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(SNP) genotypes identified using the MaizeSNP50 Bead-
Chip, a long haplotype including qMrdd8 was identified in 
four resistant inbred lines. One SNP, the 2549-bp insertion/
deletion polymorphism (InDel) InDel25, and the 2761-
bp InDel27, which all were significantly associated with 
resistance to MRDD in a set of 226 maize inbred lines 
(P < 0.05), were detected within qMrdd8. Furthermore, two 
candidate genes, CG1 and CG2, were detected in the inter-
val using RNA sequencing (RNA-Seq), and InDel25 was 
localized within the candidate gene CG1. In conclusion, 
the fine mapping of qMrdd8 will be helpful in cloning the 
resistance gene, and the three polymorphic markers identi-
fied in this study could be used to improve MRDD resist-
ance via a marker-assisted selection approach.

Introduction

Maize rough dwarf disease (MRDD) is a serious viral dis-
ease that leads to severe yield losses in maize (Bai et al. 
2002; Dovas et al. 2004; Lenardon et al. 1998). Especially 
on the Yellow-Huai-Hai River Plain in China, maize is 
sown after the harvest of wheat which serves as the reser-
voir for the causal virus and its insect vector Laodelphax 
striatellus (Zhang et al. 2001). Maize rough dwarf virus, 
Mal de Rio Cuarto virus, and rice black-streaked dwarf 
virus (RBSDV) are the major pathogens that cause MRDD 
in Europe (Dovas et al. 2004), South America (Arneodo 
et al. 2002), and Asia (Bai et al. 2002; Fang et al. 2001), 
respectively. These closely related viruses affect com-
mon plant hosts such as maize and wheat, are carried by 
a common planthopper vector, show similar disease symp-
toms, and have genomic segments with highly homologous 
sequences (Zhang et al. 2001). These three viruses belong 
to the genus Fijivirus within the family Reoviridae.
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In China, RBSDV can be transmitted among maize, rice, 
and wheat (Bai et al. 2002), and the virus particles reside 
in the phloem of the affected plants (Arneodo et al. 2002). 
It causes serious growth abnormalities, such as dwarfing, 
internode shortening, poor radical system development, 
and dark green leaves (Zhang et al. 2001). MRDD can be 
alleviated to some degree by using pesticides to reduce 
the population of its insect vector. However, the economic 
input costs and the environmental pollution risks of this 
approach are considerable. Maize sowing dates can also be 
delayed to avoid peak migration of the Laodelphax striatel-
lus vector, which is also known as small brown planthop-
per, but that can reduce maize yield (March et al. 2002). 
Consequently, the use of resistant cultivars is the most eco-
nomic and environmentally sound means to control this 
disease.

Therefore, evaluation of maize germplasm for resistance 
to MRDD is fundamental for identification of resistant germ-
plasm and subsequent cloning of resistance genes, which are 
prerequisites for developing resistant cultivars (Ali and Yan 
2012). Inbred lines commonly used in maize breeding pro-
grams in China have been screened for resistance to MRDD 
under natural infection (Xue et al. 2012; Yang et al. 2010). 
MRDD resistance has been found in the inbred lines Qi319, 
Shen137, SH15, 89-1, Dan3130, Jinhuang59, X178, P138, 
and others. Most of them were recycled from the US hybrid 
P78599 (Liu et al. 2015; Lu et al. 2001).

Plant breeders and pathologists have paid much attention 
to understanding polygenic traits, using QTL mapping to 
shed light on their genetic architecture and to facilitate their 
management. QTL mapping is an important way to detect 
statistically significant associations between molecular 
markers and QTL underlying traits of interest in segregating 
populations. Inclusive composite interval mapping (ICIM) 
is a statistical method for QTL mapping proposed by Li 
et al. (2007) that takes into account the absorption of addi-
tive and epistatic effects by the two flanking markers (Zhang 
et al. 2008). Extensive simulations in different genomes and 
various genetic models indicate that ICIM can increase the 
power of QTL detection, reduce false positive rates, and 
reduce bias in estimation of QTL effects compared to com-
posite interval mapping (Li et al. 2007). ICIM has been used 
in a wide range of QTL studies (Cui et al. 2011; Lan et al. 
2010; Lu et al. 2009; Luan et al. 2012; Wang et al. 2012a, 
b). For example, ICIM was used to identify QTL for cotton 
yield and fiber quality in a backcross inbred line population 
comprised of 146 lines (Yu et al. 2013).

Previous studies consistently reported that resistance to 
MRDD is quantitatively inherited (Bonamico et al. 2012; 
Di Renzo et al. 2004; Liu et al. 2014; Luan et al. 2012; 
Shi et al. 2012). Using the resistant inbred line BLS14 and 
the susceptible line Mo17, Di Renzo et al. (2004) identi-
fied two QTL for resistance to Mal de Río Cuarto disease, 

which were located on maize chromosome bins 1.03 
and 8.03/4. Using an F2 population derived from a cross 
between the resistant inbred line 90110 and the susceptible 
inbred Ye478, Wang (2007) detected three QTL for resist-
ance to MRDD on chromosome bins 6.02, 7.02, and 8.07. 
Another study using recombinant inbred lines (RIL) also 
derived from 90110 × Ye478 identified five QTL including 
one on chromosome bin 8.07 that explained up to 28.9 % 
of the phenotypic variance in MRDD resistance (Luan et al. 
2012). A major QTL originating from the resistant inbred 
line X178 on chromosome bin 8.03 explained 24.6–37.3 % 
of the phenotypic variance for MRDD (Shi et al. 2012). A 
major QTL, qMrdd1, which explained 33.7 and 41.3 % of 
the phenotypic variance in MRDD resistance in two loca-
tions, was also mapped into an interval of 1.2 Mb on chro-
mosome bin 8.03 (Tao et al. 2013b). However, gene(s) have 
not yet been reported.

After primary mapping of QTL for traits of interest, fine 
mapping should be conducted to facilitate efficient marker-
assisted selection (MAS) and cloning of target genes. The 
recombinant-derived progeny test strategy is an efficient 
and powerful method for QTL fine mapping (Yang et al. 
2012). This method can accurately locate QTL by testing 
associations between molecular markers and phenotypic 
variance in progenies derived from recombinants. If tar-
get genes act in a dominant manner, recombinants could 
be backcrossed to susceptible inbred lines or to wild type 
to produce progenies for mapping. If target genes act in a 
recessive manner, recombinants should be self-pollinated to 
produce progenies. The recombinant-derived progeny test 
has been used in several studies to fine map QTL underly-
ing traits of interest (Hurni et al. 2015; Nair et al. 2015; 
Tao et al. 2013a; Zhang 2012). For example, this method 
was used to fine map the QTL qHSR1 and cloned the tar-
get gene ZmWAK, which confers quantitative resistance to 
maize head smut (Zuo et al. 2015).

Improving the resistance of maize cultivars to MRDD is 
an important objective for maize breeding. Fine mapping of 
major QTL for MRDD resistance and subsequent MAS of 
resistant genotypes will facilitate the development of resist-
ant maize cultivars. The objective of this study was to fine 
map the QTL qMrdd8, which confers resistance to MRDD 
in X178 (Shi et al. 2012), and to identify other markers 
tightly linked to qMrdd8 to use for subsequent MAS of 
MRDD resistance.

Materials and methods

Plant materials

Based on the previous study (Shi et al. 2012), the resistant 
RIL NL203 derived from a cross between X178 and B73 
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was crossed with the susceptible inbred line B73 to pro-
duce F2 sub-populations. Three F2 sub-populations from 
three F1 ears, F2-1, F2-2, and F2-5, consisting of 241, 253, 
and 312 individual plants, respectively, were used to map 
the QTL for MRDD resistance. Recombinant plants identi-
fied in the sub-population F2-5 were used to fine map the 
QTL qMrdd8 (Fig. 1).

Evaluation of sub‑populations for resistance to MRDD

In 2012, the sub-populations F2-1 and F2-2 were evaluated 
for resistance to MRDD under artificial inoculation follow-
ing the method established by Di et al. (2005) at Nanjing in 
Jiangsu Province (32.06°N, 118.78°E). The sub-population 
F2-5 was evaluated for resistance to MRDD under natural 
infection during the summer at Yancheng in Jiangsu Prov-
ince (33.39°N, 120.14°E). Together with the resistant con-
trol NL203 and the susceptible control B73, the sub-pop-
ulation F2-5 was planted in 21 rows 0.6 m wide and 4.5 m 
long on 5 May 2012 during the period that MRDD virus 
was transmitted by Laodelphax striatellus. At growth stage 
R6, resistance to MRDD was scored using a disease rat-
ing scale based on the severity of MRDD symptoms with 
scores from 0 to 4 (Miao et al. 2005; Shi et al. 2012), in 
which a score of 0 indicated the most highly resistant phe-
notype and 4 represented the most seriously susceptible 
phenotype.

The inbred lines X178 (resistant) and B73 (susceptible) 
were also evaluated for resistance to MRDD under artifi-
cial inoculation. Leaves from ten individual plants from 
each line were harvested 72 h after inoculation and stored 
at −80 °C. RNA was extracted from these leaves following 

the protocol of TRIZOL reagent established by Invitrogen 
life technologies Co. Ltd. and subjected to high-throughput 
sequencing using the Illumina 2000 platform by BerryGen-
omics Co. Ltd (Beijing, China) to identify candidate genes 
within qMrdd8.

Genotyping using SSRs

Genomic DNA for genotyping was extracted from the 
young upper leaves of plants using a CTAB procedure 
(Murray and Thompson 1980). The quality and quan-
tity of DNA were evaluated by running samples on 1.0 % 
agarose gels and by determining absorbance ratios using 
a spectrophotometer (Nanodrop 2000, Thermo Scientific, 
US). SSR and InDel primer sequences were obtained from 
MaizeGDB (http://www.maizegdb.org/), and the primers 
were synthesized at Beijing AuGCT Bio-technology Co. 
Ltd. PCR amplicons were separated by electrophoresis on 
8 % polyacrylamide gels and visualized by silver staining.

Construction of linkage map and QTL identification

Linkage map construction was carried out using QTL Ici-
Mapping version 3.2 (http://www.isbreeding.net). Mark-
ers with LOD scores of at least 3.0 were grouped together. 
Grouped markers were then ordered using the nnTwoOpt 
algorithm. After ordering, marker positions were rippled 
for fine-tuning using sums of adjacent recombination fre-
quencies. The linkage map and phenotype information 
were then combined to identify QTL for resistance to 
MRDD using QTL IciMapping software version 3.2 (Li 
et al. 2007).

Development of InDel markers

Within the physical interval identified in initial QTL map-
ping using the three F2 sub-populations, 26 InDel markers 
were designed to fine map the QTL based on the known 
InDels between the inbred lines B73 and Mo17 that have 
been deposited in MaizeGDB (http://www.maizegdb.
org/). These InDels were designated with the prefix ‘ID’. 
Another 47 InDel markers were designed based on the 
known InDels between the inbred lines Qi319 and Ye478 
that were identified by ~30× genome resequencing (Zhou 
et al. 2016). This set of InDels was designated by the pre-
fix ‘IDRQ’. These markers were all screened for polymor-
phisms between the parental lines NL203 and B73.

Fine mapping strategy of qMrdd8

Fine mapping of qMrdd8 was carried out using a recom-
binant-derived progeny test strategy (Fig. 1) (Yang et al. 
2012). The 11 plants in the F2-5 sub-population that were 

Fig. 1  Experimental flow chart for fine mapping of the QTL qMrdd8 
conferring resistance to maize rough dwarf disease. “recombinants” 
indicates selection of recombinant plants

http://www.maizegdb.org/
http://www.isbreeding.net
http://www.maizegdb.org/
http://www.maizegdb.org/
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heterozygous at qMrdd8 were self-pollinated in the summer 
of 2012. A total of 335 progenies were planted in a winter 
nursery in Hainan in the winter of 2012 to be screened for 
recombinants at qMrdd8. F3 recombinants were then back-
crossed to B73 to produce BC1F1 progenies. In the summer 
of 2013, 1537 progenies were genotyped and new recom-
binants within the mapped QTL region were backcrossed 
to B73 to produce BC2F1 progenies. In the winter of 2013, 
heterozygous recombinant BC2F1 progenies were self-pol-
linated to produce BC2F2 segregating populations with a 
segregation ratio equivalent to that of an F2 population with 
respect to the mapped QTL region. These segregating pop-
ulations were then used to fine map qMrdd8.

In the summer of 2014, 50–80 randomly selected ker-
nels from the BC2F2 segregating populations were planted 
to evaluate for resistance to MRDD under artificial inocula-
tion at Nanjing in Jiangsu Province. Another 60–120 ker-
nels from the BC2F2 segregating populations were planted 
at Jining in Shandong Province to evaluate for resistance 
to MRDD under natural infection. Individuals from the 
BC2F2 segregating populations were then classified into 
one of the three possible marker genotypes in the qMrdd8 
region: homozygous NL203/NL203, homozygous B73/
B73, or heterozygous NL203/B73. Disease scores among 
the three genotypic classes were compared using one-way 
ANOVA in SAS version 9.2 (SAS, Inc., Cary, NC, US). A 
significant (P < 0.05) difference in disease scores among 
the three genotypic classes indicated that a MRDD resist-
ance gene was located within a heterozygous region. Dis-
ease severity index (DSI) was calculated for all genotypic 
classes of the recombinant-derived progenies and was used 
as the basis for phenotypic comparison. DSI was defined as 
DSI =

∑
(disease score× number of plants with each score)/  

(maximum disease score× total number of plants of one  
genotype). . Because of the low incidence of MRDD under 
natural infection in 2014, the proportions of the three geno-
typic classes with disease scores of 1, 2, 3, or 4 were tested 
against a segregation ratio of 1:2:1 using a Chi-square 
test in SAS version 9.2. In 2015, the difference in disease 
scores between a homozygous recombinant-derived fam-
ily and B73 was measured using a Student’s t-test in SAS 
version 9.2 under artificial inoculation, and under natural 
infection, the difference was measured using a one-way 
ANOVA followed by Duncan’s multiple comparisons 
(P = 0.05) in SAS version 9.2.

Haplotype and association analysis

A panel of 226 Chinese maize inbred lines was evaluated 
for resistance to MRDD under natural infection in Shan-
dong and Jiangsu provinces (Liu et al. 2014) and was gen-
otyped using the MaizeSNP50 BeadChip. Haplotypes for 

the qMrdd8 region were analyzed and the annotated gene 
GRMZM2G435373 that lies within the qMrdd8 region was 
sequenced in this panel. A mixed linear model was used to 
analyze correlations between polymorphisms and resist-
ance to MRDD using the program TASSEL standalone ver-
sion 3.1 (Bradbury et al. 2007; Liu et al. 2014). The struc-
ture parameter and the kinship parameter were calculated 
as described in Liu et al. (2014).

Results

Phenotype of the three F2 sub‑populations

The F2-1 and F2-2 sub-populations were evaluated for 
resistance to MRDD under artificial inoculation. The aver-
age DSI of NL203 and B73 were 0.09 and 0.89, respec-
tively. In the two sub-populations, there were more plants 
with disease scores of 0 or 4 than with scores of 1, 2, or 3. 
The distributions of disease scores were similar between the 
two sub-populations, and the Pearson correlation (r = 0.94) 
between the distribution of the disease scores of F2-1 and 
that of F2-2 was statistically significant at P = 0.01. The 
F2-5 sub-population was evaluated for resistance to MRDD 
under natural infection. The DSI of NL203 and B73 were 
0.08 and 0.75, respectively. The plants with disease scores 
of 1, 2, or 3 were more frequent than the plants with dis-
ease scores of 0 or 4. The distribution of the disease scores 
differed from that of the F2-1 and F2-2 sub-populations, and 
the Pearson correlations between the disease score distribu-
tions of these sub-populations were not statistically signifi-
cant at P = 0.05.

Construction of linkage maps

A total of 157 markers including 124 SSRs and 33 InDels 
on chromosome 8 were screened using the genomic DNA 
of NL203 and B73, and 18 of these markers (11 %) were 
polymorphic. The F2-1 and F2-2 sub-populations were gen-
otyped using ten polymorphic markers covering qMrdd8. 
The lengths of the F2-1 and F2-2 linkage maps were 35.28 
and 38.36 cM, respectively (Fig. 2). The maximum inter-
vals between adjacent markers in these two sub-populations 
were 12.00 and 11.84 cM, respectively. The order of the 
markers in these two sub-populations was consistent with 
that of IBM 2008 neighbor map (http://www.maizegdb.
org). The F2-5 sub-population was genotyped using 18 
polymorphic markers to produce a linkage map 153.81 cM 
in length. The maximum interval between adjacent markers 
was 25.53 cM (Fig. 2). The order of these 18 markers was 
consistent with that in IBM 2008 neighbor map except for 
the SSR bnlg2037 (http://www.maizegdb.org).

http://www.maizegdb.org
http://www.maizegdb.org
http://www.maizegdb.org
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Identification of QTL for resistance to MRDD

By combining the disease scores and the linkage map for 
the F2-1 sub-population to perform ICIM using the QTL 
IciMapping software, one QTL with a LOD value of 5.10 
flanked by the SSR markers umc1617 and phi121 was 
identified that explained 11 % of the phenotypic variance 
for MRDD resistance (Fig. 2; Table 1). In the F2-2 sub-
population, one QTL with a LOD value of 6.18 that was 
also flanked by the SSR markers umc1617 and phi121 was 
detected and explained 11 % of the phenotypic variance for 
MRDD resistance (Fig. 2; Table 1). In the F2-5 sub-pop-
ulation, a QTL was identified with a LOD value of 18.80 
that was flanked by the SSR markers umc1735 and phi121 
(Fig. 2) and explained 25.71 % of the phenotypic variance 
for MRDD resistance (Table 1). The QTL flanked by the 
SSR markers umc1617 and phi121 was consistently identi-
fied in these three F2 sub-populations, and was designated 
qMrdd8 (Fig. 2).

Fine mapping of qMrdd8

A total of 11 InDel markers were polymorphic between 
NL203 and B73 (Table 2). To fine map qMrdd8, the flank-
ing markers umc1617 and phi121 were first used to identify 

recombinants from among 3899 BC2F1 plants in Hainan 
province during the winter of 2013, and the genotypes of 
the recombinants were subsequently resolved using 11 pol-
ymorphic InDel markers. Five categories of recombinants 
were detected and self-pollinated to produce BC2F2 fami-
lies for fine mapping (Figs. 1, 3).

In 2014, the five categories of recombinant-derived 
BC2F2 families were evaluated for resistance to MRDD 
using artificial inoculation and natural infection. Three 
genotypic classes within each BC2F2 family derived from 
individual heterozygous recombinant plants were identi-
fied: homozygous NL203, heterozygous (NL203/B73), and 
homozygous B73. DSI was calculated for these three geno-
typic classes within each family under artificial inoculation. 
The number of the plants with a disease score of 1, 2, 3, or 
4 was also recorded for these three genotypic classes within 
each family under natural infection. Recombinant categories 
3, 4, and 6 were considered susceptible to MRDD because 
there was no statistically significant difference among the 
three genotypic classes (Fig. 3). Recombinant category 
5 was considered resistant to MRDD because there was a 
significant difference in MRDD resistance among the three 
genotypic classes. Although there did not seem to be a sig-
nificant difference in MRDD resistance among the three 
genotypic classes in recombinant category 2 according to 

Fig. 2  LOD scores for qMrdd8 in three F2 sub-populations derived from inbred lines NL203 and B73

Table 1  Parameters of the 
QTL identified in three F2 
populations

Sample Number of plants Interval LOD PVE (%) Additive effect Evaluation

F2-1 241 umc1617-phi121 5.10 10.71 0.73 Artifical inoculation

F2-2 253 umc1617-phi121 6.18 10.81 0.78 Artifical inoculation

F2-5 312 umc1735-phi121 18.80 25.71 0.82 Natural infection
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Table 2  Primers developed for fine mapping of qMrdd8 based on InDels

The positions are according to B73 AGPv3

Name Position Forward primer (5′–3′) Reverse primer (5′–3′) Type

ID1 102349011 AGAACTTTACGAAAGGTGTT AGTATGGGATGCTGAGGGAG InDel

ID5 102788265 AATGAGCGTGTAGATCGTA CCGACCATTGAAAAATACTA InDel

IDRQ1 103424730 AATAAAAGCGCACAGAGAT GCCTTGGAATGATAAAACG InDel

IDRQ2 103445851 TCATCCTCTCTGCCTCTATTTT TTAAGCCCCCTCCTCATCT InDel

IDRQ4 103535513 ATACAGGCAATGGTGAAAAGTT CTATTTCCCAATACAATTCGT InDel

IDRQ20 103793224 TTGAGAAAATACAGGCAGAAAT CGACAAGACAACGGCGAGGCAC InDel

ID16 103802990 TGGCGAGGAAAGAGACGGT CGAACTCATGCTTGATCAG InDel

ID17 103857290 GCAATGCTTGGAGGTAGATT ATGGGTCCCTTGAAGATAA InDel

IDRQ50 104129786 CTTTTGATCCTTTGATCAGATGG CTTTTGGTGAATATCGACGAAC InDel

ID18 104130493 CGTGCCTCCTTTTATTCGT AAGTGGTCTGCTAGCTGAT InDel

ID20 104140489 TGTAGAGAACTCCCCTGGCT TAGAAGTGGTTTGGGTGGCA InDel

IDP25K 103537713 TCGGACTGTGGATTATCGGTCT ATGGTGCTATCTTGATTTGGGG InDel

IDP27K 103634975 TTTGTGCCTGTTATGTATTTGTT CACCAAATTATTCAATGCGAAAG InDel

Fig. 3  Fine mapping of qMrdd8 in 2014 and 2015. The years 2014 
and 2015 indicate the fine mapping results obtained in 2014 and 
2015, respectively. Genetic composition of each recombinant cat-
egory is shown in different colors. Black, gray, and white rectangles 
indicate homozygous NL203 genotype, heterozygous NL203/B73 
genotype, and homozygous B73 genotype, respectively. Statistically 
significant differences in disease scores at P = 0.05 among three 
genotypic classes within one recombant-derived family indicates 
that the resistance QTL is located in a heterozygous region while 
no significant difference indicates that the resistance QTL lies in a 
homozygous region. And their corresponding parental recombinants 
are deduced as segregant (S) or non-segregant (NS), respectively. In 

2015 under artificial inoculation, a statistically significant difference 
(P = 0.05) in disease scores between a homozygous NL203 recom-
binant-derived family and B73 indicates that the resistance QTL is 
located in homozygous NL203 region. And under natural infection, 
statistically significance (SG) or insignificance (NSG) (P = 0.05) 
indicates that a homozygous NL203 recombinant-derived family did 
or did not differ significantly from the susceptible control B73 in dis-
ease scores. Finally, qMrdd8 was located between markers IDRQ2 
and IDRQ20 with a 347-kb region. DP deduced phenotype, No. P 
number of progenies, Na not available, B73 homozygous B73 geno-
type, Het heterozygous genotype NL203/B73, NL203 homozygous 
NL203 genotype
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one-way ANOVA (P > 0.20), a small P value of Chi-square 
(P = 0.0464) and the significant difference in disease scores 
between the homozygous NL203 and B73 genotypic classes 
(Student’s t-test, P < 0.05) suggested that recombinant 
category 2 was resistant to MRDD. Finally, the QTL was 
located between the markers IDRQ2 and ID16 (Fig. 3).

Individual plants from BC2F2 families were self-polli-
nated to generate BC2F3 families in the summer of 2014, 
and recombinants were screened from 7605 BC2F3 plants 
at Hainan Province in the winter of 2014. According to the 
interval of qMrdd8 mapped in the summer of 2014, nine 
categories of recombinant-derived families, including four 
categories of homozygous recombinant-derived families, 
were used to fine map qMrdd8 in the summer of 2015 
(Fig. 3). In 2015, InDel25 and InDel27, 2549 and 2761 bp 
in length, respectively, were found to be polymorphic 
within the interval between the markers IDRQ2 and ID16. 
These two InDels were used to develop the polymorphic 
markers designated IDP25K and IDP27K, respectively. 
Nine categories of recombinants were genotyped using 
these two markers. Heterozygous recombinant-derived 
families included three genotypic classes (homozygous 
NL203, heterozygous (NL203/B73), and homozygous 
B73) and were evaluated for MRDD resistance. Seeds of 
each of the four categories of the homozygous recombi-
nant-derived families (recombinant categories 1-1, 1-2, 
1-5, and 1-9) were evaluated for MRDD resistance under 
natural infection and also mixed with B73 seeds in a ratio 
of 1:1 (Fig. 3), and these four mixtures were subsequently 
evaluated for MRDD resistance under artificial inocula-
tion. After the evaluation under artificial inoculation and 
natural infection, recombinant category 1-1 was resistant 
to MRDD because of the statistically significant difference 
from B73 in disease scores (Fig. 3). This implied that the 
resistance QTL was located within the homozygous NL203 
region of recombinant category 1-1. The significant differ-
ence in MRDD scores among the three genotypic classes 
within the families derived from recombinant categories 
1–3, 1–4, 1–6, 1–7, and 1–8 indicated that the resistance 
QTL was located in the heterozygous regions of these 
recombinant categories (Fig. 3). Recombinant categories 
1-2, 1-5, and 1-9 were susceptible to MRDD because of 
insignificant difference in MRDD scores between B73 and 
the families derived from these three recombinant catego-
ries and the high DSI of the three families. Thus, qMrdd8 
was mapped into the 347-kb interval between the markers 
IDRQ2 and IDRQ20 (Table 2; Fig. 3).

Haplotype and polymorphisms within qMrdd8 
associated with MRDD resistance

Based on the SNP genotypes of these 226 maize inbred 
lines analyzed using the MaizeSNP50 BeadChip, the 

haplotype, which was detected in five resistant inbred lines 
by Liu et al. (2014) and was 81.57 Mb in length, was iden-
tified in other four inbred lines including Jinghuang96B, 
Liao68, 141, and Shen137. The DSI of these four inbred 
lines were lower than the average DSI of all 226 inbred 
lines, and were significantly different from that of the sus-
ceptible control Ye478 based on ANOVA followed by Dun-
can’s multiple comparisons (P < 0.05).

The gene GRMZM2G435373 was located within the 
qMrdd8 interval, and was annotated as a GDP dissociation 
inhibitor related to tobacco mosaic virus infection (Kramer 
et al. 2011). This gene was resequenced in all 226 maize 
inbred lines, and one polymorphic SNP marker, SNP7, was 
detected on chromosome 8 at 103,446,448 according to 
B73 RefGen_v3 (www.maizegdb.org). This SNP consisted 
of a T:C transition with nine inbred lines carrying the T 
variant (Table S1). The DSI of the nine inbred lines ranged 
from 0 to 0.41 with an average of 0.18; all were signifi-
cantly different from that of the susceptible control Ye478 
(P < 0.05). Further, InDel25 and InDel27 were detected on 
chromosome 8 at positions 103,537,713 and 103,634,975, 
respectively, according to B73 RefGen_v3. They were 
in the same phase with SNP7 across all 226 maize inbred 
lines analyzed here (Table S1). Association mapping indi-
cated that SNP7, InDel25, and InDel27 within the 81.57-
Mb haplotype were all significantly associated with MRDD 
resistance (P < 0.05).

Identification of candidate genes associated 
with MRDD resistance

According to maize B73 genome annotation available at 
MaizeGDB (http://www.maizegdb.org), one annotated 
gene GRMZM2G435373 was detected in the qMrdd8 
interval between the markers IDRQ2 and IDRQ20. How-
ever, this gene might not be the resistance gene underly-
ing qMrdd8 because there was only one synonymous muta-
tion in its mRNA and its expression did not significantly 
differ between X178 and B73. Two candidate genes, CG1 
(Fig. 4a) and CG2 (Fig. 4b), were identified within the 
qMrdd8 interval using RNA-Seq analysis. InDel25 was 
located within CG1 according to its physical position. 
CG2, which is about 60 kb from InDel27, might only be 
expressed in X178 (Fig. 4b).

Discussion

Evaluation of MRDD resistance under natural infection 
and artificial inoculation

Accurate evaluation of resistance to MRDD is crucial for 
fine mapping of associated QTL. Both natural infection 

http://www.maizegdb.org
http://www.maizegdb.org
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and artificial inoculation were used to evaluate the MRDD 
resistance of individual plants in this study. Natural infec-
tion has commonly been used to evaluate maize germplasm 
for resistance to MRDD (Xue et al. 2012; Yang et al. 2010) 
and to dissect the genetic architecture of MRDD resistance 
(Hao et al. 2015; Liu et al. 2014; Tao et al. 2013b). The 
main advantage of natural infection is the large-scale evalu-
ation of plants with replications in one or multiple environ-
ments. However, variance in maize plant age, the number 
and peak migration times of the planthopper vector, and 
field conditions all could result in the fluctuation in the 
MRDD resistance phenotype (Tao et al. 2013b). Artificial 
inoculation is another method used to evaluate maize plants 
for resistance to MRDD that provides relatively stable and 
uniform infection conditions but generally allows fewer 
plants to be inoculated (Di et al. 2005; Wang et al. 2006). 
In the present study, the distributions of the disease-resist-
ance phenotypes in the F2-1 and F2-2 sub-populations were 
significantly correlated, which indicated that relatively 
stable and uniform infection conditions were obtained by 
artificial inoculation. Disease-resistance phenotypes in the 
F2-5 sub-population were distributed nearly normally. The 
correlation between the distributions of the disease-resist-
ance phenotypes in the F2-1 and F2-5 sub-populations was 
not significant, which could have resulted from the variance 
in the dynamics, density, or other properties of the plan-
thopper vector. The association of qMrdd8 with MRDD 
resistance was identified consistently under both natural 

infection and artificial inoculation. This implied that the 
resistance evaluation and disease severity scoring systems 
used here were valid.

Potential of tightly linked markers for MAS

Previous studies have reported that resistance to MRDD is 
quantitatively inherited (Bonamico et al. 2012; Di Renzo 
et al. 2004; Liu et al. 2014; Luan et al. 2012; Shi et al. 
2012). Polygenic traits, such as yield, flowering time, and 
resistance to disease, are difficult to manage for geneticists, 
plant breeders, and pathologists. However, molecular mark-
ers now allow the genetic architecture underlying quantita-
tive traits to be explored using linkage mapping and associ-
ation mapping. The establishment of associations between 
molecular markers and QTL underlying quantitative traits 
then facilitates the management of these traits. A main 
goal of QTL mapping is to identify markers significantly 
associated with traits of interest to use for MAS in plant 
breeding programs. The application of MAS is especially 
meaningful in breeding for resistance to MRDD, because it 
will allow more rapid development of resistant cultivars by 
pyramiding disease resistance genes from different germ-
plasm sources.

In the present study, the QTL qMrdd8 that confers resist-
ance to MRDD was fine mapped into a 347-kb interval 
within the 1.2-Mb interval previously identified by Tao et al. 
(2013b). SNP7, InDel25 and InDel27 in the interval were all 

Fig. 4  Candidate genes identified by RNA-Seq. RNA-Seq reads are shown in the Integrative Genomics Viewer. “a” indicates CG1, and “b” indi-
cates CG2
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significantly associated with resistance to MRDD. Because 
these molecular markers were tightly linked within 5 cM of 
the QTL, they can be efficiently used for MAS of MRDD 
resistance (Michelmore 1995). All of these three markers 
were polymorphic between the resistant haplotype and all 
susceptible inbred lines in the present study (Table S1). Thus, 
it should be possible to use these three markers to transfer 
this MRDD resistance gene into many other susceptible lines 
that have other desirable traits. According to the association 
analysis performed in this study, elite inbred lines such as 
Chang7-2, Dan340, Mo17, and Shen5003, which played an 
important role in Chinese maize breeding (Liu et al. 2015), 
were susceptible to MRDD because of their high DSI. The 
three markers can be employed to transfer the resistance 
gene underlying qMrdd8 from one of the nine resistant lines 
into elite breeding populations to improve their MRDD 
resistance using MAS. The knowledge of the linkage of 
these markers to MRDD resistance will be particularly valu-
able because the evaluation of resistance to MRDD is time 
consuming and difficult under natural field conditions.

The genetic architecture of resistance to MRDD

Several studies have shown that the control of resistance to 
MRDD is polygenic (Bonamico et al. 2012; Di Renzo et al. 
2004; Hao et al. 2015; Liu et al. 2014; Luan et al. 2012; 
Shi et al. 2012; Tao et al. 2013b). These studies have iden-
tified many QTL conferring resistance to MRDD through 
linkage mapping or genome-wide association mapping. 
However, only a few of these QTL were consistently asso-
ciated with MRDD across these studies. For example, a 
QTL on chromosome bin 8.03 identified by Di Renzo et al. 
(2004), Shi et al. (2012), Tao et al. (2013b), and Liu et al. 
(2014) was not detected in the studies conducted by Hao 
et al. (2015) and Luan et al. (2012). This incongruity might 
have been due to differences in scoring systems, distinct 
genetic backgrounds of different mapping populations, the 
genetic architecture underlying resistance to MRDD, or 
genotype-by-environment interactions. For example, Luan 
et al. (2012) evaluated resistance to MRDD using four indi-
ces reflecting symptoms such as shortening of the upper 
internode, waxy enations, and tassel phenotype. However, 
our results indicated that the genetic architecture underly-
ing resistance to MRDD is an important factor that might 
have resulted in the inconsistent detection of QTL in pre-
vious studies. One long haplotype associated with MRDD 
resistance was identified in nine maize inbred lines that 
were all recycled from the hybrid P78599 and differed sig-
nificantly in DSI from the susceptible control Ye478 (Liu 
et al. 2014). This haplotype may play an important role in 
improving MRDD tolerance of susceptible lines. The clon-
ing of the resistance gene underlying qMrdd8 located in 

this haplotype can be conducted to reveal the mechanism 
for resistance to MRDD.
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