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Abstract
Grain yield (GY) is one of the most important and complex quantitative traits in maize (Zea mays L.) breeding practice.
Quantitative trait loci (QTLs) for GY and three kernel-related traits were detected in a set of recombinant inbred lines (RILs).
One hundred and seven simple sequence repeats (SSRs) and 168 insertion/deletion polymorphism markers (Indels) were used
to genotype RILs. Eight QTLs were found to be associated with four yield-related traits: GY, 100-kernel weight (HKW),
10-kernel length (KL), and 10-kernel length width (KW). Each QTL explained between 5.96 (qKL2-1) and 13.05 (qKL1-1)
per cent of the phenotypic variance. Notably, one common QTL, located at the marker interval between bnlg1893 and chr2236477 (chromosomal bin 2.09) simultaneously controlled GY and HKW; another common QTL, at bin 2.03 was simultaneously responsible for HKW and KW. Of the QTLs identiﬁed, only one pair of signiﬁcant epistatic interaction involved in
chromosomal region at bin 2.03 was detected for HKW; no signiﬁcant QTL × environment interactions were observed. These
results provide the common QTLs and for marker-assisted breeding.
[Yang C., Zhang L., Jia A. and Rong T. 2016 Identiﬁcation of QTL for maize grain yield and kernel-related traits. J. Genet. 95, 239–247]

Introduction
Maize (Zea mays L.) is one of the most important global
cereal crops and is an ideal plant type in terms of its photosynthetic reaction. The growing human population requires
further improvement in grain yield (GY); consequently, the
genetics of maize GY and yield-related traits have been the
focus of many studies (Collard and Mackill 2008). As a complex quantitative trait, however, GY is inﬂuenced by many
genetic and environmental factors (Beavis et al. 1994; Yan
et al. 2006) and has relatively low heritability. Compared
with GY, yield components have higher heritability and are
less inﬂuenced by environmental factors (Messmer et al.
2009). Maize GY can be dissected into its several related
components and its genetic basis can be explained by the
effects of quantitative trait loci (QTLs) controlling its components. As an important yield determinant of maize, kernel weight exhibits signiﬁcantly positive correlation with GY
(Veldboom and Lee 1994; Li et al. 2011) and is mainly inﬂuenced by kernel shape or size, which is measured by kernel
length, width, and thickness (Peng et al. 2011; Liu et al.
2014). Thus, an increase in kernel weight and size has a large
effect on GY.
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With the rapid development of molecular genetic marker
technology and quantitative genetics, diverse segregation
populations have been used to detect QTLs for GY and
kernel-related traits, such as F2:3 (Berke and Rocheford 1995;
Austin and Lee 1996; Ribaut et al. 1997), BC2 F2 (Li et al.
2007), IF2 (Tang et al. 2010; Zhang et al. 2014), RILs (Li et al.
2013). Few consistent results have been obtained from previous studies, probably because of the use of different parental
materials, segregation population sizes, marker densities or
environments, which could inﬂuence the power of QTL detection (Beavis 1998; Melchinger et al. 1998). However, some
key QTL regions for kernel weight and size have been identiﬁed. Using 11 connected RIL populations with Huangzaosi
as the common parent and 11 elite inbreeds, Li et al. (2013)
found that seven common QTL regions controlled GY and
kernel-related traits. Eight QTL clusters which were associated with kernel size have been reported (Liu et al. 2014).
Although, a large number of QTLs controlling kernelrelated traits have been identiﬁed in all 10 maize chromosomes, only a few genes have been determined through the
positional cloning. Several mutant genes, defectivekernel1
(dek1) (Lid et al. 2002), dek23 (Clark and Sheridan 1986),
dek31 (Sheridan 1988), bt1 (Coe et al. 1990), rgf1 (Maitz
et al. 2000), mn1/incw2 (Cheng et al. 1996), ivr1 (Carlson
and Chourey 1999), sh1 (Wilson et al. 2004) and sh2
(Chen et al. 1997), which are associated with maize kernel
development have been identiﬁed and cloned. In addition,
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Martin et al. (2006) demonstrated that Gln1-4 at chromosomal bin 4.07 regulated the kernel size of maize
through changing glutamine synthetase isoenzymes protein
and activity. The orthologues of rice GW2 and GS3, ZmGW2CHR4 at bin 4.09 (Li et al. 2010b) and ZmGS3 at bin 1.04
(Li et al. 2010c) in maize were isolated and identiﬁed for
maize kernel weight and size. The molecular mechanisms
underlying kernel-related traits variation have only been provisionally determined, although numerous QTLs and genes
that control these traits have been detected.
In this study, a set of RILs derived from the cross between
B73 and SICAU1212 was used to identify QTLs responsible
for GY and kernel-related traits. This study will provide useful insights into the inheritances of these traits, and supply
effective molecular tools for improving kernel weight and
size, and consequently GY.

Materials and methods
Plant materials, ﬁeld experiments and phenotypic data collection
and analyses

The experimental materials consisted of two maize inbred
lines, B73 and SICAU1212. SICAU1212 was derived
from silunuo that was planted in Xishuangbanna, Yunnan
province, China and subsequently self-pollinated for seven
generations. Notably, silunuo with many primordial traits
was considered as the progenitor of Chinese waxy corn (Tian
et al. 2009). SICAU1212 was further crossed with B73 to
produce a set of RILs (F6:7 ), which consisted of 253 lines.
The 253 RILs and two parents were planted in a randomized complete block design with two replications at two
experimental stations located in Yunnan (22.02◦ N, 100.80◦ E,
elevation 551 m) and Sichuan province (30.41◦ N, 103.49◦ E,
elevation 500 m), China, during the winter of 2013 and the
summer of 2014, respectively. The abbreviations 13YN and
14SC represent Yunnan in 2013 and Sichuan in 2014, respectively. Each replication of RIL was grown in a single row
and each row (14 plants) was 3.5 m in length with a space
of 0.75 m between rows. Standard cultivation management
practices were conducted at each location with a density of
52,500 plants per hectare.
After maturity, GY (g) was calculated based on the mean
of ﬁve plants in the centre of each row; HKW (g) was the
mean of three repeat measurements of 100 kernels randomly
chosen from the bulked kernels. Because SICAU1212 and
several RILs produced lessthan 100 kernels, their HKW values were estimated from the average of three measurements
of the weight of 50 randomly selected kernels and then were
multiplied by two; KL (cm) and KW (cm) were the means
of three repeated measurements of 10 kernels randomly sampled from the bulked kernels. A concave point exists on the
surface of SICAU1212 kernel (ﬁgure 1), the kernel thickness (KT) value could not be accurately measured by digital
caliper; further, the genetic basis underlying the KT variance
could not be objectively dissected.
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Figure 1. Kernel phenotypes of the two parental inbred lines. Kernels in upper line belong to parent SICAU1212 and those in the
lower lines belongs B73. Scale bar = 1 cm.

SPSS 19.0 software (http://www.spss.com) was used to
calculate Pearson correlation coefﬁcients (r) between traits at
each location and the analyses of variance (ANOVA) of each
trait. The variance components including genotype, environment, replication (environment), and interaction between
genotype and environment of each trait was estimated by the
mixed model programme. The broad-sense heritability (H2 )
for each trait was estimated as follows:
2
+ σε2 /rn),
H2 = σg2 /(σg2 + σge
2
where σg2 is the genetic variance, σge
is the interaction of the
2
genotype with the environment, σε is the error variance, r
is the number of replications and n is the number of environments (Hallauer and Miranda 1988). According to Knapp
et al. (1985), 90% conﬁdence intervals (CI) of H2 for each
trait was calculated.

Genetic map construction

Total genomic DNA was extracted and puriﬁed from fresh
leaves of both parental lines and each of the RIL plants
using the CTAB procedure (Saghai-Maroof et al. 1984). A
total of 910 simple sequence repeats (SSRs) obtained from
MaizeGDB (based on the AGI’s B73 RefGen_v2 sequence,
http://www.maizegdb.org) were initially used to examine
polymorphisms between the two parents. Out of which, 107
SSR primers were ﬁnally used to genotype RIL families.
Meanwhile, 334 insertion/deletion polymorphism markers
(Indels) developed by our laboratory were also used to cover
more of the bins within the maize genome. Hundred and
sixty eight of the 334 Indels were added to the identiﬁcation
of genotype of the entire RIL families. The 253 RIL families were eventually genotyped by 275 markers consisting
of 107 SSRs and 168 Indels. The polymerase chain reaction (PCR) products were electrophoresed on 6% denaturing
polyacrylamide gels and stained with ∼0.33% silver nitrate
(Santos et al. 1993). The linkage map was developed using
Mapmaker/EXP ver. 3.0b (Lincoln 1992). The total length of
the molecular linkage map was 1379.6 cM across the maize
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genome with average intervals between adjacent markers of
5.02 cM. The RIL was ∼96.47% homozygous and 50.71%
of B73-allele. The order of most molecular markers was
consistent with that of their physical position in the linkage
map.

not in single environment. In this study, if QTLs for different
traits are detected within the same marker interval or their
CI/CIs overlapped, the corresponding loci are assumed to be
common QTLs or QTLs with pleiotropic effects.

Results

QTL identiﬁcation

QTL identiﬁcation for each trait at each location was performed using QTL IciMapping ver. 3.0 with the inclusive
composite interval mapping (ICIM) method (Li et al. 2008).
The additive and dominant effects (ICIM-ADD) mapping
method was used to identify QTL by stepwise regression,
with 1000 permutations and a walk speed of 2 cM. The conﬁdence intervals (CI/CIs) of the QTLs were estimated as
follows:
CI = 163/N × R2 ,
where N is the population size and R2 is the phenotypic variance contributed by the QTL (Darvasi and Soller 1997; Qi
et al. 2011). The joint QTL, epistatic interactions between
QTLs for each trait at each location and QTL environment
interaction based on the multienvironment phenotypic values were identiﬁed by the QTLNetwork ver. 2.0, with a
mixed linear model based on the composite interval mapping approach (Yang et al. 2007). The testing window, walk
speed and ﬁltration window of genome scan were set at 10,
2 and 10 cM, respectively. The logarithm (base 10) of odds
(LOD) threshold scores for signiﬁcant QTLs were obtained
with a permutation test of 1000 cycles (Churchill and Doerge
1994). The letter ‘J’ was labelled into the middle of this QTL
name while one QTL was only detected in joint analysis but

Analysis of ﬁeld trait data

Of the two parents, B73 exhibited higher values of GY
and KL, whereas SICAU1212 had higher values of HKW
and KW. There were highly signiﬁcant differences between
B73 and SICAU1212 for all traits, regardless of the location
(table 1). The data distributions for each trait were approximately normal, and there were large variations in two locations
(ﬁgure 2). It is noteworthy that all traits exhibited obvious
bidirectional transgressive segregation at each location, indicating polygenic quantitative genetic control. For each
trait, the genotypic variance components (σg2 ) and the vari2
ances of the genotype × environment interactions (σge
) were
highly signiﬁcant, indicating existence of signiﬁcant genetic
variability in RILs (table 1). In addition, the variance of the
environment for each trait was highly signiﬁcant, but the
variance of replication was nonsigniﬁcant (data not shown).
The broad-sense heritability (H2 ) of each trait ranged from
87.95 (KW) to 91.80% (KL), indicating that the genetic
factors may play an important role in determining these traits.
The analyses of Pearson correlation coefﬁcients (r)
showed that the GY signiﬁcantly positively correlated with
HKW, KL and KW (r = 0.380–0.659) across environments
(table 2); there were positive phenotypic correlations between
KL and KW during two environments (r = 0.762–0.776).

Table 1. Mean, range, variance component and heritabilitiy of RILs for grain yield and kernel-related traits.

B73

Mean ± SE

SICAU1212

Mean ± SE

RIL population

Range
Mean ± SE
CV (%)
Skewness
Kurtosis
Range
Mean ± SE
CV (%)
Skewness
Kurtosis
F
F

Genotype
Genotype × environment
H2 (%)
90% CI of H2 (%)

Environment

GY (g)

HKW (g)

KL (cm)

KW (cm)

13YN
14SC
13YN
14SC
13YN

77.60 ± 1.01
76.66 ± 1.53
16.95 ± 0.25∗
14.87 ± 0.05∗
10.14–88.02
35.44 ± 0.82
0.37
0.90
1.63
8.54–87.32
34.98 ± 0.86
0.39
0.75
0.71
8.981∗
2.793∗
88.61
85.98–90.74

18.02 ± 0.18
19.76 ± 0.24
23.63 ± 0.35∗
22.45 ± 0.13∗
6.23–24.15
14.76 ± 0.21
0.23
0.04
−0.12
4.35–25.60
15.25 ± 0.24
0.25
0.11
0.02
3.870∗
9.717∗
88.79
86.21–90.89

10.22 ± 0.06
10.06 ± 0.09
7.21 ± 0.08∗
6.83 ± 0.04∗
5.18–10.20
7.54 ± 0.05
0.11
0.20
0.26
4.83–9.93
7.37 ± 0.05
0.12
0.05
−0.03
81.703∗
1.606∗
91.80
89.91–93.33

6.63 ± 0.02
7.01 ± 0.06
9.33 ± 0.07∗
8.74 ± 0.06∗
5.55–9.43
7.32 ± 0.05
0.10
−0.05
−0.31
5.15–9.00
7.18 ± 0.05
0.10
−0.25
−0.05
55.454∗
1.963∗
87.95
85.18–90.21

14SC

H2 , broad-sense heritability; CI, conﬁdence intervals; GY, grain yield; HKW, 100-kernel weight; KL, 10-kernel length; KW, 10-kernel
width; 13YN, Yunnan in 2013; 14SC, Sichuan in 2014.
∗ Difference between the parents was highly signiﬁcant at P < 0.01 as determined by student t-test; SE, standard error.
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Table 2. Pearson correlation coefﬁcients (r) between traits across
environments.
Trait

Environment

HKW

KL

KW

GY

13YN
14SC

0.647∗
0.659∗

0.397∗
0.380∗

0.417∗
0.388∗

HKW

13YN
14SC

0.338∗
0.489∗

0.468∗
0.636∗

KL

13YN
14SC

0.776∗
0.762∗

∗ Signiﬁcantly

different at P < 0.01. For explanation of abbreviation, see table 1.

Identiﬁcation of QTLs for each trait

These results are summarized in table 3 and ﬁgure 3. Eight
QTLs were identiﬁed through single-environment mapping:
one for GY, three for HKW, three for KL and one for KW,
which were located on chromosomes 1, 2, 9 and 10, respectively. For GY, only one QTL (qGY2-1) was detected. This
QTL that explained 8.42–8.44% of the phenotypic variance
(PVE) was mapped in the marker interval between bnlg1893
and chr2-236477. Each HKW QTL accounted between 5.98
and 9.79% of the phenotypic variance with qHKW2-1 contributing the highest percentage. The negative additive effect
of the stable QTL (qHKW2-1 at chromosomal bin 2.03) and
the location-speciﬁc QTL (qHKW9-1 at chromosomal bin
9.04) indicated that alleles from SICAU1212 at these loci
were beneﬁcial for increasing HKW. Three putative QTLs
for KL were observed, which were located on chromosomes
1, 2 and 10. The phenotypic variance explained by individual
QTL ranged from 5.96 (qKL2-1) to 13.05% (qKL1-1). Only
one QTL (qKW2-1) was associated with KW which explained between 7.36 and 7.58% of the phenotypic variance.
Remarkably, one common QTL located in the marker
interval between bnlg1893 and chr2-236477 (bin 2.09)
simultaneously controlled GY and HKW, indicating that this
QTL may have effects on kernel weight; another common
QTL at bin chromosomal 2.03 was simultaneously responsible for HKW and KW, suggesting that this QTL may control kernel size. As noted earlier, kernel weight and size had
signiﬁcant correlations with GY.
The joint analysis among all environments

Figure 2. Distributions of grain yield and kernel-related traits of
RILs in two environments. The trait values of B73 and SICAU1212
are indicated by arrows. GY, grain yield; HKW, 100-kernel weight;
KL, 10-kernel length; KW, 10-kernel width.13YN and 14SC represent Yunnan in 2013 and Sichuan in 2014, respectively.
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In this study, 3, 4, 4 and 2 signiﬁcant QTLs were mapped
for GY, HKW, KL and KW by joint analysis, respectively
(table 4). Eight QTLS of the 13 were consistent for all traits
through single-environment mapping. The additive effect of
each signiﬁcant QTL explained from 0.0300 (qKL-J2-2) to
0.0883 (qKL1-1), which is 3.00–8.83% of the phenotypic
variance [h2 (A)]. No QTL was involved in signiﬁcant QTL ×
environment interaction.
Of the QTLs identiﬁed, only one signiﬁcant epistatic interaction was detected for HKW in 13 YN (table 5). This
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Table 3. QTLs detected for each trait through single-environment mapping.
Trait

Environment

GY

13YN
14SC

HKW

13YN

Left marker

Right marker

LOD

A

154.0
158.0

bnlg1893
bnlg1893

chr2-236477
chr2-236477

3.52
3.88

3.78
3.99

8.44
8.42

2
2
9
2
2

52.0
158.0
60.0
60.0
158.0

AC206622
bnlg1893
chr9-111431
umc2195
bnlg1893

umc1776
chr2-236477
umc1120
umc1448
chr2-236477

4.22
3.28
2.96
3.92
3.28

−0.99
0.91
−0.84
−1.19
0.96

8.51
7.22
5.98
9.79
6.31

14SC

q13yKL1-1
q13yKL2-1
q13yKL10-1
q14sKL1-1
q14sKL2-1
q14sKL10-1

1
2
10
1
2
10

52.0
88.0
22.0
52.0
88.0
24.0

chr1-31848
umc1080
chr10-55605
chr1-31848
umc1080
chr10-61797

chr1-47828
chr2-180662
chr10-55998
chr1-47828
chr2-180662
chr10-77445

6.98
3.53
4.46
4.65
3.63
3.37

0.30
0.20
0.23
0.25
0.22
0.22

13.05
5.96
7.39
8.98
6.46
6.54

13YN
14SC

q13yKW2-1
q14sKW2-1

2
2

48.0
42.0

chr2-14440
chr2-13709

AC210740
chr2-14440

3.83
4.02

−0.21
−0.20

7.58
7.36

14SC
KL

KW

13YN

QTL

Chr.

Position (cM)

q13yGY2-1
q14sGY2-1

2
2

q13yHKW2-1
q13yHKW2-2
q13yHKW9-1
q14sHKW2-1
q14sHKW2-2

PVE (%)

A, additive effect (positive values indicate alleles from B73 increased the trait score); PVE, phenotypic variance explained.

epistasis occurred between a signiﬁcant QTL (qHKW2-1)
and a nonsigniﬁcant QTL located on chromosome 6 and
explained 0.0454, which is 4.54% of the phenotypic variance [h2 (AA)], with a negative effect on HKW. However, this
effect was lower than that of corresponding QTLs, indicating
that the main effects of signiﬁcant QTLs may have stronger
effects on HKW.

Discussion
Genetic architectures of GY and kernel-related traits

Around half of the increased effects for GY and kernelrelated traits among the ﬁve identiﬁed QTLs could be
attributed to B73 and others to SICAU1212 (tables 3 and 4),
suggesting that alleles came from both parents contributed
equally to yield improvement. Interestingly, some studies
have shown similar results. Yan et al. (2006) found that
approximately half of the increased effects for GY and three
components were attributed to Zong3. Peng et al. (2011)
found that the increased effects (46.94%) for eight yieldrelated traits were attributed to Huangzaosi. Generally, kernel weight exhibited signiﬁcant positive correlation with GY,
indicating that there may be certain regions (with pleiotropic
effects) simultaneously responsible for kernel weight and
GY. Li et al. (2011) reported that the QTL for HKW in bin
7.02–7.03 was also associated with GY in a RIL population.
In addition, chromosomal regions at bin 1.04–1.05 (Austin
and Lee 1996; Li et al. 2007), bin 6.01 (Li et al. 2009), bin
6.06 (Veldboom and Lee 1994) and bin 9.07 (Yan et al. 2006)
have also been shown to have similar pleiotropic effects.
In this study, one common QTL for GY and HKW at chromosomal bin 2.09 was found to signiﬁcantly affect GY, grain
moisture (Beavis et al. 1994), HKW (Berke and Rocheford
1995) and KW (Liu et al. 2014). This chromosomal region
also inﬂuenced other yield-related components, such as ear
diameter (Veldboom and Lee 1994; Li et al. 2011), cob

diameter (Veldboom and Lee 1996), ear length (Austin and
Lee 1996) and kernel row number (Karen Sabadin et al. 2008).
This implied that bin 2.09 is important for genetic improvement of morphological traits in maize. Kernel size was recognized as an important yield determinant for enhancing the
GY during maize evolution (Doebley et al. 2006). Notably,
bin 2.03 was considered as one of the key regions which
controlled the domestication process from teosinte to maize
(Doebley 2004). Bin 2.03 region also may play an essential role in maize diversiﬁcation. Choe and Rocheford (2012)
found that QTLs for kernel number per row and kernel
weight were located at this region. Cai et al. (2014) reported
that a QTL at bin 2.03 had a large effect on kernel row number in a B73/Mo17 F2:3 population. Collectively, bin 2.03
region may play an important role in both maize domestication and later improvement processes.
In addition to the two common QTLs, other three stable
QTLs (qKL1-1 at chromosomal bin 1.03, qKL2-1 at bin 2.06
and qKL10-1 at bin 10.03) and one environment-speciﬁc
QTL (qHKW9-1 at bin 9.04) were identiﬁed. Using F2:3
families across multiple environments, Liu et al. (2014)
found that chromosomal regions near qKL1-1, qKL2-1 and
qHKW9-1 were associated with kernel shape traits. These
three regions were also shown to inﬂuence GY (Li et al.
2013). Although previous reports of QTLs for kernel-related
traits in the genomic regions near qKL10-1 in other maize
segregations were few, its neighbouring region, bin 10.04,
could control GY, kernel number per plant, kernel weight,
kernel density and KT (Peng et al. 2011), indicating that the
four chromosomal regions may also be required for kernel
development.
Epistasis between QTL

Epistasis or interactions between genes may play essential
roles in understanding the genetic basis of complex quantitative traits (Phillips 2008). In this study, the total phenotypic
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Figure 3. Molecular linkage map of RILs and locations of QTLs for four traits in two environments. Letter ‘C’ represents chromosome.
The image was produced by using Mapchart 2.2 software (http://www.wageningenur.nl/en/show/Mapchart.htm).

variance explained by all signiﬁcant QTLs were always less
than the corresponding broad-sense heritability, regardless of
any trait, indicating that the missing proportion of phenotypic variance may be partly explained by epistasis (Carlborg
and Haley 2004). However, for HKW, one pair of significant epistatic interaction involved in qHKW2-1 (bin 2.03)
was detected, which accounted for only 4.54% of the phenotypic variance. In other words, epistasis may not have large
effects on the improvement of kernel-related traits, which is
244

consistent with the previous studies (Yan et al. 2006; Peng
et al. 2011; Liu et al. 2014). These results revealed that the
variations of kernel-related traits may be inﬂuenced by a few
major loci plus several minor loci and epistatis effects. One
pair of epistatic interaction involved in region near qHKW2-1
has been identiﬁed for GY under water-stressed conditions
(Lu et al. 2006). Stable epistatic interactions involved in
bin 2.03 region were detected for kernel row number in different environments (Cai et al. 2014; Yang et al. 2015).
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Table 4. QTLs for each trait detected by joint analysis.
Trait

QTL

Chr.

Position (cM)

GY

qGY2-1
qGY-J8-1
qGY-J10-1

2
8
10

HKW

qHKW2-1
qHKW2-2
qHKW-J4-1
qHKW9-1

KL

KW

A

h2 (A)

h2 (AE)

3.90
0.66
10.67

3.67
2.99
2.56

0.0717
0.0442
0.0343

0.0001
0.0000
0.0001

umc1776
chr2-236477
chr4-10484
umc1120

1.23
3.90
5.16
10.16

−0.84
0.81
0.69
−0.89

0.0550
0.0433
0.0338
0.0391

0.0001
0.0003
0.0001
0.0002

bnlg1953
chr2-180662
bnlg1893
chr10-61797

chr1-31848
umc1560
chr2-236477
chr10-77445

8.17
21.71
3.90
15.65

0.27
0.18
0.13
0.18

0.0883
0.0660
0.0300
0.0507

0.0004
0.0000
0.0001
0.0002

chr2-11541
umc1212

chr2-12258
chr5-71688

0.72
10.20

−0.21
0.14

0.0581
0.0410

0.0000
0.0009

Left marker

Right marker

Est. size (Mb)

156.4
6.0
12.0

bnlg1893
umc1075
umc1380

chr2-236477
chr8-8098
chr10-12923

2
2
4
9

53.7
158.4
19.0
61.3

AC206622
bnlg1893
phi213984
chr9-111431

qKL1-1
qKL2-1
qKL-J2-2
qKL10-1

1
2
2
10

49.7
90.9
158.4
25.4

qKW2-1
qKW-J5-1

2
5

34.4
55.9

Est. size, estimated physical distance (Mb) between adjacent markers; phenotypic variance (h2 ) explained by A, additive effect; AE, additive ×
environment interaction, respectively.

Sa et al. (2015) showed that genetic interactions involved in
bin 2.03 region were associated with plant height and HKW.
Therefore, bin 2.03 region may be considered as epistatic
regulator which acted on the development of maize.
Comparison of identiﬁed QTLs and genes responsible for kernel
size and weight

The kernel size is considered as one of the key traits selected
by humans during maize domestication. In rice, GS3 gene
has been demonstrated as domestication-related gene underlying kernel size (Fan et al. 2006). In this study, one stable
QTL for KL, qKL2-1, has ZmGS3 gene as a ﬂanking marker.
The expression of ZmGS3 gene in immature ears and kernels
revealed that it might control maize kernel length and weight
with different functional polymorphisms and therefore be a
candidate gene for the development of maize kernel (Li et al.
2010c). In maize, GS genes played a role in the differential
regulation of GS synthesis during kernel development (Li
et al. 1993). Two QTLs also perfectly colocalized with genes
that were considered as candidate genes for GY and grain ﬁlling (Gallais and Hirel 2004): gln1 colocalizing with qKL1-1
and gln4 colocalizing with qKW-J5-1.mn1, which could
inﬂuence kernel size and weight (Cheng et al. 1996), was
located on chromosome 2 near the QTL qHKW2-1.dek1 that
is required for aleurone cell development could change kernel size (Lid et al. 2002) and thus is a strong candidate
gene for qKL1-1. dek23 that could affect kernel weight (Coe
et al. 1990), is located at bin 2.05 and might control QTL

qGY2-1/qHKW2-2. However, other mutant genes, such as
gln1-4, dek31, bt1 and rgf1, have not yet been mapped across
B73 × SICAU1212 segregation. One reason for this may
be that these genes do not control the kernel shape diversity
between B73 and SICAU1212. Further studies are needed to
determine whether these known related or mutant genes are
the causal genetic variants for these QTLs.
Common QTL

Identiﬁcation and conﬁrmation of QTLs simultaneously
responsible for yield and related traits (common QTLs or
QTLs with pleiotropic effects) should provide greater opportunities for breeders to improve yield by MAS. For example,
gene controlling grain chalkiness in rice, Ckalk5 (Li et al.
2014), was located within the region, which was simultaneously associated with grain width and length–width ratio in
an earlier report (Tan et al. 2000). GS3 in rice, which was
regarded as a major QTL for grain length, weight, width and
thickness (Fan et al. 2006), could affect grain size by modifying four putative domains (Mao et al. 2010). In maize,
one QTL on chromosome 10 that had pleiotropic effects on
kernel number per row (KN), kernel row number and ear
diameter in high and low phosphorus treatments has been
ﬁne-mapped for KN (Li et al. 2010a; Zhang et al. 2013).
For kernel-related traits, seven and eight common QTL
regions have been reported in F2:3 and RILs (Li et al. 2013;
Liu et al. 2014), respectively. Compared with the previous
studies, it was noteworthy that two common QTL regions at

Table 5. QTLs with epistatic effects identiﬁed in this study.
Trait

Environment

QTL (i)

Flanking markers

QTL (j)

Flanking markers

AA

h2 (AA)

HKW

13YN

qHKW2-1

AC206622-umc1776

non-chr6

umc1805-bnlg1759

−0.86∗

0.0454

non-chr6 was not a signiﬁcant QTL on chromosome 6 but associated with epistatic interaction; phenotypic variance (h2 ) explained by AA,
additive × additive epistasis; *signiﬁcantly different at P < 0.01 level.
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bin 2.03 and 2.09 were also detected in this study. By properly introgressing one of these common QTLs or pyramiding the favourable alleles of identiﬁed QTLs, maize GY may
be improved through increasing the kernel size. However,
the two common QTL regions need further validation, particularly in other breeding populations with diverse genetic
backgrounds.
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