumulation and
remobilization in wheat.
The present study also displayed that different genetic

contributions by genetic components highlighted in their
diverse genetic effects induced by drought stress on stem
WSC-related traits. With regard to a effects, most of fa-
vorable alleles (60.0–85.7%) for WSCf, WSCg, WRRpr
and WCRpr showed positive effects, whereas those for
WRRps (66.7%) and GWMS (90.0%) indicated negative
effects. This implied that, under the DS, drought-
tolerant parent Longjian19 contributed more genes
expressed to increase WSCf, WSCg, WRRpr and WCRpr
in the RIL progenies, whereas drought-prone parent
Q9086 provided more genes to reduce WRRps and
GWMS (Table S3). Similarly, WSCf and WCRps exclu-
sively exhibited positive (88.9%) and negative (72.7%) aa
effects, respectively (Table S4). As respects of QEI ef-
fects, most of additive QTLs (58.9%) mainly contributed

Fig. 4 Epistatic QTL network for stem WSC-related traits in the wheat RIL population. The black dashed- and solid-line ellipses indicate one QTL
interacted with another QTL and with two or more additional QTLs, respectively. The characters at the left and right of apostrophe in each black
ellipse mean the specific chromosome and position for a putative QTL. The characters in each black box indicate related stem WSC-related traits,
such as grain weight of main spike (GWMS); water-soluble carbohydrate (WSC) concentration at the anthesis stage (WSCf), at the grain-filling
stage (WSCg) and at the maturity stage (WSCm); WSC remobilization rate at the pre-anthesis (WRRpr) and at the post-anthesis (WRRps); WSC
remobilization rate at the pre-anthesis (WCRpr) and at the post-anthesis (WCRps). The red and blue arrows at the right of trait name in each black
box indicate epistatic effect and epistatic QTL× environment interaction effect, respectively. Up and down arrows indicate that positive and
negative genetic effects, respectively
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positive ae effects for WSCf, WSCg, WRRpr and
WCRpr, whereas those for epistatic QTLs (57.1%)
showed negative aae effects for all traits except WSCf
(Table S3, S4). This indicated that QEIs herein per-
formed different ae and aae effects for individual traits.
Comparatively, both a and ae effects generally domi-
nated to increase WSCf, WSCg, WRRpr and WCRpr.
The result was highly consistent with cumulative effects
of genetic components for these traits (Fig. 3a), where a
and ae effects for the above four traits were all positive
and highly greater than aa and aae effects. As a result, it
was also essentially illustrated why drought stress might
improve stem WSC levels at the pre-anthesis and pro-
mote the remobilization of stem WSC reserves in the
grain-filling stage, just like the results in this study
(Table 1) and those in previous studies [13–15].

QTL clusters and genetic pleiotropy
Additive QTLs for stem WSC-related traits in this study
were highly concentrated in 19 chromosomal regions on
chromosomes 1B, 2A, 2B, 2D, 3B, 4B, 5A, 6A, 6B and
7A (Fig. 2, Table 3, Table S3), suggesting closely linked
loci controlling correlated traits. These QTL clusters
were located within 10 cM of marker intervals and even
at some specific positions. Each cluster almost covered
1–2 specific positions involving environment-specific
QTLs and/or stable QTLs for 2–5 of the eight traits.
Similarly, previous studies also reported that several gen-
omic regions controlling stem WSC levels were co-
located or adjacent by the QTLs for plant height and an-
thesis date [22], as well as some physiological and yield-
related traits [31–34]. Compared with our early studies
using the same RIL population, several QTLs for flag leaf
morphology [42], leaf greenness [43], plant height [44],
and thousand-grain weight [45] were shared the same
marker intervals with the present QTLs for stem WSC-
related traits, especially in marker intervals Xwmc272-
Xgwm630 and Xgdm87-Xbarc101 on 2B, Xbarc40-
Xcfd2121 on 5A, Xcfd13-Xwmc737 and Xwmc341-
Xwmc182 on 6B, and Xbarc1034-Xwmc273, Xwmc603-
Xwmc607 and Xbarc195-Xbarc121 on 7A (Fig. 2). This
indicated that the inheritance of stem WSC-related
traits, along with some critical physiological and yield-
related traits, could be highly correlated with each other.
However, it remains a puzzling question whether these
clustered QTLs represent close linkages of multiple
genes affecting different traits or have pleiotropic effects
of regulatory genes that affect the related traits [46, 47].
Pleiotropy and linkage, after all, are the basis of genetic
correlations [48, 49]. A feasible strategy is proposed that
the dissection of pleiotropy from linkage might be re-
solved by increasing population sizes and marker dens-
ities, or by using overlapping substitution lines [50, 51].
However, the recent study in wheat yield-related traits

showed the close linkage was difficult to differentiate
from pleiotropy, and the pleiotropic architecture of the
yield-syndrome was dissected more as a cause of plei-
otropy rather than close linkage [48]. On the other hand,
we found the interaction behaviors of nonallelic loci in-
volving epistatic QTLs also exhibited pleiotropic effects
(Fig. 4). These loci constituted QTL-interacting net-
works at different levels to realize various aa effects con-
trolling individual traits. In these networks, a key locus
interacted with another locus or several loci as cascade
reactions to influence different traits. The similar result
was also reported in yield-related traits of wheat [52–
54], where a number of QTLs, including additive loci
and/or nonallelic loci with minor a effects, participated
in two or more epistatic interactions, making up a QTL
functional network for one or more traits. This sug-
gested that the genetic control of stem WSC and yield
related traits per se was complex and, to a certain extent,
reacted as part of QTL networks by the additive and epi-
static pleiotropy.

Stable QTLs and common loci compared with previous
findings
For these stem WSC-related traits, we identified 13
stable QTLs that were detectable repeatedly across two
of the three water environments (Table 2). Most of loci
were also co-located the same chromosomal positions
with environment-specific QTLs to various degree, and
were adjacent or overlapped at the left markers in flank-
ing intervals (Fig. 2, Table 3). Using a wheat microsatel-
lite consensus map by Somers et al. [55] as a reference,
some stable QTLs identified in this study were shared
the similar chromosomal regions/positons with those re-
ported earlier. For example, a stable QTL, Qwscg.acs-
2D.1, located in the marker interval Xgwm261-
Xwmc112 on 2D, was possibly the same as QTLs for
stem WSC concentrations reported in several previous
studies [22, 28, 29, 35], owing to proximity to Xgwm261.
The locus also overlapped the position of a photoperiod
gene (Ppd-D1) [22]. Similarly, the other two stable
QTLs, Qwrrps.acs-4B.1 for WRRps and Qwscg.acs-4B.1
for WSCg, co-located at the chromosomal position of
76.5 cM in Xgwm495-Xgwm251, were adjacent not only
to the locations of three reported QTLs for stem WSC
levels [22, 31, 35], but also to the position of dwarfing
gene (Rht-B1b) [22]. A reported locus for sucrose accu-
mulation, mapped close to a vernalization gene (Vrn1)
on the long arm of chromosome 5A [22], was adjacent
to the position at 98.8 cM in Xgwm443-Xcfa2155 herein.
This indicated that stem WSC levels could be regulated
by dwarfing and development genes. Indeed, many early
studies have demonstrated that genotypes with high
stem WSC levels were commonly shorter, flowered earl-
ier, and produced significantly fewer tillers than those of
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low WSC levels [19, 22, 27]. Besides, two QTL clusters
in the intervals of Xmag3579-Xgwm312 on 2A and
Xmag694-Xwmc705 on 5A overlapped or were adjacent
to the locations of QTL clusters for stem WSC accumu-
lation and remobilization detected by Yang et al. [28].
These stable and common loci, as well as closely linked
molecular markers, had great potential in marker-assisted
selection to improve stem WSC-related traits in wheat, es-
pecially under drought-stressed environments. Further
fine-mapping these major stable QTLs and QTL regions
with pleiotropic effects would advance our understanding
of the underlying molecular mechanisms [56].

Conclusions
In the present study, we found that the inheritance of
stem WSC-related traits in wheat was predominantly
governed by additive and QEI effects, indicating a mod-
erate heritability. Most of additive QEIs associated with
drought-stressed environments functioned positive regu-
lation on stem WSC accumulation and remobilization
efficiency at pre-anthesis. QTL cluster regions identified
were suggestive of tight linkage or pleiotropy in the in-
heritance of these traits. Some stable and common loci,
as well as closely linked molecular markers, had great
potential in marker-assisted selection to improve stem
WSC-related traits in wheat, especially under drought-
stressed environments.

Methods
Plant materials and field trials
A set of the hexaploid wheat RIL population composed
of 120 lines were used in this study. The population was
derived from a cross between two Chinese winter wheat
cultivars, Longjian 19 and Q9086, and its development is
described in our previous studies [42, 43]. The male par-
ent Longjian 19 is an elite drought-tolerant cultivar
widely grown in rainfed areas (300–500 mm annual rain-
fall) in northwestern China. The female parent Q9086 is
a high-yielding cultivar suitable for cultivation under
conditions of sufficient water and high fertility, but is
prone to premature senescence under terminal drought
stress. Two parents differ significantly from several
physiological and agronomical traits under drought
stress [42–45, 57].
Field trials were carried out at Anning farm station,

Gansu, China (103°51′E, 36°04′N, 1600m ASL) in
2012–2013 (E1), at Yongdeng farm station, Gansu,
China (103°18′E, 36°42′N, 1950 m ASL) in 2013–2014
(E2), and at Yuzhong farm station, Gansu, China
(104°07′E, 35°51′N, 1900m ASL) in 2014–2015 (E3), re-
spectively. These sites belong to the typical inland arid
areas in Northwest China, where the annual rainfall is
below 400mm with more than 1500mm of the annual
evaporation capacity. All of progenies and parents were

sown in late September and harvested in early July of the
following year. Field trials at each site were managed
under DS and WW sections. The DS plots were equiva-
lent to rainfed condition with the rainfall of 115 (E1), 80
(E2) and 142mm (E3) in each growing season, respect-
ively, whereas the WW ones were irrigated with 75mm
water supply at the heading (Zadoks 55) and grain filling
(Zadoks 71) stages, respectively. Herein growth stages
were recorded using decimal codes described by Zadoks
et al. [58], and the specific dates of major growth stages
were shown in Table S5. Field experimental designs were
randomized complete blocks with three replications. Each
plot was 1m long with 6 rows spaced 20 cm apart. Ap-
proximately 60 seeds per row were sown. Field manage-
ment aspects followed the local practices during wheat
production, as described in our previous study [42].

Sampling and assays of stem WSC
In each plot, five main shoots with the same anthesis
date were randomly selected as samples. They were cut
at the soil surface at three phenological stages, viz., an-
thesis (Zadoks 60), grain filling (Zadoks 71), and grain
physiological maturity (Zadoks 92). Leaves and spikes
were removed and the main stems retaining only the
culms were put into liquid nitrogen and were dehy-
drated in a refrigerated-vacuum evaporator at 8.1 kPa air
pressure and − 60 °C for 24 h. Dehydrated samples were
continuously treated at 105 °C for 20 min and further
dried at 80 °C until a constant dry weight available. The
dry weight (DW) for main stems for each genotype was
measured as sampled at the anthesis (SDWf), grain fill-
ing (SDWg), and maturity stages (SDWm), respectively.
The corresponding main spikes sampled at the maturity
stage were collected to dry for each genotype, and grains
were threshed and weighed to obtain GWMS.
Dry stem samples were chopped into pieces of about

1–2 mm in length. Stem WSC was extracted according
to a modified procedure described by Wardlaw and
Willenbrink [9]. Extractions were performed with 0.1 g
dry material for each sample with three replications.
Samples were incubated in 40ml hot ddH2O (90 °C) for
1 h. The fractions were filtered and centrifuged at 10000
g for 5 min. The supernatant was transferred to volumet-
ric flasks (50 ml) and added ddH2O to 50ml. Total
amounts of stem WSC (mg. g− 1 DW) were determined
as fructose equivalents using the anthrone colorimetric
assay [59] at 620 nm on a TU-1810 spectrophotometer
(Bejing Persee Co., China). Three independent assays
were conducted on each sample. The mean values were
used to estimate WSCf, WSCg and WSCm, respectively.
On the assay data available, stem WSC remobilization

and its efficiency were calculated as pre-and post-
anthesis ones. Of these, WRRpr (%) and WRRps (%)
were evaluated as percentage by (WSCf × SDWf -
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WSCm × SDWm)/(WSCf × SDWf) × 100% and by
(WSCg × SDWg - WSCf × SDWf)/(WSCg × SDWg) ×
100%, respectively. WCRpr (%) and WCRps (%) were es-
timated as percentage by (WSCf × SDWf - WSCm ×
SDWm)/(GWMS × 1000) × 100% and by (WSCg ×
SDWg - WSCf × SDWf)/(GWMS × 1000) × 100%,
respectively.

Data analysis
Statistical analysis was implemented using the SPSS ver-
sion 18.0 statistical package (California State University
Information Services, Los Angeles, CA, USA), and P
values less than 0.05 were significant. The ANOVA
based on combined linear mixed model was used to esti-
mate the total and residual variances among RIL progen-
ies and parents for each stem WSC-related trait under
different water environments. Basic statistics and Pear-
son correlation analysis were performed on the mean
data averaged across three environments under DS and
WW conditions. The h2B was calculated for each trait
using the formula proposed by Toker [60]. Here, h2B =
σg

2/(σg
2 + σge

2/r + σe
2/re), where σg

2, σge
2 and σe

2 were es-
timates of genotype, genotype × environment interaction
and residual error variances, respectively, and e and r
were the numbers of environments and replicates per
environment, respectively.
The genetic linkage map was developed using the RIL

population, consisting of 524 simple sequence repeats
(SSR) marker loci covering 2266.7 cM with an average
distance of 4.3 cM between adjacent markers [42–45].
QTL analysis was performed by the mixed linear model
mapping [41], using the Windows version computer
program QTLNetwork 2.0 [61]. Composite interval ana-
lysis was carried out by forward-backward stepwise, mul-
tiple linear regression with a probability into and out of
the model of 0.05 and a window size set at 10 cM. Sig-
nificant thresholds for QTL detection were calculated
for each dataset using 1000 permutations and a genome-
wide error rate of 0.05. The final genetic model incorpo-
rated significant main-effects of a and aa, as well as QEI
effects of ae and aae. In such a model, all possible pairs
of markers were scanned and tested. The locations of in-
dividual QTLs were drawn on genetic maps using the
software of MapChart 2.1 [62].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12863-020-00855-1.

Additional file 1: Table S1. Mean squares of analysis of variance
(ANOVA) for stem WSC-related traits in parents of the wheat RIL popula-
tion. Table S2. Mean squares of analysis of variance (ANOVA) for stem
WSC-related traits in the wheat RIL population. Table S3. Additive and
interaction effects of QTL × environment of QTLs identified for stem WSC-
related traits in the wheat RIL population. Table S4. Epistatic effects and

interacting effects of epistatic QTL × environment of QTLs identified for
stem WSC-related traits in the wheat RIL population. Table S5. The spe-
cific dates of major growth stages recorded in the wheat RIL population
under drought-stressed (DS) and well-watered (WW) conditions in differ-
ent environments.

Abbreviations
a: additive effect; aa: epistatic effect; aae: interaction effect of epistatic QTL×
water environment; ae: interaction effect of additive QTL× water
environment; ANOVA: Analysis of variance; DH: Doubled-haploid;
DS: Drought stress; DW: Dry weight; GEI: Genotype × environment
interaction; GWMS: Grain weight of main spike; h2B: broad-sense heritability;
QEI: QTL× water environmental interaction; QTL: Quantitative trait locus;
r: correlation coefficient; RIL: Recombinant inbred lines; SDWf: Stem dry
weight at the anthesis; SDWg: Stem dry weight at the grain filling;
SDWm: Stem dry weight at the maturity stages; SSR: Simple sequence
repeats; WCRpr: Stem WSC contribution rates to GWMS at pre-anthesis;
WCRps: Stem WSC contribution rates to GWMS at post-anthesis;
WRRpr: Stem WSC remobilization rates at pre-anthesis; WRRps: Stem WSC
remobilization rates at post-anthesis; WSC: Water soluble carbohydrates;
WSCf: Stem WSC concentration at the anthesis stage; WSCg: Stem WSC
concentration at the grain filling stage; WSCm: Stem WSC concentration at
the maturity stage; WUE: Water-use efficiency; WW: Well-watered

Acknowledgments
We are grateful to Professor Alejandro Calderon-Urrea (Department of Biol-
ogy, College of Science and Mathematics, California State University, Fresno,
California 93740-8034, USA) for revising and polishing the manuscript.

Authors’ contributions
ML performed the experiments and wrote the manuscript. YL, JM and PZ
performed the experiments and managed experimental materials in the
field; CW and JS analyzed the data. DY conceived and designed the project
and revised the paper. All authors have read and approved the final
manuscript.

Funding
This work was financially supported by the grants from the Science &
Technology Innovation Fund of Gansu Agricultural University (GAU-XKJS-
2018-168), the National Natural Science Foundation of China (31760385,
31460348), the Modern Agricultural Industry Technology System Project of
Gansu Province (GARS-01-04), the Natural Science Foundation of Gansu
Province (18JR3RA173), and the Scientific Research Foundation of Gansu
Agricultural University (GAU-KYQD-2018-41). The funding agencies only
provided the financial means to allow the authors to carry out the study, but
they did not participate in the design of the study and collection, analysis,
and interpretation of data and in writing the manuscript.

Availability of data and materials
The data sets supporting the results of this article are included in this
manuscript and its additional information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interests.

Received: 27 February 2020 Accepted: 16 April 2020

References
1. Trenberth KE. Changes in precipitation with climate change research. Clim

Res. 2011;47:123–38.2. https://doi.org/10.3354/cr00953.
2. Eduardo DDO, Bramley H, Siddique KHM, Henty S, Berger J, Palta JA. Can

elevated CO2 combined with high temperature ameliorate the effect of

Li et al. BMC Genetics           (2020) 21:50 Page 12 of 14

https://doi.org/10.1186/s12863-020-00855-1
https://doi.org/10.1186/s12863-020-00855-1
https://doi.org/10.3354/cr00953


terminal drought in wheat? Funct Plant Biol. 2013;40:160–71. https://doi.org/
10.1071/fp12206.

3. Nawaz A, Farooq M, Cheema SA, Yasmeen A, Wahid A. Stay green character
at grain filling ensures resistance against terminal drought in wheat. Int J
Agric Biol. 2013;15:1272–6. https://doi.org/10.1590/brag.2013.045.

4. Dhanda SS, Sethi GS. Tolerance to drought stress among selected Indian
wheat cultivars. J Agric Sci. 2002;139:319–26. https://doi.org/10.1017/
s0021859602002526.

5. Reynolds MP, Mujeeb-Kazi A, Sawkins M. Prospects for utilising plant-
adaptive mechanisms to improve wheat and other crops in drought-and
salinity-prone environments. Ann Appl Biol. 2005;146:239–59. https://doi.
org/10.1111/j.1744-7348.2005.040058.x.

6. Ovenden B, Milgate A, Wade LJ, Rebetzke GJ, Holland JB. Genome-wide
associations for water-soluble carbohydrate concentration and relative
maturity in wheat using SNP and DArT marker arrays. Genes Genom Genet.
2017;117:2821–30. https://doi.org/10.1534/g3.117.039842.

7. Richards RA, Rebetzke GJ, Watt M, Condon AG, Spielmeyer W, Dolferus R.
Breeding for improved water productivity in temperate cereals:
phenotyping, quantitative trait loci, markers and the selection environment.
Funct Plant Biol. 2010;37:85–97. https://doi.org/10.1071/fp09219.

8. Schnyder H. The role of carbohydrate storage and redistribution in the
source-sink relations of wheat and barley during grain filling - a review.
New Phytol. 1993;123:233–45. https://doi.org/10.1111/j.1469- 8137.1993.
tb03731.x.

9. Wardlaw IF, Willenbrink J. Carbohydrate storage and mobilization by the
culm of wheat between heading and grain maturity: the relation to sucrose
synthase and sucrose-phosphate synthase. Aust J Plant Physiol. 1994;21:
255–71. https://doi.org/10.1071/PP9940255.

10. Wardlaw IF, Willenbrink J. Mobilization of fructan reserves and changes in
enzyme activities in wheat stems correlate with water stress during kernel
filling. New Phytol. 2000;148:413–22. https://doi.org/10.1046/j.1469-8137.
2000.00777.x.

11. Piaskowski JL, Brown D, Campbell KG. Near-infrared calibration of soluble
stem carbohydrates for predicting drought tolerance in spring wheat.
Agron J. 2016;108:285–93. https://doi.org/10.2134/agronj2015.0173.

12. Ovenden B, Milgate A, Lisle C, Wade LJ, Rebetzke GJ, Holland JB. Selection
for water-soluble carbohydrate accumulation and investigation of genetic ×
environment interactions in an elite wheat breeding population. Theor Appl
Genet. 2017;130:2445–61. https://doi.org/10.1007/s00122-017-2969-2.

13. Kawakami A, Sato Y, Yoshida M. Genetic engineering of rice capable of
synthesizing fructans and enhancing chilling tolerance. J Exp Bot. 2008;59:
803–14. https://doi.org/. https://doi.org/10.1093/jxb/erm367.

14. Van den Ende W, Valluru R. Sucrose, sucrosyloligosaccharides and oxidative
stress: scavenging and salvaging? J Exp Bot. 2009;60:9–18. https://doi.org/10.
1093/jxb/ern297.

15. Valluru R, Van den Ende W. Plant fructans in stress environments: emerging
concepts and future prospects. J Exp Bot. 2008;59:2905–16. https://doi.org/.
https://doi.org/10.1093/jxb/ern164.

16. Blum A. Improving wheat grain filling under stress by stem reserve mobilisation.
Euphytica. 1998;100:77–83. https://doi.org/10.1007/978-94-011-4896-2-19.

17. van Herwaarden AF, Angus JF, Richards RA, Farquhar GD. ‘Haying-off’, the
negative grain yield response of dryland wheat to nitrogen fertiliser II.
Carbohydrate and protein dynamics. Crop Pasture Sci. 1998;49:1083–94.
https://doi.org/10.1071/A97040.

18. Gebbing T. The enclosed and exposed part of the peduncle of wheat
(Triticum aestivum)-spatial separation of fructan storage. New Phytol. 2003;
159:245–52. https://doi.org/10.1046/j.1469-8137.2003.00799.x.

19. Ehdaie B, Alloush GA, Madore MA, Waines JG. Genotypic variation for stem
reserves and mobilization in wheat: II. Postanthesis changes in internode
water-soluble carbohydrates. Crop Sci. 2006;46:2093–103. https://doi.org/10.
2135/cropsci2006.01.0013.

20. Kiniry JR. Nonstructural carbohydrate utilization by wheat shaded during
grain growth. Agron J. 1993;85:844–9. https://doi.org/10.2134/agronj1993.
00021962008500040013x.

21. Goggin DE, Setter TL. Fructosyltransferase activity and fructan accumulation
during development in wheat exposed to terminal drought. Funct Plant
Biol. 2004;31:11–21. https://doi.org/10.1071/FP03123.

22. Rebetzke G, Van Herwaarden A, Jenkins C, Weiss M, Lewis D, Ruuska S, et al.
Quantitative trait loci for water-soluble carbohydrates and associations with
agronomic traits in wheat. Aust J Agric Res. 2008;59:891–905. https://doi.
org/10.1071/AR08067.

23. Ruuska SA, Rebetzke GJ, van Herwaarden AF, Richards RA, Fettell NA, Tabe L,
et al. Genotypic variation in water-soluble carbohydrate accumulation in
wheat. Funct Plant Biol. 2006;33:799–809. https://doi.org/10.1071/fp06062.

24. Rattey A, Shorter R, Chapman SC. Evaluation of CIMMYT conventional and
synthetic spring wheat germplasm in rainfed subtropical environments. II.
Grain yield components and physiological traits. Field Crop Res. 2011;124:
195–204. https://doi.org/10.1016/j.fcr.2011.02.006.

25. McIntyre CL, Seung D, Casu RE, Rebetzke GJ, Shorter R, Xue GP. Genotypic
variation in the accumulation of water-soluble carbohydrates in wheat.
Funct Plant Biol. 2012;39:560–8. https://doi.org/10.1071/FP12077.

26. Dong Y, Liu J, Zhang Y, Geng H, Rasheed A, Xiao Y, et al. Genome-wide
association of stem water soluble carbohydrates in bread wheat. PLoS One.
2016;11:e0164293. https://doi.org/10.1371/journal.pone.0164293.

27. Ehdaie B, Alloush GA, Waines JG. Genotypic variation in linear rate of grain
growth and contribution of stem reserves to yield in wheat. Field Crop Res.
2008;106:34–43. https://doi.org/10.1016/j.fcr.2007.10.012.

28. Yang D, Jing R, Chang X, Li W. Identification of quantitative trait loci and
environmental interactions for accumulation and remobilization of water-
soluble carbohydrates in wheat (Triticum aestivum L.) stems. Genetics. 2007;
176:571–84. https://doi.org/10.1534/genetics.106.068361.

29. Zhang B, Li W, Chang X, Li R, Jing R. Effects of favorable alleles for water-
soluble carbohydrates at grain filling on grain weight under drought and
heat stresses in wheat. PLoS One. 2014;9:e102917. https://doi.org/10.1371/
journal.pone.0102917.

30. Galiba G, Kerepesi I, Snape JW, Sutka J. Location of a gene regulating cold-
induced carbohydrate production on on chromosome 5A of wheat. Theor
Appl Genet. 1997;95:265–70. https://doi.org/10.1007/s001220050558.

31. Snape JW, Foulkes MJ, Simmonds J, Leverington M, Fish LJ, Wang Y, et al.
Dissecting gene × environmental effects on wheat yields via QTL and
physiological analysis. Euphytica. 2007;154:401–8. https://doi.org/10.1007/
s10681-006-9208-2.

32. McIntyre CL, Mathews KL, Rattey A, Chapman SC, Drenth J, Ghaderi M, et al.
Molecular detection of genomic regions associated with grain yield and
yield-related components in an elite bread wheat cross evaluated under
irrigated and rainfed conditions. Theor Appl Genet. 2010;120:527–41.
https://doi.org/10.1007/s00122-009-1173-4.

33. Pinto RS, Reynolds M, Mathews K, McIntyre CL, Olivares-Villegas JJ,
Chapman SC. Heat and drought adaptive QTL in a wheat population
designed to minimize confounding agronomic effects. Theor Appl Genet.
2010;121:1001–21. https://doi.org/10.1007/s00122-010-1351-4.

34. Bennett D, Izanloo A, Reynolds M, Kuchel H, Langridge P, Schnurbusch T.
Genetic dissection of grain yield and physical grain quality in bread wheat
(Triticum aestivum L.) under water-limited environments. Theor Appl Genet.
2012;125:255–71. https://doi.org/10.1007/s00122-012-1831-9.

35. Li W, Zhang B, Li R, Chang X, Jing R. Favorable alleles for stem water-soluble
carbohydrates identified by association analysis contribute to grain weight
under drought stress conditions in wheat. PLoS One. 2015;10:e0119438.
https://doi.org/10.1371/journal.pone.0119438.

36. Dong Y, Zhang Y, Xiao Y, Yan J, Liu J, Wen W, et al. Cloning of TaSST genes
associated with water soluble carbohydrate content in bread wheat stems
and development of a functional marker. Theor Appl Genet. 2016;129:1061–
70. https://doi.org/10.1007/s00122-016-2683-5.

37. Ma J, Huang GB, Yang DL, Chai Q. Dry matter remobilization and
compensatory effects in various internodes of spring wheat under
water stress. Crop Sci. 2014;54:331–9. https://doi.org/10.2135/
cropsci2013.03.0141.

38. van Herwaarden AF, Richards RA. Water-soluble carbohydrate
accumulation in stems is related to breeding progress in Australian
wheats. In: Plant Breeding for the 11th Millenium, JAMcComb (ed),
Proceedings 12th Australasian Plant Breeding Conference (Perth, 15–20
September, 2002); 2002. p. 878–82.

39. Schearman VJ, Sylvester-Bradley R, Scott RK, Foulkes MJ. Physiological
changes associated with wheat yield progress in the UK. Crop Sci. 2005;45:
175–8. https://doi.org/10.1016/j.cropro.2004.06.010.

40. Zhang H, Turner NC, Poole ML. Source-sink balance and manipulating sink-
source relations of wheat indicate that the yield potential of wheat is sink-
limited in high-rainfall zones. Crop Pasture Sci. 2010;61:852–61. https://doi.
org/10.1071/CP10161.

41. Wang D, Zhu J, Li Z, Paterson AH. Mapping QTLs with epistatic effects and
QTL×environment interactions by mixed linear model approaches. Theor
Appl Genet. 1999;99:1255–64. https://doi.org/10.1007/s001220051331.

Li et al. BMC Genetics           (2020) 21:50 Page 13 of 14

https://doi.org/10.1071/fp12206
https://doi.org/10.1071/fp12206
https://doi.org/10.1590/brag.2013.045
https://doi.org/10.1017/s0021859602002526
https://doi.org/10.1017/s0021859602002526
https://doi.org/10.1111/j.1744-7348.2005.040058.x
https://doi.org/10.1111/j.1744-7348.2005.040058.x
https://doi.org/10.1534/g3.117.039842
https://doi.org/10.1071/fp09219
https://doi.org/10.1111/j.1469- 8137.1993.tb03731.x
https://doi.org/10.1111/j.1469- 8137.1993.tb03731.x
https://doi.org/10.1071/PP9940255
https://doi.org/10.1046/j.1469-8137.2000.00777.x
https://doi.org/10.1046/j.1469-8137.2000.00777.x
https://doi.org/10.2134/agronj2015.0173
https://doi.org/10.1007/s00122-017-2969-2
https://doi.org/
https://doi.org/10.1093/jxb/erm367
https://doi.org/10.1093/jxb/ern297
https://doi.org/10.1093/jxb/ern297
https://doi.org/
https://doi.org/10.1093/jxb/ern164
https://doi.org/10.1007/978-94-011-4896-2-19
https://doi.org/10.1071/A97040
https://doi.org/10.1046/j.1469-8137.2003.00799.x
https://doi.org/10.2135/cropsci2006.01.0013
https://doi.org/10.2135/cropsci2006.01.0013
https://doi.org/10.2134/agronj1993.00021962008500040013x
https://doi.org/10.2134/agronj1993.00021962008500040013x
https://doi.org/10.1071/FP03123
https://doi.org/10.1071/AR08067
https://doi.org/10.1071/AR08067
https://doi.org/10.1071/fp06062
https://doi.org/10.1016/j.fcr.2011.02.006
https://doi.org/10.1071/FP12077
https://doi.org/10.1371/journal.pone.0164293
https://doi.org/10.1016/j.fcr.2007.10.012
https://doi.org/10.1534/genetics.106.068361
https://doi.org/10.1371/journal.pone.0102917
https://doi.org/10.1371/journal.pone.0102917
https://doi.org/10.1007/s001220050558
https://doi.org/10.1007/s10681-006-9208-2
https://doi.org/10.1007/s10681-006-9208-2
https://doi.org/10.1007/s00122-009-1173-4
https://doi.org/10.1007/s00122-010-1351-4
https://doi.org/10.1007/s00122-012-1831-9
https://doi.org/10.1371/journal.pone.0119438
https://doi.org/10.1007/s00122-016-2683-5
https://doi.org/10.2135/cropsci2013.03.0141
https://doi.org/10.2135/cropsci2013.03.0141
https://doi.org/10.1016/j.cropro.2004.06.010
https://doi.org/10.1071/CP10161
https://doi.org/10.1071/CP10161
https://doi.org/10.1007/s001220051331


42. Yang D, Liu Y, Cheng H, Chang L, Chen J, Chai S, et al. Genetic dissection of
flag leaf morphology in wheat (Triticum aestivum L.) under diverse water
regimes. BMC Genet. 2016;17:94. https://doi.org/10.1186/s12863-016-0399-9.

43. Yang D, Li M, Liu Y, Chang L, Cheng H, Chen J, et al. Identification of
quantitative trait loci and water environmental interactions for
developmental behaviors of leaf greenness in wheat. Front Plant Sci. 2016;7:
273. https://doi.org/10.3389/fpls.2016.00273.

44. Ye Y, Li M, Liu Y, Chen J, Yang D, Hu L, et al. QTL mapping and QTL×
environmental interactions for plant height in wheat (Triticum aestivum L.). Acta
Agricul Boreali-Sin. 2015;30:83–91. https://doi.org/10.7668/hbbxb.2015.05.014.

45. Hu L, Ye Y, Lv T, Li M, Liu Y, Chang L, et al. QTL mapping and genetic
analysis for grain weight (Triticum aestivum) under different water
environments. Acta Pratacul Sin. 2015;24:118–29. https://doi.org/10.11686/
cyxb2015071.

46. Balestre M, Von Pinho RG, Junior CLS, Bueno Filho JSS. Bayesian mapping of
multiple traits in maize: the importance of pleiotropic effects in studying
the inheritance of quantitative traits. Theor Appl Genet. 2012;125:479–93.
https://doi.org/10.1007/s00122-012-1847-1.

47. Wang P, Zhou G, Cui K, Li Z, Yu S. Clustered QTL for source leaf size and
yield traits in rice (Oryza sativa L.). Mol Breed. 2012;29:99–113. https://doi.
org/10.1007/s11032-010-9529-7.

48. Schulthess AW, Reif JC, Ling J, Plieske J, Kollers S, Ebmeyer E, et al. The roles
of pleiotropy and close linkage as revealed by association mapping of yield
and correlated traits of wheat (Triticum aestivum L.). J Exp Bot. 2017;68:
4089–101. https://doi.org/10.1093/jxb/erx214.

49. Thorwarth P, Liu G, Ebmeyer E, Schacht J, Schachschneider R, Kazman E,
et al. Dissecting the genetics underlying the relationship between protein
content and grain yield in a large hybrid wheat population. Theor Appl
Genet. 2019;132:489–500. https://doi.org/10.1007/s00122-018-3236-x.

50. Pestsova EG, Börner A, Röder MS. Development and QTL assessment of
Triticum aestivum-Aegilops tauschii introgression lines. Theor Appl Genet.
2006;112:634–47. https://doi.org/10.1007/s00122-005-0166-1.

51. Prashant R, Kadoo N, Desale C, Kore P, Dhaliwal HS, Chhuneja P, et al. Kernel
morphometric traits in hexaploidy wheat (Triticum aestivum L.) are
modulated by intricate QTL×QTL and genotype × environment interactions.
J Cereal Sci. 2012;56:432–9. https://doi.org/10.1016/j.jcs.2012.05.010.

52. Wu X, Wang Z, Chang X, Jing R. Genetic dissection of the developmental
behaviours of plant height in wheat under diverse water regimes. J Exp Bot.
2010;61:2923–37. https://doi.org/10.1093/jxb/erq117.

53. Wu X, Chang X, Jing R. Genetic insight into yield-associated traits of wheat
grown in multiple rain-fed environments. PLoS One. 2012;7:e31249. https://
doi.org/10.1371/journal.pone.0031249.

54. Li Q, Zhang Y, Liu T, Wang F, Liu K, Chen J, et al. Genetic analysis of kernel
weight and kernel size in wheat (Triticum aestivum L.) using unconditional
and conditional QTL mapping. Mol Breed. 2015;35:194. https://doi.org/10.
1007/s00122-017-3040-z.

55. Somers DJ, Isaac P, Edwards K. A high-density microsatellite consensus map
for bread wheat (Triticum aestivum L.). Theor Appl Genet. 2004;109:1105–14.
https://doi.org/10.1007/s00122-004-1740-7.

56. Liu K, Xu H, Liu G, Guan P, Guan P, Zhou X. Et al. QTL mapping of flag leaf-
related traits in wheat (Triticum aestivum L.). Theor Appl Genet. 2018;131:
839–49. https://doi.org/10.1007/s00122-017-3040-z.

57. Ma Z, Li M, Yang D, Chen X, Chen J, Liu Y, et al. Relationship between grain
filling and accumulation and remobilization of water soluble carbohydrates
in leaf and stem of winter wheat during the grain filling in different water
conditions. Acta Pratacul Sin. 2014;23:68–78. https://doi.org/10.11686/
cyxb20140408.

58. Zadoks JC, Chang TT, Konzak CF. A decimal code for the growth stages of
cereals. Weed Res. 1974;14:415–21. https://doi.org/10.1111/j.1365-3180.1974.
tb01084.x.

59. Yemm EW, Willis AJ. The estimation of carbohydrates in plant extracts by
anthrone. Biochem J. 1954;57:508–14. https://doi.org/10.1042/bj0570508.

60. Toker C. Estimates of broad-sense heritability for seed yield and yield criteria
in faba bean (Vicia faba L.). Hereditas. 2004;140:222–5. https://doi.org/10.
1111/j.1601-5223.2004.01780.x.

61. Yang J, Hu C, Hu H, Yu R, Xia Z, Ye X, et al. QTLNetwork: mapping and
visualizing genetic architecture of complex traits in experimental
populations. Bioinform. 2008;24:721–3. https://doi.org/10.1093/
bioinformatics/btm494.

62. Voorrips RE. MapChart: software for the graphical presentation of linkage maps
and QTLs. J Hered. 2002;93:77–8. https://doi.org/10.1093/jhered/93.1.77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Li et al. BMC Genetics           (2020) 21:50 Page 14 of 14

https://doi.org/10.1186/s12863-016-0399-9
https://doi.org/10.3389/fpls.2016.00273
https://doi.org/10.7668/hbbxb.2015.05.014
https://doi.org/10.11686/cyxb2015071
https://doi.org/10.11686/cyxb2015071
https://doi.org/10.1007/s00122-012-1847-1
https://doi.org/10.1007/s11032-010-9529-7
https://doi.org/10.1007/s11032-010-9529-7
https://doi.org/10.1093/jxb/erx214
https://doi.org/10.1007/s00122-018-3236-x
https://doi.org/10.1007/s00122-005-0166-1
https://doi.org/10.1016/j.jcs.2012.05.010
https://doi.org/10.1093/jxb/erq117
https://doi.org/10.1371/journal.pone.0031249
https://doi.org/10.1371/journal.pone.0031249
https://doi.org/10.1007/s00122-017-3040-z
https://doi.org/10.1007/s00122-017-3040-z
https://doi.org/10.1007/s00122-004-1740-7
https://doi.org/10.1007/s00122-017-3040-z
https://doi.org/10.11686/cyxb20140408
https://doi.org/10.11686/cyxb20140408
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1042/bj0570508
https://doi.org/10.1111/j.1601-5223.2004.01780.x
https://doi.org/10.1111/j.1601-5223.2004.01780.x
https://doi.org/10.1093/bioinformatics/btm494
https://doi.org/10.1093/bioinformatics/btm494
https://doi.org/10.1093/jhered/93.1.77

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Statistical analysis of phenotypic assessment
	Phenotypic correlation analysis
	QTLs mapping and QTL&thinsp;×&thinsp;water environment interactions
	Chromosomal distribution of identified QTLs

	Discussions
	Phenotypic variations highly interacted with drought stress
	Genetic components and QEI effects induced by drought stress
	QTL clusters and genetic pleiotropy
	Stable QTLs and common loci compared with previous findings

	Conclusions
	Methods
	Plant materials and field trials
	Sampling and assays of stem WSC
	Data analysis

	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

