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Abstract
Background: Gibberella ear rot (GER), a prevalent disease caused by Fusarium graminearum, can result in
yield loss and mycotoxin contamination in maize. Despite that several QTLs related to GER resistance
have been reported previously, few of them was identi�ed in Chinese maize inbred lines. In this study, we
employed a Chinese recombination inbred line (RIL) population comprising of 204 lines, developed from
a cross involving a resistant parent DH4866 and a susceptible line T877. The population was
phenotypically evaluated at three �eld trial locations under arti�cial inoculation with F. graminearum and
genotyped with an Affymetrix microarray CGMB56K SNP Array to detect the quantitative trait loci (QTLs)
for resistance to GER.

Results: Based on the genetic linkage map constructed using 1,868 bins as markers, a total of 15 QTLs
were identi�ed, and both DH4866 and T877 alleles at these QTLs contributed toward resistance. Of these
QTLs, �ve were stably expressed across multiple locations, including three co-localized with previously
reported genomic regions. The largest-effect QTL located on chromosome 4, qGER4.2, which accounted
for 5.66~17.10% of the phenotypic variation, was detected at all locations. Based on the phenotypic
values of the alleles corresponding to the �ve stable QTLs, a signi�cant correlation (r2 = 0.45) between
resistance to GER and the number of resistant alleles was observed.

Conclusions: QTL mapping was successfully employed to identify genetic loci conferring resistance to
GER by a high-density genetic map constructed from two Chinese maize germplasms. The �ve stable
QTLs identi�ed, especially the large-effect QTL, qGER4.2, will be useful in maize breeding programs
aimed at improving GER resistance.

Background
Maize ear rot, including Gibberella ear rot (GER) and Fusarium ear rot (FER), caused by Fusarium
graminearum (Schwabe) and Fusarium verticillioedes (Nirenberg), respectively, is a devastating disease
in most maize-growing regions in the world [1]. Fusarium infections on maize not only reduce yields, but
contaminate kernels with carcinogenic mycotoxins, particularly deoxynivalenol, zearalenone and
fumonisins, which have potential threats to animal and human health [2, 3, 4, 5]. Due to the limited effect
of agronomic practices and fungicides, breeding resistant varieties has been considered as a better
alternative for improving maize production [6].

Quantitative genetic variations for resistance to GER usually have moderate to high heritability among
different maize germplasms [2], suggesting that phenotypic selection for improved GER resistance should
be effective. However, resistance to GER in maize is easily in�uenced by environment conditions and
genotype × environment interaction [2, 7, 8]. To improve the resistance of inbred lines and hybrids, multi-
environmental inoculation trials are necessary for accurate phenotype evaluation in conventional maize
breeding programs [9]. However, this way is apparently labor-intensive and unsuitable for large
segregating populations.
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Molecular marker-assisted selection (MAS) can potentially enhance the e�ciency of breeding, and its
effectiveness depends on functional genes and quantitative trait loci (QTLs) [10]. QTL mapping is a
classical method for detecting QTLs for the traits of interest. Thus far, numerous studies have focused on
efforts to detect QTLs conferring resistance to maize ear rot, mainly for FER, by mapping them on all
chromosomes of maize using different biparental populations [2]. For instance, 22 QTLs for resistance to
FER were detected using a multi-parent advanced generation inter-Cross population [11], while another
study reported 15 QTLs for FER and 17 QTLs for FB1 content, respectively, using F2:3 population derived
by CO441 × CO354 [12]. By combining genome-wide association study and QTL mapping approaches, 15
QTLs for FER resistance were identi�ed using a tropical population consisting of 940 elite inbred lines
and four bi-parent populations [13]. Despite of the progress on QTL mapping for FER resistance, there is
very limited report on GER QTLs. Recently, Han et al. (2018) [14] employed 130 dent and 114 �int lines
from European maize breeding programs to dissect the genetic basis for resistance to GER by genotyping
with the Illumina single-nucleotide polymorphism (SNP) chip MaizeSNP50. However, they could not
detect any signi�cant SNPs associated with resistance to GER, even though the prediction accuracy using
SNP effect achieved 0.50, con�rming that the resistance to GER was controlled by numerous minor-effect
loci. Hence, considering that GER resistance is a quantitative and additive complex trait attributed by
multiple genes having minor effects, more QTLs for resistance to GER in different genetic backgrounds
should be characterized and pyramided together via MAS to achieve a signi�cant improvement in GER
resistance.

To our knowledge, while previous reports used American and European germplasms for QTL mapping [7,
8, 15, 16, 17, 18], there are no published QTL studies on resistance to GER in Chinese maize germplasms.
In the present study, a recombination inbred line (RIL) population with high recombination frequency,
constructed from two Chinese elite inbred lines DH4866 and T877, was employed to detect the stably
expressed QTLs conferring resistance to GER across multi-environments. Moreover, the combination
effects of the stable QTLs were assessed.

Results

Differences in resistance to GER between two parental lines
To evaluate the differences in resistance to GER between the two parents, in vitro kernel assay and ear
inoculation in �eld were performed. Kernel assay clearly showed that T877 kernel was more susceptible
than DH4866, with more hyphae grown on the surface of T877 kernels than that of DH4866, at �ve days
after inoculation (Fig. S2a). Moreover, the number of spores in the former was also signi�cantly higher
than that of the later (Fig. S2b). In line with the kernel assay, the disease severity of DH4866 (ranging
from 2.20 to 2.80) was signi�cantly lower than that of T877 (ranging from 5.08 to 6.33) across three
locations in the �eld condition (Fig. 1).

Phenotypic variance and heritability in RIL population
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Wide phenotypic variation among RIL population lines was observed from 1.59 to 6.93 in SY, from 1.18 to
6.83 in NT, from 1.00 to 7.00 in XX, and from 1.50 to 5.28 in BLUP, respectively (Table 1). The mean
disease severity of RIL population were 3.55, 3.53, 3.28 and 3.45 in SY, NT, XX and BLUP, respectively, and
a signi�cant positive correlation (P < 0.001) was observed between different locations (Fig. 2).

The disease severity at each location approximately �tted a normal distribution with little skewness and
kurtosis (Table 1; Fig. 2), indicating that the resistance to GER was controlled by multiple genetic loci in
this RIL population. The variances of genotype (σ2

g) and genotype × location (σ2
gl) were signi�cant at P < 

0.01 (Table 1), and the broad-sense heritability was moderate (69.84%), suggesting that much of the
phenotypic variation in this RIL population were genetically controlled.

QTL mapping
A total of 15 QTLs for resistance to GER was identi�ed at an empirical LOD value of 3.00 after 1000
permutations through three locations and BLUP, which were distributed on 9 out of 10 chromosomes,
excluding chromosome 5 (Table 2, Fig. 3). The phenotypic variation explained by a single QTL ranged
from 1.02% (qGER10.1 in NT) to 17.10% (qGER4.2 in BLUP). Among them, only �ve QTLs (qGER3.3,
qGER4.1, qGER4.2, qGER8 and qGER10.1) were identi�ed in at least two locations, which were considered
as stable QTLs, and the others were location-speci�c QTLs. Notably, qGER4.2, located on chromosome 4,
was repeatedly detected in all the locations, accounted for 5.66~17.10% of the phenotypic variation,
respectively. qGER4.2 was delimited to bin 4.09, with approximately 34.7 cM of genetic interval �anked by
the markers PZE-104123745 and SYN22075. There are more than 1000 genes in this region, among
which the candidate gene for qGER4.2 will be �ne-mapped in the future.

To further understand the genetic architecture of resistance to GER, the additive × additive epistatic
interactions for signi�cant QTL in the RIL population were performed. No epistatic interactions were
observed (data not shown), indicating that the genetic component of resistance to GER in this Chinese
RIL population is mainly characterized by additive gene actions.

Combined effect of QTL for resistance to GER
To understand the combined effects of �ve stable resistant QTLs, we analyzed the number of resistant
loci in each genotype. The number of resistant loci in each genotype ranged from 0 to 5, and 22
haplotypes (each haplotype including at least three genotypes) were identi�ed across �ve robust SNPs
corresponding to the QTLs (Table 3). At group level, compared to genotypes without resistant locus,
disease severity declined signi�cantly in the genotype harboring one resistant locus, and the disease
severity declined linearly with increasing numbers of resistant loci (Table 3). A signi�cant negative
correlation between the disease severity and the number of resistant loci was found in each haplotype (r2

= 0.45, P < 0.001) based on the linear regression analysis.
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Discussion
Construction of an appropriate mapping population is a prerequisite for QTL analysis. In this study, a
maize RIL population derived from two Chinese maize elite inbred lines, DH4866 and T877 with high
recombination frequency [19] was employed to identify the genetic loci conferring resistance to GER.
There was a wide variation of resistance to GER in this RIL population, in which two parental lines
showed large differences in resistance to GER in both �eld arti�cial inoculation and in vitro kernel assay
(Fig. 1, Figure S2, Table 1), providing the reliable genetic resources for QTL mapping.

In this study, a total of 15 QTLs for resistance to GER were detected at three locations and BLUP (Table 2,
Fig. 3). Nearly half of the resistant alleles of QTLs came from the susceptible parent T877. Similar
�ndings from previous researches on resistant alleles from both susceptible and resistant parent
corroborate our results [7, 8, 17, 18], which should be considered in breeding maize lines for resistance to
GER.

Due to the speci�c expression of certain genes during the process of adaptation to different
environments and experimental errors, the identi�ed QTLs are inconsistent under different environments,
which is a prominent characteristic of quantitative trait controlled by polygene [20, 21]. The QTL, which is
detected in multiple environments, is stable and might be a real locus that would be a good choice for
MAS [22, 23]. Among 15 QTLs, �ve QTLs (qGER3.3, qGER4.1, qGER4.2, qGER8 and qGER10.1) were
identi�ed in at least two locations, and only one QTL (qGER4.2) was detected in all locations (Table 2).
Although the LOD values of the remaining four QTLs were lower than the threshold, these QTLs still
showed obvious LOD peaks when identi�ed in different locations (Fig. 3). This phenomenon may be due
to type-II error arising from the use of a stringent threshold. Thus, we considered these �ve QTLs as stable
QTLs.

Of the �ve stable QTLs, three (qGER3.3, qGER4.1 and qGER8) have been described previously (Xiang et al.
2010, Martin et al. 2011, Kebede et al. 2016), while the remaining two (qGER4.2 and qGER10.1) were
putatively novel loci. qGER3.3 located in a meta-QTL region analyzed by Xiang et al. (2010) [24]. qGER4.1
and qGER8 were aligned with the genomic regions detected by Martin et al. (2011) [17] and Kebede et al.
(2016) [8], respectively. Interestingly, the largest effect QTL qGER4.2 was overlapping with a QTL region
for resistance to Aspergillus ear rot (AER) identi�ed by Mideros et al. (2014) [25]. Given the large genomic
region, it remains unclear whether it is a single gene or several closely linked resistant genes that have
pleiotropic effects in chromosome bin 4.09. Thus, further �ne mapping of the region should be
worthwhile.

MAS has been successfully used in disease resistance improvement depending on the reliable resistant
gene/QTLs in crop. For example, Konlasuk et al. (2015) [26] transferred a quantitative resistance gene for
head smut (ZmWAK) into susceptible maize inbred lines assisted by MAS. The lines carrying ZmWAK
showed enhanced disease resistance to head smut. Swathi et al. (2019) [27] pyramided two bacterial
blight resistance genes (xa13 and Xa21) and one bacterial blast resistance gene (Pi54) to improve the
resistance to bacterial blight and blast in rice via MAS. The pyramided lines with three genes exhibited
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higher level of resistance to bacterial blight and blast with better yield than the recurrent parent. In this
study, we evaluated the combination effect of the �ve stable QTLs, showing that just one resistant QTL
signi�cantly improved the resistance to GER, while each additional resistant QTL had further additive
effect (Table 3). This result suggests that pyramiding of these resistant QTLs could enhance the
resistance to GER level effectively in maize breeding.

In summary, QTL mapping was successfully employed to identify genetic loci for resistance to GER using
Chinese maize germplasm. The QTLs identi�ed here could further our understanding of the genetic
mechanisms of GER, and provide potential applications in cloning the causal genes and breeding maize
varieties resistance to GER.

Methods

Plant materials and genotyping
A RIL population consisting of 204 lines was developed from a cross between two Chinese maize inbred
lines DH4866 (resistant) and T877 (susceptible). The resistant line DH4866 was derived from a cross
between the two Chinese elite inbred lines 7922 and Ye478. The susceptible line T877 was developed
from a cross between an American hybrid 78599 and a Chinese elite inbred line E28 [28]. This population
was generated, identi�ed, maintained, and provided by Jiangsu Yanjiang Institute of Agricultural
Sciences, Nantong, China, and was not deposited elsewhere.

The RIL population and two parental inbred lines were genotyped with an Affymetrix microarray
CGMB56K SNP Array, which contains 56,000 maize SNPs, made by China Golden Marker (Beijing)
Biotech Co., Beijing, China. After quality control, 9,780 high-quality polymorphic SNPs were used to
construct linkage map. The genetic linkage map contained 1,868 bin markers and spanned a total length
of 3,081.8 cM, with a mean interval length of 1.65 cM. Detailed information on construction of the bin
map has been reported previously [19].

Field trials and phenotyping
The RIL population and its parents were planted at three locations of China in 2019: Sanya, Hainan
Province (SY, 108°E, 18°N); Nantong, Jiangsu Province (NT, 120°E, 31°N) and Xinxiang, Henan Province
(XX, 113°E, 35°N). Each genotype was grown in single rows with 3.0 m in length and spaced 0.6 m
between rows with a planting density of 65,000plants/hm2, following a randomized complete block
design with two replications per location. The �eld management followed common agricultural practice
at the three locations.

Arti�cial inoculation with an aggressive isolate of F. graminearum (strain F0609) was conducted. The
fungal inoculum was prepared according to Sun et al. (2018) [29]. Brie�y, the strain was cultured on
potato dextrose agar (PDA) medium for about two weeks, followed by culturing several agar plugs with
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fully grown mycelium in sterilized mung bean soup at 200 rpm, 28 °C for 2 ~ 3 d. The spore suspension
was �ltered, counted and adjusted to a concentration of 1 × 106 spores/ml supplemented with 0.001%
surfactant Tween-20. For �eld inoculation, approximately 10 d after silk emergency, the primary ear of
each plant per plot was pierced at the base, middle and top of a husk. 1–2 kernels were stabbed by a
10 cm needle, but not reaching the cob, and then three wounds were injected with 200 ul of spore
suspension. At the physiological maturity stage, inoculated ears were harvested, and the disease severity
of each ear was scored using a rating scale from 1 to 7 (1 = 0%, 2 = 1–3%, 3 = 4–10%, 4 = 11% to 25%, 5 = 
26–50%, 6 = 51–75%, and 7 = 76–100% kernels showing visible disease symptoms) (Figure S1) [30]. The
average of two replicates in each location was used for subsequent analysis.

The kernel assay was conducted according to the protocol for F. verticilloiedes described by Gao et al.
(2007) [31]. Three replicates were included for each line, and at least three independent experiments were
conducted with consistent results obtained.

Phenotypic data analysis
The phenotypic statistical analysis was performed using R version 3.6.0 software (https://www.r-
project.org/). The correlation analysis for each location was conducted by the chart.Correlation function
of the PerformanceAnalytics package [32]. Analysis of variance of disease severity was performed using
the lmer function of the lme4 package [33] based on the following model: yij = µ + gi + ej + geij + εij, where
yij is the trait measured, µ is the grand mean for all locations, gi is the genotypic effect for the ith
genotype, ej is the locational effect for the jth location, geij is the genotype × location interaction effect,

and εij is the residual error. The broad-sense heritability (H2) was estimated following Knapp et al. (1985)

[34]: H2 (%) = σ2
g/(σ2

g + σ2
ge/n + σ2

e/nr), where σ2
g is the genotypic variance, σ2

ge is the interaction of the

genotype with the location, σ2
e is the error variance, n is the number of locations, and r is the number of

replications. The best linear unbiased prediction (BLUP) values of each line was estimated to less
environmental error.

QTL mapping
QTL mapping was performed using composite interval mapping (CIM) [35] in Windows QTL Cartographer
2.5 [36]. Model 6 of the Zmapqtl module was selected to detect QTLs and their effects with scanning
every 0.5 cM at a window size of 10 cM. Forward-backward stepwise regression with �ve controlling
markers was used to control the background from �anking markers. After 1000 permutations, the
threshold logarithm of the odds (LOD) value was determined at a signi�cance level of P < 0.05. The
con�dence interval of QTL positions was estimated with the 1.5-LOD support interval method. Multiple
interval mapping (MIM) in Windows QTL Cartographer 2.5 was performed to estimate the interactions of
identi�ed QTLs with the Bayesian Information Criteria as the criteria [37].
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Table 1 Phenotypic performance, variance component and broad-sense heritability of resistance to
GER in RIL population

Location Mean±SD Range Skewness Kurtosis σ2
g σ2

gl H2(%)

SY 3.55±0.93 1.59-6.93 0.51  0.60 

NT 3.53±1.15 1.18-6.83 -0.10  0.39 

XX 3.28±1.03 1.00-7.00 0.76  0.38 

BLUP 3.45±0.56 1.50-5.28 0.86  0.28  0.44** 0.16** 69.84

SY: Sanya; NT: Nantong; XX: Xinxiang; BLUP: best linear unbiased prediction; SD: standard deviation;
σ2

g: the genotypic variance; σ2
gl: the interactions of genotype with location; H2(%): broad-sense

heritability; ** Signi�cant at P < 0.01.
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Table 2 QTLs were detected for resistance to GER in RIL population

QTL Loc. Bin Marker interval Genetic
interval
(cM)

Physical
position
(Mb)

LOD R2(%) Add.

qGER1 NT 1.04  SYN10803-
SYN2042

122.30-
146.21

51.76-
70.86

4.16  6.15  -0.26 

qGER2 XX 2.10  SYN20399-
SYN14631

270.88-
279.05

239.07-
239.77

4.06  1.58  0.08 

qGER3.1 XX 3.02  PZE-
103012466-
PZE-
103017733

41.8-
70.39

5.80-9.58 3.84  7.25  -0.31 

qGER3.2 SY 3.05  PZE-
103078702-
PZE-
103083874

154.77-
161.35

130.57-
139.49

3.20  1.05  -0.03 

qGER3.3 NT 3.06  PZE-
1031148157-
PZE-
103124740

208.96-
223.41

179.37-
184.96

3.00  3.81  0.25 

BLUP 3.06  PZE-
1031148157-
PZE-
103124740

208.96-
223.41

179.37-
184.96

4.06  8.12  0.13 

qGER3.4 SY 3.09  PZE-
103178060-
SYN32844

295.11-
298.61

227.51-
228.02

3.23  1.78  0.11 

qGER4.1 SY 4.05  PZE-
104046073-
PZE-
104046899

124.69-
132.89

72.07-
73.55

3.76  2.05  0.03 

NT 4.05  PZE-
104046073-
SYN1338

124.69-
133.51

72.07-
75.57

4.66  4.22  0.14 

BLUP 4.05  PZE-
104021283-
SYN1338

101.37-
133.51

24.28-
75.54

4.70  8.24  0.11 

qGER4.2 SY 4.09  PZE-
104123745-
SYN22075

251.87-
286.56

205.27-
239.38

8.69  10.12  -0.31 

NT 4.09  PZE-
104123745-
SYN22075

251.87-
286.56

205.27-
239.38

4.14  5.66  -0.34 

XX 4.09  PZE-
104123745-

251.87-
286.56

205.27-
239.38

4.55  6.97  -0.34 
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SYN22075

BLUP 4.09  PZE-
104123745-
SYN22075

251.87-
286.56

205.27-
239.38

6.05  17.10  -0.47 

qGER6 SY 6.01  PZE-
106007419-
PZE-
106008388

28.42-
28.91

19.82-
25.58

3.41  2.43  -0.17 

qGER7 NT 7.03  SYN22175-PZE-
107091680

162.71-
170.86

145.87-
151.81

3.32  2.86  0.18 

qGER8 SY 8.05  PZE-
108081311-
PZE-
108091439

172.23-
194.04

142.29-
152.92

3.00  5.21  -0.21 

NT 8.05  PZE-
108070556-
PZE-
108090521

159.36-
184.43

126.91-
152.11

4.21  7.23  -0.36 

BLUP 8.05  PZE-
108081311-
PZE-
108091439

172.23-
194.04

142.29-
152.92

5.11  11.70  -0.15 

qGER9.1 SY 9.01  PZE-
109005409-
PZE-
109006644

12.66-
16.22

5.60-7.17 3.04  1.37  -0.08 

qGER9.2 NT 9.06  PZE-
109076582-
PZE-
109089936

124.87-
146.66

125.82-
140.32

4.00  4.01  -0.24 

qGER10.1 NT 10.06  PZE-
110080741-
PZE-
110085540

139.61-
149.56

135.96-
138.35

3.15  1.02  0.07 

BLUP 10.06  PZE-
110080741-
PZE-
110085540

139.61-
149.56

135.96-
138.35

3.04  2.78  0.04 

qGER10.2 NT 10.07  PZE-
110105429-
PZE-
110109364

198.11-
211.71

147.55-
149.24

3.08  1.05  0.03 

Loc.: location; SY: Sanya; NT: Nantong; XX: Xinxiang; BLUP: best linear unbiased prediction; R2:
percentage of phenotypic variance explained; Add. : additive effect; Add. of QTL with negative value
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indicates the contribution of resistant parent, DH4866, while positive value indicates the contribution of
susceptible parent, T877; Physical position indicates the position of B73 RefGen_v4.

 

 

Supplementary Figure Captions
Fig. S1 Different disease resistance levels of GER in the �eld.

Fig. S2 The phenotype of two parental lines DH4866 and T877 examined by in vitro kernel assay.

a Photo for kernels of DH4866 and T877 at 5 days post inoculation.

b Comparisons of the number of spores between DH4866 and T877 in three replicates. *** indicates the
signi�cance level at P < 0.001.

Figures

Figure 1

The resistance of two parental lines DH4866 and T877 to GER. The photo for ear rot phenotype of two
parents DH4866 and T877 after inoculation in the �eld, Bar: 2 cm. b Comparison of disease severity
between DH4866 and T877 at three locations, the number of individuals was 20/18, 17/17 and 10/9 for
DH4866/T877 at Nantong, Sanya and Xinxiang, respectively. *** indicates the signi�cance level at P <
0.001.
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Table 3 Haplotypes identi�ed using �ve stable QTLs and their phenotypic effects

Haplotype qGER3.3 qGER4.1 qGER4.2 qGER8 qGER10.1 No. Sum Average of
disease
severity

1 + + + + + 6 5 2.94±0.26a

2 + + - + + 9 4 3.10±0.27a

3 + + + - + 10

4 + + + + - 4

5 - + + + + 4

6 + + - - + 9 3 3.37±0.20b

7 + + - + - 9

8 + + + - - 8

9 - + - + + 8

10 - + + - + 10

11 + + - - - 17 2 3.45±0.21b

12 + - - - + 6

13 + - - + - 7

14 + - + - - 4

15 - + - - + 9

16 - + + - - 11

17 - - + - + 5

18 - - + + - 7

19 - + - - - 10 1 3.73±0.30c

20 - - - - + 3

21 - - + - - 5

22 - - - - - 9 0 4.22±0.31d

No.: the number of lines; Sum: the sum of resistant QTLs; +: the resistant QTL is existent; -: the
resistant QTL is non-existent; Average of disease severity was calculated using BLUP values; Different
letters indicate signi�cant difference at P < 0.05 estimated by LSD test.
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Figure 2

Correlation and frequency distribution of resistance to GER at three locations and BLUP. The upper panel
is correlation coe�cients, and the lower panel is scatter plots. The diagonal represents the frequency
distribution of the trait. *** indicates the signi�cance level at P < 0.001.
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Figure 3

The distribution of QTLs for resistance to GER across entire genome in the RIL population. a-d The results
of Sanya (SY), Nantong (NT), Xinxiang (XX) and best linear unbiased prediction (BLUP), respectively
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