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ABSTRACT

Genetic analyses of nine traits associated with stem water-soluble carbohydrate (SWSC) accumulation
and remobilization at grain-filling period under drought stress (DS) and well-watered (WW) conditions
were undertaken using doubled haploid lines (DHLs) derived from two Chinese common wheat cultivars.
Some significantly and very significantly positive correlation was observed among nine traits associated
with SWSC. Higher phenotypic values for most traits were detected under DS. Broad sense heritabilities
(h2) of the traits showed wide fluctuations between two water treatments. A total of 48 additive and 62
pairs of epistatic QTL for nine traits were identified as distributing on all 21 chromosomes. A majority of
QTL involved significant additive and epistatic effects with interactions of QTL and environments (QEIs).
Two additive and two pairs of epistatic loci involved only QEIs without corresponding significant additive
or epistatic effects. The contributions of the additive QEIs were two- to fourfolds higher than those of
their corresponding additive QTL. Most of the additive QEIs for traits associated with SWSC interacted
with DS. In addition, some QTL for the grain-filling efficiencies and thousand-grain weight were colocated
in the same or adjacent chromosome intervals with QTL for accumulation and remobilization efficiency

of SWSC before 14 days after flowering.

WHEAT (Triticum aestivum L.), one of the impor-
tant staple food crops, is grown under a broad
range of environmental conditions in terms of water
regimes, climatic factors, and soil types. As water re-
sources for agronomic use become more limiting,
drought will increasingly affect yield and yield stability
of dryland wheat in arid and semiarid areas. Currently,
in these regions wheat crops often suffer from water
deficit during the growing season, leading to sub-
stantial yield reductions (EHDAIE et al. 1988; EHDAIE
and WaINES 1989). Therefore, drought tolerance, as
well as yield, is a major objective for breeders.
Progress in increasing grain yield and its stability under
different water-stressed conditions by direct selection is
difficult due to low heritability and significant genotype
X environment (G X E) interactions (CECCARELLI et al.
1991; YIN et al. 1999; TEULAT et al. 2002). As an alter-
native, a multitude of morpho-physiological characters
have been suggested as associated traits for increasing
grain yield under drought conditions (TEULAT et al.
2002; SLAFER et al. 2005). Among those traits, water-
soluble carbohydrates (WSC) of leaves or stems (culm

! Corresponding author: Institute of Crop Sciences, Chinese Academy of
Agricultural Sciences, 12 Zhongguancun South St., Haidian District,
Beijing 100081, People’s Republic of China. E-mail: jingrl@caas.net.cn

Genetics 176: 571-584 (May 2007)

and leaf sheath) have been considered an important
physiological trait indicative of drought tolerance be-
cause of dual functions, ¢.e., not only acting in osmotic
regulation as the osmolyte under adverse environmen-
tal conditions, butalso contributing to grain growth and
development as the dominant carbon source for grain
yield when active photosynthesis is inhibited by termi-
nal drought [drought stress (DS) during grain filling]
(BLuM 1996; SETTER et al. 1998; D1AB et al. 2004; EHDAIE
et al. 2006; vAN HERWAARDEN et al. 2006). There have
been many detailed illustrations of the physiological
effects of different environmental conditions on WSC
accumulation in wheat (EHDAIE and Waines 1989;
VirRGoNA and BaArLow 1991; BaNcAaL and TriBo1 1993;
GaALIBA ¢t al. 1997; KEREPESI and GaLiBa 2000). Wheat
grown under DS may depend more on stem reserves of
WSC for grain filling, because current assimilates of flag
leaves alone cannot support canopy respiration and
grain growth due to water deficit during grain filling
(RAwsoN et al. 1983). Recent studies also demonstrate
that the remobilization of pre-anthesis-stored carbohy-
drate reserves in wheat stem before flowering is pro-
moted by water deficit, which, during grain filling, can
enhance plant senescence, accelerate grain filling, and
improve yield in cases where senescence is unfavorably
delayed by heavy use of nitrogen (YANG et al. 2000,
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2001). More detailed studies found that stem water-
soluble carbohydrates (SWSCs) accumulated before
flowering, and during the early periods after flowering
usually accounted for 10-30% of the stem dry weight,
depending on cultivars and environments, and contrib-
uted up to 70% or more of the grain weight under ter-
minal drought conditions (BIDINGER ¢t al. 1977; SETTER
et al. 1998; YANG et al. 2001).

To develop SWSC as an effective selection criterion,
and to examine the feasibility of developing molecular
markers for use in marker-assisted selection in breeding
programs, it is necessary to understand the molecular
genetic basis of SWSC in wheat. Additionally, this
understanding would provide researchers with knowl-
edge of how genes and biochemical pathways control-
ling SWSC are regulated. However, current knowledge
of wheat is limited. In other crop species, WSC is a
quantitative trait (GALIBA et al. 1997; TEULAT et al. 2001;
NAGATA et al. 2002; TARAI et al. 2005; THEVENOT ef al.
2005). Molecular quantitative genetics is a useful ap-
proach for studying complex quantitative traits by de-
scribing the characteristics of continuous phenotypic
distributions and for estimating the number of loci
involved, the average gene action, and the degree of
interaction between quantitative trait loci (QTL) and
environment (TANKSLEY 1993). The application of
this technique may contribute to the identification of
loci affecting SWSC accumulation and remobilization.
THEVENOT et al. (2005) reported that carbohydrate
composition and related metabolizable enzymes in
mature grains of maize seemed to be controlled pre-
dominantly by additive QTL, as well as by QTL inter-
actions. Moreover, numerous candidate genes of the
carbohydrate synthetic pathway colocated with QTL. In
barley grown in a drought environment, additive QTL
for leaf WSC shared some chromosome zones with QTL
for plant water status and/or osmotic adjustment by
forming clusters of QTL (TEULAT et al. 2001). Under
normal conditions, additive QTL for SWSC in rice
showed a strong association with number of days to
heading (NAGATA et al. 2002) and were tightly linked to
QTL for spanicle fertility (Takarl et al. 2005). GALIBA
et al. (1997) located a gene responsible for SWSC during
cold acclimation on chromosome 5A of wheat. Although
SWSC proved to be quantitative, no study has been
undertaken to investigate QTL X environment interac-
tion (QEI) variability and effects on agronomic traits of
crops (CROSSA et al. 1999; HEMAMALINI et al. 2000; AsiNs
2002; CAMPBELL et al. 2003).

Our research used a doubled haploid line (DHL)
population grown under two water regimes, DS and well
watered (WW), to map QTL for accumulation and re-
mobilization of SWSC, as well as grain filling at different
developmental stages. The objectives were (1) to detect
additive and epistatic QTL controlling accumulation
and remobilization of SWSC under two water regimes and
(2) to analyze additive QEIs (A-QFElIs) and epistatic QFEIs

(E-QEIs) of these traits. The purpose was to gain further
insights into the molecular basis of response to water def-
icit and to develop practical markers for use in marker-
assisted selection in breeding drought-tolerant wheat.

MATERIALS AND METHODS

Plant materials and environmental designs: The wheat
DHL population was the same as used in previous studies
(JING et al. 1999; Hao et al. 2003; ZHOU et al. 2005). It was
derived from a Hanxuan 10 X Lumai 14 cross. Hanxuan 10isa
drought-tolerant cultivar from Shanxi Academy of Agricul-
tural Sciences, released in 1966 and still grown in arid and
barren areas. Lumai 14 is a high-yielding cultivar adapted to
abundant water and fertile conditions from Yantai Institute of
Agricultural Sciences, Shandong Province, and was widely
grown during the 1990s in northern China. A total of 150 lines
were grown on the experimental farm (39°48" N, 116°28' E,
46 m altitude) of the Institute of Crop Sciences, Chinese
Academy of Agricultural Sciences, Beijing. The population was
sown in October 2004 and harvested in June 2005. The
experimental field was divided into two parts for different
water treatments. Field design of each part consisted of ran-
domized complete blocks with three replications. Each plot
was _two rows of 2 m with 30 cm between rows. One water

regime was rain fed and was treated as the DS environment
with a total of 133.4 mm rainfall during the growing season;
the other regime was WW with 90 mm applied at the pre-
overwintering, jointing, flowering, and grain-filling stages,
respectively.

Assays of stem-water-soluble carbohydrates and thousand-
grain weight: In each genotype/line, main stems with the same
heading date were tagged as selected samples. Five main
shoots were cut at the soil surface at three phenological stages,
viz., flowering, grain filling [~14 days after flowering (DAF)],
and maturity. Leaf blades and spikes were removed from
samples and main stems retaining only the culm and leaf
sheath were immediately put into liquid nitrogen and dehy-
drated in a refrigerated-vacuum evaporator at 8.106 kPa air
pressure and —60° for 24 hr. After dehydration, samples were
treated at 105° for 20 min and further dried at 80° until a
constant dry weight. Samples were cut into pieces 1~2 mm in
length. SWSC were extracted according to a modified pro-
cedure described by WArRDLAW and WILLENBRINK (1994).
Extractions were performed with 0.1-0.2 g dry material for
each sample with three replications. Samples were boiled in
40 ml ddHO for 40 min. Stem fractions were filtered and fil-
trates were transferred to volumetric flasks (50 ml) and brought
to 50 ml by addition of ddH»O. Total amounts of SWSC (mg
WSC/100 mg dry weight) were determined as fructose equiva-
lents using the anthrone colorimetric assay (YEMM and WILLIS
1954) at 620 nm on a LG-721 spectrophotometer. After ob-
taining assay data, including SWSC at the earlier flowering
stage (SWSCF), SWSC at the grain-filling stage (SWSCG), and
SWSC at the maturity stage (SWSCM), accumulating efficiency
of SWSC (AESWC) and remobilization efficiency of SWSC
(RESWC) were estimated as percentages by [(SWSCG —
SWSCF)/SWSCG] X 100%, and [(SWSCG — SWSCM)/
SWSCG] X 100%, respectively.

Five spikes corresponding to main stem samples were col-
lected at the grain filling and maturity stages for each ge-
notype. After all spikes were dried naturally, grains of each
genotype were threshed, weighed, and numbered to obtain
thousand-grain weight at the grain-filling stage (TGWG) and
thousand-grain weight at the maturity stage (TGWM) (g/1000
grains). In addition, the grain-filling efficiencies at the early
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TABLE 1

Phenotypic data for the parents and DHLs under drought-stressed and well-watered conditions

Parents DH population lines

Trait® Hanxuan 10 Lumai 14 Mean * SD Minimum Maximum gt

SWSCF 6.84/5.59 8.95/7.80 6.43*% * 1.85/5.96 + 1.88 1.06/1.70 10.99/11.34 0.49/0.51
SWSCG 17.22/13.18 18.61/17.64 17.38%* = 3.08/14.23 * 4.33 10.29/5.14 24.93/30.42 0.27/0.63
SWSCM 2.39/1.68 2.28,/1.60 1.46 = 0.82/1.55 + 1.02 0.28/0.23 6.08/7.47 0.36/0.59
AESWC 59.59/57.84 44.29/51.32 62.09%* *+ 12.40/56.36 = 15.34 18.09/10.27 94.78/91.27 0.40/0.57
RESWC 85.99/88.10 87.78/91.21 91.17%*% + 6.34/88.12 + 8.12 44.74/43.82 98.17/98.66 0.35/0.60
TGWG 12.87/11.94 17.71/14.53 13.39%* + 2.36/11.73 = 2.46 7.29/4.93 18.96,/18.62 0.48/0.52
TGWM 37.74/33.83 41.48/37.93 35.59%*% *+ 5.61/31.67 = 5.97 21.90/20.33 48.03/46.03 0.47/0.53
GFEE 34.10/35.29 42.69/38.30 38.09 = 7.08/38.45 = 11.30 24.13/11.18 63.33/75.50 0.11/0.65
GFEL 65.90,/64.71 57.31/61.70 61.91 = 7.08/61.55 = 11.30 36.67,/24.50 75.87/88.82 0.11/0.65

The numbers at the left of the slash (“/”) are the phenotypic values of traits identified under DS, and the numbers at the right

indicate WW conditions. *P = 0.05 and **P = 0.01.

“SWSCEF, stem water-soluble carbohydrates at the flowering stage; SWSCG, stem water-soluble carbohydrates at the grain-filling
stage; SWSCM, stem water-soluble carbohydrates at the maturity stage; AESWC, accumulation efficiency of stem water-soluble car-
bohydrates; RESWC, remobilization efficiency of stem water-soluble carbohydrates; TGWG, thousand-grain weight at the grain-
filling stage (~14 DAF), TGWM, thousand-grain weight at the maturity stage; GFEE, grain-filling efficiency at the early stage (be-
fore 14 DAF); and GFEL, grain-filling efficiency at the late stage (from 14 DAF to grain maturity).

"hy = lo3/ (a3 + al/k)].

period (before 14 DAF) (GFEE) and the grain-filling efficien-
cies at the late period (from 14 DAF to grain maturity) (GFEL)
were assessed as percentages by [TGWG/TGWM] X 100% and
[(TGWM — TGWG)/TGWM] X 100%, respectively.

Statistical analysis: Analyses of variance (ANOVA) of the
data were conducted by the SPSS version 11.0 statistical
package to assess the total and residual variances among DHLs
for all traits. Significant differences (P = 0.05) between traits
under the two water regimes were determined by two-tailed
Ftest. Trait data were subjected to one-way ANOVA, treating
water environments as random effects and genotypes as fixed
effects. Broad sense heritabilities (43) were computed from
the estimates of genetic ((ri) and residual (¢?) variances derived
from the expected mean squares as by = [03/(0} + 02/k)],
where kis the number of replications. Phenotypic correlations
among the traits under the two water regimes were performed
using genotypic means.

QTL identification: A genetic linkage map, consisting of
395 marker loci, including 132 amplified fragment length
polymorphisms and 263 simple sequence repeats, was estab-
lished from data on 150 DHLs using MAPMAKER /Exp version
3.0 software (Hao et al. 2003; Znou et al. 2005). The map
covered 3904 cM with an average distance of 9.9 cM between
adjacent markers. On the basis of a genetic linkage map, QTL
for nine target traits, including SWSCF, SWSCG, SWSCM,
AESWC, RESWC, TGWG, TGWM, GFEE, and GFEL, were
detected using the QTLMapper version 1.0 (WANG et al. 1999)
set for composite interval mapping of a mixed linear model.
The closest marker to each local LOD peak (putative QTL) was
used as a cofactor to control the genetic background while
testing at a position of the genome. The threshold LOD score
to declare the presence of a QTL was 2.50, and the significance
level was P = 0.005 for identifying additive and epistatic effects
of QTL and QElIs effects. QTL were named according to the
rule of “QTL + trait + research department + chromosome”
(McINTOSH et al. 1999).

RESULTS

Phenotypic variation among DHLs: The genotypic
means of DHLs and the parents for nine target traits,

along with broad sense heritabilities under the DS and
WW conditions, are summarized in Table 1. The par-
ents, Hanxuan 10 and Lumai 14, differed significantly in
the identified traits. Phenotypic values of Lumai 14 for
most traits other than SWSCM, AESWC, and GFEL were
much higher than those of Hanxuan 10 under both
water regimes. The mean values of DHLs were inter-
mediate between the parents for most traits. Some lines
had more extreme values than the parents, showing
substantial transgressive segregation. In addition, all
target traits showed considerable phenotypic variations
and continuous distributions under both water regimes
(Figure 1), indicating their quantitative bases. These
results suggested that favorable alleles governing the
target traits were divided between the parents.

On the basis of the ANOVA, it was apparent that
phenotypic means of the DHLs and parents for most
traits were highly affected by the DS. The mean values of
most of the traits under DS conditions were significantly
higher than those under WW conditions. Some traits,
such as SWSCF, SWSCG, AESWC, RESWC, TGWG, and
TGWM, showed highly significant differences (P <
0.01) (Table 1). The %3 for all traits under DS were
generally lower than those under the WW regime. In the
WW environment, hé of the target traits varied from 0.51
to 0.65, whereas under DS, hé varied from 0.11 to 0.49.
The greatest differences in h2 between the two water
environments involved SWSCG, SWSCM, RESWC,
GFEE, and GFEL (Table 1). This indicated that envi-
ronmental factors had a large influence on the inher-
itances of these complex traits.

Correlation analyses for identified traits: Correla-
tions among all traits under the two water regimes are
given in Table 2. The traits associated with SWSC at dif-
ferent growth stages, e.g., SWSCF, SWSCG, and SWSCM,


204
Highlight

lenovo
高亮


‘A[oandadsar ‘MM pue g 1uasardor s1jeys MoLre UaYOI( PuL SNONUNUO0D ) Searoym K[eandadsar G rewn pue (o Uenxuely judsardor speaymorre
uado pue pIjog 'SUONIPuUOd MM PUE S Iopun sTH( JO sonfea yrexn jo sanuanbaiy o juasardar sreq uado ayy pue prjos 3m swrerSoisiy oY I, "A[2A003dsax “T.I9 PUe “ULIO
TAMOL “OMOL ‘DMSTT “DMSTV TADSMS “ODISMS ‘ADSMS $1Ten 1uasaxdor e 'sowr3aT 101em 0M) IOPUN SITRT} JUIIJJIP J0F STH 23 Jo suonnqrusip Louanbarf—:1 14001y

B VR VAT S S S P Y Y P AP R (R R A ® VOO MO & s O % LS
P AP Yy NS D P HH P QS SO IR V gIC i i R R e IR
PE EEEE PG EHEGE R G SE S ECE P F LGOS By

= 0
L :
o1
Sl
9 0z
94
0¢

13
f :

B T VR e o &g

O I

G
G N I AR S )

@ G Y g, A S
A.wc SO

<

SRR GRE L GO E S

e
>

il 4 ]

L..t

s O D BB A o D S S S 6 b o B S O - G PV S S SRRy P R 90 S PRV G SR PR G AP IRgS
S SPEE P E G TE R EE G S S S SEE S S S @ P ST ¢ EARAFSFAE MR A A A AN A SN S SN
3 0 — 0 0
on I1s <
m ¢ ot oL
>~ o1 st 191
; 0z
L 0z
T st sz
A og MM
0z cs
o on ce
pod or
# o€ A 05 b
J : ) Y
R R A A R S TR A RS P R VP UV Y RIS R TR T VR T TP NRY SRy R S IR NP NS NIRWN N T P N N A AR S A A
B N A R e e A M- Q) I O I R e M I A A R ER AR E R EEECSE S SRS PP
0 0 0
S
ot ¢ s
Sl ot ol
0z
<z st st
: . A .
or @ A 4 sz
122 0¢ : # . og
s
q e

574



QTL Mapping for Traits Associated with SWSC

TABLE 2

Correlation coefficients for traits under two water regimes

575

SWSCF SWSCG SWSCM AESWC RESWC TGWG TGWM GFEE GFEL
SWSCF 1 0.095 —0.068 —0.823%%* 0.070 0.160 0.082 0.104 —0.104
SWSCG 0.297%* 1 —0.128 0.444%*%* 0.398%#%* 0.010 0.239%#%* —0.195% 0.195*
SWSCM  —0.052 0.030 1 0.088 —0.937% —0.048 0.085 —0.129 0.129
AESWC —0.548%* 0.479%* —0.045 1 0.057 —0.097 0.099 —0.196* 0.196*
RESWC 0.196%* 0.357%* —0.863%%* 0.195% 1 0.044 -0.010 0.060 —0.060
TGWG 0.040 0.198%* —0.152 0.048 0.167 1 0.428%%* 0.593%%* —0.593**
TGWM —0.008 0.142 0.205* 0.034 —0.110 —0.004 1 —0.461 0.461
GFEE 0.075 0.074 —0.223%%* —0.006 0.182% 0.733%* —0.653%%* 1 —1.000%
GFEL —0.075 —0.074 0.223% 0.006 —0.182* —0.773%* 0.653%%* —1.000%* 1

Numbers in the upper right segment apply to DS; those at the lower left are for WW. *P = 0.05 and **P = 0.01.

were poorly correlated with each other, with the excep-
tion of the highly significant correlation (#* = 0.297%%; *
and ** represent the significant difference of 0.05 and
0.01 level of probability, respectively) between SWSCF
and SWSCG under WW conditions. SWSCF showed a
highly significant negative correlation with AESWC un-
der both DS (* = —0.823**) and WW (#* = —0.548%%)
conditions, but had lower correlations with the other
traits. However, SWSCG showed a high and positive
correlation with AESWC (»* = 0.444** and 0.479**) and
RESWC (» = 0.398%* and 0.357**) in both environ-
ments, TGWM (7 = 0.239%* under DS), TGWG (# =
0.198* under WW), and GFEL (#* = 0.195* under DS).
This suggested that SWSCG could play an important
role in grain filling of wheat, especially under DS
conditions. SWSCM had a negative correlation with
most of the other traits, except TGWM and GFEL under
both water regimes, and even showed a highly signifi-
cant negative correlation with GFEE (## = —0.223%%*
under WW) and RESWC (#* = —0.937** and —0.863%**
under DS and WW). AESWC was significantly correlated
with GFEE (# = —0.196%) and GFEL (©* = 0.196%)
under DS, whereas the effects were the opposite for
RESWC with GFEE (# = 0.182%) and GFEL (#* =
—0.182*%) under WW conditions. This indicated that
SWSC accumulation before flowering could be of more
importance to grain filling under DS than under WW
conditions.

Additive QTL and additive QTL X environment
interactions: A total of 48 additive QTL were detected
for the nine traits. Map locations and additive effects of
the QTL and interaction effects between additive QTL
and environments are summarized in Table 3. Except
chromosomes 2B, 3D, 4D, 5D, and 6D, the other 16 of 21
chromosomes were mapped QTL for 9 traits (Figure 2).
Among them, 23 additive QTL showed interacting
effects with environment, whereas 25 showed no inter-
actions. In addition, two QTL were detected on the basis
of interaction effects with environments. The pheno-
typic variance explained by the additive QTL and by the

QEIs varied from 1.06 to 7.53% and from 3.88 to
19.43%, respectively, depending on the trait.

For SWSC content at three different growth stages, 10
additive QTL included 7 for SWSCF, 1 for SWSCG, and 2
for SWSCM located on different regions of chromosomes
1A, 1D, 2D, 4A, 4B, 6B, 7B, and 7D, with phenotypic
variation ranging from 1.06 to 7.53%. No chromosome
region had QTL controlling SWSC contents at all three
growth stages. Among these QTL, 7 were conferred
by favorable alleles from Lumai 14, whereas the other 3
were from Hanxuan 10. In addition, 7 of the 10 additive
QTL were identified with A-QEIs. Five A-QEIs were
associated with DS, explaining from 3.88 to 12.43% of
the phenotypic variation, whereas the other two were
associated with WW, explaining 7.40 and 6.25% of the
variation. One QTL, QSwscf.cgb-4B.1, was detected with
only an A-QEI effect, enhanced by WW conditions with
an 8.80% contribution to the phenotypic variation.

The five QTL showing significant associations with
AESWC explained from 1.86 to 7.32% of the phenotypic
variation. Three loci, mapping on chromosomes 24, 3B,
and bA, derived their additive effects from favorable
alleles of Lumai 14, whereas the additive effects of the
other two, located on 7B and 7D, came from favorable
alleles in Hanxuan 10. Three QTL, QAeswc.cgb-2A.1,
QAeswe.cgb-5A, and QAeswe.cgb-7B. 1, among the five loci
were involved in significant or very significant inter-
actions with DS, accounting for 9.61, 12.50, and 5.13%
of the phenotypic variation, respectively. One QTL,
QAeswe.cgb-1A.1, had only an A-QEI effect, explaining
7.73% of the phenotypic variation in the DS environment.

Three QTL controlling RESWC were located on
chromosomes 1A, 3B, and 7A, accounting for from
3.72 t0 6.97% of the phenotypic variation. The favorable
allele of QReswe.cgh-3B came from Lumai 14, and the
other two favorable alleles were from Hanxuan 10. Only
one of the QTL significantly interacted with WW,
explaining 13.05% the phenotypic variation.

Twelve chromosomal regions on linkage groups 2A,
2D, 3A, 3B, 4A, 5B, 6A, and 7A were associated with TGW
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TABLE 3

Additive and interacting effects of QTL X environment of identified QTL for the traits associated with SWSC and TWG

Trait QTL Flanking marker Site“ (cM) LOD A’ H?*(A) (%)* AEy* H2(AE;) (%)°
SWSCF  QSwscf.cgb-1A.1 ~ WMC59-WMC254 10 10.26  —0.456%* 4.34 0.526%* 11.55
QSwscf.cgb-1D.1 ~ WMC432-WMC222 0 3.72 0.299%* 1.87 0.336%* 4.71
QSwscf.cgb-2D.1  WMC453.1-WMC18 0 7.77  —0.404%* 3.41 —0.421%* 7.40
OSwscf.cgh-2D.2  WMC41-WMC170 0 3.11 0.225% 1.06
QSwscf.cgb-4A WMC420-Xgwm601 3 544 —0.338** 2.39 0.305* 3.88
QSwscf.cgb-4B.1 ~ Xgwm368-Xgwm107 15 4.93 —0.459%* 8.80
OSwscf.cgh-7B.1 ~ CWM467-CWM466 0 7.52  —0.436%* 3.97 —0.387%: 6.25
QSwscf.cgb-7D Xgdm88-WMC463 0 3.41 0.354** 2.62
SWSCG  QSwscg.cgb-4A Xgwm610-Xgwm397 4 529 —0.703%* 5.60 0.739* 10.50
SWSCM  QSwsem.cgb-1A.1  CWMbH16-CWMb517 0 4.09 —0.240%* 7.53
QSwscm.cgb-6B.1  Xgwm219-WMC341 0 3.18 —0.138% 2.49 0.218%* 12.43
AESWC  QAeswe.cgb-1A.1  P3156-250-WMCH9 0 4.01 2.965%* 7.73
QAeswe.cgh-2A.1  Xgwm372-Xgwm448 0 476 —4.080%* 7.32 3.306%* 9.61
QAeswc.cgb-3B.1  P3622-400-P2076-147 4 441 —3.251%* 4.65
QAeswe.cgb-5A P2470-280-Xgwm154 0 5.89 —2.509%%* 2.77 3.770%* 12.50
QAeswe.cgb-7B.1  WMC311-CWM467 2 513  2.059%* 1.86 2.416* 5.13
QAeswe.cgb-7D.1  WMC436-Xgwm44 9 5.16 3.405%%* 5.10
RESWC  QReswc.cgb-1A Xgwm135-CWM516 4 4.18 1.758%* 6.24
QReswe.cgb-3B Xgwmb547-Xgwm181 1 314 —1.357** 3.72
QReswc.cgb-7A.1  P2071-180-Xgwm260 3 4.45 1.858%* 6.97 —1.798%* 13.05
TGWG  QTgwg.cgh-2A.1  P2478-160-WMC27.2 16 4.48  0.602%* 5.19
QTgwg.cgb-4A.1  CWM145-P3613-190 18 321  —0.414** 2.45 0.429%* 5.27
QTgwg.cgh-5B P4138-238-P5166-275 20 3.55 —0.551%* 4.35
QTgwg.cab-6A.1  Xgwm334-WMGC297 1 301 0.508%* 3.69
QTgwg.cgb-7A WMC488-P2071-180 0 489  0.345%* 1.70 —0.461%* 6.08
TGWM  QTgwm.cgh-2D.1  P5874-138-WMC41 20 6.98 1.505%* 5.48
QTgwm.cgb-3A.1  P3614-280-EST47 1 7.43 1.138%* 4.20 1.010%* 4.94
QTgwm.cgb-3A.2 CWM48.1-WMC532 10 6.72 1.630%* 6.43
QTgwm.cgb-3A.3  Xgwm391-P8422-170 1 3.08 —0.973%* 2.29
QTgwm.cgb-3B.1  P3622-400-P2076-147 6 272 —1.107%* 2.97
QTgwm.cgb-6A.1 CWM306—Xpsp3071 8 3.28  0.856%* 1.77 0.965%* 4.51
QTgwm.cgb-6A.2  P3465-460-P3526-130 14 8.32 —1.567** 5.94
GFEE QGfee.cgh-1B.1 WMC44-Xgwm259 10 296  1.628%* 2.52
QGfee.cgh-2A1 WMC522-WMC453.2 2 9.62  2.682%* 6.83 —2.071%* 8.14
QGfee.cgh-2A-.2  WMC27.2-P5166-248 0 2.98 1.787#* 3.03
QGfee.cgb-4B Xgwm107-Xgwm513 0 10.63  2.358% 5.8 —9.949% 9.60
QGfee.cgb-5A.1 Xgwm156-Xgwm415 4 577  1.763%* 2.95 —3.199%* 19.43
QGfee.cgb-5A.2  Xgwm205.1-Xgwm443 8 4.35 —2.456%* 5.73 2.047%% 7.96
QGfee.cgh-6A Xgwm334-WMC297 1 2.92 1.452%* 2.00
QGfee.cgh-6B P3470-210-WMC269.3 21 327  1.373%* 1.79
QGfee.cgb-7B.1 WMC269.4-P3446-380 5 3.67 —1.676%* 2.67
GFEL QGfel.cgb-1B.1 WMC44-Xgwm259 10 296 —1.628** 2.52
QGfel.cgb-2A.1 WMC522-WMC453.2 2 9.62 —2.682%* 6.83 2.071%* 8.14
QGfel.cgb-2A.2 WMC27.2-P5166-248 0 2.98 —1.787%* 3.03
QGfel.cgb-4B Xgwm107-Xgwmb13 0 10.63 —2.358%* 5.28 2.249%* 9.60
QGfel.cgh-5A.1 Xgwm156-Xgwm415 4 577 —1.763%* 2.95 3.199%* 19.43
QGfel.cgh-5A.2  Xgwm205.1-Xgwm443 8 435 2.456%* 5.73 —9.047%+ 7.96
QGfel.cgh-6A Xgwm334-WMC297 1 2.92  —1.452%* 2.00
QGfel.cgb-6B P3470-210-WMC269.3 21 3.27 —1.373%* 1.79
QGfel.cgb-7B.1 WMC269.4-P3446-380 5 3.67  1.676%* 2.67

“Genetic distance between the most likely position of the putative QTL and the left flanking marker in the marker interval.
* A, the additive effect. A positive value indicates the Hanxuan 10 allele having a positive effect on the trait, and a negative value
represents the Lumai 14 allele having positive effect; *P = 0.005 and **P = 0.001; H*(A) (%) indicates the proportion of phe-
notypic variance explained by additive QTL.
‘I, the DS environment; AE;, the additive QTL X environment interaction in DS; the absolute interaction effect value of ad-
ditive QTL X environment in the WW environment is the same as in the DS environment, but the effect origin is reversed; H?*(AE;)
(%) indicates the phenotypic variance explained by additive QTL X environment interaction.
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F1GURE 2.—Chromosome locations of additive QTL for the nine traits associated with SWSC in DHLs. (®) SWSCF, ([J) SWSCG,
() SWSCM, (¢) AESWC, (<) RESWC, (@) TGWG, (O) TGWM, (A) GFEE, and (A) GFEL, respectively.
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at the grain filling and maturity stages; these included
five QTL for TGWG and seven for TGWM. No consistent
QTL was detected for TGW. These loci accounted for
1.70-6.43% of the phenotypic variation. Five of them
were favorable alleles from Lumai 14, and the other
seven were from Hanxuan 10. Moreover, three QTL
were involved in A-QFEIs with DS, explaining a pheno-
typic variation from 4.51 to 5.27%, whereas another
locus was associated with the A-QEI with WW, explaining
6.08% of the phenotypic variation.

Nine apparently common QTL associated, respec-
tively, with GFEE and GFEL were located on chromo-
somes 1B, 2A, 4B, 5A, 6A, 6B, and 7B. Between the
corresponding QTL for GFEE and GFEL, the effect
values of the QTL, including the additive and A-QEI
effects, and their contributory percentages were equiv-
alent, but the effect directions between the two traits
were opposite. These QTL for any one of the two traits
explained phenotypic variation ranging from 1.79 to
6.83%. The favorable alleles of the two QTL controlling
GFEE, QGfee.cgb-5A.2 and QGfee.cgb-7B.1, came from
Lumai 14, and the other seven were from Hanxuan
10. Furthermore, four QTL for both GFEE and GFEL
involved A-QFEIs, accounting for phenotypic variation
ranging from 7.96 to 19.43%. The A-QEI effects of three
QTL for GFEE were identified under WW and one QTL
under DS; on the contrary, the A-QEI effects of three
QTL for GFEL were identified under DS and one QTL
under WW.

Epistatic QTL and epistatic QTL X environment
interactions: All nine traits were influenced by epistatic
effects of the additive X additive type and the interact-
ing effects of the E-QEIs. A total of 64 pairs of epistatic
QTL were identified (Table 4). These epistatic QTL
showed more interaction trends of nonallelic genes
between genomes A and B, explaining phenotypic vari-
ations ranging from 0.84 to 8.26%. Among these QTL,
48 pairs involved only epistatic effects, 14 pairs were
concerned not only with epistatic effects but also with
E-QFI effects, and two pairs involved only E-QEI effects.

A total of 24 pairs of significantly epistatic QTL were
detected for SWSC at three different development
stages, including 9 pairs each for SWSCF and SWSCM
and 6 pairs for SWSCG. Among the 24 pairs of
significantly epistatic QTL, 8 pairs had positive effects—
i.e., the parent-type effect was higher than the recombi-
nant-type effect—whereas the other 16 pairs showed
negative effects where recombinant-type effects were
higher than parent-type effects. These epistatic QTL
accounted for phenotypic variations ranging from 0.84
to 5.61%. Three pairs involved E-QEIs under DS,
explaining phenotypic variations varying from 3.21 to
8.36%, whereas two pairs involved E-QEIs under WW,
explaining 3.95 to 8.99% of the phenotypic variations.
Furthermore, one pair of QTL, QSwscg.cgh-2A.2 and
OSwscg.cgb-7A.2, detected only E-QEI effects with WW,
explaining 4.01% of the phenotypic variation.

Eight pairs of epistatic QTL involved AESWC. As for
SWSCG, AESWC was involved in three types of inter-
actions. Five pairs showed only epistatic effects, in-
cluding three pairs with positive effects and two pairs
with negative effects, explaining phenotypic variations
of 1.16-2.86%. The other three pairs involved both
epistatic and E-QEI effects. These loci explained phe-
notypic variations of 1.73-3.22% with negative effects
and also explained phenotypic variations ranging from
5.00 to 9.10% by E-QFEIs with DS. Furthermore, one pair
detected only an E-QFEI effect under DS, explaining
7.23% of the phenotypic variation.

Three pairs of epistatic QTL were detected for
RESWC, and these did not interact with environment.
The effects of all epistatic loci were negative, explaining
phenotypic variations of 3.28-6.13%.

A total of 17 pairs of epistatic QTL involved TGW at
both grain filling and maturity; these included 6 pairs
for TGWG and 11 pairs for TGWM. These epistatic QTL
accounted for phenotypic variations ranging from 1.20
to 8.26%. Among them, 7 pairs showed positive effects
and 10 pairs were negative. Only one pair each for
TGWG and TGWM involved E-QEIs with WW, account-
ing for 5.55 and 4.74% of the phenotypic variation,
respectively.

Five pairs of epistatic QTL were identified, respec-
tively, for both GFEE and GFEL. As for additive effects
for GFEE and GFEL, the effect values, including the
epistatic and the E-QFEIs or the phenotypic variations,
were approximately equivalent between corresponding
epistatic QTL for the two traits. However, the effect
directions of the specific epistatic loci between the two
traits were appropriately opposite. Among the five pairs
of epistatic QTL for each trait, three pairs showed only
epistatic effects with the same direction, explaining
phenotypic variations ranging from 1.96 to 4.15%.
Positive effects were shown for GFEE, and negative
effects for GFEL. The other two pairs had both epistatic
and E-QFEI effects at the same time. The epistatic effects
were negative for GFEE and positive for GFEL, account-
ing for 4.01 and 2.60% of the phenotypic variations,
respectively. Moreover, the E-QFEI effects with DS for
GFEE and with WW for GFEL explained 4.91 and 3.88%
of the phenotypic variations, respectively.

Distribution of the additive and the epistatic QTL:
In this study, 48 significantly additive QTL for nine traits
were distributed on 16 chromosomes in the DHL popula-
tion. An interesting feature was the highly concentrated
distribution of the additive QTL in a few chromosomal
regions and the existence of QTL hot spots, namely, the
chromosomal regions shared by multiple QTL (Table 3,
Figure 2). For example, the additive QTL involved in
AESWC and TGWM, QAeswe.cgb-3B.1 and QTgwm.cgh-3B.1,
were identified within the same chromosome 3B in-
terval, P3622-400-P2076-147. Similarly, the additive QTL
for TGWG, GFEE, and GFEL were colocated in the same
marker interval, Xgwm334-WMC297, on chromosome
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6A. The same locations always occurred for the traits
GFEE and GFEL. However, QTL clustering occurred in
several neighboring marker intervals. For example, on
chromosome 1A, the chromosomal region flanking
markers from Xgwm135 to CWM517 were shared by
QTL for RESWC and SWSCM; QTL for TGWG, GFEE,
and GFEL, for TGWM and SWSCF, for TGWG and
RESWC, and for AESWC and SWSCF shared neigh-
boring intervals with flanking markers from P2478-160
to P5166-248 on chromosome 2A, from P5874-138 to
WMC170 on chromosome 2D, from WMC488 to
Xgwm260 on chromosome 7A, and from WMC311
to CWM466 on chromosome 7B, respectively. Two impor-
tant chromosomal regions on the long arm of chromo-
some 2A and the short arm of chromosome bA, i.e.,
WMC522-P5166-248 and Xgwm156-Xgwm443, carried
QTL for GFEE and GFEL, where the QTL for TGWG
and AESWC were also colocated. Similarly, clustered
distributions on some chromosomal regions were also
found for loci associated with 64 pairs of epistatic QTL.
Most of them were distributed in the same, or adjacent,
regions to the significantly additive QTL (Table 4), fur-
ther increasing the QTL density in the clustered re-
gions. This indicated that specific hot-spot regions might
carry genes controlling traits associated with SWSC.

DISCUSSION

Phenotypic variation under two water management
conditions: In this study, variation in SWSC among
DHLs and their parents at three developmental stages
were approximately coincident under two water man-
agement conditions, whereas by ANOVA, it was clear
that phenotypic means for most traits were more
affected by DS. The means under DS were significantly
higher than those under WW (Table 1). It seemed that
DS not only increased SWSC content to a certain
degree, but also improved TGW of the main stem spike.
A suggestion has been made that the proportion of
retranslocated pregrain filling biomass increases with
water deficit, so that yield reduction associated with
reduced post-anthesis assimilation is partly offset by
increasing retranslocation (BIDINGER et al. 1977). On
the other hand, if mild soil drying during the grain-
filling period of rice and wheat is controlled properly, it
can enhance whole-plant senescence and lead to faster
and better remobilization of pre-anthesis-stored carbon
from vegetative tissues to the grains. Such gains may
outweigh the loss of photosynthesis and the shortened
grain-filling period and increase grain yield and harvest
index in cases where plant senescence is unfavorably
delayed (YANG et al. 2000, 2001, 2002; YANG and ZHANG
2006).

In contrast, SWSCG showed significantly positive cor-
relations with AESWC, RESWC, TGWG, TGWM, and
GFEL (Table 2), suggesting that SWSCG could play a key
function in the subsequent release of carbohydrates

from stem to grain. However, a majority of the corre-
sponding traits had lower correlation coefficients be-
tween the traits associated with the SWSC and TGW. It
seemed that the remobilization mechanism of WSC is
complex and not all of the SWSC completely contrib-
utes to the improvement of grain yield. The possible fate
of those reserves could be consumed in respiration and
translocation to the grains or other parts of the plant
(McCuLLouGH and Hunt 1989; CrUZ-AGUADO et al.
2000). Likewise, Evans and WARDLAW (1996) reported
that there was no simple relationship between grain
yield and the amount of reserves mobilized during grain
filling in wheat, because the accumulation of stem
reserves seems to be sensitive to environmental con-
ditions and source-sink status.

Genetic dissections and pleiotropy of QTL: Al-
though a wealth of information produced by a multi-
tude of previous studies has considerably improved our
understanding of the physiological function of SWSC, as
well as its application in wheat-breeding programs, the
genetic basis of SWSC and its associated traits at the
molecular level seems to be rather obscure because of
the complexity. Fortunately, in other cereals such as
barley (TEULAT et al. 2001), rice (NAGATA et al. 2002;
TARATI et al. 2005), and maize (THEVENOT et al. 2005),
some additive QTL controlling carbohydrates stored in
leaves, culms with leaf sheaths, or seeds have been
addressed. These loci are located on different chromo-
some regions with different genetic effects. In addition,
QTL mapping for TGW and associated traits for grain
filling have been studied in detail (BORNER et al. 2002;
CAMPBELL et al. 2003; TARATI et al. 2005; DILBIRLIGI ¢t al.
2006). We identified a total of 48 additive QTL and 62
pairs of epistatic QTL with significant contributory
percentages covering nine traits. Among these loci, 10
QTL for SWSC content at three development stages
mapped on different regions of seven chromoso-
mes—I1A, 1D, 2D, 4A, 6B, 7B, and 7D—with different
additive effects and contribution percentages (Table 3).
The lack of overlapping intervals for these loci sug-
gested that SWSC could be controlled by different genes
at different growth stages. In a previous study, despite a
gene responsible for SWSC during cold acclimation
located on the long arm of chromosome 5A of wheat
(GALIBA ¢t al. 1997), we did not identify any significantly
additive loci for SWSC on the long arm of bA except
three loci concerned with epistatic effects on SWSC
(Table 4). It is likely that different conditions induce
gene expression at different loci. Interestingly, VERMA
et al. (2004) mapped several QTL for grain yield and
flag leaf senescence near the markers Xgwm30 and
Xgwmb39 on chromosome 2D in winter wheat, whereas
in this study, three additive QTL for SWSCF and TGWM
and eight loci associated with epistasis for SWSCEF,
TGWM, RESWC, GFEE, and GFEL were adjacent to
markers Xgwm30 and Xgwm539 on chromosome 2D. In
addition, phenotypic correlation analyses among these
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traits were found to be similar in our work and previous
studies (YANG et al. 2000; 2001; 2002; YANG and ZHANG
2006). It was hypothetical that the genetics of SWSC
content, SWSC remobilization, grain filling, grain yield,
and leaf senescence could be related. Many chromo-
some linkage groups mapped for traits associated with
SWSC have been also reported to share QTL for yield in
wheat (KaTo et al. 2000; BORNER et al. 2002; QUARRIE
et al. 2005; DILBIRLIGI et al. 2006; MARZA et al. 2006), and
some loci for TGW were relatively consistent with
previous studies, especially those on chromosome 3A
(CAaMPBELL et al. 2003; DILBIRLIGI et al. 2006).

Some QTL for TGW, GFEE, and GFEL were colocated
to the same or adjacent intervals with QTL for SWSCF,
SWSCG, SWSCM, AESWC, and RESWC (Table 3, Figure
2).For example, QTL for TGWM and SWSCF shared the
0.8-cM P5874-138-WMCA41 interval on chromosome 2D.
Another interval on chromosome 3B, P3622-400-
P2076-147, was shared by QTL for AESWC and TGWM.
Interestingly, these additive QTL were not involved in
QElIs, indicating they could act independently of the
environment. TAKAI e/ al. (2005) reported a QTL for
percentage grain filling per panicle tightly linked to
a QTL controlling WSC content in the culm and leaf
sheaths in rice. We also observed that most epistatic
QTL for the nine traits were distributed in the same
intervals or in regions adjacent to the significant addi-
tive QTL (Table 4). These hotspot regions of QTL
could carry genetic information about accumulation
and remobilization of SWSC and grain filling of wheat.
Colocation of QTL associated with different traits can
result from four alternative scenarios: (1) two tightly
linked genes modulating the expression of separate
traits; (2) one gene with a single function leading to a
sequence of causally related events; (3) one gene with
an effect on two or more independent traits; and (4) two
tightly linked genes with effects on the same two or more
traits (LEBRETON et al. 1995).

QTL X environment interactions: The ability of a
genotype to modify phenotypic expression in response
to different environmental conditions is referred to as
phenotypic plasticity (UNGERER et al. 2003). Phenotypic
plasticity of quantitative traits arises in nature from
interactions between QTL and environments at molec-
ular levels. Several examples of QEls for agronomic
traits showed that the expression of particular chromo-
some regions differs across environments (CROSSA et al.
1999; HEMAMALINT ¢f al. 2000; Asins 2002; CAMPBELL
et al. 2003). In this study, in addition to identifying the
additive and epistatic QTL, A-QFEIs and E-QEIs for all
nine traits were also detected. In contrast, traits asso-
ciated with SWSC were involved in more A-QEls and
E-QEIs than traits related to TGW. Most phenotypic
variations explained by A-QEIs and E-QEIs were much
higher than those explained by the corresponding
additive QTL or epistatic QTL (Tables 3 and 4). In
addition, A3 of traits associated with SWSC showed wide

fluctuations between the different water conditions
(Table 1). From the above-mentioned characteristics,
the inheritance of WSC and its associated traits in wheat
could be dominated by polygenes that are sensitive to
the environment. Likewise, the QTL for WSC content in
rice leaf sheaths and culms in different years (NAGATA
et al. 2002), as well as for WSC content in fresh leaves of
barley under different water stress conditions, were
located on different chromosomes without sharing
regions (TEULAT et al. 2001). These results suggested
that WSC in crop plants was very sensitive to environ-
ments, and the sensitivity consequently brought on
phenotypic plasticity.

In this study, 7 of 10 significantly additive QTL identi-
fied for SWSC interacted with environment. QSwscf.
cgb-4B.1 was detected only by its A-QEI effect. The
contributions of the corresponding A-QEIs (from 3.88
to 12.43% of phenotypic variation) were approximately
two- to fourfold higher than those of the independently
additive QTL (1.87-5.60%), and a majority of A-QFEIs
(five of eight) were associated with DS, indicating that
DS more greatly enhanced the effects of these loci for
SWSC content. This seemed to more appropriately
explain why SWSC content under DS was more sig-
nificantly affected than under WW. In contrast, the
number of E-QEIs (only six) was less than that of the
A-QEIs and equally distributed between DS and WW
(Table 4). However, the majority of epistatic QTL (19
among 24 pairs) were not involved in E-QElIs, indicating
that these interacting pairs of loci were less affected by
environments than the significantly additive QTL (Ta-
ble 4). QEIs appeared to be very complex, and QTL for
SWSC could have different expression patterns at
different growth stages or under different environ-
ments. Similar results were obtained for highly heritable
traits such as plant height and maturity in rice (L1 et al.
2003).

The inheritances of accumulation and remobilization
of SWSC and grain filling were also quantitative. The
expressions of QTL for AESWC, RESWC, TGWG,
TGWM, GFEE, and GFEL were similar to those of SWSC
content. Interestingly, A-QEIs and E-QEIs for AEWSC,
and A-QEIs for TGWG, occurred only under DS con-
ditions. This could be a further important reason for
improving TGW under DS conditions, in addition to the
contribution of the additive and epistatic effects. As op-
posed to early grain filling, the later grain-filling aspects
seemed more closely associated with DS, because more
A-QEIs effects occurred with DS, and even individual
A-QEIs explained up to 19.43% of the phenotypic
variation. L1 et al. (2003) indicated that this phenome-
non might occur in any of the following situations: (1) a
QTL expressed in one environment but not in another,
as reflected by inconsistent detection of QTL across
environments; (2) a QTL expressed strongly in one
environment but weakly in another, as indicated by
variation in its effects across environments; and (3) a
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QTL expressed very differently and with opposite effects
in different environments.
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