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Abstract Grain yield is the most important and complex
trait in maize. In this study, a total of 258 Fo recombinant
inbred lines (RIL), derived from a cross between dent corn
inbred Dan232 and popcorn inbred NO4, were evaluated for
eight grain yield components under four environments.
Quantitative trait loci (QTL) and their epistatic interactions
were detected for all traits under each environment and in
combined analysis. Meta-analysis was used to integrate
genetic maps and detected QTL across three generations
(RIL, F,.5 and BC,F,) derived from the same cross. In
total, 103 QTL, 42 pairs of epistatic interactions and 16
meta-QTL (mQTL) were detected. Twelve out of 13 QTL
with contributions (R?) over 15% were consistently
detected in 3—4 environments (or in combined analysis)
and integrated in mQTL. Only q100GW-7-1 was detected
in all four environments and in combined analysis.
100gGW-1-1 had the largest R* (19.3-24.6%) in three
environments and in combined analysis. In contrast, 35
QTL for 6 grain yield components were detected in the
BC,F, and F,.; generations, no common QTL across three
generations were located in the same marker intervals.
Only 100 grain weight (100GW) QTL on chromosome 5
were located in adjacent marker intervals. Four common
QTL were detected across the RIL and F,.3 generations,
and two between the RIL and BC,F, generations. Each of
five important mQTL (mQTL7-1, mQTL10-2, mQTL4-1,
mQTL5-1 and mQTL1-3) included 7-12 QTL associated
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with 2-6 traits. In conclusion, we found evidence of strong
influence of genetic structure and environment on QTL
detection, high consistency of major QTL across environ-
ments and generations, and remarkable QTL co-location
for grain yield components. Fine mapping for five major
QTL (q100GW-1-1, q100GW-7-1, qGWP-4-1, gERN-4-1
and qKR-4-1) and construction of single chromosome
segment lines for genetic regions of five mQTL merit
further studies and could be put into use in marker-assisted
breeding.

Introduction

Maize (Zea mays L.) is widely used for food, forage,
industrial and energy throughout the world. As the increase
in population, decrease in cultivated land and occurrence of
food crisis in recent years, improvement in grain yield
becomes more and more important in maize breeding.
However, grain yield is the most complex quantitative trait,
which is not only controlled by many genes with relatively
small effects and easily influenced by environments, but is
also determined by several component traits correlated at
different degrees. With the application of molecular mark-
ers, several studies on quantitative trait loci (QTL) mapping
for grain yield and its component traits have been done, and
detected QTL were distributed on all ten maize chromo-
somes (Stuber et al. 1987, 1992; Veldboom and Lee 1994;
Austin and Lee 1996, 1998; Austin et al. 2000; Mihaljevic
et al. 2004; Blanc et al. 2006; Yan et al. 2006; Li et al. 2007,
2009; Ma et al. 2007). Therefore, the genetic characteristics
of grain yield and its components should be revealed through
extensive studies using many distinct populations tested in
diverse environments. Only major QTL with consistency
across populations and environments could be put into broad
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use in marker-assisted breeding and are worthy to be cloned
in further studies.

Since different populations (Stuber et al. 1992; Austin
etal. 2000), generations (Austin and Lee 1996, 1998; Li et al.
2007), and environments (Li et al. 2003; Lan et al. 2005)
were commonly found to have great influence on the results
of QTL detection experiments, direct comparisons of QTL
data across different studies were difficult. Through meta-
analysis QTL detected across several independent studies
could be integrated and true QTL with more accurate con-
fidence intervals and small target regions for candidate genes
could be provided (Goffinet and Gerber 2000; Arcade et al.
2004; Khowaja et al. 2009). Using this method, Wang et al.
(2009) obtained 96 meta-QTL from 400 QTL for grain yield
and seven component traits detected using 17 mapping
populations in 21 reports and from public data in maizeGDB
(http://www.maizeGDB.org/). Chardon et al. (2004) identi-
fied 62 consensus-QTL from 313 QTL detected in 22 reports
for flowering time in maize. Also, 401 consensus-QTL
were revealed from 785 QTL by Shi et al. (2009) for
eight yield traits in rapeseed, in which 82.5% QTL were
clustered and were integrated into 111 unique pleiotropic
QTL.

Popcorn germplasm is generally inferior to normal
maize in grain yield. Normal maize germplasm could be
introduced to improve grain yield and yield components in
popcorn (Ziegler and Ashman 1994). In our previous study,
QTL mapping for grain yield components were conducted
using both F,.; and BC,F, generations derived from the
same cross between Dan232 and NO04 (Li et al. 2007). To
date, no other such studies using popcorn germplasm have
been reported. In this paper, 258 recombinant inbred lines
(RIL) derived from the same cross between Dan232 and
NO4 were used to detect QTL for eight grain yield com-
ponents in four environments. Our first objective was to
identify consistent QTL across three generations and dif-
ferent environments. The second objective was to integrate
detected QTL in three generations. Consistent and con-
sensus-QTL may be considered as the main objective QTL
for further studies in QTL cloning, candidate gene identi-
fication and marker-assisted breeding for grain yield in
maize.

Materials and methods

Plant materials and field experiments

The population used in this study consisted of 258 Fg RIL
derived by single-seed descent from a cross between dent
corn inbred Dan232 and popcorn inbred N0O4. Dan232 was

derived from Lu 9 kuan x Dan340. NO4 was derived from
a Chinese popcorn variety BLO3 (Li et al. 2007).
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The 258 Fy RIL and both parents were evaluated using
completely random design with one-row plots in four
environments in Henan, China, three at Zhengzhou
(07Zhengzhou), Wenxian and Xinxiang in 2007 with two
replications, and one at Zhengzhou in 2008 (08Zhengzhou)
with no replication. The rows were 4 m long with 0.67 m
spacing between rows. Plots were planted by hand at a
density of 60,000 plants per ha. Standard cultivation
management practices were used in each environment. Ten
plants from the middle of each plot were chosen for the
evaluation of eight grain yield components. Harvested ears
were dried naturally to 13.5% grain moisture. The traits
measured were ear weight per plant (EWP, g), grain weight
per plant (GWP, g), 100 grain weight (100GW, g), ear
length (EL, cm), kernel number per row (RKN), ear
diameter (ED, cm), row number per ear (ERN), and kernel
ratio (KR, %). KR was calculated as the ratio of GWP to
EWP. Trait measurements averaged over the two replica-
tions were used as the preliminary data in QTL analysis.

Phenotypic data analysis

Using the statistical software package SPSS 12.0, combined
analyses of variance for each trait in 2007 and correlation
coefficients among traits were calculated following a mixed
model, with RIL effect random and effects for environments
and replications fixed. Broad-sense heritabilities (H3) on
an entry mean basis were calculated as Hgz = 1 — 1/F,
where F = MS/MS,.. MS, = nra; + roge + 0o, MSge =
raée + ag, where aé was the variance of families, aée was the
variance of interaction between families and environments,
02 was the error variance, r was the number of replications,
and n was the number of locations. Confidence intervals on
heritability estimates were calculated according to Knapp
et al. (1985).

SSR and QTL analysis

A total of 207 SSR markers were used to genotype the 258
RIL using the same method described by Li et al. (2007).
The linkage maps covered 10 maize chromosomes with a
total length of 2,408.8 cM, and an average interval of
11.6 cM (Zhang 20009).

Composite interval mapping (CIM) was used to map
QTL and estimate their effects for each trait (Zeng 1993,
1994). Model 6 of the Zmapqtl procedure in QTL
Cartographer Version 2.5 (Wang et al. 2006) was
employed, specifying the five markers identified by step-
wise regression that explained most of the variation for a
given trait as genetic background parameters and a window
size of 10 cM on either side of the markers flanking the test
site. To identify an accurate significance threshold for each
trait, an empirical threshold was determined using 1,000
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permutations (Churchill and Doerge 1994). QTL positions
were assigned to relevant regions at the point of the max-
imum likelihood odds ratio (LOD). QTL confidence
intervals were calculated by subtracting one LOD unit on
each side from the maximum LOD position. Based on the
results of QTL mapping, interactions among detected QTL
were analyzed using MIM in WinQTLCart (Kao et al.
1999; Wang et al. 2006).

Meta-QTL analysis with BioMercator

Quantitative trait loci for the same or related traits detected
in different experiments and mapped to the same or similar
chromosome regions might be several estimates for a sin-
gle QTL. Algorithms for meta-analysis were used to esti-
mate the numbers and positions of meta-QTL (mQTL)
using BioMercator 2.1 software (Goffinet and Gerber 2000;
Arcade et al. 2004). The meta-analysis involved two
stages: first the integration of the different genetic maps
and then the meta-QTL analysis itself. For each chromo-
some with 10 and more QTL, meta-analysis was carried out
separately. If one chromosome was longer than 200 cM or
included more than 40 QTL it was broken up, and meta-
analysis conducted separately on each genomic region.

In our previous studies, two genetic linkage maps were
constructed using the F,.; and RIL populations derived
from the same two inbreds, dent corn inbred D232 and
popcorn inbred NO4 (Li et al. 2007; Zhang 2009). A total of
35 QTL for six grain yield components (GWP, 100GW,
EL, RKN, ED, and ERN) were detected in both BC,F, and
F,.; populations (Li et al. 2007), 16 QTL in F,.; and 19
QTL in BC,F,. The integrated genetic map was obtained
by projecting the genetic linkage map of F,.; population
onto that of RIL population (Goffinet and Gerber 2000;
Arcade et al. 2004). Meta-QTL analysis was conducted
according to data for multiple individual QTL. A modified
Akaike’s criterion was calculated to select among models
with varying numbers of mQTL. For each mQTL, a con-
fidence interval was calculated (Shi et al. 2009).

Results

Trait analysis of variance, performance, heritability
and correlation in RIL population

According to the result of combined analyses of variance,
genetic variances among RIL (aé) were significant or
highly significant for all traits. Variances of environments
(62) were significant or highly significant for five traits,
EW, GWP, 100GW, EL, and ED. Variances of geno-
type x environment interactions (oée) were all significant
or highly significant except for ED (Table 1). All traits

differed greatly between the two parents. The popcorn
inbred NO4 had lower EWP, GWP, 100GW, EL, ED, and
ERN, but higher RKN and KR than the dent corn inbred
Dan232 (Table 2). According to the values of skewness
and kurtosis, all traits were normally distributed in the RIL
population except KR at Zhengzhou, Wenxian and Xinxi-
ang in 2007. Transgressive segregations were observed for
all traits. The coefficients of variation (CV%) for EWP and
GWP were consistently larger than those for other six
traits.

Broad-sense heritabilities (H%) for all traits were high,
ranging from 0.83 to 0.94 (Table 3). Phenotypic and
genetic correlations among eight traits differed little across
four environments (data not shown for each environment).
Based on combined data across four environments, both
EWP and GWP were positively correlated with all other six
traits. Except for significant negative correlations between
100GW and both RKN and ERN, and insignificant corre-
lations between EL and both ERN and KR, all other cor-
relations were positively significant.

QTL identification for each trait in RIL population
and comparison across three generations

Since aée were significant for all traits except ED, QTL
detections were conducted for data in each individual
environment, and also using mean values across all four
environments. A total of 103 QTL were detected for eight
traits (Table 4; Fig. 1), 19 QTL at 07Zhengzhou, 15 QTL
at Wenxian, 28 QTL at Xinxiang, 15 QTL at 08Zhengzhou
and 26 QTL in combined analysis. These QTL were
located on all ten chromosomes. Many QTL were located
on chromosomes 4, 1, 7, 10 and 5, with 23, 18, 16, 13 and 9
QTL, respectively. Individual QTL explained between 4.2
and 24.6% of the phenotypic variation, with 40 QTL over
10% and 13 over 15%.

EWP and GWP

Seven QTL detected for EWP were located on chromo-
somes 4, 6, 7 and 10. Each QTL explained phenotypic
variation ranging from 6.1 to 12.5%, with three QTL
explaining over 10%. qEWP-10-1 was consistently detec-
ted in the same marker interval umc1677-umc2122 (bin
10.05-10.06) at 07Zhengzhou, Xinxiang, and in combined
analysis. All the positive alleles came from the dent corn
parent Dan232. EWP was not studied in the F,.3 and BC,F,
generations.

Ten QTL were detected for GWP, located on chromo-
somes 4, 7, and 10. Individual QTL explained from 6.0 to
15.6% of the phenotypic variation, with eight QTL
accounting for over 10% and two QTL for over 15%. Three
QTL were consistently found in the same marker intervals,
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Table 1 Combined analysis of variances for eight grain yield components in the RIL population under three environments in 2007 (F values)

Sources EWP GWP 100GW EL RKN ED ERN KR
Family 8.13%* 9.28%* 17.77%* 8.00%* 5.95%* 6.62%%* 11.56%* 7.63%*
Environment 46.63%* 31.81%* 75.84%: 75.46% 4.81 12.74% 6.80 0.52
Family x environment 1.22%* 1.25%* 1.70%* 1.20% 1.62%* 1.06 1.60%* 1.21%*

* k% Significance at 0.05 and 0.01 levels, respectively

qGWP-4-1 in phi072—umc1757 (bin 4.01) at 07Zhengzhou,
Wenxian and in combined analysis, qGWP-4-2 in
bnlg1126—umc1117 (bin 4.03—4.04) and qGWP-10-1 in
umcl1677-umc2122 (bin 10.05-10.06) at 07Zhengzhou,
Xinxiang and in combined analysis. In both F,.3 and BC,F,
generations, five QTL on chromosomes 1, 4, 5, 8 and 10
were detected. However, QTL on chromosomes 4 and 10
were located in different marker intervals.

100 Grain weight

Twenty-two QTL were detected for 100GW located on
chromosomes 1, 2, 5, 6, 7 and 10. Each QTL explained
from 4.2 to 24.6% of the phenotypic variation, with 10
QTL explaining over 10% and seven QTL over 15%.
ql00GW-1-1 and q100GW-5-1 were consistently detected
at 07Zhengzhou, Wenxian, Xinxiang and in combined
analysis in the same marker intervals phi001-umc2227
(bin 1.03-1.04) and umc1478-bnlg565 (bin 5.01-5.02),
respectively. q100GW-1-1 always explained above 19.3%
of the phenotypic variation. q100GW-7-1 was consistently
detected in the same marker interval umc2057-umc1567
(bin 7.02-7.03) in all four environments and in combined
analysis. Positive alleles of all QTL came from the dent
corn parent Dan232. In both F,.; and BC,F, generations,
six QTL on chromosomes 1, 5, 7 and 8 were detected.
Although QTL on chromosomes 1 and 5 were all detected
across three generations, they were not located in the same
marker intervals. Two QTL on chromosomes 5 and 7
detected in the F,.; generation were located in the same
marker intervals.

EL and RKN

Fourteen QTL were detected for EL, and located on
chromosomes 1, 2, 3, 4 and 7. Each QTL explained from
4.5 to 8.7% of the phenotypic variation. qEL-1-1, gEL-1-2,
and qEL-3-1 were consistently detected in two environ-
ments and in combined analysis in the same marker
intervals bnlg1007-umc1403 (bin 1.02-1.03), bnlg1556—
phi039 (bin 1.07-1.08), and bnlg1452—umc1773 (bin 3.04),
respectively. qEL-7-1 was consistently detected in marker
interval umc2057-umc1567 (bin 7.02-7.03) at Xinxiang
and 08Zhengzhou. Positive alleles of all QTL came from
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the dent corn parent Dan232, except qEL-1-1 and qEL-3-1.
In both F,.3 and BC,F, generations, six QTL on chromo-
somes 1, 3, 4, and 7 were detected. The QTL on chromo-
some 3 were all detected across three generations and
located in adjacent marker intervals. The QTL detected on
chromosome 4 in the F,.; generation was also located in
adjacent marker interval bnlg2291-dupssr228 (bin
4.06-4.08).

Eight QTL were detected for RKN, located on chro-
mosomes 1, 4, 5 and 7. Each QTL explained from 7.2 to
12.1% of the phenotypic variation, with three QTL
explaining over 10%. Two QTL were consistently detected
in the same marker intervals, qRKN-1-1 in umc1269-
phi427913 (bin 1.01) at 07Zhengzhou and in combined
analysis, and gRKN-5-1 in umc1478-bnlg565 (bin
5.01-5.02) at Wenxian and in combined analysis. Except
for qRKN-1-2, qRKN-4-1 and qRKN-4-2, the positive
alleles came from the popcorn parent N0O4. Two QTL on
chromosomes 7 and 8 were detected in the F,.; and BC,F,
generations. But the QTL on chromosome 7 detected in
F,.3 generation was located in different marker intervals.

ED and ERN

Nineteen QTL were detected for ED. These QTL were
located on chromosomes 1, 2, 3, 4, 7, 8 and 10. Each QTL
explained from 5.0 to 18.2% of the phenotypic variation,
with six QTL explaining over 10% and one QTL over 15%.
Two QTL were consistently detected in the same marker
intervals, qED-1-1 in umc1269—phi427913 (bin 1.01) at
07Zhengzhou, Wenxian, Xinxiang and in combined anal-
ysis, and gED-3-1 in umc2277-umc1052 (bin 3.08-3.09) at
Xinxiang, 08Zhengzhou, and in combined analysis. Posi-
tive alleles of all QTL came from the dent corn parent
Dan232 except qED-1-1 and qED-1-2. In both F,.; and
BC,F, generations, 10 QTL on chromosomes 2, 4, 5, 8 and
10 were detected. QTL on chromosome 10 were located in
the same or adjacent marker interval. But QTL on chro-
mosomes 4 and 8 detected across three generations, and
QTL on chromosome 2 detected across two generations,
were all located in different marker intervals.

Thirteen QTL were detected for ERN. These QTL were
located on chromosomes 3, 4, 6, 9 and 10. Each QTL
explained from 4.7 to 17.8% of the phenotypic variation,
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Table 2 Performance of eight grain yield components for two parents and in the RIL population
Trait Environment Parent RIL population
NO04 Dan232 Range Average CV (%) Skewness Kurtosis
EwWP 07Zhengzhou 35.00 45.80 9.05-102.38 38.37 33.83 0.76 1.99
Wenxian 27.60 48.10 12.50-92.50 50.14 30.03 —0.01 —0.25
Xinxiang 23.50 60.75 11.35-92.75 43.03 36.04 0.50 —0.06
08Zhengzhou 16.50 59.60 13.70-107.80 38.04 39.47 0.89 1.26
Average 25.65 53.56 18.50-78.01 42.26 28.78 0.27 —-0.22
GWP 07Zhengzhou 27.70 32.50 5.10-74.63 28.74 38.47 0.61 0.96
Wenxian 22.25 32.20 6.04-73.91 38.05 34.95 0.07 —0.18
Xinxiang 18.85 40.50 6.30-76.20 32.39 41.61 0.55 0.01
08Zhengzhou 13.00 45.00 7.90-74.60 29.11 42.11 0.07 0.26
Average 20.45 37.55 10.81-61.63 31.98 32.90 0.27 —0.23
100GW 07Zhengzhou 9.20 23.20 7.24-24.67 15.82 19.96 —0.04 0.15
Wenxian 10.11 23.06 9.10-25.33 16.20 19.35 0.11 —0.28
Xinxiang 9.43 26.56 8.62-28.64 18.06 19.10 0.27 0.45
08Zhengzhou 7.92 22.17 6.99-24.91 15.53 20.90 0.07 —0.03
Average 9.16 23.75 9.08-25.85 16.41 17.80 0.09 0.33
EL 07Zhengzhou 11.08 12.77 7.60-17.75 12.20 13.69 0.10 0.35
Wenxian 11.85 13.65 7.20-17.63 13.42 12.18 —0.51 0.93
Xinxiang 11.49 15.25 8.93-18.76 13.71 12.67 —0.11 —0.09
08Zhengzhou 11.10 11.22 5.83-16.90 11.54 17.57 0.14 0.44
Average 11.38 13.22 8.87-17.14 12.73 11.59 0.05 0.04
RKN 07Zhengzhou 22.10 16.40 12.00-30.15 21.70 16.56 —0.15 —0.11
Wenxian 22.40 18.60 10.47-32.50 22.60 18.16 —-0.27 0.08
Xinxiang 23.50 20.70 16.20-32.50 23.75 13.56 0.22 —0.15
08Zhengzhou 28.00 19.80 12.67-36.60 22.45 17.27 1.09 223
Average 24.00 18.88 15.28-30.90 22.62 13.28 0.15 —0.22
ED 07Zhengzhou 2.39 4.10 1.69-4.74 3.24 10.99 0.37 2.64
Wenxian 2.53 4.18 1.44-4.53 3.46 11.15 —0.85 431
Xinxiang 2.58 4.32 2.57-4.62 3.45 10.37 0.04 0.12
08Zhengzhou 2.10 4.12 2.25-4.36 3.12 10.91 0.23 0.88
Average 2.40 4.18 2.35-4.27 333 9.42 —-0.02 0.06
ERN 07Zhengzhou 13.20 15.20 10.95-21.4 14.92 11.33 0.64 0.61
Wenxian 13.60 15.80 9.20-20.80 15.51 12.13 0.33 0.13
Xinxiang 14.40 16.00 11.80-20.20 15.02 9.98 0.54 0.28
08Zhengzhou 14.00 17.20 8.50-19.60 15.03 10.89 0.20 0.35
Average 13.80 16.05 10.89-20.50 15.12 9.73 0.48 0.20
KR 07Zhengzhou 0.79 0.71 0.37-0.87 0.74 10.48 —1.70 4.12
Wenxian 0.81 0.67 0.38-0.87 0.75 9.92 —1.85 5.40
Xinxiang 0.80 0.67 0.44-0.89 0.74 10.49 —1.04 1.30
08Zhengzhou 0.79 0.76 0.50-0.98 0.75 9.40 —-0.87 1.45
Average 0.80 0.70 0.52-0.95 0.75 8.47 —0.65 1.11

with six QTL over 10% and two QTL over 15%. Three
QTL were consistently detected in the same marker inter-
vals, qERN-4-1 in bnlg1621-bnlg1189 (bin 4.06—4.07) at
Wenxian, Xinxiang and in combined analysis, QERN-9-1 in
umc1636—umc1267 (bin 9.02-9.03) at Wenxian and
Xinxiang, and qERN-10-1 in umcl1677-umc2122 (bin

10.05-10.06) at Wenxian and in combined analysis. Except
for qERN-9-1 positive alleles of all QTL came from the
dent corn parent Dan232. In both F,.3 and BC,F, genera-
tions, six QTL on chromosomes 4, 5, 7 and 10 were
detected. Two QTL on chromosomes 4 and 10 detected in
the F,.3 generation were located in the related or same
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Table 3 Correlations among eight grain yield components in the RIL population and trait heritabilities based on combined data across three

environments in 2007

Trait EWP GWP 100GW EL RKN ED ERN KR
EWP 1 0.98%%* 0.34%* 0.54%%* 0.63%* 0.73%%* 0.41%%* 0.54%%*
GWP 0.98%%* 1 0.34%* 0.47%* 0.60%* 0.70%* 0.40%* 0.68%*
100GW 0.35%* 0.35%* 1 0.15%%* —0.24%* 0.43%%* —0.22%* 0.16%*
EL 0.55%%* 0.48%%* 0.15%%* 1 0.74%* 0.24%%* 0.01 0.03
RKN 0.67%* 0.63%%* —0.26%* 0.76%* 1 0.25%%* 0.30%* 0.29%%*
ED 0.77%* 0.74%%* 0.45%%* 0.24%% 0.26%* 1 0.57%%* 0.37%*
ERN 0.42%* 0.41%* —0.23%* —0.01 0.30%* 0.60%* 1 0.26%*
KR 0.57%%* 0.70%* 0.17%%* 0.03 0.31%* 0.37%%* 0.27%%* 1
Heritability (h3) 0.88 0.89 0.94 0.88 0.8 0.85 0.91 0.87
Confidence intervals on 95% hi  0.85-0.90  0.87-0.91  0.93-0.95 0.85-0.90 0.79-0.86  0.81-0.88  0.89-0.93  0.84-0.89

Phenotypic correlations above diagonal and genotypic correlations below

EWP ear weight per plant, GWP grain weight per plant, /00GW 100 grain weight, EL ear length, RKN kernel number per row, ED ear diameter,

ERN row number per ear, KR kernel ratio

marker intervals. But no common QTL across three gen-
erations were detected.

Kernel ratio

Ten QTL for KR were detected, located on chromosomes
2,4, 7 and 8. Each QTL explained from 4.3 to 19.2% of the
phenotypic variation, with four QTL explaining over 10%
and one over 15%. qKR-4-1 was consistently detected in
the same marker interval phi072—umc1757 (bin 4.01) at
07Zhengzhou, Xinxiang and in combined analysis. Positive
alleles of all QTL came from the dent corn parent Dan232,
except for gKR-2-1, gKR-4-2 and qKR-4-3. KR was not
included in the F,.; and BC,F, generations.

Digenic epistasis among detected QTL

Forty-two pairs of epistatic interactions were detected
among 103 QTL for eight traits (data not shown). These
involved 68 loci distributed on all ten chromosomes.
However, the interaction effects were all very low,
explaining from 0.1 to 6.0% of the phenotypic variation.
These results indicated that the contributions of digenic
interactions to grain yield components were small in most
instances.

Meta-QTL analysis

The integrated genetic map consisted of 237 SSR markers,
and was 2,452.2 cM long with an average marker interval
of 10.35 cM (Fig. 1). For 138 QTL (103 QTL in this study
and 35 in the F,.; and BC,F, generations) detected for
eight grain yield components in three generations, 16 dis-
tinct QTL clusters were found (Table 5). Ninety-one QTL
(65.9%) were integrated in those regions, 69 QTL in RIL,
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12 QTL in F,.3 and 10 QTL in BC,F, generations. These
mQTL were located on eight chromosomes, four on chro-
mosome 1, three on chromosome 4, two on chromosomes
3, 5 and 10, and one on chromosomes 2, 7 and 9. On
average, one mQTL included 5.7 QTL with a range from 3
to 12 for one to six traits. QTL included in mQTLI1-1,
mQTL1-2, mQTL1-4, mQTL3-1, mQTL3-2 and mQTL9-1
were all only detected in the RIL generation, while those in
mQTL1-3, mQTLS5-1, mQTL7-1 and mQTL10-2 were
detected across three generations. mQTL7-1 included 12
QTL for six traits (EWP, GWP, 100GW, EL, ED and
ERN), with the Dan232 allele favoring EWP, GWP,
100GW, ED and EL and the NO4 allele favoring ERN. The
twelve QTL involved in mQTL10-2 associated with four
traits (EWP, GWP, ERN and ED), with all favorable alleles
coming from Dan232. mQTL4-1 included eight QTL for
four traits (EWP, GWP, ED and KR), with all favorable
alleles coming from Dan232. mQTL5-1 included eight
QTL for two traits (100GW and RKN), with all favorable
alleles coming from Dan232. However, mQTLI1-2,
mQTL3-1 and mQTL9-1 included QTL only for one trait,
EL, 100GW, EL and ERN, respectively.

Discussion

Consistent QTL detected across three generations
for grain yield components

Three generations (RIL, F,.; and BC,F,) derived from the
same two parents were used to detect QTL for grain yield
components. In this study, a total of 103 QTL for 8 traits
were detected in the RIL generation in 4 environments and
in combined analysis. In our previous research, 16 and 19
QTL for 6 grain yield components were found in F,.; and
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Table 4 QTL detected for eight grain yield components in each environment and in combined analysis in the RIL population
Trait Environment QTL Marker interval Bin locus Position LOD R* (%) A®
EWP 07Zhengzhou q7zEWP-10-1 umcl677-umc2122 10.05-10.06 81.7 33 8.4 3.71
Wenxian qwEWP-4-1 phiO72—umcl757 4.01 16.0 35 12.5 5.34
Xinxiang gxEWP-4-2 bnlgl126-umcl117 4.03-4.04 71.7 3.9 10.4 5.08
qxEWP-10-1 umcl677-umc2122 10.05-10.06 81.7 44 11.1 5.21
08Zhengzhou q8zEWP-6-1 umc1296—umc2165 6.07 212.4 3.0 6.1 3.78
q8zEWP-7-1 umc1666—umc2057 7.02 64.6 35 6.4 3.80
Average qcEWP-10-1 umcl677-umc2122 10.05-10.06 81.7 32 8.6 3.58
GWP 07Zhengzhou q7zGWP-4-1 phi072—umcl757 4.01 16.0 2.8 10.5 3.64
q7zGWP-4-2 bnlgl126-umcl117 4.03-4.04 75.7 4.0 12.1 3.90
q7zGWP-10-1 umcl677-umc2122 10.05-10.06 81.7 34 8.8 3.31
Wenxian qwGWP-4-1 phi072—umcl757 4.01 16.0 4.0 15.3 522
Xinxiang gxGWP-4-2 bnlgl126-umcl117 4.03-4.04 75.7 4.4 12.4 4.81
gxGWP-10-1 umcl677-umc2122 10.05-10.06 81.7 42 10.9 4.47
Average qcGWP-4-1 phi072-umcl757 4.01 18.0 4.8 15.6 4.21
qcGWP-4-2 bnlgl126-umcl117 4.03-4.04 71.7 3.8 10.7 3.49
qcGWP-7-1 umc2057-umc1567 7.02-7.03 71.2 3.2 6.0 2.60
qcGWP-10-1 umcl677-umc2122 10.05-10.06 81.7 4.3 114 3.56
100GW 07Zhengzhou q7z100GW-1-1 phi001-umc2227 1.03-1.04 129.3 6.2 22.9 1.52
q7z100GW-5-1 umcl1478-bnlg565 5.01-5.02 455 4.0 8.5 0.93
q7z100GW-5-2 bnlg565-phil09188 5.02-5.03 73.4 3.1 12.0 1.1
q7z100GW-6-1 umc1883-umcl1018 6.00-6.01 0.01 3.8 5.1 0.73
q7z100GW-7-1 umc2057-umc1567 7.02-7.03 732 3.1 5.7 0.76
Wenxian qwl00GW-1-1 phi001-umc2227 1.03-1.04 129.3 5.1 20.5 1.43
gwl00GW-5-1 umcl478-bnlg565 5.01-5.02 45.5 3.7 8.2 0.92
gqwl00GW-7-1 umc2057-umcl567 7.02-7.03 75.2 6.9 11.6 1.16
Xinxiang qx100GW-1-1 phi001-umc2227 1.03-1.04 129.3 7.9 24.6 1.72
qx100GW-2-1 phi402893—-umc1227 2.00-2.01 10.0 32 5.6 0.81
qx100GW-2-2 umcl1776—umc1448 2.03-2.04 82.4 34 7.5 0.95
qx100GW-5-1 umcl478-bnlg565 5.01-5.02 455 3.1 6.1 0.86
qx100GW-5-2 bnlg565-phil09188 5.02-5.03 754 33 11.7 1.19
qx100GW-7-1 umc2057-umc1567 7.02-7.03 75.2 9.0 15.8 1.38
qx100GW-10-1 umc1938—umc2163 10.03-10.04 56.1 4.8 7.3 0.95
08Zhengzhou q8z100GW-5-3 umc1502—umc1941 5.05-5.06 156.7 3.0 5.7 0.78
q8z100GW-7-1 umc2057-umc1567 7.02-7.03 75.2 8.1 16.7 1.34
Average qcl00GW-1-1 phi001-umc2227 1.03-1.04 127.3 6.3 19.3 1.29
qcl00GW-2-3 phiO83-umci1459 2.04-2.05 121.8 3.04 6.9 0.77
qcl00GW-5-1 umcl1478-bnlg565 5.01-5.02 455 3.49 7.3 0.80
qcl00GW-7-1 umc2057-umc1567 7.02-7.03 75.2 9.11 17.0 1.21
qcl00GW-10-2 umcl1677-umc2122 10.03-10.04 63.5 3.1 42 0.60
EL 07Zhengzhou q7zEL-1-2 bnlg1556-phi039 1.07-1.08 261.2 3.1 6.5 0.43
q7zEL-3-1 bnlg1452—umcl773 3.04 108.2 3.1 5.5 —-04
Wenxian qwEL-1-1 bnlg1007—-umc1403 1.02-1.03 43.1 3.0 52 —0.41
Xinxiang gxEL-1-1 bnlg1007-umc1403 1.02-1.03 47.1 4.0 8.1 —0.5
qxEL-1-2 bnlg1556-phi039 1.07-1.08 265.2 32 7.7 0.48
qxEL-2-1 umc1992—-mmc0381 2.08 235.5 3.0 4.5 0.37
gxEL-4-1 dupssr28—umcl313 4.08-4.09 200.0 3.1 7.2 0.47
qxEL-7-1 umc2057-umc1567 7.02-7.03 73.2 3.1 5.7 0.42
qxEL-7-2 umc2190-phil 16 7.06 220.9 45 6.9 0.46
08Zhengzhou q8zEL-3-1 bnlg1452—umcl1773 3.04 108.2 34 7.1 —0.54
q8zEL-7-1 umc2057-umcl1567 7.02-7.03 772 2.9 7.0 0.55
Average qcEL-1-1 bnlg1007-umc1403 1.02-1.03 47.1 43 8.7 —0.44
qcEL-1-2 bnlg1556-phi039 1.07-1.08 265.2 3.6 8.3 0.43
qcEL-3-1 bnlg1452—umcl773 3.04 108.2 3.1 5.1 —0.34
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Table 4 continued

Trait Environment QTL Marker interval Bin locus Position LOD R? (%)* AP
RKN 07Zhengzhou q7zRKN-1-1 umc1269-phi427913 1.01 104 43 7.9 —1.02
q7zRKN-7-1 umc1936-phi328175 7.03-7.04 155.9 3.0 10.6 —1.18
Wenxian gqwRKN-4-1 bnlgl126-umcl117 4.03-4.04 71.7 4.0 11.2 1.38
gwRKN-5-1 umcl478-bnlg565 5.01-5.02 455 4.6 12.1 —1.43
Xinxiang gqwRKN-4-2 dupssr28—umc1313 4.08-4.09 204.0 3.0 7.2 0.87
08Zhengzhou q8zRKN-1-2 bnlg1556-phi039 1.07-1.08 265.2 32 9.6 1.21
Average qcRKN-1-1 umc1269-phi427913 1.01 12.4 3.8 7.3 —-0.82
qcRKN-5-1 umcl478-bnlg565 5.01-5.02 415 32 7.6 —0.83
ED 07Zhengzhou q7zED-1-1 umc1269-phi427913 1.01 8.4 3.9 6.7 —0.11
q7zED-1-2 bnlgl643—umc2047 1.08-1.09 314.1 2.8 6.3 —0.1
q7zED-10-1 umcl938-umc2163 10.03-10.04 56.1 34 5.7 0.10
Wenxian gwED-1-1 umc1269-phi427913 1.01 8.4 34 5.8 —0.09
qwED-8-1 bnlgl1812-umc1960 8.05 139.0 33 6.9 0.10
Xinxiang gxED-1-1 umc1269-phi427913 1.01 8.4 32 6.0 —0.08
gxED-3-1 umc2277-umc1052 3.08-3.09 89.2 4.1 10.9 0.12
gxED-4-1 phiO72—umcl1757 4.01 22.0 4.9 18.2 0.15
gxED-7-1 umc2057-umcl567 7.02-7.03 71.2 4.0 7.3 0.10
gxED-10-2 umcl677-umc2122 10.05-10.06 79.7 39 9.5 0.11
08Zhengzhou q8zED-2-1 bnlg1940-umc2214 2.08-2.10 260.1 3.1 12.9 0.12
q8zED-3-1 umc2277-umcl052 3.08-3.09 93.2 44 11.6 0.12
q8zED-4-2 dupssr28—umci1313 4.08-4.09 194.0 33 8.8 0.10
q8zED-7-2 phi057-umc1409 7.01 50.0 4.8 10.1 0.11
Average qcED-1-1 umc1269—phi427913 1.01 8.4 34 5.4 —0.07
qcED-2-2 phi402893—umc1227 2.00-2.01 4.0 3.0 5.8 0.08
qcED-3-1 umc2277-umcl1052 3.08-3.09 91.2 42 12.1 0.11
qcED-4-3 bnig1189—umc1808 4.07-4.08 167.4 3.09 5.85 0.08
qcED-7-3 bnlg2233-umcl1068 7.02 12.0 3.1 8.98 0.1
ERN 07Zhengzhou q7zERN-3-1 bnlgl1647-umc2259 3.02-3.03 67.6 33 6.5 0.43
Wenxian gqwERN-4-1 bnlg1621-bnlgl189 4.06-4.07 141.7 35 15.8 0.75
gwERN-9-1 umc1636—umci1267 9.02-9.03 72.3 3.0 11.6 —0.64
qwERN-10-1 umcl1677-umc2122 10.05-10.06 79.7 3.1 9.1 0.57
Xinxiang gxERN-4-1 bnlg1621-bnlg1189 4.06-4.07 141.7 4.0 17.8 0.64
qxERN-4-2 bnig1189—umc1808 4.07-4.08 165.4 33 6.7 0.39
qxERN-9-1 umc1636—umci1267 9.02-9.03 72.3 3.6 13.0 —0.54
08Zhengzhou q8zERN-3-2 umcl052-umcl594 3.09 111.1 4.0 8.7 0.49
q8zERN-6-1 umc1296-umc2165 6.07 206.4 3.1 72 0.44
q8zERN-10-1 phi323152-umc2021 10.05-10.07 133.9 4.7 10.2 0.53
Average qcERN-4-1 bnlg1621-bnlgl189 4.06-4.07 143.7 3.9 14.8 0.57
qcERN-9-1 umc1267-umci271 9.03 86.8 3.0 4.7 —0.32
qcERN-10-1 umcl677-umc2122 10.05-10.06 81.7 35 9.5 0.45
KR 07Zhengzhou q7zKR-4-1 phi072—umcl757 4.01 12.0 33 9.0 0.03
q7zKR-4-2 umcl1313-bnlg589 4.09-4.10 213.6 2.7 52 —0.02
Wenxian qwKR-7-1 bnlg2233—umc1068 7.02 24.0 2.8 7.3 0.02
qwKR-8-1 bnlg2046-bnlg666 8.04-8.05 124.1 2.8 43 0.02
Xinxiang gxKR-2-1 umcl065-bnlg1329 2.06-2.08 150.5 35 11.2 —0.03
qxKR-4-1 phi072—umcl757 4.01 16.0 53 19.2 0.03
08Zhengzhou q8zKR-4-3 umc1294-bnlgl126 4.02-4.03 53.8 2.9 49 —0.02
Average qcKR-2-1 umc1065-bnlgl329 2.06-2.08 150.5 3.1 10.5 —0.02
gcKR-4-1 phi072—umcl757 4.01 16.0 3.7 13.4 0.02
qcKR-7-2 phiO57-umc1409 7.01 52.0 2.9 5.6 0.02

2 R? percent of phenotypic variations explained by each QTL

b A additive effect of QTL, positive values indicated that alleles from Dan232 increased the trait score
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Fig. 1 The integrated map of the RIL and F,.3 generations, and QTL and meta-QTL for eight grain yield components detected in three

generations

BC,F, populations, respectively (Li et al. 2007). Among
the 138 QTL detected in total, no common QTL in the
same marker intervals were found across three generations.
The QTL for 100GW on chromosome 5 were located in
adjacent marker intervals. Four common QTL across the
RIL and F,.; generations were found in the same marker
intervals, two for 100GW at bin 5.02-5.03 and 7.02-7.03,
one for ED at bin 10.05-10.06, and one for ERN at bin
10.05-10.06. Two QTL were common between RIL and
BC,F, generations, which were located at the same bin
3.04 for EL and bin 10.03-10.04 for ED. Compared with
previous studies, the QTL for EL at the same bin 3.04 was
also detected by Austin and Lee (1998) in Fg.; lines. In
particular, QTL for 100GW located at bin 5.02-5.03 were
frequently detected by Austin and Lee (1996) in an Fg.;
generation, Veldboom and Lee (1994) in an F,.3 and Lan
et al. (2005) in an F,.5. These two QTL showed great
consistency across both environments and populations, and
might deserve further study in fine mapping and in MAS.

Three generations in our studies were derived from the
same two parents and the same method was used to detect
QTL. But the field experiments for the RIL generation

were not conducted under the same environments as the
F,.; and BC,F, generations. Therefore, the great incon-
sistency across three generations in QTL detection could be
mainly attributable to different genetic structures and
environments. The allele frequency was 50% NO04 to 50%
Dan232 in the F,.3, 83% NO04 to 15% Dan232 in the BC,F,
(Li et al. 2007), and 46% NO4 to 47% Dan232 in the RIL
generation (Zhang 2009). Clearly, backcrosses and selec-
tions in the BC,F, (Li et al. 2007) and successive meiosis
in the RIL generation (Zhang 2009) led to large changes in
genetic structure. Similar inconsistencies in QTL detection
for nine plant traits and three kernel composition traits
between the BC,F, and F,.5 generations were also observed
in our previous studies (Li et al. 2008; Liu et al. 2008).
Several other studies also showed that genetic structure has
great impact on QTL detection (Moreno-Gonzalez 1993;
Mihaljevic et al. 2004; Blanc et al. 2006). However, high
QTL consistency was found in the F,.5 and F¢.; generations
for eight grain yield and yield components by Austin and
Lee (1996), in which 70% QTL detected in the Fgq.; were
also identified in F,.3. Therefore, QTL consistency across
generations derived from the same parents might depend
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on other genetic reasons, such as germplasm, generations,
selection and traits.

The great influences of different environments could be
reflected in the significant variances of environments (2)
and genotype X environment interactions (aée) for most
traits in this study. Among the 103 QTL detected in four
environments and in combined analysis, 40, 5, 12 and 3 QTL
were detected in one, two, three and four instances,
accounting for 38.8, 4.9, 11.7 and 2.9%, respectively. Only
one QTL (q100GW-7-1) was consistently detected in four
environments and in combined analysis. Such high propor-
tions of environment specific QTL indicated that natural
environments (such as soil and climates) had large effects on
QTL detection for grain yield components. However, 12 out
of 13 QTL (except qED-4-1) with R? over 15% were con-
sistently detected in 2-3 environments and in combined
analysis, which involved four traits, GWP, 100GW, ERN
and KR. 100gGW-1-1 had the largest R” in three environ-
ments in 2007 and in combined analysis (from 19.3 to
24.6%), although it failed to be detected in 2008. This QTL
was also detected in the near marker intervals (bnlg1811—
bnlg1884 and umc2025-bnlgl1811) in both F,.5 and BC,F,
generations. q100GW-7-1 was also located in the same
marker interval umc2057—umc15677 in the F,.; generation,
with R? from 5.7 to 17.0%. qGWP-4-1, gERN-4-1 and gKR-
4-1 were all detected in two environments in 2007 and in
combined analysis, with R* from 10.5 to 15.6%, 14.8 to
17.8% and 9.0 to 19.2%, respectively. Moreover, QTL for
100GW at 10, 20, 30 and 40 days after pollination, and QTL
for grain filling rate during most periods, have been found in
the same marker interval as 100GW-7-1 in our recent study
using the same RIL population (data not published). This
indicated that major QTL had high consistency across dif-
ferent environments and generations, and combined analysis
across several environments could reveal major QTL
detected in each environment. These major QTL should be
paid great attention in further studies and MAS. Now, NILs
for five QTL (qGWP-4-1, q100GW-1-1, q100GW-7-1,
gERN-4-1 and gKR-4-1) are being constructed using MAS.

Meta-QTL analysis and QTL coincidence for grain
yield components

Because the results of QTL detection were greatly influ-
enced by several interacting factors, such as genetic
material (parents, populations, and generations), markers,
mapping methods and environments, it is difficult to
directly compare results across different studies (Moreno-
Gonzalez 1993; Veldboom and Lee 1994; Austin and Lee
1996; Tanksley and Nelson 1996; Austin et al. 2000; Ho
et al. 2002; Mihaljevic et al. 2004; Lan et al. 2005; Blanc
et al. 2006; Li et al. 2007, 2009; Liu et al. 2008). Through
meta-QTL analysis proposed by Goffinet and Gerber

(2000), not only could QTL from independent studies be
integrated, but also the genetic correlations among traits
could be revealed. The chromosome regions for mQTL
with high QTL co-localization might be hot spots for
important QTL for associated traits. This should be paid
great attention in further study and breeding.

In this study, 16 mQTL were obtained from 138 QTL
for 8 grain yield components detected in three generations
derived from the same two parents. Twelve QTL with R*
higher than 15% were all integrated in these mQTL. Five
mQTL, mQTL7-1, mQTL10-2, mQTL4-1, mQTL5-1 and
mQTL1-3, were much more important. Each of these
included 7-12 QTL associated with 26 traits, reflecting
clusters of multiple QTL for grain yield components. For
the compound trait GWP, 15 QTL were detected across 3
generations, 10 in RIL, 1 in F,.3 and 4 in BC,F,. Except for
the QTL detected in the BC,F,, the other 14 QTL were
included in 7 mQTL. The component traits of these inte-
grated QTL were 100GW in mQTL1-3, ED and KR in
mQTL4-1, RKN in mQTL4-2, ED, EL and ERN in
mQTL4-3, ED and ERN in mQTL5-2, 100GW, ED, EL
and ERN in mQTL7-1, and ED and ERN in mQTL10-2.
Co-integration of QTL for several grain yield components
and of GWP QTL with QTL for its component traits were
consistent with significant correlations among grain yield
and its component traits. Austin and Lee (1996) found that
53 of 80 (66%) loci for grain yield and yield components
were associated with 2 or more traits in maize. In Brassica
napus, 47 of the 55 (85%) QTL for seed yield were
co-localized with other yield traits (Shi et al. 2009).

The co-localization of QTL for yield correlated traits
might mean pleiotropy and/or tight linkage. Previous
studies in fine mapping and map-based cloning have found
that several QTL/genes exhibited pleiotropic effects on
multiple yield traits (Fan et al. 2006; Song et al. 2007; Xue
et al. 2008). Through dissection of seven QTL for yield
traits in a physical distance of 37.4 kb, Xie et al. (2008)
considered that those co-localized QTL could be a single
pleiotropic gene, which might act as a major regulator for
plant development and control several traits simulta-
neously. In this study, the genetic regions for mQTL1-2,
mQTL3-1 and mQTL9-1 might contain QTL for a single
trait: EL, EL and ERN, respectively. The other 13 mQTL-
related regions might contain tightly linked QTL for 2-6
traits or one single QTL with pleiotropic effects on several
traits. The real situations can only be revealed by further
study, through fine mapping for QTL and/or by develop-
ment of single segment substitution lines for these mQTL-
associated regions.

Acknowledgments This work was funded by the Henan Industrial
Development Project in High Technology, the Henan Science and
Technology Research Program (92102110062).

@ Springer



782

Theor Appl Genet (2011) 122:771-782

References

Arcade A, Labourdette A, Falque M, Mangin B, Chardon F,
Charcosset A, Joets J (2004) BioMercator: integrating genetic
maps and QTL towards discovery of candidate genes. Bioinfor-
matics 20:2324-2326

Austin DF, Lee M (1996) Comparative mapping in F,.;3 and Fg.;
generations of quantitative trait loci for grain yield and yield
components in maize. Theor Appl Genet 92:817-826

Austin DF, Lee M (1998) Detection of quantitative trait for grain
yield and yield components in maize across generations in stress
and nonstress environments. Crop Sci 38:1296-1308

Austin DF, Lee M, Veldboom LR, Hallauer AR (2000) Genetic
mapping in maize with hybrid progeny across testers and
generations: grain yield and grain moisture. Crop Sci 40:30-39

Blanc G, Charcosset A, Mangin B, Gallais A, Moreau L (2006)
Connected populations for detecting quantitative trait loci and
testing for epistasis: an application in maize. Theor Appl Genet
113:206-224

Chardon F, Virlon B, Moreau L, Falque M, Joets J, Decousset L,
Murigneux A, Charcosset A (2004) Genetic architecture of
flowering time in maize as inferred from quantitative trait loci
meta-analysis and synteny conservation with the rice genome.
Genetics 168:2169-2185

Churchill GA, Doerge RW (1994) Empirical threshold values for
quantitative trait mapping. Genetics 138:963-971

Fan C, Xing Y, Mao H, Lu T, Han B, Xu C, Li X, Zhang Q (2006)
GS3, a major QTL for grain length and weight and minor QTL
for grain width and thickness in rice, encodes a putative
transmembrane protein. Theor Appl Genet 112:1164-1171

Goffinet B, Gerber S (2000) Quantitative trait loci: a meta-analysis.
Genetics 155:463-473

Ho JC, McCouch SR, Smith ME (2002) Improvement of hybrid yield
by advanced backcross yield analysis in elite maize. Theor Appl
Genet 105:440-448

Kao CH, Zeng ZB, Robert DT (1999) Multiple interval mapping for
quantitative trait loci. Genetics 521:203-1216

Khowaja FS, Norton GJ, Courtois B, Price AH (2009) Improved
resolution in the position of drought-related QTLs in a single
mapping population of rice by meta-analysis. BMC Genomics
10:276

Knapp SJ, Stroup WW, Ross WM (1985) Exact confidence intervals
for heritability on a progeny mean basis. Crop Sci 25:192-194

Lan JH, Li XH, Gao SR, Zhang BS, Zhang SH (2005) QTL analysis
of yield components in maize under different environments. Acta
Agro Sin 31(10):1253-1259

Li ZK, Yu SB, Lafitte HR, Huang N, Courtois B, Hittalmani S,
Vijayakumar CHM, Liu GF, Wang GC, Shashidhar HE, Zhuang
JY, Zheng KL, Singh VP, Sidhu JS, Srivantaneeyakul S, Khush
GS (2003) QTL x environment interactions in rice. I. Heading
date and plant height. Theor Appl Genet 108:141-153

Li YL, Niu SZ, Dong YB, Cui DQ, Wang YZ, Liu YY, Wei MM
(2007) Identification of trait-improving quantitative trait loci for
grain yield components from a dent corn inbred line in an
advanced backcross BC,F, population and comparison with its
F,.3 population in popcorn. Theor Appl Genet 115:129-140

Li YL, Dong YB, Niu SZ, Cui DQ, Wang YZ, Liu YY, Wei MG, Li XH
(2008) Identification of agronomically favorable quantitative trait
loci alleles from a dent corn inbred Dan232 using advanced
backcross QTL analysis and comparison with the F,.; population
in popcorn. Mol Breed 21:1-14

Li YL, Li XH, Li JZ, Fu JF, Wang YZ, Wei MG (2009) Dent corn
genetic background influences QTL detection for grain yield and
yield components in high-oil maize. Euphytica 169:273-284

@ Springer

LiuYY, Dong YB, Niu SZ, Cui DQ, Wang YZ, Wei MG, Li XH, Fu JF,
Zhang ZW, Chen HQ, Li YL (2008) QTL identification of kernel
composition traits with popcorn using both F,.; and BC,F,
populations developed from the same cross. J Cereal Sci
48:625-631

Ma XQ, Tang JH, Teng WT, Yan JB, Meng YJ, Li JS (2007)
Epistatic interaction is an important genetic basis of grain yield
and its components in maize. Mol Breed 20:41-51

Mihaljevic R, Utz HF, Melchinger AE (2004) Congruency of
quantitative trait loci detected for agronomic traits in testcrosses
of five populations of European maize. Crop Sci 44:114-124

Moreno-Gonzalez J (1993) Efficiency on generations for estimating
marker-associated QTL effects by multiple regression. Genetics
135:223-231

Shi JQ, Li RY, Qiu D, Jiang CC, Long Y, Morgan C, Bancroft I, Zhao
JY, Meng JL (2009) Unraveling the complex trait of crop yield
with quantitative trait loci mapping in Brassica napus. Genetics
182:851-861

Song XJ, Huang W, Shi M, Zhu MZ, Lin HX (2007) A QTL for rice
grain width and weight encodes a previously unknown RING-
type E3 ubiquitin ligase. Nat Genet 39:623-630

Stuber CW, Edwards MD, Wendel JF (1987) Molecular marker-
facilitated investigations of in maize. II. Factors influencing
yield and its component traits. Crop Sci 27:639-648

Stuber CW, Lincoln SE, Wolff DW, Helentjaris T, Lander ES (1992)
Identification of genetic factors contributing to heterosis in a
hybrid from two elite maize inbred lines using molecular
markers. Genetics 132:823-839

Tanksley SD, Nelson JC (1996) Advanced backcross QTL analysis: a
method for the simultaneous discovery and transfer of valuable
QTLs from unadapted germplasm into elite breeding lines. Theor
Appl Genet 92:191-203

Veldboom L, Lee M (1994) Molecular-marker-facilitated studies of
morphological traits in maize. II: Determination of QTLs for
grain yield and yield components. Theor Appl Genet 89:451-458

Wang S, Basten CJ, Zeng ZB (2006) Windows QTL cartographer 2.5.
Department of statistics, North Carolina State University,
Ra-leigh, NC. http://statgen.ncsu.edu/qtlcart/WQTLCart.htm

Wang BT, Wu JY, Ding JQ, Xi ZY (2009) Map integration of QTLs
for grain yield and its related traits in maize. Acta Agro Sin
35:1836-1843

Xie X, Jin F, Song MH, Suh JP, Hwang HG, Kim YG, McCouch SR,
Ahn SN (2008) Fine mapping of a yield-enhancing QTL cluster
associated with transgressive variation in an Oryza sati-
va x O. rufipogon cross. Theor Appl Genet 116:613-622

Xue W, Xing Y, Weng X, Zhao Y, Tang W, Wang L, Zhou H, Yu S,
Xu C, Li X, Zhang Q (2008) Natural variation in Ghd7 is an
important regulator of heading date and yield potential in rice.
Nat Genet 40:761-767

Yan JB, Tang H, Huang YQ, Zheng YL, Li JS (2006) Quantitative
trait loci mapping and epistatic analysis for grain yield and yield
components using molecular markers with an elite maize hybrid.
Euphytica 149:121-131

Zeng ZB (1993) Theoretical basis of separation of multiple linked
gene effects on mapping quantitative trait loci. Proc Nat Acad
Sci 90:10972-10976

Zeng ZB (1994) Precision mapping of quantitative trait loci. Genetics
136:1457-1468

Zhang ZW (2009) Construction of normal corn x popcorn RIL
population and analysis of QTL for main traits. MS D Thesis.
Henan Agricultural University, Zhengzhou, Henan, China

Ziegler KE, Ashman B (1994) Popcorn. In: Hallauer AR (ed)
Specialty corns. CRC Press, New York, pp 189-223


http://statgen.ncsu.edu/qtlcart/WQTLCart.htm

	QTL consistency and meta-analysis for grain yield components in three generations in maize
	Abstract
	Introduction
	Materials and methods
	Plant materials and field experiments
	Phenotypic data analysis
	SSR and QTL analysis
	Meta-QTL analysis with BioMercator

	Results
	Trait analysis of variance, performance, heritability and correlation in RIL population
	QTL identification for each trait in RIL population and comparison across three generations
	EWP and GWP
	100 Grain weight
	EL and RKN
	ED and ERN
	Kernel ratio

	Digenic epistasis among detected QTL
	Meta-QTL analysis

	Discussion
	Consistent QTL detected across three generations for grain yield components
	Meta-QTL analysis and QTL coincidence for grain yield components

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


