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Abstract
Low phosphorus stress signi�cantly impacts the development of maize kernels. In this study, the 082 maize genotype,
which has high phosphorus use e�ciency, and the Ye107 maize genotype, which has low phosphorus use e�ciency,
were utilized to construct an F2:3 population. QTL mapping was then employed to determine the genetic basis of
differences in the maize kernel traits of the two parents in a low-phosphorus environment. This analysis revealed
several major QTLs that control environmental impacts on kernel length, kernel width, kernel thickness, and kernel
weight. These QTLs were detected in all three environments and were distributed on �ve genome segments of
chromosomes 3, 5, 6, and 9. Most environmental insensitive QTLs had stable effects in all low-phosphorus
environments, indicating that they may be broadly applicable to breeding efforts designed to generate germplasm with
higher phosphorus use e�ciency.

Background
Maize is an important ternary crop that is utilized for both human consumption and animal feed. Total global
production of maize has increased dramatically over the last few decades [1] and will need to at least double by 2050
in order to keep pace with population growth [2]. The level of naturally occurring soil phosphorus is not su�cient to
meet the needs of corn, which forces growers to apply chemical fertilizers and limits maize productivity. In addition, the
input of chemical phosphate fertilizer is expensive and results in signi�cant pollution.

Yield is one of the most complex maize traits [3] and is comprised of several factors, including both kernel and ear
traits. Due to their signi�cant impact on yield and quality, maize kernels have been extensively studied [4]. The majority
of kernel morphological traits are quantitative and result from multiple loci, which can be independently studied
through quantitative trait loci (QTL) analysis [5]. Through the examination of kernel length, kernel width, kernel
thickness, and 200-kernel weight in a low-phosphorus environment, it is possible to better understand the underlying
causes of differing maize yields. To explore the major QTLs for kernel traits in low-phosphorus environments, we
examined multiple underlying maize kernel traits, including kernel length, kernel width, kernel thickness, and 200-kernel
weight. These traits were then mapped through QTL analysis to identify underlying loci [6]. Although there are a large
number of QTLs for maize yield components listed on the MAIZEGDB and GREMENE websites, few QTLs related to
kernel length and thickness have been reported [7]. Analyzing the genetic basis of maize yield constituent factors and
kernel-related traits in a low-phosphorus environment may be useful for improving maize phosphorus e�ciency and
yield to promote more sustainable and e�cient agricultural development.

The rapid development of maize genomics technologies, including molecular markers [8], has enabled the quantitative
mapping of many agronomically important traits [9]. For example, Zhang [10] and Wang et al. [11] used bioinformatics
to analyze yield-related QTL found across maize databases. With the help of the high-density maize genetic linkage
map IBM Neighbors and molecular markers, these researchers integrated the QTL map of maize kernel-related traits.
However, Peng et al. [7] pointed out that due to the in�uence of factors such as population size and marker density, a
large number of QTL studies cannot accurately identify the genetic basis of yield traits. Additionally, such approaches
have di�culty distinguishing single-locus from multigenic traits and have trouble separating traits with close linkage.
Liu et al. [12] used F2:3 populations in �ve environments, and employed composite interval mapping (CIM) for single-
environment analysis, with a mixed linear model-based CIM for joint analysis to identify 55 and 28 kernel-related QTLs,
respectively. Nikolić et al. [13] used composite interval mapping in WinQTLCartographerv2.5 and identi�ed �ve single-
plant kernel QTLs in an F3 population. Lan et al. [14] measured maize kernel length, kernel width, kernel thickness, and
kernel weight in seven environments, and used the fusion compound interval mapping method to locate quantitative
trait loci (QTL) of yield-related traits, resulting in the detection of a total of 52 QTLs. Liu et al. [15] studied the genetic
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basis of maize kernel length, kernel width, and kernel thickness in seven environments, and detected 50 quantitative
trait loci (QTL) controlling these traits, eight of which were detected in at least three environments. Bai [16] phenotyped
the kernel traits of maize over a two-year period and conducted QTL analysis to identify causal loci. This led to the
identi�cation of 33 kernel trait QTLs, which were found on chromosomes 4, 5, 6, 7, 8, 9, and 10. Qin et al. [17] used the
complete interval mapping method to identify 30 QTLs for kernel length, kernel width, 100-kernel weight, and kernel
length/kernel width under �ve environmental conditions. Mu [18] used four maize traits based on high-density genetic
maps for QTL analysis of kernel length, kernel width, 100-kernel weight, and ear rows, and used multi-environmental
phenotype averages to locate QTLs for each trait. There were 16 QTL loci, located on chromosomes 2, 3, 4, 5, 8, 9, 10,
including two kernel length QTLs, three kernel width QTLs, four 100-kernel weight QTLs, and seven ear row QTLs. Li [19]
detected a total of seven QTLs for 100-kernel weight in a low-phosphorus environment at two sites. Hou et al. [20]
studied the changes in quality traits of maize varieties screened based on 100-kernel weight under normal phosphorus
and low phosphorus conditions and found that low phosphorus stress has a greater impact on the variation of
phosphorus-sensitive kernel quality traits. Ren et al. [21] detected 23 QTLs that control the yield traits of maize under
different phosphorus levels. This analysis showed that low phosphorus stress mainly causes yield reduction by
affecting 100-seed weight. Li et al. [22] detected 33 different QTLs for maize kernel traits under low-phosphorus
conditions. In this work, kernel length, kernel width, kernel thickness, 200-kernel weight were assessed under low
phosphorus conditions. A mapping population consisting of two parents with different phosphorus use e�ciencies
was employed to determine the genetic basis of changes in kernel traits under phosphorus stress, leading to the
identi�cation of multiple QTLs. These �ndings have signi�cant implications for marker-assisted breeding of maize with
improved kernel traits and yield under low phosphorus conditions.

Results
Phenotypic analysis of traits related to parents and kernels

There were obvious differences in the phenotypes of kernel-related traits between the parents (Table 1). For example,
the kernels of 082 were longer than those of Ye107, whereas the Ye107 kernels were wider, thicker, and had higher 200-
kernel weight. This variability in the parental lines was also seen in the F2:3 population (Table 2). For example, in the E1
environment, the average kernel length of the F2:3 family was 10.80 cm, and the range of variation was 5.17. The kernel-
related traits of F2:3 families showed a continuous distribution in all three environments, with small skewness and
kurtosis and phenotypic frequencies that were all normally distributed or approximately normal (Figure 1). These
characteristics imply that all traits surveyed were quantitative and could be studied further via QTL mapping. The kernel
length, kernel width, kernel thickness, and 200-kernel weight all showed high heritability, with values of 0.89, 0.90, 0.81,
and 0.87, respectively (Table 2). This implied that the differences in the four kernel traits were mainly controlled by their
own genetic factors rather than the environment. 

Correlation analysis of kernel-related traits

In all three environments, the kernel length, kernel width, and 200-kernel weight showed a signi�cant positive
correlation, with kernel length and 200-kernel weight showing the highest correlation (0.39 to 0.53). Kernel length
and kernel thickness, on the other hand, both showed a signi�cant negative correlation (P < 0.01). Additionally, kernel
width and kernel thickness showed a signi�cant positive correlation in E2 (P<0.05). There was also a slight positive
correlation between kernel width and 200-kernel weight in E1 and E3 (0.48 to 0.54, P < 0.01). Kernel thickness and 200-
kernel weight showed a signi�cant positive correlation in E2 and E3 but a weak positive correlation in E1 (Table 3).

Linkage map construction
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A total of 249 pairs of polymorphic SSR primers were used to genotype the F2:3 population. Among them, the parental
082 and Ye107 genes accounted for 45% and 55% of the population's genetic composition, which roughly coincided
with the expected ratio of 1:1. This indicates that the population was random and could be used to construct a genetic
map. The total length of the F2:3 population map was 1,224.521 cM, and the average distance between markers was
4.92 cM (Figure 2).

QTL mapping of kernel-related traits in the F2:3 population

QTL analysis in all environments revealed a total of 27 QTLs for the four kernel-related traits, which were distributed on
chromosomes 1, 3, 5, 6, 7, 9, and 10. The LOD value of each QTL ranged from 2.5 to 5.3 (Table 4), explaining 8.11% to
18.02% (Table 4) of the phenotypic variation. 

QTL mapping of kernel length

Eight QTLs for kernel length were found to be located on chromosomes 1, 3, 7, and 10. One of the QTLs, Qklen3-1, was
expressed in three environments and was located between markers bnlg1350 and bnlg1449 on chromosome 3. The
LOD values of this QTL were 3.65, 2.90, and 3.26 (Table 4), and the contribution rate to the phenotype was 11.56%,
11.36%, and 11.53% in E1, E2, and E3, respectively (Table 4). The modes of gene action were all partially dominant, and
the synergistic genes all came from the female parent 082. 

QTL mapping of kernel width

Under the three environmental conditions, six kernel width QTLs were found to be distributed on chromosomes 5 and 6.
Qkwid5, located on chromosome 5, was delineated by markers umc1325 and umc2292. This QTL was expressed in all
three environments and its LOD values were 2.73, 2.62, 2.83 (Table 4), with contribution rates of 11.27%, 10.20%, and
11.96% in E1, E2, and E3, respectively (Table 4). The modes of gene action were all partially dominant, and the
synergistic genes all came from the female parent 082. Qkwid6 was also present in three environments, and it was
located between markers umc1883 and umc2208 on chromosome 6. The LOD values for this QTL were 3.98, 3.58, and
5.32 (Table 4), with phenotype contributions of 15.62%, 14.25%, and 18.02% in E1, E2, and E3, respectively (Table 4).
The modes of gene action were all partially dominant, and the synergistic genes all came from the male parent Ye107. 

QTL mapping of kernel thickness

A total of six kernel thickness QTLs were detected on chromosomes 1, 3, and 7. Among them, Qkthi3 was expressed in
all three environments, it was located between markers bnlg1951 and phi102228 on chromosome 3 and had LOD
values of 2.50, 3.43, and 3.43, in E1, E2, and E3, respectively (Table 4). The contribution rates to the phenotype were
10.03%, 13.16%, and 13.19% (Table 4). The modes of gene action were all partially dominant, and the synergistic genes
all came from the male parent Ye107. Qkthi7-1 was located on chromosome 7 and was only detected in one
environment, but its phenotypic contribution rate was 11.93%. 

QTL mapping of 200-kernel weight

Under all environmental conditions, a total of seven QTLs for 200-kernel weight were found on chromosomes 6, 7, 9,
and 10. Among them, Qkwei9 was located on chromosome 9 and was expressed in all three environments. The marker
interval was from umc1743 to umc2398, and its LOD values were 3.42, 2.95, 3.18 (Table 4), with contribution rates of
11.58%, 9.32%, and 10.16% (Table 4) in E1, E2, and E3, respectively. The modes of gene action were all partially
dominant, and the synergistic genes all came from the male parent Ye107. Qkwei7-1, located on chromosome 7,
controls 200-kernel weight and had the highest phenotypic contribution rate (13.56%) among the detected QTLs.
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Joint analysis of QTLs for kernel-related traits in the F2:3 populations in all environments

A total of 63 QTLs for the four traits were detected from all environments combined (Table 5). Some QTLs had high
reproducibility with different QTL detection methods. For example, Qkwid6, Qkthi3, and Qklen3-2 were detected in the
same marker interval in 3, 3, and 2 single-environment and all-environment QTL joint analyses. Some QTLs, such as
Qkwei7-1, that had a high contribution rate in the single-environment QTL analysis were also detected in the same
marker interval in the joint analysis of all environments. Qklen3-1, Qklen7, Qkwei6 were detected in all three
environments in the single environment analysis, and JAQklen3-1, JAQklen7, and JAQkwei6 were detected in the joint
analysis (bnlg1350, umc2327, phi077). There were also some QTLs that were detected in the joint analysis of all
environments but not in single environment analysis. This may be due to their small effect size, such QTLs can only be
detected using larger populations.

Discussion
Maize traits such as kernel length, kernel width, kernel thickness, and 200-kernel weight have high heritability and can
be easily phenotyped, enabling the examination of their underlying causes via QTL mapping. In this study, a maize F2:3

population consisting of 180 families was constructed using the parents 082 and Ye107. This population was then
utilized to perform QTL mapping of maize kernel-related traits in three low-phosphorus stress environments. Our
analysis revealed that many QTLs could be detected in different environments. Consistent with this �nding, Peng et al.
[7] also obtained similar results in different water stress environments. In the single environment analysis, target trait
QTLs with a contribution rate greater than 10% in at least one environment were considered to be primary QTLs. If these
QTLs were detected in more than two environments, they were considered to be the main effect QTL regardless of
environment. For example, QTLQklen3-1 was the main effect QTL for kernel length, whereas Qkwid5 and Qkwid6 were
the main effect QTLs for kernel width. The main effect QTL for kernel thickness was Qkthi3 and the main effect QTL for
200-kernel weight was Qkwei9. The detection of these QTLs across all environments indicates that they were stably
expressed in all low-phosphorus stress environments [15]. In this study, QTLs for different traits were found in similar
regions of the genome under the same environments, likely due to the "one cause and multiple effects" phenomenon
[23].

This study showed that under the three low-phosphorus stress environments, kernel width, kernel length, and 200-kernel
weight were all relatively stable, and their heritability ranged from 87–90%. The heritability of kernel thickness was
relatively low, suggesting that the environment had a greater in�uence on this trait. Similar results were obtained by
Peng et al. [7] and Qin et al. [17]. Phenotypic correlation analysis showed that the correlation coe�cient between kernel
width and 200-kernel weight was the highest and was signi�cantly higher than that between kernel width and kernel
thickness, similar to those reported by Wang et al. [24].

For kernel length, kernel width, kernel thickness, and 200-kernel weight, 1, 2, 1, and 1 environmentally insensitive QTLs
were detected, respectively. Qkwid5 on chromosome 5 was found to be the main QTL for kernel width, whereas Qkwei9
on chromosome 9 was the main QTL that controls 100-kernel weight. These results are in keeping with Yang et al. [25],
who detected a QTL for 100-kernel weight on chromosome 9. However, Lan et al. [26] found that most kernel width
QTLs were located on chromosome 1, they also found a single QTL for kernel width on chromosome 5. In this study, we
found that the main effect QTL Qklen3-1, which controls kernel length, was stably expressed in the three environments.
Qkthi3, which controls kernel thickness, was also mapped to chromosome 3. Zhou et al. [27] detected QTLs for kernel
length and a few QTLs for kernel thickness on chromosome 3, and Raihan et al. [28] identi�ed the largest number of
QTLs for kernel length and kernel thickness on chromosome 3. Overall, the major QTLs we identi�ed are similar to
those reported previously in other environments.
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We performed QTL analysis in three low-phosphorus environments to improve the reliability and consistency of the
detection of kernel trait QTLs. We found that when a single-environment or all-environment joint analysis was
performed, two genetic regions were repeatedly detected in the three environments, whereas other QTLs were unstable
and were not always detected in all joint environmental analyses. This is probably due to differences in other
environmental factors such as soil and climate in the three environments, causing some QTLs to have a larger impact
in speci�c environments.

Materials And Methods
Plant material

An F2:3 population was constructed using the phosphorus-e�cient genotype 082 and the phosphorus-ine�cient
genotype Ye107. This population consisted of 180 F2:3 families, which were utilized for the QTL mapping of kernel
traits under low-phosphorus stress.

Field trials and trait statistics

The parents and F2:3 families were planted in the spring of 2011 in Beibei (BB, 29.81°N, 106.36°E, 350m altitude) (E1)
and Hechuan (HC, 30.02°N, 106.15°E, 240m altitude) (E2), and in the spring of 2012 in Beibei (E3). Planting was
conducted using a completely randomized block design, with 20 plants in each plot for a �nal planting density of
45000 hm-2. Planting was carried out with two replicates. Bags were placed on mature plants to enable the phenotyping
of selfed plants.

The Beibei �eld block consisted of sandy loam soil, with a pH of 6.6 and an organic matter content of 14.6 g kg-1. The
total N, total P, and total K were 0.890 g kg-1, 0.761 g kg-1, and 14.2 g kg-1, respectively. The available N, available P, and
available K were 8.9 mg kg-1, 3.3 mg kg-1, and 117 mg kg-1, respectively. The Hechuan �eld also consisted of sandy
loam soil, with a pH of 7.3 and an organic matter content of 10.6 g kg-1. The total N, total P, and the total K were 0.734 g
kg-1, 0.987 g kg-1,and 14.1 g kg-1, respectively. The available N, available P, and available K were 5.1 mg kg-1, 3.5 mg kg-

1, and 105 mg kg-1, respectively. According to the nutrient classi�cation index of the second national soil survey, soils
found in both the (BB) and Hechuan (HC) test sites were low-phosphorus. Urea-based nitrogen fertilizer at a rate of 120
kg hm-2 was applied at both locations, and no phosphate was added. 

After maturity, 13 plants were collected from each plot, and the ears were dried before being tested indoors. Kernel
length (cm) (KLEN), kernel width (cm) (KWID), kernel thickness (cm) (KTHI), and 200-kernel weights (g) (KWEI) were
measured. The phenotypic data of the four traits are all represented by the average value of 10 consecutive ears.

Statistical analysis of phenotypic data

The IBM SPSS Statistics 26 software was used to analyze the signi�cance of differences between parents and groups,
the correlation between traits, and the normality of each trait. The generalized heritability was calculated as that
reported previously by Knapp et al [29]:

Where δ2
G, δ2

GE, and δ2
E are estimates of genotype variance, interaction variance between genotype and environment,

and experimental error variance, respectively, and n and r are the numbers of environments and replications,
respectively.
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Linkage map construction

The CTAB method was used to extract genomic DNA from F2:3 families and parents. A total of 1800 SSR markers that
covered the entire maize genome were selected from the maize genome database for polymorphism screening, and 249
SSR markers were used to construct a genetic map of the F2 population. The Haldane function of Join Map version 3.0
was utilized to convert the recombination rate into graph distance units (cM).

QTL mapping

The interval mapping method of IciMapping was utilized for QTL mapping. When performing QTL detection, a step size
of 1 cM was selected, with the LOD threshold manually set to 2.5, and the signi�cance level set to 0.05. According to
the standards of Stuber et al. [30] and Tuberosa et al. [31], the mode of action of a gene can be classi�ed as additive (A
0 to 0.21), partially dominant (PD 0.21 to 0.80), dominant (D 0.81 to 1.20), or over dominant (OD 1.20). Take qKLEN3-1
as an example of QTL nomenclature, KLEN represents the kernel length (KWID, KTHI, and KWEI represent the kernel
width, kernel thickness, and 200-kernel weight respectively), the number 3 is the serial number of the chromosome, and
-1 represents the number of the chromosome. 

Conclusion
QTLs were identi�ed for all four maize kernel traits, kernel length, kernel width, kernel thickness, and 200-kernel weight,
studied in this paper, and these QTLs were stable across three different low-phosphorus conditions. Among them,
Qklen3-1, which controls the kernel length, Qkwid5 and Qkwid6, which control kernel width, Qkthi3, which controls kernel
thickness, and Qkwei9, which controls 200-kernel weight, coincided with QTLs reported in published data in different
environmental stresses. These results, in combination with previous work, provide guidance for the breeding of maize
with desirable kernel traits that are stable across multiple different environments.

Abbreviations
KLEN: 10-kernel length; KWID: 10-kernel width; KTHI: 10-kernel thickness; KWEI: 200-kernel weight; QTL: Quantitative
trait loci.
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Tables
Table 1. Phenotypic expression of the parents

Character Parent Mean SD Max Min

KLEN 082 9.3667 0.45092 9.8 8.9

  Y107 7.9333 0.28868 8.1 7.6

KWID 082 7.9667 0.45092 8.1 7.9

  Y107 8.7000 0.28868 9.1 8.3

KTHI 082 5.8667 0.35119 6.2 5.5

  Y107 6.6333 0.25166 6.9 6.4

KWEI 082 39.6000 0.35119 40.1 38.9

  Y107 50.0667 0.25166 51.1 49

SD: standard deviation of the phenotypic data 

Table 2. Phenotypic expression and variance analysis of traits in the F2:3 population in three environments

Trait Environment F2:3 families Variance component

Range Mean SD Skewness Kurtosis G G×E E H2

KLEN E1 5.17 10.80  0.85  -0.459 1.02 2.21 0.01 0.019 0.89 

  E2 3.62 10.86  0.74  -0.226 -0.275

  E3 4.39 10.84  0.76  -0.321 0.344

KWID E1 2.52 8.14  0.48  0.059 0.028 0.883 0.003 0.001 0.90 

  E2 2.57 8.15  0.51  0.136 -0.109

  E3 2.46 8.14  0.47  -0.039 -0.053

KTHI E1 2.2 4.26  0.41  0.867 0.76 0.481 0.005 0.026 0.81 

  E2 1.8 4.32  0.35  0.738 0.551

  E3 1.99 4.29  0.36  0.843 0.911

KWEI E1 40.09 42.15  8.12  0.111 -0.299 195.856 0.871 5.454 0.87 

  E2 34.23 41.18  6.86  0.404 0.139

  E3 36.93 41.63  7.30  0.27 -0.059

KLEN: 10-kernel length, KWID: 10-kernel width, KTHI: 10-kernel thickness, KWEI: 200-kernel weight; E1: Beibei, 2011; E2:
Hechuan, 2011; E3: Beibei, 2012; SD: standard deviation of the phenotypic data, G: genotype, G×E: genotype ×
environment, E: environment. 
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Table 3. Correlation analysis of KLEN, KWID, KTHI, and KWEI in the F2:3 population in three environments

  Environment KLEN KWID KTHI KWEI

KLEN E1 1      

  E2 1      

  E3 1      

KWID E1 0.268** 1    

  E2 0.237* 1    

  E3 0.283** 1    

KTHI E1 -0.298** 0.147 1  

  E2 -0.281** 0.221* 1  

  E3 -0.284** 0.12 1  

KWEI E1 0.393** 0.485** 0.108 1

  E2 0.538** 0.529** 0.309** 1

  E3 0.490** 0.540** 0.228* 1

 KLEN: 10-kernel length, KWID: 10-kernel width, KTHI: 10-kernel thickness, KWEI: 200-kernel weight; E1: Beibei, 2011; E2:
Hechuan, 2011; E3: Beibei, 2012; * and ** indicate signi�cance at P < 0.05 and P < 0.01, respectively.

Table 4. Kernel trait QTLs identi�ed in the F2:3 population by single environment analysis 
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Environment Trait QTL Position Flanking marker LOD PVE
(%)

Add Dom Gene
action

  KLEN                

E1   Qklen1 77 umc1278-
umc2560

2.64  9.26  0.387  -0.042  A

    Qklen3-
1

61 bnlg1350-
bnlg1449

3.65  11.56  0.417  0.227  PD

    Qklen3-
2

132 bnlg1325-
umc1458

2.89  9.25  -0.385  0.082  PD

E2   Qklen3-
1

62 bnlg1350-
bnlg1449

2.90  11.36  0.371  0.120  PD

E3   Qklen3-
1

62 bnlg1350-
bnlg1449

3.26  11.53  0.393  0.101  PD

    Qklen3-
2

132 bnlg1325-
umc1458

2.75  9.38  -0.345  0.021  A

    Qklen7 95 umc1016-
umc2327

2.53  8.30  0.289  -0.254  D

    Qklen10 32 umc2069-
umc1962

2.81  8.53  0.223  0.337  OD

  KWID                

E1   Qkwid5 146 umc1325-
umc2292

2.73  11.27  0.227  0.143  PD

    Qkwid6 1 umc1883-
umc2208

3.98  15.62  -0.239  -0.180  PD

E2   Qkwid5 143 umc1325-
umc2292

2.62  10.20  0.251  0.124  PD

    Qkwid6 1 umc1883-
umc2208

3.58  14.25  -0.240  -0.189  PD

E3   Qkwid5 149 umc1325-
umc2292

2.83  11.96  0.219  0.159  PD

    Qkwid6 0 umc1883-
umc2208

5.32  18.02  -0.254  -0.188  PD

  KTHI                

E1   Qkthi3 56 bnlg1951-
phi102228

2.50  10.03  -0.193  -0.061  PD

E2   Qkthi3 57 bnlg1951-
phi102228

3.43  13.16  -0.186  -0.069  PD

    Qkthi7-1 59 umc1112-
umc1456

2.77  11.93  -0.152  0.123  D

E3   Qkthi1 130 bnlg2180-
umc1598

2.68  8.90  -0.105  0.157  OD

    Qkthi3 57 bnlg1951-
phi102228

3.43  13.19  -0.189  -0.069  PD
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    Qkthi7-2 51 phi114-umc1112 2.88  9.59  -0.152  -0.103  PD

  KWEI                

E1   Qkwei6 16 phi077-y1ssr 2.60  8.41  -2.893  -2.426  D

    Qkwei9 46 umc1743-
umc2398

3.42  11.58  -4.084  -3.277  PD

    Qkwei10 16 umc1432-
mmc0501

2.85  9.54  0.747  -4.858  OD

E2   Qkwei7-
1

107 umc2327-
bnlg1367

2.96  13.56  3.613  -1.633  PD

    Qkwei9 46 umc1743-
umc2398

2.95  9.32  -3.354  -1.877  PD

E3   Qkwei7-
2

94 phi034-umc1016 2.61  8.11  3.227  -1.204  PD

    Qkwei9 46 umc1743-
umc2398

3.18  10.16  -3.586  -2.450  PD

PVE (%): percentage phenotypic variance explained (%) by the QTL; Add: additive effect of the QTL. Positive values
indicate that the alleles responsible for increasing trait values were contributed by 082, whereas negative values
indicate that the alleles responsible for increasing trait values were contributed by the Ye107; Dom: dominance effect of
the QTL

Table 5. Joint analysis of QTLs for kernel-related traits in the F2:3 populations in all environments
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Trait Chr QTL Position LeftMarker RightMarker LOD(A) LOD(AbyE) PVE Add

KLEN 1 JAQklen1-1 0 phi064 umc1725 2.5275 0.0079 1.2713 -0.0868

  1 JAQklen1-2 292 umc1991 umc2029 2.8442 0.0145 1.5588 0.0974

  1 JAQklen1-3 418 umc1128 bnlg1025 3.0516 0.0063 1.5484 0.0965

  1 JAQklen1-4 958 umc2083 umc1906 2.698 0.0581 1.8233 0.1029

  1 JAQklen1-5 2612 bnlg1429 umc2224 3.0333 0.032 1.5764 0.0974

  2 JAQklen2 340 umc2248 umc1579 3.1467 0.0212 1.6415 0.0979

  3 JAQklen3-1 386 phi102228 bnlg1350 3.714 0.1225 2.0146 0.1049

  3 JAQklen3-3 535 bnlg1117 umc1307 2.5561 0.2669 1.5503 0.0881

  3 JAQklen3-4 1134 bnlg1019a bnlg1452 7.5764 0.2779 5.1602 0.1801

  3 JAQklen3-2 1548 bnlg1325 umc1458 4.2895 0.5203 2.179 -0.1155

  3 JAQklen3-2 1806 umc1458 umc2377 5.6714 0.086 4.4861 -0.1664

  3 JAQklen3-5 1944 umc2377 umc2376 5.5714 0.2546 4.2383 -0.1618

  5 JAQklen5-1 39 bnlg118 bnlg1118 3.6168 0.0539 1.7445 0.1039

  5 JAQklen5-2 824 umc1274 umc1784 5.1172 0.1138 2.4817 -0.1237

  6 JAQklen6 0 umc1883 umc2208 2.8289 0.0525 1.365 -0.0918

  7 JAQklen7-1 403 umc1718 umc1015 3.0226 0.0103 1.4816 0.0958

  7 JAQklen7 845 umc2327 bnlg1367 2.5276 0.0108 1.2776 0.0883

  9 JAQklen9-1 111 umc1698 umc1893 4.542 0.2693 3.3198 -0.1433

  9 JAQklen9-2 206 dupssr19 umc2338 3.66 0.1088 1.7694 -0.1051

  10 JAQklen10-
1

329 phi050 umc1589 7.6697 0.1995 3.8534 0.1541

KWID 1 JAQkwid1-
1

61 bnlg1347a umc2223 2.4989 0.0125 2.1617 0.0713

  1 JAQkwid1-
2

235 umc2047 umc1991 2.9852 0.0043 1.6136 0.0617

  1 JAQkwid1-
3

2612 bnlg1429 umc2224 2.7416 0.0309 1.5901 0.0607

  2 JAQkwid2 911 phi96100 umc1622 3.5571 0.12 2.0663 0.0683

  3 JAQkwid3 1816 umc2377 umc2376 5.6147 0.0733 2.9804 -0.0842

  5 JAQkwid5-
1

584 dupssr10 bnlg1208 2.9376 0.0052 3.6242 -0.0926

  6 JAQkwid6 0 umc1883 umc2208 4.7935 0.0064 2.5412 -0.0776

  6 JAQkwid6-
1

47 bnlg1867 umc2315 5.5999 0.0148 2.9738 -0.084

  6 JAQkwid6-
2

101 umc1006 bnlg2191 4.2295 0.0111 2.2915 -0.0734
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  6 JAQkwid6-
3

496 umc1859 umc2170 3.3405 0.0102 1.8246 0.0658

  6 JAQkwid6-
4

789 umc2165 bnlg1759 3.4559 0.0471 1.8777 0.067

  8 JAQkwid8-
1

12 phi233376 phi080 4.6231 0.0102 2.7033 -0.0801

  8 JAQkwid8-
2

105 umc1384 bnlg1823 6.1375 0.031 5.0017 -0.1088

  8 JAQkwid8-
3

1391 bnlg2082 umc1415 2.976 0.0043 2.0321 0.0693

  9 JAQkwid9 145 umc1893 dupssr19 3.147 0.0087 3.3335 -0.0888

KTHI 1 JAQkthi1-1 7 phi227562 umc1538a 2.6848 0.0319 1.5383 0.0457

  1 JAQkthi1-2 561 umc1278 umc2560 2.5981 0.0546 1.3916 0.0443

  3 JAQkthi3-1 74 umc2274 bnlg1779 3.3776 0.3037 1.8596 -0.0505

  3 JAQkthi3 287 bnlg1951 phi102228 5.1135 0.1125 4.2243 -0.0771

  3 JAQkthi3-2 2092 phi104127 umc1892 2.9129 0.0194 1.5401 0.0466

  5 JAQkthi5-1 38 bnlg118 bnlg1118 3.3484 0.0108 1.8568 -0.0508

  5 JAQkthi5-2 281 umc2386 umc1155 2.9708 0.1613 1.7465 0.0471

  6 JAQkthi6 254 umc2006 umc2141 3.5864 0.0325 2.8609 -0.0635

  7 JAQkthi7 403 umc1718 umc1015 5.1533 0.0134 2.7217 -0.0622

  8 JAQkthi8 160 bnlg1065 bnlg240 2.709 0.0183 1.4356 -0.0449

  9 JAQkthi9 380 umc1492 umc2121 3.0399 0.0267 2.4516 0.0583

  10 JAQkthi10-
1

120 umc1962 bnlg1716 5.23 0.0563 2.7556 -0.0623

  10 JAQkthi10-
2

272 umc2017 phi050 3.0473 0.0596 2.2013 -0.0557

KWEI 1 JAQkwei6-1 750 umc2560 umc1972 3.9442 0.0446 2.0361 -1.0628

  1 JAQkwei6-2 1203 dupssr26 umc1243 4.2569 0.266 2.204 -1.0905

  1 JAQkwei6-3 1859 umc1397 bnlg1484 2.7371 0.2185 1.4659 -0.8798

  3 JAQkwei3 1816 umc2377 umc2376 4.9876 0.037 2.5111 -1.1843

  5 JAQkwei5-1 0 umc1153 umc1225 3.7054 0.0236 1.8792 1.0203

  5 JAQkwei5-2 549 dupssr10 bnlg1208 2.8325 0.0084 2.5587 -1.1863

  5 JAQkwei5-3 824 umc1274 umc1784 2.9359 0.0231 1.5134 -0.9157

  6 JAQkwei6 52 umc2315 phi077 3.4473 0.0125 2.075 -1.0725

  7 JAQkwei7-1 957 umc2327 bnlg1367 2.5693 0.0826 2.1557 1.0924

  8 JAQkwei8-1 115 umc1384 bnlg1823 2.5498 0.0069 1.6908 -0.9655
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Figures

  8 JAQkwei8-2 1394 bnlg2082 umc1415 2.6537 0.0265 1.4195 0.8816

  9 JAQkwei9-1 159 umc1893 dupssr19 7.2429 0.0445 4.4363 -1.5488

  9 JAQkwei9-2 678 umc1654 bnlg1191 3.6534 0.1175 3.1368 -1.3134

  10 JAQkwei10-
1

734 umc2351 bnlg1450 2.5974 0.1251 1.7013 -0.946

  10 JAQkwei10-
2

987 umc2021 zmrr2pcr 4.1926 0.0024 2.4679 -1.1672

Chr: chromosome. LOD (A): LOD score for additive and dominant effects. LOD (A by E): LOD score for additive and
dominant by environment effects. Add: additive effect represents the average of the three additive effects of the QTL in
each of the three environments. PVE (%): percentage phenotypic variance explained (%) by the QTL.
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Figure 1

Frequency distributions of the KLEN, KWID, KTHI, and KWEI in the F2:3 population in three environments (KLEN: 10-
kernel length, KWID: 10-kernel width, KTHI: 10-kernel thickness, KWEI: 200-kernel weight; E1: Beibei, 2011; E2: Hechuan,
2011; E3: Beibei, 2012)
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Figure 2

Distribution of the QTLs for all traits on the linkage map of the F2:3 population. The line segments indicate marker
intervals of the QTLs, and nodes of the line segments indicate positions of the �anking markers.
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