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Abstract Northern corn leaf blight (NCLB), which is
caused by the hemibiotrophic fungal pathogen
Setosphaeria turcica, is a devastating foliar disease that
results in considerable maize yield losses. In the present
study, quantitative trait locus (QTL) analysis was

conducted across two environments using an ultra-high-
densitybinmapconstructedusingrecombinant inbredlines
(RILs) derived from a cross between Ye478 and Qi319. A
total of 11QTLs, locatedonchromosomes1,4, 5, 6, 7, 8, 9,
and 10, were detected that confer resistance to
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physiological race 0 of NCLB. Each QTL could explain
3.53–15.29% of the total phenotypic variation in disease
resistance after artificial inoculation in two environments.
Among theseQTL, qNCLB7.02, which is located on chro-
mosome 7, had the largest effect, accounting for 10.11 and
15.29% of the phenotypic variation in resistance in two
field trials and BLUP. The common confidence interval
(CI) for qNCLB7.02 was 1.4 Mb, according to the B73
RefGen_v3 sequence. The resistance effect of qNCLB7.02
was validated in 2016 by using chromosome segment
substitution lines (CSSLs)derived fromQi319as thedonor
in the genetic background of Ye478. The type 6 CSSL,
which harbors introgressed qNCLB7.02, was found to be
significantly associatedwith resistance toNCLBby linked
marker bnlg1808 and exhibited greater resistance than the
other CSSLs that did not carry this QTL (P = 0.0008). The
combination of linkagemapping in RILs and validation in
CSSLs isapowerfulapproach for thedissectionofQTLfor
disease resistance inmaize.

Keywords Maize . Northern corn leaf blight . QTL
(quantitative trait loci) . Recombinant inbred line .

Chromosome segment substitution line

Introduction

Northern corn leaf blight (NCLB), caused by the
hemibiotrophic fungal pathogen Setosphaeria turcica, is
one of the most devastating foliar diseases of maize.
Typical symptoms include local lesions on leaves that
progress until necrosis occurs (Pratt and Gordon 2005)
and the accompanying yield loss can ranges from 20 to
50% and as high as 100% under severe epiphytotics
(Perkins and Pedersen 1987; Tefferi et al. 1996). At
present, physiological races 0, 1, 2, 3, N, and a few others
have been identified, and races 0 and 1 have caused the
most serious NCLB outbreaks in China (Gao et al. 2011;
Liu et al. 1996). Reduced conservation tillage and appli-
cation of chemical fungicides may diminish incidence of
NCLB, but these methods are neither economical nor
environmentally friendly for grain production. Thus, the
use of resistance QTL or genes to improve the resistance
of maize to NCLB is a cost-effective and environmentally
friendly approach to reducing yield loss caused by this
disease (Rish 2000). Substantial numbers of maize germ-
plasm resources have been evaluated for NCLB resistance
(Wang et al. 2012). Thus, the detection and pyramiding of
quantitative trait loci (QTLs) for NCLB resistance will

greatly improve the efficiency ofmarker-assisted breeding
of maize for this trait (Pratt and Gordon 2005).

Many QTLs for NCLB resistance have been identi-
fied across the ten maize chromosomes. Using the F2:3
lines derived from a cross between Mo17 and B52, five
QTL were detected for resistance to NCLB that ex-
plained 48% of the total phenotypic variation in that
population (Freymark et al. 1994; Dingerdissen et al.
1996). QTLs located on chromosome bin 1.06/1.07,
3.07, 4.03, 5.04, and 6.05/6.06 were detected using F3
families derived from a cross between the early matur-
ing European inbred lines D32 and D145 (Welz and
Schechert 1999). One major QTL, qNLB8.06DK888,
had been fine-mapped and delimited to an interval of
0.46 Mb including three candidate genes (Chung et al.
2010). Using a genetic map containing high-density
single-nucleotide polymorphisms (SNPs) spaced at an
average genetic distance of 0.74 cM, Chen et al. (2016)
analyzed QTL for NCLB score and lesion size and
found that qNCLB5.04 accounted for 19 and 20% of
the phenotypic variation in these traits, respectively. In
addition, several NCLB resistance-related loci have
been detected in a genome-wide association study
(GWAS) with a nested association mapping (NAM)
population. An association panel consisting of 999 in-
bred lines fingerprinted with 56,110 SNP markers was
used to find 81 SNPs significantly associated with
NCLB resistance (Ding et al. 2015). Poland et al.
(2011) evaluated a NAM population composed of
5000 inbred lines for resistance to NCLB and identified
29 QTLs with multiple alleles. Although numerous
QTL that control resistance to NCLB have been identi-
fied in maize, current understanding of the genetic ar-
chitecture and the molecular mechanisms of resistance
to this disease remains rudimentary.

Ht1 is a single dominant gene that was identified in a
cross between inbred lines GE440 and Ladyfinger pop-
corn (Hooker 1961). The dominant genes Ht1, Ht2, Ht3,
Htm1, Htn1, N, and HtP and the recessive genes ht4 and
rt have been identified (Bentolila et al. 1991; Van 2001;
Simcox et al. 1993; Ogliari et al. 2005, 2007). They are
independent of each other and resistant to specific phys-
iological races, respectively. The genes Ht1, Ht2, and
Ht3, which are located on chromosomes 2L, 8L, and
7L, respectively, convey resistance by inhibiting the ex-
pansion of chlorotic spots and decreasing the production
of spores by the pathogen (Hilu and Hooker 1963;
Hooker et al. 1963; Hooker and Kim 1973; Hooker
1981). Resistance conferred by HtN (Simcox and
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Bennetzen 1993) and Htm1 (Welz and Geiger 2000),
which are located on chromosome 8L, is characterized
by slower onset of epiphytotics after inoculation (Gevers
1975; Raymundo et al. 1981). Ht4 was located on chro-
mosome 1L and showed the point of circular of fading
green halo (Carson 1995). TheHtn1 gene was cloned and
found to code for a plant cell wall-associated receptor-like
kinase with a pathogen and elicitor perception roles in the
innate immune system of plants (Hurni et al. 2015).

Studies of the genetic architecture of complex traits
and variations in maize have generally been performed
using linkage analysis. However, most of the genetic
maps based on low-throughput molecular markers have
been of low density, which limits the efficiency and
accuracy of QTL mapping and reduces coverage by
genetic markers (Holland 2007). Compared to mapping
using SSR markers, genotyping by sequencing (GBS)
with next-generation sequencing technology is a pow-
erful tool for SNP discovery and high-density genetic
map construction. The development of ultra-high-
density genetic maps using large populations of ad-
vanced RILs is an efficient way to identify QTL for
complex agronomic traits (Zhou et al. 2016; Zhang et al.
2017). Three high-density integrated genetic linkage
maps for maize that composite the SNP data from F2,
RIL, and US-NAM mapping populations have been
developed, which each comprise 6533, 2496, and
5296markers with average distances between neighbor-
ing bins of 0.2, 0.72, and 0.28 cM, respectively (Chen
et al. 2014; Li et al. 2015; Wen et al. 2015).

The genetic backgrounds of mapping populations
can be complex and vulnerable to environmental effects
(Eshed and Zamir 1994; Alonso-Blanco and Koornneef
2000). Secondary mapping populations such as chro-
mosome segment substitution line (CSSL) can reduce
such interference from the genetic background and are
now being widely used for the mapping and cloning of
genes and QTL that control important agronomic traits
in maize. The use of CSSLs can improve the accuracy of
QTL mapping by isolating a single or several chromo-
somal fragments from the donor parent in a genetic
background identical to the recurrent parent. CSSLs
have been useful for detecting QTL with smaller addi-
tive effects that had been masked by QTLs with larger
additive effects in primary populations (Shim et al.
2010). These QTLs could then be resolved into individ-
ual Mendelian factors for further genetic analysis (Wang
et al. 2012; Yuan et al. 2012). To date, several genes or
QTL have been identified using CSSLs in maize (Zhang

et al. 2011a, b; Marathi and Jena 2015). For example, a
set of 130 CSSLs were developed by repeated
backcrossing and selfing with Nongxi531 as the donor
and H21 as the recipient. In total, 11 QTLs for kernel
row number (KRN) were detected in three environments
using stepwise regression, with between 9.87 and
19.44% of the phenotypic variation in KRN explained
by a single QTL (Li et al. 2014).

In the present study, a maize RIL population was
evaluated for resistance to NCLB race 0, and QTL
mapping was conducted using an ultra-high-density
bin map with 4183 bin markers constructed using these
RILs. Furthermore, a set of CSSLs was developed for
fine mapping and evaluated for resistance to NCLB to
determine the potential of novel QTL. These results
provide valuable information about maize resistance to
NCLB, and markers developed within the qNCLB7.02
region may be useful in breeding for resistance to this
disease.

Materials and methods

Plant materials and field design

A RIL population consisting of 314 F11 lines was de-
veloped by single-seed descent from a cross between the
maize inbred lines Qi319 and Ye478. The RILs and both
parents were planted in the field at Xin Zhou (43° 52′N,
124° 82′ E), Shanxi Province, China, in 2015 and 2016.
The resistant line Qi319 was derived from the hybrid
78599. The susceptible line Ye478 was derived from the
cross U8112 × 5003 and developed into an elite inbred
line that has been used widely in maize breeding pro-
grams in China. All of the RILs were arranged in the
field in a randomized incomplete block design with two
replications. Qi319 and Ye478 were planted in each
block as the resistant and susceptible controls, respec-
tively. Lines were grown in single 4-m rows spaced
0.25 m apart with a planting density of 60,000 plants/
ha. Standard agricultural management practices were
employed throughout each growing season in each
location.

Evaluation of northern corn leaf blight resistance

Artificial inoculation was performed using crushed leaf
material infectedwith Setosphaeria turcica as inoculum,
belonging to the dominant race 0 through the
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identification of physiological races, that had been col-
lected during the previous year at the same location.
Experimental plots were inoculated at the V10–V12
growth stages by placing 20–30 pathogen-colonized
sorghum seeds and crushing the diseased leaves into
the leaf whorl of each plant (Carson 1995). The first
evaluation of disease symptoms was conducted approx-
imately 4 weeks after inoculation, and the second and
subsequent evaluations were conducted at approximate-
ly 10-day intervals. Plants were scored on a scale for
NCLB severity from 1 to 9 depending on the character-
istics of the blight lesions (Supplemental Table S1)
(Madden et al. 2007).

Analysis of phenotypic data

All descriptive statistics (e.g., mean, range, skewness,
and kurtosis) for the parental lines and RILs across
2 years were calculated using Statistical Analysis
System (SAS) software 9.0 (SAS Institute, Inc., Cary,
NC Year). The broad-sense heritability (H2) of NCLB
resistance across two environments was calculated ac-
cording to Knapp et al. (1985). Heritability was calcu-
lated as H2 = δ2g / (δ

2
g + δ2ge /e + δ2/er), where δ2g is the

genetic variance, δ2ge is genotype × environment inter-
action, δ2 is the error variance, e is the number of
environments, and r is the number of replications per
environment. The estimates for δ2g, δ

2
ge, and δ2 were

obtained using standard analysis of variance (ANOVA)
with the general linear model procedure (PROC GLM)
in SAS 9.0.

Linkage mapping for resistance to NCLB in RIL
population

The RIL population was genotyped using a genotyping-
by-sequencing (GBS) approach on an Illumina
HiSeq2500 platform. A total of 137,699,000 reads with
an average of 357,376 reads per individual RIL were
generated, which is equivalent to approximately 0.07-
fold coverage of the maize B73 RefGen_V3 genome for
each individual RIL. A total of 88,268 SNPs were
retained to identify bin markers to construct a high-
density genetic map using 4183 bin markers. This map
of the RIL population covers all ten maize chromosomes
with a total genetic distance of 1545.65 cM and average
distance between adjacent markers of 0.37 cM with a
physical distance of about 0.51Mb. The detailed genetic

map used in this study was described in a previous study
(Zhou et al. 2016).

QTL analysis for resistance to NCLB was conducted
using the method of inclusive composite interval map-
ping (ICIM) in QTL IciMapping software 4.0 (Wang
et al. 2014). ICIM applies a two-step strategy to effec-
tively separate cofactor selection from the interval map-
ping process to more effectively control the background
additive and dominance effects and improves mapping
of QTL with additive effects compared to the composite
interval mapping (CIM) method (Zeng 1994). For each
of the datasets (2015, 2016, and BLUP), a significant
threshold to affirm a putative QTL was obtained from
1000 permutations at P < 0.05 with a logarithm of odds
(LOD) score > 3.5 (Doerge and Churchill 1996).

Validation of the qNCLB7.02, qNCLB8-1,
and qNCLB8-2 loci in CSSL populations

Two hundred CSSLs were developed by using a com-
bination of crossing, backcrossing, and molecular
marker-assisted selection (MAS) between maize inbred
lines Qi319 as the donor parent, and Ye478 as the
recurrent parent. SSR detection was performed using
the method described by Wang et al. (2009). The
substituted segment length was estimated based on
graphical genotypes (Young and Tanksley 1989). A
chromosome segment that is flanked by two donor type
markers (DD) is considered a100% donor type, a chro-
mosome segment that is flanked by two recipient type
markers (RR) is considered a 0% donor type and a
chromosome segment that is flanked by one donor and
one recipient type marker (DR) is considered a 50%
donor type. The sum of the DD length and the two DR
lengths was considered as the estimated length of a
chromosome substituted segment. The length of the
donor-substituted segments was calculated based on
the marker’s location on the maize SSR linkage map
(Zhu et al. 2009).

Each CSSL comprising evenly two to four introgres-
sion segments was genotyped based on the physical
locations and genotypes of 201 SSRs distributed evenly
across the ten chromosomes at an average marker inter-
val of 9.94 Mb. To validate the effects of qNCLB7.02
and qNCLB8-1, 19 CSSLs that covered entire chromo-
somes 7 and 8 were developed. CSSL types 1 to 19were
developed by five cycles of backcrossing followed by
two cycles of selfing (BC5F2), using Ye478 as the re-
current parent and Qi319 as the donor of the randomized
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allele monitored bymolecular marker-assisted selection.
In 2016, CSSL types 1 to 19, together with the parental
lines, were evaluated for NCLB resistance in Xin Zhou,
Shanxi Province, China. The design for this field trial
was consistent with that for the RIL population above.
Mean separations for genotypes and NCLB resistance
were performed using Student’s t test.

Results

Evaluation of phenotypic variation

Data for the phenotypic variation in resistance to race 0 of
NCLB in these 314RIL populations and their parental lines
in 2015 and 2016 are presented in Table 1 and
Supplemental Fig. S1A. Significant differences in resis-
tance to NCLB were detected between Qi319 and Ye478
(P= 0.0016 in 2015 and P= 0.00058 in 2016), with
average values of 2.1 and 7.32, respectively
(Supplemental Fig. S1B). The average scale of RIL was
used to represent the disease scale of its corresponding
individual. A continuous distribution from highly resistant
to complete susceptible implied that maize resistance to
NCLB was quantitatively inherited (Supplemental
Fig. S2). ANOVA revealed significant differences
(P< 0.05) among genotypes and environments for NCLB

in the RILs. The estimated H2 for NCLB resistance in the
RIL population was 57.7% (Table 2).

QTL mapping of resistance to NCLB in RIL
populations

A total of 11 QTL identified for resistance to NCLB
were detected in the RIL mapping population,
explaining 3.53–15.29% of the total phenotypic varia-
tion across two environments and BLUP (Table 3 and
Fig. 1). In 2015, five additive QTLs were detected and
the phenotypic variation explained by each QTL ranged
from 3.78 to 10.11%. The most significant QTL,
qNCLB7.02, was detected on chromosome 7 with a
LOD score of 6.77. Among these QTL, the resistance
alleles at qNCLB4.04, qNCLB7.02, qNCLB8-1, and
qNCLB9-1 were derived from the resistant parent
Qi319, while the resistance allele at qNCLB1.01 origi-
nated from the susceptible parent Ye478. In 2016, six
QTL for resistance to NCLB were detected, including
qNCLB5.06, qNCLB6.05, qNCLB7.02, qNCLB8-2,
qNCLB9-2, and qNCLB10.04, each of which explained
3.53–15.29% of the total phenotypic variance. In addi-
tion, the CIs for these QTL spanned physical distances
from 0.3 to 1.4 Mb, with an average of 0.63 Mb, com-
pared to the B73 RefGen_v3 genome. Among these 11
QTL, qNCLB7.02, which explained 10.11 or 15.29% of

Table 1 Phenotypes of the parental lines and RIL population across two environments

Year Qi319 Ye478 RILs

Mean Mean Mean ± SD Range Skewness Kurtosis CV (%) H2 (%)

E1 2.2 ± 0.02 7.28 ± 0.14 5.56 ± 0.06 2.0–9.0 0.0931 0.7969 13.5 64.4

E2 2.0 ± 0.02 7.36 ± 0.13 7.01 ± 0.07 1.5–9.0 − 0.0041 0.7565 12.3 54.6

Combined 2.1 ± 0.02 7.33 ± 0.12 6.76 ± 0.07 1.7–9.0 0.0978 0.7654 12.9 57.7

SD standard deviation, CV coefficient of variation, E1 the year of 2015 in Xin Zhou, Shanxi Province, E2 the year of 2016 in Xin Zhou,
Shanxi Province

Table 2 Analysis of variances for NCLB resistance

Source df SS MS F value Pr > F H2 (%)

Environment 1 90.3822 90.3822 152.2598 3.576E−07
Genotype 307 1372.3693 4.4703 7.5307 0.00E+00

G * E 176 267.6486 1.5207 2.5619 0.00E+00 57.7

Residuals error 711 422.0531 0.5936

df degree of freedom, SS sum of squares, MS mean square
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the phenotypic variation in disease score in two envi-
ronments and BLUP, was consistently detected and
mapped to a position between bin markers Mk3399
and Mk3400, which spans about 1.4 Mb on the B73
RefGen_v3 sequence. The CI for qNCLB8-1 was 97.7–
98.5 Mb in 2015 and that for qNCLB8-2 was 80.75–
81.05 Mb in 2016, and these QTL explained 8.38 and
10.67% of the phenotypic variation in disease score in
the RIL population in 2015 and 2106, respectively.

Validation of the qNCLB7.02, qNCLB8-1,
and qNCLB8-2 loci in CSSL population

To validate qNCLB7.02, qNCLB8-1, and qNCLB8-2, 19
CSSLs covering chromosomes 7 and 8 were developed
from a cross between maize inbred lines Qi319 as the
donor parent, and Ye478 as the recurrent parent. Among
these CSSLs, two CSSLs, type 6 and type 7, harbored
qNCLB7.02 and one CSSL, type 13, harbored the CI for
qNCLB8-1 and qNCLB8-2. The lengths of the
introgressed fragments in CSSL type 6, type 7, and type
13 were 15, 8, and 77 Mb, respectively. Meanwhile, the

background recovery rates in CSSL type 6, type 7, and
type 13 were 91.6, 91.4, and 89.3%, respectively (Fig. 2
and Supplemental Table S2).

Combined with field phenotypic characteristics, CSSL
type 6, which harbors the qNCLB7.02 introgression by
linked marker bnlg1808, was found to be associated with
resistance to NCLB with a disease score of 3.5. The mean
disease scores for type 6were lower than that of the suscep-
tible parent Ye478, which has a disease score of 7.5 and
differs significantly in resistance to NCLB from the other
CSSLs at P = 0.0008 (Fig. 2, Supplemental Table S2
and Fig. S3). The interval sizes of the two QTLs on chro-
mosome8,qNCLB8-1andqNCLB8-2,were0.8and0.3Mb
on theB73RefGen_v3 sequence, respectively, in 2015 and
2016. In the present study, the introgression fragment of
CSSL type 13 that harbors qNCLB8-1 and qNCLB8-2was
associated with resistance to NCLBwith a disease score of
5 at P = 0.002. Alleles at qNCLB8-1 or qNCLB8-2 might
contribute improved disease resistance, so further fine-
mapping in subsequent trials will be required (Fig. 2).

However, CSSLs type 6, type 10, and type 11 also
harbor overlapping introgression fragments from the donor

Table 3 QTL mapping of NCLB resistance using RIL population from the cross of Qi319 and Ye478

Field trial QTLa Binb Flanking markerc Marker intervald(Mb) LODe PVEf (%) Addg SRA

E1h qNCLB1.01 1.01 Mk0019-Mk0020 4.35–4.75 4.08 4.2 0.22 Ye478

qNCLB4.04 4.04 Mk1827-Mk1828 24.05–24.50 3.63 3.78 − 0.61 Qi319

qNCLB7.02 7.02 Mk3399-Mk3400 137.05–138.45 6.77 10.11 − 0.88 Qi319

qNCLB8-1 8.03 Mk3710-Mk3711 97.70–98.50 5.14 8.38 − 0.75 Qi319

qNCLB9-1 9.03 Mk4081-Mk4082 26.45–26.80 3.92 4.14 − 0.62 Qi319

E2h qNCLB5.06 5.06 Mk2694-Mk2695 203.25–203.55 8.37 7.53 − 0.74 Qi319

qNCLB6.05 6.05 MK3039-MK3040 146.10–146.45 6.02 5.34 0.29 Ye478

qNCLB7.02 7.02 Mk3399-Mk3400 137.05–138.45 11.22 15.29 − 0.92 Qi319

qNCLB8-2 8.03 Mk3682-Mk3683 80.75–81.05 8.42 10.67 − 0.85 Qi319

qNCLB9-2 9.03 Mk4146-Mk4146 99.45–99.75 4.03 3.53 − 0.73 Qi319

qNCLB10.04 10.04 Mk4460-Mk4461 96.30–96.90 7.01 8.07 0.36 Ye478

BLUP qNCLB4.04 4.04 Mk1827-Mk1828 24.05–24.50 4.56 5.68 − 0.61 Qi319

qNCLB7.02 7.02 Mk3399-Mk3400 137.05–138.45 10.26 13.16 − 0.86 Qi319

qNCLB8-2 8.03 Mk3682-Mk3683 80.75–81.05 6.35 7.52 − 0.78 Qi319

a The name of each QTL is a composite of the influenced trait
b Chromosome bin location of QTL
c The markers to the left and right of the QTL
d Interval between the two markers on the B73 genome RefGen_v3 sequence
e The logarithm of odds score
f The phenotypic variance explained by individual QTL
g The additive effect value
h E1: the year of 2015 in Xin Zhou, Shanxi Province; E2: the year of 2016 in Xin Zhou, Shanxi Province
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Qi319 inbred line. These overlapping regions conferred no
significant difference in resistance to NCLBwhen compar-
ing type 10 (P = 0.06) or type 11 (P = 0.053) with the
susceptible parent Ye478, which suggests that the overlap-
ping introgression fragments in type 10 and type 11 play no
role in resistance to NCLB (Fig. 2 and Supplemental
Table S2). Therefore, these results indicate that
qNCLB7.02, qNCLB8-1, and qNCLB8-2 could improve
resistance to NCLB in these CSSLs, and that CSSL type
6 and type 13 could be used to construct secondary
backcrossing populations for fine-mapping and cloning of
qNCLB7.02 and qNCLB8-1 or qNCLB8-2.

Discussion

A novel QTL for resistance to NCLB

QTL mapping has been an efficient strategy for the
dissection of quantitative traits in maize breeding
(Chen et al. 2014). However, the quality of genetic maps
significantly affects the accuracy of QTLmapping.With
the development of next-generation sequencing

technology and high-density markers will greatly facil-
itate the identification of recombination events and the
exact recombination breakpoints, which increases the
power to detect QTL (Varshney et al. 2009; Schnable
et al. 2009). In the present study, 11 QTL for resistance
to NCLB were detected, and qNCLB7.02, which was
consistently identified in all test environments and ex-
plained 10.11–15.29% of the phenotypic variation in
disease score in the RIL population, was mapped to a
position between bin markers of Mk3399 and Mk3400,
which spans about 1.4 Mb on the B73 RefGen_v3
sequence (from physical posit ion 137.05 to
138.45 Mb). Compared with the locations of QTL for
NCLB resistance that have been identified in previous
studies (Chen et al. 2016; Simcox and Bennetzen 1993),
qNCLB7.02 from line Qi319 is likely to be a new locus
for resistance to NCLB. Poland et al. (2011) detected 29
quantitative trait loci for resistance to NCLB in a NAM
population. Their full QTL model could explain 77% of
the variation in this trait, and subsequent association
ma p p i n g i d e n t i f i e d o n e c a n d i d a t e g e n e
(GRMZM2G043600) located near qNCLB7.02, which
was 1.69 Mb downstream of the confidence interval for

Fig. 1 Detection of NCLB resistance QTL in two environments. a
Diagram of QTL for NCLB on the whole genome in 314 RILs of
Qi319×Ye478. The logarithm of odds profile, the relative position,
and relevant markers are displayed using QTL cartographer

version 3.5. b The major qNCLB7.02. c The minor qNCLB8-1
and qNCLB8-2. E1: the year of 2015 in Xin Zhou, Shanxi Prov-
ince. E2: the year of 2016 in Xin Zhou, Shanxi Province
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qNCLB7.02. Also, the confidence interval of qNCLB8-
1, qNCLB8-2 does not include Ht2 or Htn1, which
implicates qNCLB8-1 or qNCLB8-2 as new minor
QTL on chromosome 8 that could improve resistance
to NCLB (Zaitlin et al. 1992; Hurni et al. 2015; Chen
et al. 2016).

Verification of stable QTL for NCLB resistance
in CSSLs after artificial inoculation

Because the genetic backgrounds of mapping popula-
tions can obscure the effects of QTL in various environ-
ments (Eshed and Zamir 1994), identical genetic back-
grounds in mapping population can allow QTL to be
resolved into typical Mendelian factors and thereby
greatly enhance the efficiency of fine mapping

(Alonso-Blanco and Koornneef 2000). The construction
of CSSLs from a cross between the inbred lines Qi319
and Ye478 has been a powerful strategy for precise QTL
mapping of a genomic region. Our analysis using these
CSSLs was convenient and complemented use of the
RIL population, which allowed quick confirmation of
individual QTL by identifying links between markers
and QTL (Wang et al. 2012). The CSSLs have allowed
more accurate estimates of genetic effects in a specific
background (Yuan et al. 2012). Further, NCLB resis-
tance is a complex, quantitatively inherited trait that is
easily influenced by environmental conditions
(Parlevliet 2002). To deal with this issue, experiments
were performed in regions with severe NCLB outbreaks
using artificial inoculation to increase the accuracy of
phenotyping. After applying those strategies, 19 CSSLs

Fig. 2 Validation of the qNCLB7.02, qNCLB8-1, and qNCLB8-2 loci in a CSSL population from the cross of Qi319 and Ye478. Black and
gray rectangle correspond to homozygous Qi319 alleles and homozygous Ye478 alleles, respectively
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covering chromosomes 7 and 8 were selected to validate
the novel qNCLB7.02 identified for resistance to NCLB.
The strategy we used was quite feasible, and will lay the
foundation for future fine-mapping and cloning of stable
and significant QTL for NCLB resistance.

Future application of NCLB resistance QTL in breeding
programs

Many physiological races of S. trucica occur in China.
The emergence of a new dominant race can be the
prelude to maize varieties that were previously resistant
becoming susceptible to NCLB. At present, a total of 12
physiological races have been identified, including races
0, 1, 2, 3, N, 12, 13, 1N, 2N, 123, 12N, and 123N.
Among these, races 0, 1, and 0/1 dominate in the corn-
growing areas of China (Gao et al. 2011; Zhang et al.
2011a, b; He et al. 2011; Sun et al. 2005). To date,
accurate and rapid detection of the pathogen combined
with quick deployment of resistant varieties have been
the most effective ways to control NCLB. For example,
DK888, a hybrid with resistance to multiple diseases,
has been used as a donor of resistance alleles when
constructing near-isogenic lines (NILs). The resistance
of qNLB8.06DK888 has been characterized by its speci-
ficity for race 0 and race 1 (Chung et al. 2010).Mo17 (as
the resistant parent) has been used to perform linkage
mapping of NCLB resistance after artificial inoculation
with race 1 (Zheng et al. 2007). Further studies have
shown race 1 to be the dominant race in the northeastern
spring maize-growing area in China. Meanwhile, stud-
ies to identify and analyze disease resistance in five
heterotic groups used in maize production and breeding
in China have concluded that PN78599 germplasm from
the PB heterotic group is highly resistant to NCLB and
that hybrids including this germplasm also generally
exhibit high degrees of disease resistance (Tong et al.
2005; Yu et al. 2011). In our study, the resistant parent
Qi319 was also derived from the PB heterotic group,
which implies that Qi319 should be resistant to race 0
and race 1.

Some genes that confer resistance to NCLB act
quantitatively (horizontal resistance) and others act
qualitatively (vertical resistance). Qualitative resis-
tance is typically race-specific and controlled by
single genes, whereas quantitative resistance is gen-
erally race-nonspecific and oligogenically or
polygenically controlled (Geiger and Heun 1989;
Mackay et al. 2009; Raihan et al. 2016). However,

qualitative resistance should not simply be equated
to major gene resistance, nor should quantitative
resistance simply be equated to minor gene resis-
tance. Because of the influences of the environment,
materials, and physiological races of pathogens,
qualitative resistance of maize to S. turcica might
have a partial effect due to specificity against one or
a few races, while quantitative resistance may have a
more complete effect against a broader spectrum of
races (Welz et al. 2000). For example, Htl, Ht2, and
Ht3 confer qualitative resistance, while Htn1 confers
quantitative resistance (Bentolila et al. 1991; Van
2001; Simcox et al. 1993; Ogliari et al. 2005;
Hurni et al. 2015). Further, maize inbred line
Ye8112 showed a high level of resistance to NCLB
to race 0 but was susceptible to races 1 and N
(Zhang 2013). Thus, stacking resistance alleles at
multiple QTL into a single line could and should
be achieved using phenotypic or MAS. Unlike mor-
phological traits that can be directly selected by
breeders, resistance can only be assessed under path-
ogen stress conditions, which are quite variable
across years and locations and thus make phenotypic
selection challenging. MAS can be effective if the
genetic architecture controlling resistance to a given
disease is clearly understood. A few of the genes or
QTL underlying disease resistance in maize have
already been applied in breeding resistant lines.
For example, a resistance allele of the major head
smut res i s t ance QTL qHSR2 .09 has been
introgressed via MAS into 10 susceptible maize
inbred lines. The 10 inbred lines that were converted
to resistant phenotypes, and the hybrids derived
from them, have all shown substantial improvement
in resistance to head smut (Zhao et al. 2012; Zuo
et al. 2014; Yang et al. 2017). Considering the genes
or QTL underlying high qualitative resistance or
quantitative resistance, several resistance genes have
been introduced by MAS into multiline varieties that
could be used in production and are resistant to
multiple physiological races of NCLB. Our results
provide important information for further fine map-
ping and ultimately cloning of genes controlling
quantitative disease resistance traits. Future insights
into the molecular mechanisms of disease resistance
will in turn aid development of functional molecular
markers and elite inbred lines, genomic selection in
maize breeding populations, and breeding of NCLB-
resistant hybrids.
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