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Abstract A set of 142 winter wheat recombinant inbred
lines (RILs) deriving from the cross Heshangmai x Yu8679
were tried in four ecological environments during the sea-
sons 2006 and 2007. Nine agronomic traits comprising mean
grain filling rate (GFR,c.,), maximum grain filling rate
(GFR1ax), grain filling duration (GFD), grain number per ear
(GNE), grain weight per ear (GWE), flowering time (FT),
maturation time (MT), plant height (PHT) and thousand
grain weight (TGW) were evaluated in Beijing (2006 and
2007), Chengdu (2007) and Hefei (2007). A genetic map
comprising 173 SSR markers and two EST markers was
generated. Based on the genetic map and phenotypic data,
quantitative trait loci (QTL) were mapped for these agro-
nomic traits. A total of 99 putative QTLs were identified for
the nine traits over four environments except GFD, PHT and
MT, measured in two environments (BJO7 and CDO07),
respectively. Of the QTL detected, 17 for GFRje.,, 16 for
GFR 2%, 21 for TGW and 10 for GWE involving the chro-
mosomes 1A, 1B, 2A, 2D, 3A, 3B, 3D, 4A, 4D, 5A, 5B, 6D
and 7D were identified. Moreover, 13 genomic regions
showing pleiotropic effects were detected in chromosomes
1A, 1B, 1D, 2A, 2B, 2D, 3A, 3B, 4B, 4D, 5B, 6D and 7D;
these QTL revealing pleiotropic effects may be informative
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for a better understanding of the genetic basis of grain filling
rate and other yield-related traits, and represent potential
targets for multi-trait marker aided selection in wheat.

Abbreviations

CIM Composite interval mapping
IMTI International triticeae mapping initiative
MAS Marker aided selection
GFRcan Mean grain filling rate
GFR,,.x Maximum grain filling rate
GFD Grain filling duration

GNE Grain numbers per ear
GWE Grain weight per ear

FT Flowering time

MT Maturation time

PHT Plant height

TGW Thousand grain weight
QTL Quantitative trait loci

RILs Recombinant inbred lines
SSR Simple sequence repeat
EST Expressed sequence tag
Y8679 Yu8679

HSM Heshangmai

BJ Beijing

CD Chengdu

HF Hefei

Introduction

Grain filling is a crucial and dynamic process of wheat
growth. Its duration and rate determine the individual grain
size, grain weight and as a result, the economic yield of the
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crop (Li and Pan 2005). Grain filling duration (GFD) is much
influenced by temperature, particularly in the presence of
stress (Pinthus and Shalom 1978; Wiegand and Cuellar
1981; Knott and Gebeyehou 1987), while grain filling rate
(GFR) appears to be largely under genetic control (Nass and
Reisser 1975; Van Sanford 1985). Moreover, since wheat is
harvested at the beginning of summer and some other crops
are planted in succession in China, duration was not ran-
domly prolonged in order to achieve high yield altogether;
therefore, the selection of genotypes with high GFR appears
to be a successful strategy for increasing grain yield.

The physiological mechanisms by which crops regulate
GFR have been widely explored (Egli et al. 1989; Jenner
and Rathjen 1972; Manness 1989), but little is known until
now about the genetics and loci affecting this complex
trait. Availability of molecular maps enables to dissect
complex quantitative traits into component loci and study
their relative effects on a specific trait in a segregating
population by QTL analysis (Roder et al. 1998). Up to now,
QTL for grain yield and yield components such as grain
weight per ear (GWE), grain numbers per ear (GNE) and
thousand grain weight (TGW), etc., have been previously
reported in wheat by several studies (Sourdille et al. 2003;
Groos et al. 2003; Borner et al. 2002; Huang et al. 2003,
2004, 2006; Kumar et al. 2006; Quarrie et al. 2005),
whereas only one paper on QTL for GFR has been reported
by Kirigwi et al. (2007), in which a QTL controlling GFR
was located on chromosome 4A in wheat.

Since final yield and yield components represent the
results of various biochemical and physiological processes,
a genetic analysis based trait such as yield may not shed
much light on the genetics of the early determinants of yield
and/or yield-limiting processes (Cui et al. 2003). To break
through the current plateau affecting yield potential of
wheat, it will be necessary to add physiological traits to the
morphological ones currently identified as limiting yield.
Generally, winter wheat originating from the north of China
possesses the characteristic of fast grain filling, which forms
the physiological foundation of larger grains and tolerance
against stress, but the genetic basis of this ideotype is not
understood clearly. Thus, our objectives were to detect QTL
associated with GFR and yield-related agronomic traits in
four distinct ecological environments, to provide molecular
markers linked to these QTL, and to characterize the
environmental stability of any identified GFR QTL.

Materials and methods
Plant materials

The mapping population comprised 142 F; to Fy recom-
binant inbred lines (RILs) bred by single seed descent from
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the cross HSM x Y8679. HSM is a Chinese hard red local
variety with a lower TGW (25 g) originating from Low and
Middle Yantze Valley, winter wheat region, while Y8679
is a Chinese winter cultivar with a higher TGW (65 g) from
Yellow and Huai River Valley, winter wheat region.
Besides, the differences in TGW, Y8679 shows a higher
GFR, a larger spike and grain size, but a lower plant height
(PHT) compared to HSM.

Field trials

During the 2005/2006 and 2006/2007 winter wheat sea-
sons, field trials were carried out at the experimental station
of the Institute of Crop Science, Chinese Academy of
Agricultural Sciences, Beijing (latitude 39°53’ N, longitude
117°24' E, with an average rainfall of 628.9 mm per year,
an average temperature of 11.6°C per year and average
sunlight of 2,662 h per year). In 2006/2007, two further
field trials were performed, one located at the experimental
station of the Institute of Crop Research, Sichuan Province
Academy of Agricultural Sciences, Chengdu (30°40’ N,
104°04’ E, with an average rainfall of 1,100 mm per year,
an average temperature of 15.9°C per year and an average
sunlight of 1,227 h per year), and the second one located at
the experimental station of the Institute of Crop Research,
Anhui Province Academy of Agricultural Sciences, Hefei
(31°58' N, 117°24' E, with an average rainfall of 950 mm
per year, an average temperature of 15.5°C per year and an
average sunlight of 2,100 h per year). All the RILs, along
with the two parents in Beijing comprised four-row plots
with a length of 1 m and 25-cm spacing, whereas all lines
and parental lines were grown in two-row plots with a
length of 1 m and 25-cm spacing in Chengdu and Hefei.
The field management followed common practice for
wheat production.

Trait evaluation

A total of nine traits, comprising GFR,can, GFR2x, GFD,
TGW, GWE, GNE, PHT, MT and FT were evaluated in the
present study described as follows:

(1) Measurement of GFR e, and GFR,«: the flowering
time of each line was recorded and at least 50 simulta-
neously flowering spikes per lines were tagged. Five tagged
spikes from each line were sampled in a 5-day interval
starting from anthesis up to maturity. The grains were
separated from the glumes, held at 105°C for 10 min, and
then at 70°C until reaching a constant weight. At this stage,
the number of the total grains was counted and their weight
was recorded. The grain filling process was adjusted using
the logistic growth equation as described by Mo (1992):
Y = K/(1 + ae™") (I), where Y is the mean weight per grain
(mg), t is number of days post anthesis and K is the



Theor Appl Genet (2009) 118:313-325

315

maximum theoretic weight calculated by the following
formula: K = (V2> (Y; + Y3)-2Y,Y,Y3)/(Y>>-Y,Y3), where
Y1, Y, and Y; are the weight per grain at, respectively, 5, 20
and 35 days after anthesis, while a and b are coefficients
determined by regression (Mo 1992). The calculation of
GFR,,.x Was performed as follows: first, the second deriv-
ative of formula (I) was calculated by deriving the formula
() into d°Y/dr = (Kabe " (abe ”-b))/(1 + ae™™)’. Setting
d*Y1dt* = 0, tmay will be equal to Ina/b. Finally, if t treated
as fmax» GFRux can be calculated by using the formula
(I1): GFR,.x = dY/dT = Kabe "'I(1 + ae™")?. The active
GFD was defined as days corresponding to the period
when Y was between 5% (t; = (In a — 1.1317)/b) to 99%
(t = (In a + 2.1972)/b) of K. GFR .., Was also calculated
by the ratio: Wy,,/GFD, where W, is the maximum
weight during GFD. (2) TGW (g) was measured as the
average weight of two independent samples of 1,000 grains
from each plot. (3) GNE was measured as the average
number of filled spikelets per ear based on ten ears. (4)
GWE (g) was determined as the average weight of bulked
harvested grains per ear from ten ears. (5) PHT (cm) was
measured in centimeters from the soil surface to the tip of
the tallest ear excluding the awns. (6) MT was determined
by the day on which the peduncles of 75% of the plants in
the plots were no longer green.

SSR fingerprinting

From the genetic map of Roder et al. (1998), Gupta et al.
(2002), and the GrainGenes database (http://wheat.pw.
usda.gov/ggpages/maps), 1,132 SSR loci were assayed for
information on the parental lines, along with ten EST
markers, and those which were polymorphic following this
test were used to genotype the RIL population. Genomic
DNA was isolated from fresh young leaf tissue of
both parents (Y8679 and HSM) and the 142 RILs using
CTAB procedure. PCR reactions were performed on a
programmable thermal controller (PTC-100, MJ Research
Inc., MA USA) in a total volume of 15 uL, containing 1x
buffer, 1.8 mmol L~' MgCl,, 0.25 mmol L™' dNTPs,
0.24 pumol L™ of each primer, 1 U Tag-polymerase and
50 ng genomic DNA as template. After an initial dena-
turing step for 5 min at 95°C, 33 cycles were performed for
50 s at 94°C, 55 s at either 50°C, 55°C or 60°C (depending
on the different primer pairs), 60 s at 72°C, followed by a
final extension step of 10 min at 72°C. Amplicons were
separated by 6% (w/v) denaturing polyacrylamide gels and
visualized by silver staining (Bassam et al. 1991).

Linkage map and QTL analysis

Linkage analysis was performed using MAPMAKER/EXP
version 3.0b (Lander et al. 1987). The command ‘compare

and order’ was used to generate the linkage groups, which
were assigned to chromosomes based on the microsatellite
consensus map of Somers et al. (2004). The ‘Kosambi’
mapping function (Kosambi 1944) was used to transform
recombination frequencies into centiMorgan (cM) map
distances. QTL analysis was performed using composite
interval mapping (CIM) method (Zeng 1994). Automatic
cofactor selection by a forward/backward regression (for-
ward P < 0.01, backward P < 0.01) was performed with
Windows QTL Cartographer version 2.5. The step size
chosen for all QTL was 2 cM. A QTL was claimed to be
significant at a LOD value of 2.5 (The LOD value between
2.0 and 3.0 was claimed significant for the location of
QTL; if the value was too high, the QTL with small effects
have not been detected, whereas, if the value was too low,
some fake QTL may be thought the real QTL. For complex
quantitative traits, it is necessary to use the relative low
LOD value to find all the QTL loci).

Statistical analysis

Statistical analysis was carried out using the SAS V8.0
statistics package (SAS Institute Inc., 1999). Correlation
analysis between pairs of traits was calculated using ‘proc
corr’ procedure and single marker regression analysis by
‘proc anova’. Heritability (h*) was calculated using the
‘proc varcomp’ procedure, by h* = aé/(oé + Jée/n + oZirn),
where o*é is the genetic variance, aée is the genetic-by
environment interaction variance, ag is the error variance, n
represent the number of environments and r the number of

replicates per line tested in each environment.

Results
Linkage map of the RIL population HSM x Y8679

Of the 1,132 SSR and ten EST markers, 186 (16.29%)
turned out to be polymorphic between the parents and
therefore were used to genotype the RIL population.
Finally, a total of 173 SSR and two EST markers were
mapped generating 27 linkage groups. The linkage map
reveals a total length of 1584.6 cM with an average
interval length of 9.3 cM. The number of loci per linkage
group ranged from 3 (chromosome 3A) to 18 (chromosome
2A) (Fig. 1).

Phenotypic variation and correlation analysis
Parental phenotypic variation and the distribution among
RILs for GWE, GNE, TGW, PHT, FT, MT, GFRcun,

GFR,,,.x and GFD in four different environments are shown
in Table 1. Regarding all four environments, the measured
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Fig. 1 A genetic map derived
from the RIL population bred
from the cross

‘HSM x Y8679’, showing the
location of putative QTL. The
lengths of the bars indicated the
map distances, are shown in
centiMorgans and were
calculated using the Kosambi
(1944) mapping function.
Supported intervals for QTL are
indicated by vertical bars, the
length of the bar show a one-
LOD confidence interval. LOD
max is pointed by a triangle.
Abbreviations for traits: GFD
grain filling duration, GFR,,,,
maximum grain filling rate,
GFR,,,.., mean grain filling rate,
MT maturation time, FT
flowering time, GNE grain
number per ear, GWE grain
weight per ear, PHT plant
height, TGW thousand grain
weight

target traits varied in the RIL population following a con-
tinuous distribution representing a normal phenotypic
segregation for QTL mapping. Moreover, all traits except
PHT were higher in parent Y8679 compared to HSM
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(Table 1). The estimated heritability varied between 16.6%
(GFD) and 84.6% (TGW). Pairwise correlation coefficients
between the nine traits are given in Table 2. GFR,ean
was correlated with all the traits except FT and GNE.
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Significant positive correlations were observed between
GFR,can and GWE, TGW as well as GFR 4, respectively;
furthermore, a positive correlation can also be observed
between GWE and GNE; between FT and MT. The
strongest positive correlation was observed between
GFR,can and TGW with correlation coefficient r = 0.85
(P < 0.0001). The correlation between GFR,,,, and
GFR,can Was also highly significant (r = 0.84, P < 0.0001),
whereas weak negative correlations were found between
GFRcan and PHT (r = —0.21, P < 0.05) as well as FT
(r = —0.10, P > 0.05), respectively.

QTL analysis

Putative QTL detected in each environment are listed in
Table 3 and their locations are shown in Fig. 1. GFRcan,
GFR..x, GWE, GNE, TGW and FT were analysed in all
four environments (BJ06, BJO7, CD0O7 and HF07), whereas

PHT, GFD and MT were only analysed in BJO6 and HF07.
Across all the traits and environments, 99 putative QTL are
identified, located on all of the wheat chromosomes except
chromosomes 6A, 7A and 7B.

Mean grain filling rate

In total, 17 QTL were mapped on chromosomes 1A, 1B,
2A, 3A, 3B, 3D, 4D, 5B and 6D. Among them, four, five,
three and five QTL were detected in BJ06, BJO7, CD07 and
HF07, accounted for phenotypic variations of GFR;can by
8.72-15.99, 7.17-10.90, 7.24-13.77 and 7.27-20.83% for
single QTL in the respective environment. Across all four
environments no common QTL was identified; however two
QTL on chromosomes 1B (QGfrmean.nfcri-1B) and 2A
(QGfrmean.nfcri-2A) were detected in three environments
and three QTL on chromosomes 3B (QGfrmean.nfcri-3B),
5B (QGfrmean.nfcri-5B) and 6D (QGfrmean.nfcri-6D) were
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Table 1 Mean, range and heritability (h%) of mean grain filling rate
(GFR;j¢an), maximum grain filling rate (GFR,,,«), grain weight per ear
(GWE), grain number per ear (GNE), thousand grain weight (TGW),
plant height (PHT), maturation time (MT), flowering time (FT) and

grain filling duration (GFD) tested in four environments (BJ06, BJO7,
CDO07 and HFO7) in the RIL population bred from the cross
HSM x Y8679

Trait Parents BJ 06 BJ 07 CD 07 HF 07 (%)
Y8679  HSM Mean  Range Mean  Range Mean  Range Mean  Range
GFR ax 3.70 1.52 2.50 1.40-3.80 1.79 0.01-3.27 2.11 0.70-5.51 247 134435 563
GFRyean  2.44 0.61 1.20 0.72-1.60 1.08 0.46-1.71 1.11 0.64-2.12 1.25 0.71-1.89  70.7
TGW 62.18 2090 4330  25.54-59.23  38.13 16.84-58.52  36.09 14.77-65.80 4591 20.8-65.9  84.6
FT 5.4 5.5 5.85 2-11 3.73 1-8 2939 24-36 15.11 9-23 74.2
GNE 57 43 48.19  25-91 45.82  31-66 22.16  5-48 42.61 27-64 61.1
GWE 3.67 1.35 2.31 0.96-4.52 1.87 0.79-4.08 0.83 0.09-2.60 1.99 1.00-3.50  66.8
GFD 35 32 3316  30-36 33.10  30-37 4249 4047 - - 16.6
MT 6.9 6.7 - - 5.78 4-9 11.74  6-16 - - 33.7
PHT 77.8 1170 - - 1029  75.4-1314 131.7 87.0-162.0 - - 75.9

Table 2 Phenotypic correlations between grain weight per ear
(GWE), grain number per ear (GNE), thousand grain weight
(TGW), plant height (PHT), mean grain filling rate (GFRcan),
maximum grain filling rate (GFR,.), maturation time (MT),

flowering time (FT) and grain filling duration (GFD), based on the
mean performance of RILs in the three environments (BJO7, CD07
and HFO07)

Trait GFR nean GFR 0 TGW GWE GNE PHT FT MT GFD
GFR nean 1.00

GFR 0.84™ 1.00

TGW 0.85" 0.70"* 1.00

GWE 0.637" 0.53"" 0.70"" 1.00

GNE 0.10 ™ 0.11 ™ 0.22" 0.76""" 1.00

PHT —0.21" —0.24™ —0.297" —0.38"" —0.427 1.00

FT —0.12 ™ 0.03 ™ —0.04 ™ 0.03 ™ 0.24™ —0.04 ™ 1.00

MT 0.24™ 0.26"" 0.23" 0.26™" 0.24™" -0.02 ™ 0.68"" 1.00

GFD 0.38" 0.22" 0327 0.23" —0.06 ™ —0.06 ™ —0.59""" —0.01"™ 1.00

* P < 0.05; **P < 0.01;

ns non significant

FEEP < 0.001; **#%P < 0.0001

detected in two environments, respectively. For example,
QTL (QGfrmean.nfcri-1B) with the positive alleles derived
from Y8679, was identified in BJO6, BJO7 and HF07, and
explained 15.99, 10.65 and 7.27% of the phenotypic varia-
tion of the trait in the respective environment.

Maximum grain filling rate

Sixteen QTL for GFR,,, were identified over the four
environments, of which, four, five, two and five QTL were
detected in BJ06, BJO7, CDO7 and HFO7, respectively,
accounted for phenotypic variations of GFR,,x by 6.31—
15.95% for single QTL. These QTL were located on
chromosomes 1A, 1B, 2A, 2D, 3B, 4D, 5B and 7D. Most of
the positive alleles were contributed by Y8679, although
the positive allele for QGfr,,..nfcri-4D originated from
HSM. One common QTL QGf7,,..nfcri-2A for GFR,.x
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was identified on chromosome 2A across all the four
environments, but contributed only 7.46, 6.46, 6.31 and
8.90% of the phenotypic variation in BJ06, BJO7, CDO07
and HFO7, respectively. QTL QGf7,,.-nfcri-1B on chro-
mosome 1B was found in three environments (BJ06, BJO7
and HF07), whereas two QTL, QGfr,u..nfcri-3B on chro-
mosome 3B and QGfr,,...nfcri-7D on chromosome 7D,
were detected in two environments (BJO7 and HFO07),
respectively.

Thousand grain weight

Twenty-one QTL controlling TGW on chromosomes 1B,
2A, 2D, 3B, 4A, 4D, 5A, 6D and 7D were identified across
the four environments, and three, two, nine and seven QTL
were detected in BJ06, BJO7, CDO7 and HFO7, respec-
tively, explaining 9.80-13.96, 7.70-16.80, 4.36-10.47 and
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Table 3 QTL controlling GFR;,ean, GFRhax, GFD, GWE, GNE, TGW, FT, MT and PHT detected in four environments (BJO6, BJO7, CD07 and

HFO07) in the RIL population bred from the cross HSM x Y8679

Traits® QTL Env. Marker or interval® LO day® Add? R? (%)°
GFRean OGfrmean.nfcri-1A CDO07 xgwm357-xbarc350 4.30 0.10 13.38
QGfrmean.nfcri-1B BJO6 xwmc269-xgwm33 5.57 0.08 15.99
BJO7 xwmc419-xbarc181 5.33 0.09 10.65
HF07 xwme419-xbarc181 2.98 0.06 7.27
OGfrmean.nfcri-2A BJO7 xgwm359 3.08 0.07 7.52
CDO07 xwmc407-xgwm359 3.23 0.08 7.24
HF07 xbarc124- xwmc407 3.56 0.07 9.77
QGfrmean.nfcri-3B CDO07 xbarcl13-xgwm533 4.13 0.11 13.77
HF07 xbarcl13-xgwm533 6.24 0.09 20.83
HF07 xbarc164 5.40 0.08 14.16
QGfrmean.nfcri-3A BJO7 xwme505-xwmce264 5.36 0.09 10.90
OGfrmean.nfcri-3D BJO7 xwme529-xwmeS11 2.65 0.07 7.17
OGfrmean.nfcri-4D BJO6 xbarc359-xbarc288 2.96 —0.06 8.94
OGfrmean.nfcri-5B BJO6 xcfd7-Tx37-38 3.01 0.06 8.72
BJO7 xcfd7-Tx37-38 3.96 0.08 9.77
QGfrmean.nfcri-6D BJO6 xcfd42-xgdmli41 4.54 0.08 12.54
HF07 xbarc196-xgwm325 4.97 0.07 11.76
GFR ax QOGfrmax.nfcri-1A CDO07 xgwm357-xbarc350 3.09 0.26 8.30
OGfrmax.nfcri-1B BJO6 xwmel56-xwmc269 3.10 0.21 10.48
BJO7 xwmc269-xgwm33 3.95 0.22 10.66
HF07 xbarcl81-xwmcl56 4.04 0.18 10.45
OGfrmax.nfcri-2A BJO6 xwmc407-xgwm359 2.55 0.16 7.46
BJO7 xbarc124-xgwm359 2.47 0.17 6.46
CDO07 xwmc407-xgwm359 2.66 0.23 6.31
HFO07 xbarc124-xwmc407 3.23 0.17 8.90
OGfrmax.nfcri-2D BJO6 xbarc297-xgwm296 2.95 0.21 13.16
OGfrmax.nfcri-3B BJO7 xbarcl13-xgwm533 2.65 0.21 9.83
HFO07 xbarcll3-xgwm533 4.36 0.22 15.95
HF07 xbarcl64-xwmc418 2.75 0.14 6.71
QOGfrmax.nfcri-4D BJO6 xbarc359-xbarc288 3.35 —0.20 11.52
QOGfrmax.nfcri-5B BJO7 xbarc232-xbarc275 2.55 0.21 9.46
OGfrmax.nfcri-7D BJO7 xcfd14-xgdm67 3.12 0.20 8.98
HF07 xcfd14-xgdm67 3.85 0.18 10.18
TGW QTgw.nfcri-1A CDO07 xgwm357-xbarc350 2.58 2.39 6.30
QTgw.nfcri-1B BJO6 xwmcl56-xwmc269 4.73 2.90 13.96
BJO7 xwme419-xbarc181 4.00 2.23 7.70
CDO07 xwmc269-xgwm33 3.51 2.37 6.23
HF07 xwmc419-xbarcl81 5.74 2.82 13.96
QOTgw.nfcri-2A BJO6 barcl165-barc124 3.30 2.94 13.62
BJO7 xbarcl165-xbarc124 6.67 3.55 16.80
CDO07 xbarcl165x-barc124 5.13 3.44 10.47
HF07 xbarcl165-xgwm636 3.67 2.38 9.14
CD07 xgwm359 333 2.77 7.39
QTgw.nfcri-2D CDO07 xbarc228-xcfd168 4.34 2.66 7.96
QTgw.nfcri-3B CDO07 xgwm533 2.76 2.32 5.80
HF07 xgwm533 3.01 2.08 7.33
CDO07 xwme307 3.12 223 5.57
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Table 3 continued

Traits® QTL Env. Marker or interval® LO day® Add? R? (%)°
HF07 xbarc164 -xwmc418 2.69 1.72 5.75
QTgw.nfcri-4A CDO07 xbarc1052-xgwm610 3.45 2.49 6.28
QTgw.nfcri-4D CDO07 xbarc288 2.60 1.95 4.36
QTgw.nfcri-5A HF07 xcfa2104 -xbarcl65 391 2.19 8.45
HF07 xgwml86 3.29 2.13 8.56
QTgw.nfcri-6D HF07 xbarc196 5.19 2.40 10.90
QTgw.nfcri-7D BJO6 xgwm437-xcfd14 2.61 2.50 9.80
GFD QGfd.nferi-1A BJO7 xgwm357-xbarc350 2.82 0.50 10.31
CDO07 xgwm357-xbarc350 2.52 0.34 6.68
QGfd.nfcri-3B BJO7 xbarcl13-xgwm533 2.84 0.48 9.67
CD07 xbarcll3-xgwm533 4.56 0.53 15.72
QGfd.nfcri-5D CD07 xcfd3 2.64 —0.36 7.82
QGfd.nfcri-6D BJO7 xgdm132-xcfd4?2 3.66 0.47 8.70
FT QFt.nfcri-1B BJO6 xbarc312-xbarc61 4.25 0.81 15.77
BJO7 xgwm33-xbarc312 2.85 0.58 10.14
CDO07 xgwm33-barc312 4.75 0.82 11.63
QFt.nfcri-2B CD07 xbarc373 4.47 —0.93 10.97
CDO07 xwmel54-xwmce770 3.21 0.82 7.65
QFt.nfcri-3B BJO6 xgwm533 3.32 -0.72 12.09
QFt.nfcri-5D HF07 xbarc93-xgdm63 2.46 0.71 10.77
QFt.nfcri-6D HF07 xgdm132-xcfd42 2.72 —0.60 8.18
MT OMt.nfcri-1B BJO7 xgwm33-xbarc312 3.67 0.35 9.61
CDO07 xgwm33-xbarc312 3.49 0.61 10.77
OMt.nfcri-2A BJO7 xbarc124-xgwm636 3.21 0.34 8.40
OMt.nfcri-2B CDO07 xbarc373-xbarcl160 2.44 —0.58 8.28
OMt.nfcri-3D CD07 xgdm72-Tx23-24 3.07 —0.56 8.74
OMt.nfcri-4B BJO7 xgwm495 2.54 0.30 7.14
OMt.nfcri-6D BJO7 xbarc301 3.38 0.32 7.82
PHT QPht.nfcri-1D BJO7 xcfa2129 2.03 —2.82 5.83
CDO07 xwmce732-xcfa2129 3.09 —4.20 6.70
QPht.nfcri-2D BJO7 xcfd168 2.74 -2.99 6.49
QPht.nferi-3D CDO07 xwmce285-xgwmb56 5.62 —6.19 14.70
QPht.nfcri-4D BJO7 xbarc374-xgdm40 4.81 —4.17 13.12
CD07 xbarc359-xbarc288 11.81 —7.78 25.24
GNE QGne.nfcri-1D BJO6 xcfd2129 4.16 4.30 13.13
QGne.nfcri-2A CDO07 xwme522-xcfa2263 3.57 2.59 8.95
QGne.nfcri-2D BJO6 xcfd51 2.89 —4.18 11.34
CD07 xcfd168 2.89 2.31 7.13
QGne.nfcri-3A HF07 xwme505-xwmc264 3.25 -3.03 15.82
QGne.nfcri-4D BJO7 xbarc359-xbarc288 2.58 1.81 7.43
CD07 xbarc359-xbarc288 2.84 2.29 6.87
QGne.nfcri-6D BJO7 xcfd42-xgdmli41 3.36 —2.23 10.77
GWE QGwe.nfcri-1A BJO7 xgwm357-xbarc350 5.11 0.18 14.16
QGwe.nfcri-2A BJO7 xwmc407-xwmce598 3.10 0.14 7.30
CDO07 xwmc407-xwmce598 3.25 0.13 6.42
CDO07 xwme522-xcfa2263 3.33 0.12 6.76
OGwe.nfcri-3B BJO7 xwmc307-xwmc418 6.76 0.24 16.26
CDO07 xwme307-xwmc418 8.35 0.34 24.06
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Table 3 continued
Traits® QTL Env. Marker or interval® LO day® Add¢ R* (%)°
HF07 xwmc418 2.78 0.16 9.86
OGwe.nfcri-4B BJO6 xwmc89-xwmce48 3.29 0.19 10.04
OGwe.nfcri-4D CDO07 xbarc359-xbarc288 4.65 0.16 12.33
QGwe.nfcri-6B CDO07 xbarc24 2.73 0.13 5.93

? GFR, e, mean grain filling rate, GFR,,,, maximum grain filling rate, GWE grain weight per ear, GNE grain number per ear, TGW thousand
grain weight, PHT plant height, MT maturation time, FT flowering time, GFD grain filling duration

" The interval of LOD peak value for QTL
¢ The logarithm of the odds

4" Additive effect at putative QTL. Positive values indicate a positive effect of Y8679 alleles, whereas negative values indicate the contribution of

the HSM allele

¢ Percentage of the phenotypic variation explained

5.75-13.96% of the phenotypic variation in the respective
environment. Two common QTL (QTgw.nfcri-IB and
QTgw.nfcri-2A) were found across all four environments,
of which both positive alleles are contributed by Y8679,
explaining more than 10.0 and 12.0% of the phenotypic
variation of TGW, respectively. Furthermore, on the
chromosome 3B, two QTL accounting for nearly 7.0 or
6.0% of the phenotypic variation of TGW were identified
in CDO7 and HFO07.

Grain filling duration

Six QTL involving chromosomes 1A, 3B, 5D and 6D
were identified for GFD across two environments (BJO7
and CDO07). All positive alleles of the detected QTL were
contributed by Y8679 except one QTL (QGfd.nfcri-5D)
detected in CD0O7. Two common QTL, QGfd.nfcri-1A
and QGfd.nfcri-3B, were simultaneously expressed in
both BJO7 and CDOQ7. The former explained 10.31% of
the phenotypic variation in BJO7, and 6.68% in CDO07,
while the latter accounted for, respectively, 9.67 and
15.72%.

Grain weight per ear

Ten GWE QTL were mapped on chromosomes 1A, 2A,
3B, 4B, 4D and 6B. Among these QTL detected, one was
identified in BJO6 and HFQ7, whereas three and five QTL
were found in BJO7 and CDO07, respectively. The propor-
tion of the phenotypic variation explained by each of these
QTL in turn ranged from 5.93 to 24.06%. Although none
was expressed in all four environments, the QTL
QGwe.nfcri-2A was identified in BJO7 (7.30%) and CDO7
(6.42%). One QTL, QGwe.nfcri-3B, was found in three
environments (BJO7, CD07 and HFQ7), which contributed
16.26, 24.06 and 9.86% of the phenotypic variation of
GWE in BJ07, CD07 and HFO7, respectively.

Grain number per ear

Eight QTL for GNE were mapped on chromosomes 1D,
2D, 2A, 3A, 4D and 6D, and were responsible for,
respectively, 11.34-13.13, 7.43-10.77, 6.87-8.95 and
15.82% of the trait variation in each of the four environ-
ments. On the short arm of chromosome 4D, one QTL
QGne.nfcri-4D with the positive alleles derived from
Y8679 was identified in both BJO7 and CDO07, which
explained around 7.0% of the phenotypic variation for
GNE in each environment. Another QTL QGne.nfcri-2D
on chromosome 2D was expressed in BJ0O6 (11.34%) and
CDO07 (7.13%).

Plant height

A total of six QTL for PHT were identified on chromo-
somes 1D, 2D, 3D and 4D in two environments (BJO7 and
CDO7). In each environment, three QTL were detected and
explained 5.83-13.12 and 6.70-25.24% of the phenotypic
variation in respective location for single QTL. Two
common QTL (QPht.nfcri-1D and QPht.nfcri-4D) with the
positive allele contributed by HSM were identified. In each
environment, QPht.nfcri-1D explained around 6.0% of the
phenotypic variation of PHT, whereas QPht.nfcri-4D
explained 13.12 and 25.24% of the phenotypic variation of
PHT, respectively.

Flowering time

Eight QTL for FT were identified on chromosomes 1B, 2B,
3B, 5D and 6D, of which two, one, three and two were
expressed in, respectively, BJ06, BJO7, CD0O7 and HFO07.
But none occurred in all four environments. QTL
QFt.nfcri-1B with the positive allele from Y8679 was
identified in three environments (BJ06, BJO7 and CD07)
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and explained 15.77, 10.14 and 11.63% of the phenotypic
variation of FT in the respective environment.

Maturation time

Of the seven MT QTL identified, four expressed in BJO7
accounted for 7.14-9.61% of the phenotypic variation, and
mapped on chromosomes 1B, 2A, 4B and 6D. Three QTL
were found on chromosomes 1B, 3B and 5D in CDO07,
which accounted for 8.28-10.77% of the phenotypic vari-
ation of MT. One common QTL QOMzt.nfcri-1B with the
positive allele derived from Y8679 contributed around
10.0% of the phenotypic variation of MT over the two
environments (BJO7 and CDO07).

Single marker regression and alternative allele effects
analysis

A single marker regression analysis, based on RILs means
across three environments (BJO7, CD0O7 and HF07), was
conducted to validate the QTL identified by CIM method.
Environment BJO6 was excluded because the missing data
for grain filling rate of 26 lines, which had seldom plants
because of frozen weather, and the QTL location for grain
filling rate was just based on 116 lines in BJO6 and the QTL
location for grain filling rate of BJO7, CD07 and HFO7 were
based on all the 142 lines. The markers closely associated
with TGW and GFR ¢, are listed in Table 4. The three SSR
markers identified in this way were xwmc419, xgwm359 and
xbarcl13, located on, respectively, chromosomes 1B, 2A
and 3B. The phenotypic variation could be explained by
these markers ranged from 14.58% (xbarci13) to 24.07%
(xwmc419) for TGW and from 14.41% (xbarcli3) to
20.39% (xgwm359) for GFR can, respectively.

Alternative allele effects in the QTL regions on chro-
mosomes 1B, 2A and 3B for TGW and GFR .., are shown
in Fig. 2. RILs carrying all the positive alleles from Y8679
on 1B, 2A and 3B (AAA) showed the highest TGW and
GFRcan, With an average value of 44.4 g for TGW and
1.27 mg grainfl day71 for GFR,c.n, Whereas those RILs

Table 4 SSR markers associated with thousand grain weight (TGW)
and mean grain filling rate (GFR,c.,) tested in the RIL population
HSM x Y8679 based on mean value data for all lines across three
environments (BJO7, CD07 and HFO07) using the single marker
regression

Chromosome  Traits TGW GFR ,can

Marker R*%* Pvalue R>%* P value
1B xwmc419  24.07 0.0001 20.19  0.0001
2A xgwm359  21.71 0.0001 20.39  0.0001
3B xbarc113 14.58 0.0001 14.41 0.0001

 Proportion of phenotypic variation explained by each marker
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carrying the opposite alleles from HSM (aaa) have the
lowest TGW and GFR,c.,, With an average value of 32.2 g
for TGW and 0.99 mg grainfl day71 for GFRcan. Fur-
thermore, there were significant differences between the
RILs possessing two positive alleles (AAa, AaA, aAA) for
TGW and GFR 0y (39.8 g and 1.15 mg grain~' day ') in
comparison to one positive allele (Aaa, aAa, aaA; with
34.4 g, 0.98 mg grain~' day™'). The lines carrying two
positive alleles derived from Y8679 showed a higher TGW
of 5.4 g and a higher GFR ., of 0.17 mg grain™' day ™'
compared to those only with one positive allele from the
same parental line Y8679.
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Fig. 2 Boxplot distributions of lines possessing alternative alleles in
the QTL genomic regions on chromosomes 1B, 2A and 3B for TGW
and GFR,c,,. Data were based on means over three experiments
(BJO7, CDO7 and HFO07). Genotypes were classified by the allelic
state at xwmc419 (1B), xgwm359 (2A) and xbarc113 (3B) linked to
the corresponding QTL, respectively. Twenty-two lines were not
classified because of missing marker values. ‘A’ represents alleles
contributed by parental line ‘Y8679°, while ‘a’ represents alleles
contributed by ‘HSM’; solid lines, median value; individual data
points falling outside the confidence interval indicated by black
circles
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Discussion

In general, the process of grain filling is regulated by both
GFR and GFD (Gebeyehou et al. 1982; Darroch and
Backer 1990; Cross 1975; Wang et al. 1999); however,
their relative contribution remains controversial. Mashir-
ingwani and Schweppenhauser (1992) reported that
genotypic differences in grain yield of wheat were due to
differences in GFR. Further on, Nass and Reisser (1975)
have observed that genetic differences in final grain weight
were related to differences in GFR rather than GFD. A lack
of relationship between the final grain yield and GFD has
been discussed by Van Sanford (1985) as well as Bruckner
and Frohberg (1987). In contrast, Gebeyehou et al. (1982)
found that grain yield was strongly correlated with GFD. In
the present study, the heritability of GFD was lower than
that of the other eight traits analysed, and thus is a char-
acter much influenced by some, or all, environmental
variables, including temperature, light intensity and mois-
ture availability, as also suggested by Nass and Reisser
(1975). In contrast, the heritability of GFR was high both in
our experiments and those of Mou and Kronstad (1994). As
GFRcan is strongly correlated with GFR;,,x, TGW and
GWE, while in contrast, GFD is correlated with neither
TGW nor GWE. Therefore, it could be concluded that
more progress towards wheat yield improvement should be
achievable by focusing on GFR rather than on GFD.

QTL for grain filling rate and yield related traits

As reported previously by numerous studies, complex traits
like yield and yield-related traits showing continuous
agronomic variation usually were governed by a number of
genes known as quantitative trait loci (QTL), which are
highly affected by environmental conditions (Borner et al.
2002; Marza et al. 2006; Thomson et al. 2003). In the
present study, numerous QTL for GFR ,can, GFR 141, GFD,
TGW, GWE, GNE, FT, MT and PHT have been detected
in four environments with QTL numbers varying from one
to nine. Concerning the four environments, the average
temperature, sunlight and rainfall, etc. were very different
from each other, which might be the reason why only a few
major large-effects QTL were detected across all four
environments. The present results confirmed the assump-
tion by Paterson et al. (1991) that the QTL analysis
conducted in a single environment was likely to underes-
timate the number of QTL for a certain trait and that was
the reason why a QTL analysis should be done across
several environments.

GFRcan and GFR,,,, are the two most important
parameters associated with grain filling process, which
determine the final wheat production (Yang and Zhang
2006). Kirigwi et al. (2007) identified a QTL controlling

GFR within the marker interval xwmc89-xwmc420 on
chromosome 4A in a distinct RIL population. This QTL is
different from our results; however, a QTL (QTgw.nfcri-
4A) for TGW was located in the comparable region of our
RIL population, indicating that this is a genomic region
which seems to contain important loci or genes affecting
grain yield.

Regarding QTL for TGW identified in our population,
the same loci have previously been reported by several
authors. For example, both Borner et al. (2002) and Peng
et al. (2003) have detected the same QTL for TGW linked
to the marker xgwm498 on chromosome 1B, and this SSR
locus was closely linked to the marker xwmc419 (Somers
et al. 2004), which in our RIL population was associated
with QTgw.nfcri-1B. Similarly, on chromosome 2A, in the
interval  xbarcl165-xbarci24, the detected QTL
QTgw.nfcri-2A for TGW identified in our population
seemed to correspond with the QTL previously detected by
Campbell et al. (1999), which was linked to the marker
xcdo456B, 2 cM distant from xcdo456B according to our
genetic map. Furthermore, QTgw.nfcri-3B found in the
present study, closely linked to the marker xgwm533
seemed to correspond to the QTL for TGW described by
Groos et al. (2003). This QTL was linked to the marker
xcfd79, which mapped in a distance of 7 cM from
xgwm533 according to the consensus map of Somers et al.
(2004).

Some of the eight QTL for GNE identified here have
probably also been located in other populations. For
example, QGne.nfcri-2D and QGne.nfcri-4D were located
in the same genomic regions as reported by Borner et al.
(2002), Marza et al. (2006) and McCartney et al. (2005).
For GWE, out of nine QTL identified on chromosomes 1A,
2A, 3B, 4D and 6B, some have been previously reported.
For example, QGwe.nfcri-2A appears to be coincident with
the locus described by Li et al. (2007), and QGwe.nfcri-3B
coincident QTL QT7gw.nfcri-3B detected in our study
seemed to correspond to QTL for GWE detected by Groos
et al. (2003).

In addition, FT is positively correlated with MT
(r = 0.68, P < 0.0001) in our population; as expected, two
coincided loci were detected for these two traits. For
example, the QTL QFt.nfcri-1B and QFt.nfcri-2B were
found in the same genomic region with OQMt.nfcri-1B and
OMzt.nfcri-2B for MT. One of them, QTL QFt.nfcri-1B was
located in the same region reported by Marza et al. (2006);
on the other hand, QFt.nfcri-2B located in the interval
xbarc373-xbarc160 seemed to correspond to the interval
xrz444-xcdo405 of the QTL for FT as reported by Borner
et al. (2002). Among the six QTL for GFD detected in our
study, QGfd.nfcri-IA and QGfd.nfcri-3B are probably
coincident with the QTL for GFD described by Borner
et al. (2002). Furthermore, the QTL (QGfd.nfcri-1B) were
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linked to the marker xgwm11 on chromosome 1B and QTL
(QGfd.nfcri-5A) linked to the marker xgwm293 on chro-
mosome 5A had been reported by Yang et al. (2002).
QTL for PHT have been identified in almost every
wheat chromosome. In the present study, four QTL for
PHT were identified in our population on chromosomes
1D, 2D, 3D and 4D. Particularly, QPht.nfcri-1D and
QPht.nfcri-4D were detected in both trial sites. Moreover,
QPht.nfcri-2D, linked to the marker xgwm296, may cor-
respond to the QTL for PHT likely previously reported by
Borner et al. (2002); QPht.nfcri-4D, located within the
marker interval xwmc617-xwmc48, seemed to correspond
to the QTL for PHT found by McCartney et al. (2005).

Pleiotropic effects and QTL pyramiding for breeding

Out of 99 putative QTL detected for grain filling rate and
yield-related traits, a large number of QTL showed rela-
tively small effects and only a few major large-effects QTL
were identified in the present study. Thus presents a serious
challenge for using single QTL with small effect for MAS,
and therefore we have paid more attention to explore those
stable QTL detected in three or four environments and
those QTL with pleiotropic effects. So a QTL pyramiding
scheme seemed to be useful for high-yield breeding based
on the idea of efficiently accumulating beneficial QTL by
using MAS.

In the present study, 13 loci distributed on chromosomes
1A, 1B, 1D, 2A, 2B, 2D, 3A, 3B, 4B, 4D, 5B, 6D and 7D
are detected revealing pleiotropic effects. Particularly,
three QTL for GFR,,.,, located on the chromosomes 1B
(QGfrmean.nfcri-1B), 2A (QGfrmean.nfcri-2A) and 3B
(QGfrmean.nfcri-3B) were simultaneously associated with
several traits such as GFR,,,,, GWE and TGW, and
accounted for a substantial proportion of the phenotypic
variation. Moreover, these three QTL have been confirmed
by the single marker regression analysis (Table 4).
Focusing on TGW and GFR,,..,,, the analysis of effects of
alternative alleles indicated that the more positive alleles of
xwmc419 (1B), xgwm359 (2A) and xbarclI3 (3B) con-
tributed by the parental line Y8679 the higher TGW and
GFRcan- Furthermore, there were significant differences
between the RILs possessing two positive alleles (AAa,
AaA, aAA) compared to one positive allele (Aaa, aAa,
aaA). In summary, all these facts indicated that these three
QTL revealing pleiotropic effects seemed to be effective
and useful for MAS breeding.

Further study
The grain filling process is important not only for the

accumulation of grain weight, but also for the determi-
nation of grain size. We are therefore seeking to explore
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the relationship between grain filling rate and grain size,
by conducting a QTL mapping for grain size (grain
length, grain width, grain thickness). Moreover, grain
filling is a process of metabolism of carbohydrate and
starch accumulation with 33 enzymes involved. Among
them, sucrose synthase (SuSase), ADP glucose pyro-
phosphorylase (ADPGase), starch synthase (SSase) and
starch branch enzyme (SBE) play important roles in
starch biosynthesis and accumulation (Yang et al. 2003;
Hurkman et al. 2003; Zhao et al. 2005). Of interest would
be to attempt to correlate the activity of these key
enzymes with grain filling rate, which could be achieved
by a time-related QTL mapping exercise. A comparison
of such time-related QTL and GFR QTL could serve to
clarify the relationship between the enzymes and GFR.
Moreover, considering the time-consuming measurement
of GFR, the coincident loci controlling these traits will
provide valuable information for the selection of geno-
types with high GFR by the easier measurement of the
activity of the enzymes at a certain stage during the grain
filling period of wheat. Further on, the same assay could
then also be applied for a search for novel alleles in
wheat germplasm.
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