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AbstrAct
Stem rot and aggregated sheath spot are the two major stem 
and sheath diseases affecting rice (Oryza sativa L.) in temperate 
areas. A third fungal disease, sheath blight, is a major disease 
in tropical areas. Resistance to these diseases is a key objective 
in rice breeding programs but phenotyping is challenged by the 
confounding effects of phenological and morphological traits 
such as flowering time (FT) and plant height (PH). This study 
sought to identify quantitative trait loci (QTL) for resistance to these 
three diseases after removing the confounding effects of FT and 
PH. Two populations of advanced breeding germplasm, one with 
316 tropical japonica and the other with 325 indica genotypes, 
were evaluated in field and greenhouse trials for resistance 
to the diseases. Phenotypic means for field and greenhouse 
disease resistance, adjusted by FT and PH, were analyzed 
for associations with 29,000 single nucleotide polymorphisms 
(SNPs) in tropical japonica and 50,000 SNPs in indica. A total 
of 29 QTL were found for resistance that were not associated 
with FT or PH. Multilocus models with selected resistance-
associated SNPs were fitted for each disease to estimate 
their effects on the other diseases. A QTL on chromosome 9 
accounted for more than 15% of the phenotypic variance for the 
three diseases. When resistance-associated SNPs at this locus 
from both the tropical japonica and indica populations were 
incorporated into the model, resistance was improved for all three 
diseases with little impact on FT and PH.
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core Ideas

•	 Reaction	to	sheath	blight,	stem	rot,	and	aggregated	
sheath	spot	were	tested	in	641	tropical	japonica	and	
indica	rice	lines.

•	 Disease	resistance	was	mapped	independently	from	
flowering	time	and	plant	height.

•	 Quantitative	trait	loci	of	major	effect	for	resistance	to	
the	three	diseases	were	found.

•	 A	multiple	disease	resistance	quantitative	trait	locus	
was	found	on	chromosome	9	across	tropical	japonica	
and	indica	populations.
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There is a large gap between yield potential and the 
yields obtained by farmers in most rice-growing coun-

tries (Laborte et al., 2012). Rice diseases explain a sub-
stantial proportion of this yield gap (Savary et al., 2000; 
Van Nguyen and Ferrero, 2006). In temperate and sub-
tropical areas like the Southern Cone of South America, 
the yield gap has been reduced significantly over the last 
decades thanks to the widespread adoption of modern 
cultivars and technology (Martínez et al., 2014; Pittelkow 
et al., 2016). However, high yields in these areas rely on 
the intensive use of fungicides, as most of the top culti-
vars still lack adequate genetic resistance to one or more 
pathogens affecting the crop (Jia et al., 2011; Lanoiselet et 
al., 2007; Martínez et al., 2014). Sheath blight is a major 
global rice disease caused by the fungus Thanatephorus 
cucumeris (A. B. Frank) Donk (previously Rhizoctonia 
solani J. G. Kühn). Yield loss caused by T. cucumeris can 
reach up to 40% in susceptible cultivars (Groth, 2008) and 
this percentage of yield loss tends to increase with higher 
yields (Willocquet et al., 2011). Among the most prevalent 
pathogens affecting rice in temperate areas worldwide are 
Nakataea oryzae (Catt.) J. Luo & N. Zhang (previously, 
Sclerotium oryzae Catt.), causal agent of stem rot, and 
Rhizoctonia oryzae-sativae (Sawada) Mordue (previously, 
Ceratorhiza oryzae-sativae (Sawada) R. T. Moore), the 
causal agent of aggregated sheath spot (Clément and Rou-
men, 1992; Krause and Webster, 1973; Lanoiselet et al., 
2007; McKenzie et al., 1994). Yield losses have been quan-
tified as up to 22% as a result of N. oryzae (Krause and 
Webster, 1973), and 20% for R. oryzae-sativae (Lanoiselet 
et al., 2005). Hence, susceptibility to stem and sheath dis-
eases is a major concern for breeding programs for large 
and small yield gap conditions, and for tropical and tem-
perate rice growing regions.

T. cucumeris, N. oryzae, and R. oryzae-sativae are 
sclerotial pathogens with similar life cycles and display 
predominantly monocyclic infections, sporulating in 
rice plants only late in the season under field condi-
tions (Lanoiselet et al., 2005; Ou, 1985). Sclerotia and 
mycelium can overwinter in rice stubble and soil, and 
infect rice sheaths at the water line (Krause and Webster, 
1973; Lanoiselet et al., 2007). T. cucumeris and R. oryzae-
sativae progress upward, whereas N. oryzae invades the 
inner stem (Ou, 1985). Plant morphology and phenology 
affect disease progress and are considered to be associ-
ated with disease escape mechanisms in several crops 
and pathosystems (Danon, 1982; Kicherer et al., 2000; 
Lore et al., 2013; Simón et al., 2004; Zhu et al., 1999). In 
particular, PH and FT have been found to be correlated 
with resistance to sheath blight and are considered to be 
two of the major confounding effects on disease rating 
(Srinivasachary and Savary, 2011; Zeng et al., 2015).

Studies that do not consider the effect of phenology 
and morphology on disease rating lead to many QTL for 
resistance that overlap with those of phenological and 
morphological traits (Zeng et al., 2015). For example, Li et 
al. (1995) identified sheath blight resistance QTL that also 
affected FT and PH, and Sharma et al. (2009) identified 

one QTL for sheath blight resistance colocalizing with the 
semidwarf gene sd-1 in chromosome 1. In most cases, it is 
impossible to distinguish between linkage and pleiotropy 
at those QTL (Wiesner-Hanks and Nelson, 2016). Pro-
posed strategies for minimizing the confounding effect of 
FT and PH for evaluating resistance to confounded dis-
eases include the use of controlled phenotyping method-
ologies such as microchambers and mist chambers (Jia et 
al., 2007; Liu et al., 2013), rating systems that are not influ-
enced by PH (Zeng et al., 2015), mapping populations that 
do not segregate for FT or PH (Liu et al., 2013), and using 
FT and PH as covariates for correcting phenotypic disease 
scores (Paillard et al., 2004) or using FT and PH as covari-
ates in the QTL mapping analysis (Nelson et al., 2012).

Resistance to T. cucumeris, N. oryzae, and presumably 
to R. oryzae-sativae, are quantitative traits governed by 
multiple loci of minor effect (Lanoiselet et al., 2007; Ni et 
al., 2001; Srinivasachary et al., 2013). Several QTL for resis-
tance to T. cucumeris have been identified in a variety of 
crosses and populations, and across all rice chromosomes, 
but predominantly in indica genetic backgrounds (Srini-
vasachary and Savary, 2011). The confounding effect of PH 
and FT on disease resistance has led to the identification of 
many false positive QTL for these traits (Zeng et al., 2015). 
The need for studies on the genetics of nonescape and 
physiological resistance to sheath blight have been stressed 
(Lore et al., 2013; Zeng et al., 2015), but the genetics of resis-
tance to stem rot and aggregated sheath spot have scarcely 
been studied. To our knowledge, there is only one report 
on QTL for resistance to stem rot (Ni et al., 2001) and no 
reports for resistance to aggregated sheath spot. Thus a bet-
ter understanding of the genetics of resistance to N. oryzae 
and R. oryzae-sativae, and the identification of resistance 
QTL for all three diseases in diverse genetic backgrounds is 
needed to facilitate selection in rice breeding and accelerate 
genetic gain for these traits.

Genome-wide association studies (GWAS) are 
designed to map QTL in populations with diverse genetic 
backgrounds and levels of relatedness (Jannink et al., 
2001). Genome-wide association studies have been used 
to map QTL in a variety of crops with diverse germplasm 
collections (Yu et al., 2008; Zhao et al., 2011; Zhu et al., 
2008) or breeding populations (Begum et al., 2015; Liang 
et al., 2016). The approach has enabled the identification 
of QTL for resistance to multiple diseases (Gurung et al., 
2014; Gutiérrez et al., 2015). Genome-wide association 
studies with selected SNPs as fixed cofactors has been 
used to find independent QTL (von Zitzewitz et al., 2011, 
Locatelli et al., 2013; McCouch et al., 2016). Multilocus 
models may be used to jointly test the effect of all QTL 
discovered by GWAS (Locatelli et al., 2013; Gutiérrez et 
al., 2015; Malosetti et al., 2007b).

The objective of the present study is to map the 
genetic resistance to the three fungal pathogens, T. cuc-
umeris, N. oryzae, and R. oryzae-sativae, independent of 
FT and PH, in tropical japonica and indica rice breeding 
germplasm. This is the first study to focus on the genetics 
of resistance to R. oryzae-sativae and the first report on 
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GWAS for the identification of QTL for resistance to N. 
oryzae and R. oryzae-sativae. The QTL identified in this 
work will contribute to improving resistance to the three 
studied diseases in both tropical japonica and indica 
genetic backgrounds.

MAterIAls And Methods
Plant Material and Phenotyping

Resistance to the three fungal pathogens, T. cuc-
umeris, N. oryzae, and R. oryzae-sativae, was individu-
ally evaluated in 641 advanced inbred lines (325 tropical 
japonica and 316 indica) from the National Agricultural 
Research Institute (INIA) of Uruguay rice breeding 
program. Resistance to N. oryzae and R. oryzae-sativae 
was evaluated in both greenhouse and field trials in 
Uruguay, whereas resistance to T. cucumeris was evalu-
ated in greenhouse trials in Colombia. Greenhouse 
experiments for N. oryzae and R. oryzae-sativae have 
been described elsewhere (Rosas et al., 2016). Briefly, two 
trials for N. oryzae and three trials for R. oryzae-sativae 
were conducted from 2012 to 2014 at INIA Treinta y Tres 
Experimental Station, Treinta y Tres, Uruguay (33°15ʹS, 
54°25ʹW). The cultivars ‘El Paso 144’, ‘INIA Olimar’, 
‘INIA Tacuarí’, ‘Parao’, and ‘Lemont’ were used as repli-
cated checks. Resistance to T. cucumeris was evaluated in 
2015 in two greenhouse trials at CIAT, Valle del Cauca, 
Colombia (3°29ʹN, 76°21ʹW) following the mist-chamber 
method (Jia et al., 2007). The varieties ‘Oryzica 3’ and 
Lemont were used as replicated resistant and susceptible 
checks, respectively. For all greenhouse experiments, 
Federer’s unreplicated design (Federer and Raghavarao, 
1975) with augmented checks in randomized complete 
blocks was used, and the environmental conditions were 
28:18°C day/night, 80:90% relative humidity and 12 h 
light time. Ten seeds were sown in 12-cm diameter pots. 
After plant emergence, four (for N. oryzae and R. oryzae-
sativae) or two (for T. cucumeris) plants per pot were 
grown for inoculation. At the three-leaf stage plants were 
inoculated with 5-mm agar discs with fresh mycelium 
at the base of the stem. An additional disc in the third 
leaf was used for T. cucumeris. Diseases were scored at 
45 d after inoculation using the percentage of relative 
lesion length based on modifications of IRRI’s standard 
evaluation system for rice (IRRI, 2002) described in Mar-
tínez (2016) and depicted in Supplemental Fig. S1 and 
Supplemental Fig. S2 for N. oryzae and R. oryzae-sativae, 
respectively, and in Jia et al. (2007) for T. cucumeris. Stem 
width at inoculation time and phenological stage at scor-
ing time were recorded. Phenological stage was used as a 
proxy for FT in the greenhouse experiments.

Field trials for N. oryzae and R. oryzae-sativae were 
performed from 2009 to 2013 at the Paso de la Laguna 
Experimental Unit, Treinta y Tres, Uruguay (33°54ʹS, 
54°38ʹW). Trials from 2009 to 2012 used naturally 
infected six-row plots (1.2 by 3.5 m) laid out in a ran-
domized complete block design with three replicates. 
Three points in each plot were visually assessed for N. 

oryzae and R. oryzae-sativae symptoms separately, rat-
ing disease severity on the basis of a 0-to-9 scale (IRRI, 
2002) depicted in Supplemental Fig. S1. The 2013 field 
trials were artificially inoculated hill plots of ~10 adult 
plants in an augmented α-lattice design (Piepho et al., 
2006) with six replicates. Plots were treated with 0.6 g m-2 
(N. oryzae trials) or 1.8 g m-2 (R. oryzae-sativae trials) of 
inoculum sprinkled from about 50 cm over the floodwa-
ter surface at the beginning of the tillering stage. Flower-
ing time and plant height at maturity were measured in 
all field experiments and used as covariates to remove 
confounding effects on disease resistance.

Adjusted phenotypic means were estimated using 
the model in Eq. [1]:

1 2

( ) ( )
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+ + +e
, [1]

where Yijmn is the response variable; μ is the intercept; 
γi is the random block effect with γi~N(0,σ2

B); Gj is the 
genotypic effect; X1ij and X2ij are the covariates in the jth 
genotype and the ith block, and β1 and β2 are the regres-
sion slopes of the covariates (FT and stem width for 
greenhouse trials; FT and PH for field trials, and none for 
estimation of the phenotypic means of FT and PH); Rm(i) 
and Cn(i) are the random row and column effects nested 
within blocks, with Rm(i)~N(0,σ2

R) and Cn(i)~N(0,σ2
C); and 

εijmn is the residual. The genotypic effect was modeled 
as Gj = gk+cl, where gk is the effect of the kth genotype, 
and cl is the fixed effect of the lth check. For estimation 
of genetic variances, gk was modeled as a random effect 
with gk~N(0,σ2

G). For Pearson correlation analysis, gk 
was modeled as a fixed effect. This notation for geno-
typic effects follows that of Eckermann et al. (2001) and 
Verbyla et al. (2003). To illustrate the consequences of 
not correcting for FT and PH, a naïve model without 
covariates was also used to estimate the disease-adjusted 
means from field experiments. Generalized heritability 
was estimated as 21

2
BLUP

G

v
-

s , where -v  BLUP is the mean pair-
wise variance error of the genotypic best linear unbiased 
prediction (Cullis et al., 2006), and the SE was estimated 
with a bootstrap data resampling technique, as recom-
mended by Holland et al. (2003). Phenotypic means were 
averaged and weighted by the generalized heritability of 
each individual trial. Two-sample Student’s t-tests were 
performed to compare the weighted phenotypic means 
of each trait in tropical japonica vs. indica populations. 
Analyses were performed in R with the packages lme4 
(Bates et al., 2015), lsmeans (Lenth, 2016), arm (Gelman 
et al., 2016), and boot (Canty and Ripley, 2015).

Fungal Isolates and Inoculum Production
Monosclerotial strains were isolated from naturally 

infected rice plants and soil, and selected to have inter-
mediate aggressiveness on rice. Strain SO-Samba (N. 
oryzae) was isolated in 2001 from the temperate japonica 
rice cultivar Samba in naturally infected experimental 
plots at Paso de la Laguna Experimental Unit. Strain 
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ROS-17 (R. oryzae-sativae) was obtained from soil after 
cultivation with the tropical japonica rice cultivar INIA 
Tacuarí in Paso de la Laguna Experimental Unit in 2003. 
The SO-Samba and ROS-17 strains caused good discrim-
ination among rice genotypes, and are maintained at the 
Culture Collection of the Plant Pathology Laboratory of 
INIA Treinta y Tres (Rosas et al., 2016). Strain 1953–1 (T. 
cucumeris) was collected in 1985 in Tolima, Colombia, 
and is maintained at the Culture Collection of the CIAT 
Pathology Laboratory. For greenhouse experiments, iso-
lates were grown for 5–7 d at 25°C in 90-mm Petri dishes 
containing potato dextrose agar (Oxoid, Basingstoke, 
United Kingdom) for N. oryzae and R. oryzae-sativae, 
or rice bran agar for T. cucumeris. Sclerotia for inocula-
tion of field trials in 2013 were produced separately from 
sterilized mixtures of 2:1 rice seeds and rice hulls that 
were inoculated with 7-d-old mycelia, incubated for 25 
d at 23°C, dried at 40°C, and conserved at 4°C until use 
(Krause and Webster, 1973).

Genotyping
Rice DNA was isolated in the Biotechnology Unit 

of INIA (Canelones, Uruguay) with the DNeasy kit 
(Qiagen, Hilden, Germany) and genotyped using geno-
typing-by-sequencing with the ApeK1 enzyme in the 
Biotechnology Resource Center at Cornell University 
(Ithaca, NY). Single nucleotide polymorphism NP call-
ing was performed with the TASSEL version 3.0 geno-
typing-by-sequencing pipeline (Bradbury et al., 2007). 
Single nucletotide polymorphisms were aligned to the 
Nipponbare reference genome, Rice Genome Annotation 
Project release 7 (Kawahara et al., 2013), with Bowtie 2 
(Langmead and Salzberg, 2012). Missing SNP data were 
imputed with the FILLIN algorithm (Swarts et al., 2014) 
and SNPs with a minor allele frequency <1%, >50% of 
missing data or both were removed. The final genotypic 
matrices contained 49,589 SNPs for indica and 28,850 
SNPs for tropical japonica.

Population Structure, GWAS Scanning, Multilocus 
and Linkage Disequilibrium Block Analyses

Because of the deep population structure existent 
within the O. sativa species, indica and tropical japonica 
populations were analyzed separately. To assess popula-
tion structure within each subspecies, principal compo-
nent analysis was performed on each genotypic matrix. 
GWAS and multilocus analyses were tested by fitting the 
mixed linear model y = Xβ + Zu + e, where y is a vec-
tor of adjusted phenotypic means; β is a vector of fixed 
effects (single SNPs for the GWAS scan and multiple 
selected SNPs for the multilocus analysis); u is a vector of 
random genotypic effects with u~N(0, Kσ2

G); e is a vector 
of residual effects with e~N(0, Iσ2

e); X and Z are incidence 
matrices that relate y to β and to u, respectively; K is the 
realized genotypic relationships matrix calculated as the 
variance–covariance matrix of the principal component 
analysis from SNP data, following Price et al. (2006), 
Malosetti et al. (2007a), and Gutiérrez et al. (2011); σ2

G is 

the genetic variance; I is an identity matrix; and σ2
e is the 

residual variance. The GWAS was performed with the 
R package lmem.gwaser (Gutiérrez et al., 2016), with the 
significance threshold adjusted by the effective number 
of independent tests (Li and Ji, 2005). The significant 
SNPs on each chromosome were clustered by their physi-
cal positions with the hclust and cutree basic R functions 
(R Core Team, 2015) with an h parameter of a quarter of 
the maximum height of the tree. Clusters with three or 
more SNPs were considered to be a QTL, and the SNP 
with the highest –log10(P) at each QTL was selected. 
The selected SNPs from QTL for FT and PH were used 
as covariates for GWAS scans of the disease traits, fol-
lowing von Zitzewitz et al. (2011) and Locatelli et al. 
(2013). To show the consequences of not correcting for 
the confounding factors in the GWAS analysis, a naïve 
model without FT- and PH-associated SNPs as covari-
ates was also fitted. The selected SNPs from QTL for N. 
oryzae, R. oryzae-sativae, and T. cucumeris were used for 
multilocus estimation of the proportion of phenotypic 
variance (PVE) explained by the QTL, and QTL effects, 
calculated as percentage of the phenotypic mean. Multi-
locus models were fitted with the R package EMMREML 
(Akdemir and Godfrey, 2014) following Gutiérrez et al. 
(2015). Regions of chromosomes 9 and 12 were analyzed 
for linkage disequilibrium (LD) blocks. Linkage disequi-
librium was computed as pairwise R2 between all SNPs 
in the region, and limits between LD blocks were graphi-
cally assessed with the R package LDheatmap (Shin et al., 
2006). The physical positions of the QTL described in the 
literature for sheath blight, PH, and FT were based on the 
review by Zeng et al. (2015).

results
Phenotyping

Adjusted phenotypic means of tropical japonica were 
significantly different (P < 0.01) from those of the indica 
population for all traits. Tropical japonica lines were, 
on average, taller, later to flower, and more susceptible 
to stem and sheath diseases than indica lines. Genetic 
variance and generalized heritability did not differ sig-
nificantly between populations (P < 0.01). Resistance to 
N. oryzae and R. oryzae-sativae had higher heritability 
in greenhouse than in field trials (Table 1). Field trials 
had intermediate to high heritability for resistance to N. 
oryzae, FT, and PH, and low or very low for noninocu-
lated R. oryzae-sativae experiments. T. cucumeris had 
lower heritability than N. oryzae and R. oryzae-sativae in 
greenhouse trials.

Flowering time in tropical japonica field trials was 
correlated (P < 0.05) with the proxy for FT in tropical 
japonica greenhouse trials, whereas FT in indica field tri-
als was not correlated with FT in indica greenhouse trials 
(Table 2). Flowering time was not correlated with disease 
severity in tropical japonica field trials, but it was nega-
tively correlated with disease severity in tropical japonica 
greenhouse trials (Table 2). Inversely, FT was negatively 
correlated with disease severity in indica field trials and 
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was not correlated or had low positive correlations with 
disease severity in indica greenhouse trials (Table 2). 
Flowering time was negatively correlated with PH in 
tropical japonica and positively correlated with PH in the 
indica population. Resistance to the three diseases corre-
lated positively in tropical japonica; in indica, resistance 
to T. cucumeris was not correlated with resistance to N. 
oryzae and it was negatively correlated with resistance to 
R. oryzae-sativae.

Genome-Wide Association Study  
Scanning and Multilocus Analysis

A major-effect QTL for FT was found in both popula-
tions on chromosome 3 (0.5–2.2.6 Mb in tropical japonica 
and 0.5–2.1 Mb in indica), with PVE = 30 in tropical japon-
ica and PVE = 24 in indica. Plant height was oligogenic in 
tropical japonica, with a major-effect QTL (PVE = 27) on 
chromosome 1 (34.6–39.8 Mb), and several QTL with PVE 
< 5 were found for PH in indica (Supplemental Fig. S1). 
When naïve models without covariates were used, several 
QTL for resistance to the studied diseases colocalized with 
these FT and PH QTL (Supplemental Fig. S1).The SNPs 
with highest –log10(P) for FT and PH QTL were used as 
cofactors in the GWAS scan for resistance to N. oryzae, R. 
oryzae-sativae, and T. cucumeris. A total of 33 nonoverlap-
ping QTL for resistance to stem and sheath diseases were 
identified (Fig. 1). The genetic architecture differed for the 

three diseases in tropical japonica and indica, with only five 
QTL identified in the same genomic locations in the two 
populations. Five additional QTL were found exclusively in 
tropical japonica and 23 in indica. Most QTL for resistance 
to stem and sheath diseases (two in both populations, five 
in tropical japonica, and 22 in indica) did not colocalize 
with QTL for FT or PL, but four disease QTL did colocalize 
with QTL for FT, PH, or both and were not included in fur-
ther analyses. Multilocus analysis of QTL for disease resis-
tance revealed major-effect loci with PVE ranging from 10 
to 43, with the exception of R. oryzae-sativae evaluated in 
greenhouse trials (Fig. 1).

Favorable alleles at QTL discovered for resistance to 
N. oryzae were also favorable or neutral towards resis-
tance to R. oryzae-sativae and vice versa for all trials, 
environments and populations (Fig. 2). Favorable alleles 
at QTL for resistance to N. oryzae and R. oryzae-sativae 
had little effect on resistance to T. cucumeris. Allele sub-
stitution effects of QTL for resistance to T. cucumeris, N. 
oryzae, and R. oryzae-sativae accounted for less than 2% 
of the phenotypic mean on FT and less than 4% of the 
phenotypic mean on PH (Fig. 2).

A region on chromosome 9 from 12 to 23 Mb, 
encompassed multiple QTL for resistance to N. oryzae, R. 
oryzae-sativae, and T. cucumeris in field and greenhouse 
trials in tropical japonica (Fig. 3) and in indica (Fig. 4). 
For tropical japonica, three out of five major LD blocks 

table 1. Generalized heritability of field and greenhouse (Gh) trials for N. oryzae, R. oryzae-sativae, sheath blight caused 
by T. cucumeris, plant height (Ph), and flowering time (Ft) in tropical japonica (Trj) and indica (Ind) rice populations. 

 
Trial

N. oryzae R. oryzae-sativae T. cucumeris PH FT
Trj Ind Trj Ind Trj Ind Trj Ind Trj Ind

Field 2009 0.56 (0.06) – 0.41 (0.06)† – – – 0.66 (0.03) – 0.82 (0.01) –
Field 2010 0.40 (0.08) – 0.19 (0.15) – – – 0.62 (0.08) – 0.72 (0.08) –
Field 2011 0.52 (0.09) 0.32 (0.09) 0.02 (0.17) 0.08 (0.16) – – 0.62 (0.07) 0.49 (0.09) 0.75 (0.04) –
Field 2012 0.60 (0.04) 0.52 (0.06) 0.30 (0.10) 0.10 (0.13) – – 0.76 (0.05) 0.66 (0.08) 0.89 (0.02) 0.83 (0.06)
Field 2013 0.62 (0.02) 0.54 (0.04) 0.43 (0.05) 0.53 (0.02) – – 0.62 (0.02) 0.58 (0.05) 0.64 (0.01) 0.54 (0.04)
GH 1 0.69 (0.04) 0.66 (0.04) 0.79 (0.03) 0.85 (0.04) 0.65 (0.13) 0.50 (0.12) – – 0.62 (0.09) 0.68 (0.02)
GH 2 0.75 (0.04) 0.79 (0.06) 0.85 (0.07) 0.76 (0.05) 0.50 (0.08) 0.52 (0.10) – – 0.70 (0.07) 0.71 (0.03)
GH 3 – – 0.80 (0.02) 0.67 (0.04) – – – – 0.74 (0.02) 0.69 (0.03)

† The SE of generalized heritability is shown in parentheses.

table 2. Pearson’s correlations between weighted phenotypic means of field and greenhouse (Gh) trials for N. oryzae, 
R. oryzae-sativae, T. cucumeris, plant height (Ph), and flowering time (Ft) in tropical japonica (trj, ordinary typeface) 
and indica (Ind, underlined) rice populations. only significantly different from zero correlations (P < 0.05) are reported.

 
Ind

 
Trj

N. oryzae R. oryzae-sativae T. cucumeris FT PH
Field GH Field GH GH Field GH Field

N. oryzae
Field – 0.29 0.62 0.13 0.15 NS† NS 0.23
GH 0.28 – 0.12 0.26 0.12 -0.36 -0.30 NS

R. oryzae-sativae
Field 0.38 0.24 – NS 0.20 NS NS NS
GH 0.37 0.31 0.26 – NS -0.30 NS 0.23

T. cucumeris GH NS NS NS -0.13 – NS NS NS

FT
Field -0.40 -0.30 -0.20 -0.40 NS – 0.33 -0.11
GH NS 0.22 0.14 NS NS NS – NS

PH Field -0.26 -0.20 -0.40 -0.37 NS 0.34 -0.12 –

† NS, not significantly different from zero.



6 of 13 the plant genome  march 2018  vol. 11, no. 1

across the region (Fig. 3, lower section) had SNPs associ-
ated with N. oryzae, named q9–1, q9–2, and q9–3 (Fig. 
3, middle section). The SNP S9_21382492 was associated 

with resistance to N. oryzae in field and greenhouse tri-
als and to R. oryzae-sativae in field trials. It was not in 
LD with the surrounding significant SNPs and was named 

Fig. 1. Manhattan plots of the genome-wide association study (GWAS) scan for resistance to Nakataea oryzae (NO, red), resistance to 
Rhizoctonia oryzae-sativae (ROS, blue), resistance to Thanatephorus cucumeris (TC, orange) in field (triangles) and greenhouse (circles) 
trials for tropical japonica (left panel) and indica (right panel) rice populations. All single nucleotide polymorphisms (SNPs) in the 
region of defined quantitative trait loci (QTL) are highlighted in light green and the SNP with highest –log10(P) in each QTL is colored in 
black. The percentage of phenotypic variance (PVE) explained by the identified QTL is reported.
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Fig. 2. Effects of rice quantitative trait loci (QTL) for resistance to Nakataea oryzae (NO), Rhizoctonia oryzae-sativae (ROS), and Thana-
tephorus cucumeris (TC) in field and greenhouse (GH) on diseases, flowering time (FT), and plant height (PH) in tropical japonica (Trj) 
and indica (Ind) populations, estimated with a multilocus model with all the QTL found in this study for each disease. Allele substitution 
effects are reported as the percentage of the phenotypic mean. Error bars represent SE.
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Fig. 3. Zoom-in view of positions 11.5 to 23 Mb of chromosome 9 in tropical japonica rice. The upper section shows the physical 
positions of previously reported quantitative trait loci (QTL) for flowering time (FT, purple), plant height, (PH, green) and resistance to 
Thanatephorus cucumeris (TC, brown) reviewed by Zeng et al. (2015). The QTL found in our study in this region are marked with gray 
bars. The middle section shows the zoom-in view of the region with genome-wide association study scan results for Nakataea oryzae 
(NO, red), Rhizoctonia oryzae-sativae (ROS, blue), TC (orange), FT (purple), and PH (green) in field (triangles) and greenhouse (circles) 
trials. The lower section shows the pairwise R2 between all single nucleotide polymorphisms in the region. Average R2 values within and 
between each linkage disequilibrium block are presented.
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Fig. 4. Zoom-in view of positions 11.5 to 23 Mb of chromosome 9 in indica rice. The upper section shows the physical positions of previously 
reported quantitative trait loci (QTL) for flowering time (FT, purple), plant height (PH, green) and resistance to to Thanatephorus cucumeris (TC, 
brown) reviewed by Zeng et al. (2015). Quantitative trait loci found in our study in this region in tropical japonica (Trj) are marked in dark 
gray bars, and QTL found in indica are marked with light gray bars. The middle section shows the zoom-in view of the region with genome-
wide association study scan results for Nakataea oryzae (NO, red), Rhizoctonia oryzae-sativae (ROS, blue), TC (orange), FT (purple), and PH 
(green) in field (triangles) and greenhouse (circles) trials. The lower section shows the pairwise R2 values between all single nucleotide poly-
morphisms in the region. Average R2 values within and between each linkage disequilibrium block are presented.
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q9–4. The SNPs S9_22275709 and S9_22544543 were in LD 
and together were named q9–5. The QTL q9–5 was associ-
ated with resistance to N. oryzae in field and greenhouse 
trials, with R. oryzae-sativae resistance in field trials, and 
with T. cucumeris resistance in greenhouse trials in tropi-
cal japonica. There were no associations between SNPs 
and FT or PH in this region of chromosome 9 in tropical 
japonica. The QTL q9–3 and q9–5 did not overlap with 
any previously reported QTL for FT or PH in the region 
(Fig. 3, upper section). Together, tropical japonica QTL 
q9–3 and q9–5 had an allele substitution effect of 5.2% of 
the phenotypic mean (N. oryzae, field), 10.2% (N. oryzae, 
greenhouse), 8.9% (R. oryzae-sativae, field), 17.0% (R. 
oryzae-sativae, greenhouse), and 6.6 (T. cucumeris, green-
house). The allele substitution effect of these QTL on FT 
and PH were 0.2% and 0.5%, respectively. In indica, the LD 
pattern in the same region of chromosome 9 (Fig. 4, lower 
section) suggested a much higher rate of historical recom-
bination and a less well defined LD block structure than 
that in tropical japonica. However, pairwise R2 between 
significant SNPs in indica allowed their grouping in QTL 
that partially overlapped those found for tropical japonica 
(Fig. 4, middle section). Specifically, pairwise R2 between 
significant indica SNPs in the region from 17 to 20 Mb 
differentiated two QTL, named q9–3a and q9–3b (Fig. 4). 
Indica q9–3b colocalized with tropical japonica q9–3 and 
was associated with the same traits. Similarly, indica SNP 
S9_22756593 colocalized with tropical japonica q9–5 and 
was associated with resistance to T. cucumeris as well (Fig. 
4, middle section). The resistant allele substitution effects 
of indica q9–3b and q9–5, estimated as a percentage of the 
phenotypic mean, were 17.2% (N. oryzae, field), 20.2% (N. 
oryzae, greenhouse), 17.0% (R. oryzae-sativae, field), 14.0% 
(R. oryzae-sativae, greenhouse), and 8.1% (T. cucumeris, 
greenhouse). The resistance allele substitution effects of 
q9–3b and q9–5 were 0.4% of the FT mean and 1.6% of the 
PH mean. Of all the disease resistance QTL found in chro-
mosome 9 for indica, only q9–3a had a SNP associated with 
PH (P = 0.0004) (Fig. 4, middle section).

dIscussIon
Quantitative Trait Loci for Resistance to Stem and 
Sheath Diseases Independent of FT and PH

In the population used in our study, indica lines 
were shorter with earlier maturity and were still more 
resistant to N. oryzae, R. oryzae-sativae, and T. cucumeris 
than tropical japonica lines on average. However, when 
correlations were studied within the indica population 
individually, FT and PH were negatively correlated with 
disease incidence. This is in concordance with reports on 
late maturing and tall cultivars being found to be more 
resistant to R. oryzae-sativae and N. oryzae than modern 
early maturing, semidwarf ones (McKenzie et al., 1994).

In our study, variation arising on FT and PH in the 
evaluation of disease resistance was removed statistically 
using covariates for adjusted phenotypic mean estimation. 
However, when the proxy for FT from greenhouse trials 

was used as a covariate, disease resistance-adjusted means 
still correlated with FT from field trials (Table 2), and QTL 
found for greenhouse trial-adjusted means still colocalized 
with FT QTL when a GWAS naïve model was used (Supple-
mental Fig. S2). This may correspond in part to different 
phenological controls of flowering time or a strong geno-
type ×	environment interaction for this trait, particularly 
for indica trials, which may make FT measured in green-
house trials irrelevant as a confounding factor for disease 
rating. This supported the need for additional corrections 
using SNPs associated with FT and PH as cofactors in the 
GWAS analysis. Other developmental and morphological 
traits not addressed in this work such as tiller number and 
culm angle have also been reported to affect field evaluation 
of T. cucumeris in some studies (Loan et al., 2004; Pinson et 
al., 2005). However, these traits tend to be fixed or have little 
phenotypic variation in adapted or advanced breeding pop-
ulations, no longer affecting disease evaluation (Eizenga et 
al., 2013; Li et al., 1995; Wang et al., 2011). Thus the remain-
ing genetic effect estimated in our study after removing FT 
and PH effects presumably corresponds predominantly to 
physiological disease resistance mechanisms (i.e., those not 
driven by phenology or morphology).

The QTL of major effect for FT and PH identified in 
this study correspond to the HD9 QTL (Lin et al., 2002) 
and the sd-1 gene (Cho et al., 1994), respectively. HD9 was 
segregating in our material and was the most significant 
genetic region explaining phenology in both the tropical 
japonica and indica populations. The sd-1 gene segregated 
only in tropical japonica; it was fixed in the semidwarf 
indica germplasm, where PH was under polygenic control. 
Genome-wide analysis study scans for resistance to the 
studied stem and sheath disease with naïve models (i.e., 
without SNPs of major QTL for FT and PH as cofactors) 
identified QTL that colocalized with these FT and PH 
major-effect QTL, in accordance with previous studies 
(Zeng et al., 2015). Nelson et al. (2012) reported that one 
putative QTL for resistance to sheath blight was elimi-
nated when FT and PH were used as covariates. In our 
study, when SNPs associated with FT and PH were used as 
cofactors in the GWAS analysis, the corresponding puta-
tive disease resistance QTL were eliminated.

The strategies used in this study to minimize 
the confounding effects of FT and PH were effective, 
enabling the discovery of 29 QTL for resistance to stem 
and sheath diseases. Notably, 17 of these QTL did not 
overlap with previously reported QTL for FT or PH 
(Zeng et al., 2015). The multidisease resistance locus, 
q9–3, which was associated with resistance to T. cuc-
umeris, N. oryzae, and R. oryzae-sativae, was not associ-
ated with FT or PH in our population (Fig. 3 and Fig. 
4). The only exception to this was QTL q9–3a in indica, 
which had an allele substitution effect of 1.6% of the 
PH mean. This evidence supports the conclusion that 
most of the QTL reported here contribute to physiologi-
cal mechanisms of disease resistance, and SNPs within 
these QTL will be useful for marker-assisted breeding to 
improve the levels of resistance to the fungal pathogens 
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T. cucumeris, N. oryzae, and R. oryzae-sativae, the causal 
agents of sheath blight, stem rot, and aggregated sheath 
spot, without significantly affecting either FT or PH.

Quantitative Trait Loci for  
Multiple Disease Resistance

Because of its many advantages, multiple disease resis-
tance is a highly valuable and relevant breeding objective 
(Wiesner-Hanks and Nelson, 2016). In our work, all QTL 
associated with resistance to R. oryzae-sativae, N. oryzae, 
and T. cucumeris in tropical japonica breeding materials 
reciprocally increased resistance to the other pathogens (Fig. 
3, left panel). A similar result was found for N. oryzae and R. 
oryzae-sativae in indica (Fig. 3, right panel). Furthermore, 
nine QTL for resistance to N. oryzae, R. oryzae-sativae, or 
both on chromosomes 1, 4, 5, 6, 9, 11, and 12 colocalized 
with reported QTL for resistance to T. cucumeris (Zeng 
et al., 2015). In particular, the region from 12 to 23 Mb on 
chromosome 9 was rich in disease resistance QTL in tropi-
cal japonica and indica (Fig. 3 and Fig. 4). The QTL q9–3 
and q9–5, present in both populations, were associated with 
resistance to stem and sheath diseases, accounted for high 
PVE, and colocalized with more than 12 QTL for resis-
tance to T. cucumeris in previous studies (Zeng et al., 2015). 
This suggests either pleiotropy or that genes for specific 
responses to each pathogen are physically close together in 
the mapped regions (linkage). Following Wiesner-Hanks 
and Nelson (2016), the magnitude of the effects of resistant 
alleles at q9–3 and q9–5 across diseases fitted scenarios of 
multiple disease resistance, with pleiotropy for N. oryzae 
and R. oryzae-sativae, and with slightly uneven pleiotropy 
for T. cucumeris vs. N. oryzae or R. oryzae-sativae.

conclusIons
The confounding effect of some phenological and 

morphological traits on resistance to stem and sheath 
diseases can be efficiently controlled for by using appro-
priate phenotyping and analytical methodologies. When 
the effect of confounding factors is removed, the QTL 
identified for disease resistance have little effect on FT 
and PH. The effects of the disease resistance QTL found 
in this work suggest the existence of common physiologi-
cal mechanisms for resistance to sheath blight, stem rot, 
and aggregated sheath spot, three of the main fungal 
diseases affecting rice in temperate and tropical areas 
worldwide. Markers associated with these QTL can be 
applied in marker-assisted breeding strategies to improve 
resistance to these three diseases in high-yielding elite 
germplasm without affecting FT and PH.

Supplemental Information Available
Supplemental Fig. S1. Infection types of stem rot 

caused by Nakataea oryzae (NO) and depiction of the 
rating scale used in this study for phenotyping resistance 
to N. oryzae: 0 = no symptoms (not shown); 1 = dark 

lesions on the outer sheath and stem without lesions, 
with (i) superficial dark lesions in the outer sheath and 
(ii) an uncovered stem with no symptoms; 3 = lesions 
reaching the outer part of the stem, with (i) growing dark 
lesions in the outer sheath and (ii) small dark superficial 
lesions in the uncovered stem (red arrow); 5 = lesions 
inside the stem, nodes, or both with (i) growing dark 
lesions in the outer sheath showing some white mycelia 
and (ii) dark lesions inside the stem (red arrow) and node 
(white arrow); 7 = wilted stems with mycelia or sclerotia 
inside; 9 = necrotic and lodged stems.

Supplemental Fig. S2. Infection types of aggregated 
sheath spot caused by Rhizoctonia oryzae-sativae (ROS) 
and depiction of the rating scale used in this study for 
phenotyping resistance to R. oryzae-sativae: 0 = no 
symptoms (not shown); 1 = lesions limited to the lower 
25% of the leaf sheath, with the lower sheath showing a 
characteristic oval lesion with a green center surrounded 
by a brown margin; 3 = lesions present on lower 50% of 
the leaf sheath, with (i) tillers showing lesions between 
25 and 50% of the leaf sheath, and (ii) characteristic 
lesions on the lower sheath; 5 = lesions present on more 
than 50% of the leaf sheath and lower leaves, with (i) til-
lers showing lesions on more than 50% of the leaf sheath 
and lower leaves, and (ii) characteristic lesions on higher 
sheaths; 7 = lesions present on more than 75% of the leaf 
sheath and the flag leaf affected, with (i) tillers showing 
lesions on more than 75% and an affected leaf sheath, 
and (ii) characteristic lesions on wilted sheaths; and 9 = 
severe infection or necrotic tiller, with (i) tillers show-
ing severe infections and (ii) characteristic lesions on 
necrotic tillers. The same scale was used for rating resis-
tance to Thanatephorus cucumeris (TC).

Supplemental Fig. S3. Manhattan plots of the GWAS 
scan for flowering time (FT, purple), plant height (PH, 
green), resistance to Nakataea oryzae (NO, red), and resis-
tance to Rhizoctonia oryzae-sativae (ROS, blue) in field (tri-
angles) and greenhouse (circles) trials for tropical japonica 
(left panel) and indica (right panel) populations using the 
naïve model without covariates for GWAS analysis. Pheno-
typic disease means were estimated with the naïve model, 
or with FT and PH covariate correction (corr.). The SNPs in 
the region of defined QTL are highlighted in orange for PH 
and in light green for the other traits.

Conflict of Interest Disclosure
The authors declare that there is no conflict of interest.

Acknowledgements
This study was funded by INIA (Projects AZ-13 and AZ-19). The first 
author was supported by the Monsanto’s Beachell-Borlaug Inter-
national Scholarship Program and a fellowship from the Agencia 
Nacional de Investigación e Innovación (ANII)—Uruguay Grant 
POS_NAC_2012_1_8627. The authors thank the technical staff of INIA, 
the Latin American Rice Fund, and CIAT for their valuable support in 
laboratory, greenhouse, and field work; Stella Avila for pictures of disease 
symptoms; and two anonymous reviewers for their comments and sug-
gestions that greatly improved the manuscript.



12 of 13 the plant genome  march 2018  vol. 11, no. 1

References
Akdemir, D., and O.U. Godfrey. 2014. EMMREML: Fitting mixed mod-

els with known covariance structures. R package version 2.0. R 
Foundation for Statistical Computing. http://CRAN.R-project.org/
package=EMMREML (accessed 16 Oct. 2017)

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-
effects models using lme4. J. Stat. Softw. 67:1–48. doi:10.18637/jss.v067.i01

Begum, H., J.E. Spindel, A. Lalusin, T. Borromeo, G.I.G. Gregorio, J. Hernan-
dez, et al. 2015. Genome-wide association mapping for yield and other 
agronomic traits in an elite breeding population of tropical rice (Oryza 
sativa). PLoS One 10:e0119873. doi:10.1371/journal.pone.0119873

Bradbury, P.J., Z. Zhang, E.K. Dallas, T.M. Casstevens, Y. Ramdoss, and 
E.S. Buckler. 2007. TASSEL: Software for association mapping of 
complex traits in diverse samples. Bioinformatics 23:2633–2635. 
doi:10.1093/bioinformatics/btm308

Canty, A., and B.D. Ripley. 2015. boot: Bootstrap R (S-Plus) functions. 
R package version 1.3-18. R Foundation for Statistical Computing. 
http://cran.r-project.org/package=boot (accessed 16 Oct. 2017).

Cho, Y.G., M.Y. Eun, S.R. McCouch, and Y.A. Chae. 1994. The semidwarf gene, 
sd-1, of rice (Oryza sativa L.). II. Molecular mapping and marker-assisted 
selection. Theor. Appl. Genet. 89:54–59. doi:10.1007/BF00226982

Clément, G., and E. Roumen. 1992. Breeding for rice resistance to stem 
rot (Sclerotium sp.) in Mediterranean France. Cah. Options Méditer-
ranéennes 8:1–3.

Cullis, B.R., A.B. Smith, and N.E. Coombes. 2006. On the design of early 
generation variety trials with correlated data. J. Agric. Biol. Environ. 
Stat. 11:381–393. doi:10.1198/108571106X154443

Danon, T. 1982. The relationships among plant stature, maturity class, 
and susceptibility to septoria leaf blotch of wheat. Phytopathology 
72:1037–1042. doi:10.1094/Phyto-72-1037

Eckermann, P.J., A.P. Verbyla, B.R. Cullis, and R. Thompson. 2001. The 
analysis of quantitative traits in wheat mapping populations. Crop 
Pasture Sci. 52:1195–1206. doi:10.1071/AR01039

Eizenga, G.C., B. Prasad, A.K. Jackson, and M.H. Jia. 2013. Identification 
of rice sheath blight and blast quantitative trait loci in two different 
O. sativa/O. nivara advanced backcross populations. Mol. Breed. 
31:889–907. doi:10.1007/s11032-013-9843-y

Federer, W.T., and D. Raghavarao. 1975. On augmented designs. Biomet-
rics 31:29–35. doi:10.2307/2529707

Gelman, A., Y.S. Su, M. Yajima, J. Hill, M.G. Pittau, J. Kerman, et al. 2016. 
arm: Data analysis using regression and multilevel/hierarchical mod-
els. R package version, 1-3. R Foundation for Statistical Computing. 
http://CRAN.R-project.org/package=arm (accessed 16 Oct. 2017).

Groth, D.E. 2008. Effects of cultivar resistance and single fungicide appli-
cation on rice sheath blight, yield, and quality. Crop Prot. 27:1125–
1130. doi:10.1016/j.cropro.2008.01.010

Gurung, S., S. Mamidi, J.M. Bonman, M. Xiong, G. Brown-Guedira, and T.B. 
Adhikari. 2014. Genome-wide association study reveals novel quantita-
tive trait loci associated with resistance to multiple leaf spot diseases of 
spring wheat. PLoS One 9:e108179. doi:10.1371/journal.pone.0108179

Gutiérrez, L., A. Cuesta-Marcos, A.J. Castro, J. von Zitzewitz, M. Schmitt, and 
P.M. Hayes. 2011. Association Mapping of Malting Quality Quantita-
tive Trait Loci in Winter Barley: Positive Signals from Small Germplasm 
Arrays. Plant Genome 4:256–272. doi:10.3835/plantgenome2011.07.0020

Gutiérrez, L., S. Germán, S. Pereyra, P.M. Hayes, C.A. Pérez, F. Capettini, et 
al. 2015. Multi-environment multi-QTL association mapping identifies 
disease resistance QTL in barley germplasm from Latin America. Theor. 
Appl. Genet. 128:501–516. doi:10.1007/s00122-014-2448-y

Gutiérrez, L., G. Quero, S. Fernandez, S. Brandariz, and S. Sismondi. 
2016. lmem.gwaser: Linear mixed effects models for genome-wide 
association studies. R package version 0.1.0. R Foundation for Statis-
tical Computing. http://CRAN.R-project.org/package=lmem.gwaser 
(accessed. 16 Oct. 2017).

Holland, J., W. Nyquist, and C. Cervantes. 2003. Estimating and interpret-
ing heritability for plant breeding: An update. In: J. Janick, editor, Plant 
breeding reviews. Vol. 22. John Wiley & Sons, Hoboken, NJ. p. 9–112.

IRRI. 2002. Standard evaluation system for rice (SES). International Rice 
Research Institute, Los Baños, The Philippines.

Jannink, J.L., M.C.A.M. Bink, and R.C. Jansen. 2001. Using complex 
plant pedigrees to map valuable genes. Trends Plant Sci. 6:337–342. 
doi:10.1016/S1360-1385(01)02017-9

Jia, L., W. Yan, H.A. Agrama, K. Yeater, X. Li, B. Hu, et al. 2011. Searching 
for germplasm resistant to sheath blight from the USDA rice core 
collection. Crop Sci. 51:1507–1517. doi:10.2135/cropsci2010.10.0581

Jia, Y., F. Correa-Victoria, A. McClung, L. Zhu, G. Liu, Y. Wamishe, et al. 
2007. Rapid determination of rice cultivar responses to the sheath 
blight pathogen Rhizoctonia solani using a micro-chamber screen-
ing method. Plant Dis. 91:485–489. doi:10.1094/PDIS-91-5-0485

Kawahara, Y., M. de la Bastide, J.P. Hamilton, H. Kanamori, W.R. 
McCombie, S. Ouyang, et al. 2013. Improvement of the Oryza sativa 
Nipponbare reference genome using next generation sequence and 
optical map data. Rice 6:4. doi:10.1186/1939-8433-6-4

Kicherer, S., G. Backes, U. Walther, and A. Jahoor. 2000. Localising QTLs for 
leaf rust resistance and agronomic traits in barley (Hordeum vulgare L.). 
Theor. Appl. Genet. 100:881–888. doi:10.1007/s001220051365

Krause, R., and R. Webster. 1973. Stem rot of rice in California. Phytopa-
thology 63:518–523. doi:10.1094/Phyto-63-518

Laborte, A.G., K.C.A.J.M. de Bie, E.M.A. Smaling, P.F. Moya, A.A. Boling, 
and M.K. Van Ittersum. 2012. Rice yields and yield gaps in South-
east Asia: Past trends and future outlook. Eur. J. Agron. 36:9–20. 
doi:10.1016/j.eja.2011.08.005

Langmead, B., and S.L. Salzberg. 2012. Fast gapped-read alignment with 
Bowtie 2. Nat. Methods 9:357–359. doi:10.1038/nmeth.1923

Lanoiselet, V.M., E.J. Cother, and G.J. Ash. 2007. Aggregate sheath 
spot and sheath spot of rice. Crop Prot. 26:799–808. doi:10.1016/j.
cropro.2006.06.016

Lanoiselet, V.M., E.J. Cother, G.J. Ash, and J.D.I. Harper. 2005. Yield loss 
in rice caused by Rhizoctonia oryzae and R. oryzae-sativae in Aus-
tralia. Australas. Plant Pathol. 34:175–179. doi:10.1071/AP05013

Lenth, R.V. 2016. Least-squares means: The R package lsmeans. J. Stat. 
Softw. 69:1–33. doi:10.18637/jss.v069.i01

Li, J., and L. Ji. 2005. Adjusting multiple testing in multilocus analyses 
using the eigenvalues of a correlation matrix. Heredity 95:221–227. 
doi:10.1038/sj.hdy.6800717

Li, Z., S.R.M. Pinson, M. Marchetti, J.W. Stansel, and W.D. Park. 1995. 
Characterization of quantitative trait loci (QTLs) in cultivated rice 
contributing to field resistance to sheath blight (Rhizoctonia solani). 
Theor. Appl. Genet. 91:382–388. doi:10.1007/BF00220903

Liang, S., L. Wu, G. Ren, X. Zhao, M. Zhoua, D. McNeil, et al. 2016. 
Genome-wide association study of grain yield and related traits 
using a collection of advanced indica rice breeding lines for irrigated 
ecosystems. F. Crop. Res. 193:70–86. doi:10.1016/j.fcr.2016.03.008

Lin, H., M. Ashikari, U. Yamanouchi, T. Sasaki, and M. Yano. 2002. Identifica-
tion and characterization of a quantitative trait locus, Hd9, controlling 
heading date in rice. Breed. Sci. 52:35–41. doi:10.1270/jsbbs.52.35

Liu, G., Y. Jia, A. Mc, J.H. Clung, F.N. Oard, F.N. Lee, et al. 2013. Confirming 
QTLs and finding additional loci responsible for resistance to rice sheath 
blight disease. Plant Dis. 97:113–117. doi:10.1094/PDIS-05-12-0466-RE

Loan, L.C., P. Van Du, and X. Li. 2004. Molecular dissection of quantitative 
resistance of sheath blight in rice (Oryza sativa L). Omonrice 12:1–12.

Locatelli, A., A. Cuesta-Marcos, L. Gutiérrez, P.M. Hayes, K.P. Smith, and 
A.J. Castro. 2013. Genome-wide association mapping of agronomic 
traits in relevant barley germplasm in Uruguay. Mol. Breed. 31:631–
654. doi:10.1007/s11032-012-9820-x

Lore, J.S., M.S. Hunjan, P. Singh, L. Willocquet, S. Sri, and S. Savary. 2013. 
Phenotyping of partial physiological resistance to rice sheath blight. 
J. Phytopathol. 161:224–229. doi:10.1111/jph.12055

Malosetti, M., C.G. van der Linden, B. Vosman, and F.A. van Eeuwijk. 2007a. 
A mixed-model approach to association mapping using pedigree infor-
mation with an illustration of resistance to Phytophthora infestans in 
potato. Genetics 175:879–889. doi:10.1534/genetics.105.054932

Malosetti, M., J.M. Ribaut, M. Vargas, J. Crossa, M.P. Boer, and F.A.V.A.N. 
Eeuwijk. 2007b. Multi-trait multi-environment QTL modelling for 
drought-stress adaptation in maize. In: J.H.J. Spiertz, P.C. Struik, H.H. 
van Laar, editors, Scale and complexity in plant systems research: 
Gene–plant–crop relations. Springer, Dordrecht, p. 25–36.

http://CRAN.R-project.org/package=EMMREML
http://CRAN.R-project.org/package=EMMREML
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1371/journal.pone.0119873
http://dx.doi.org/10.1093/bioinformatics/btm308
http://cran.r-project.org/package=boot
http://dx.doi.org/10.1007/BF00226982
http://dx.doi.org/10.1198/108571106X154443
http://dx.doi.org/10.1094/Phyto-72-1037
http://dx.doi.org/10.1071/AR01039
http://dx.doi.org/10.1007/s11032-013-9843-y
http://dx.doi.org/10.2307/2529707
http://dx.doi.org/10.1016/j.cropro.2008.01.010
http://dx.doi.org/10.1371/journal.pone.0108179
http://dx.doi.org/10.3835/plantgenome2011.07.0020
http://dx.doi.org/10.1007/s00122-014-2448-y
http://CRAN.R-project.org/package=lmem.gwaser
http://dx.doi.org/10.1016/S1360-1385(01)02017-9
http://dx.doi.org/10.2135/cropsci2010.10.0581
http://dx.doi.org/10.1094/PDIS-91-5-0485
https://doi.org/10.1186/1939-8433-6-4
http://dx.doi.org/10.1007/s001220051365
http://dx.doi.org/10.1094/Phyto-63-518
http://dx.doi.org/10.1016/j.eja.2011.08.005
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1016/j.cropro.2006.06.016
http://dx.doi.org/10.1016/j.cropro.2006.06.016
http://dx.doi.org/10.1071/AP05013
http://dx.doi.org/10.18637/jss.v069.i01
http://dx.doi.org/10.1038/sj.hdy.6800717
http://dx.doi.org/10.1007/BF00220903
http://dx.doi.org/10.1016/j.fcr.2016.03.008
http://dx.doi.org/10.1270/jsbbs.52.35
http://dx.doi.org/10.1094/PDIS-05-12-0466-RE
http://dx.doi.org/10.1007/s11032-012-9820-x
http://dx.doi.org/10.1111/jph.12055
http://dx.doi.org/10.1534/genetics.105.054932


rosas et al.: resistance to rice stem and sheath diseases 13 of 13

Martínez, C.P., E.A. Torres, M. Chatel, G. Mosquera, J. Duitama, M. Ishitani, 
, et al. 2014. Rice breeding in Latin America. In: J. Janick, editor, Plant 
breeding reviews. Vol. 38. John Wiley & Sons, Hoboken, NJ. p. 187–277, 

Martínez, S. 2016. Effects of combined application of potassium phosphite and 
fungicide on stem and sheath disease control, yield, and quality of rice. 
Crop Prot.89:259–264. doi:10.1016/j.cropro.2016.08.002 02

McCouch, S.R., M.H. Wright, C.-W. Tung, L.G. Maron, K.L. McNally, M. 
Fitzgerald, et al. 2016. Open access resources for genome-wide association 
mapping in rice. Nat. Commun. 7:10532. doi:10.1038/ncomms10532

McKenzie, K., C. Johnson, S. Tseng, J. Oster, and D. Brandon. 1994. 
Breeding improved rice cultivars for temperate regions: A case 
study. Aust. J. Exp. Agric. 34:897–905. doi:10.1071/EA9940897

Nelson, J.C., J.H. Oard, D. Groth, H.S. Utomo, Y. Jia, G. Liu, et al. 2012. 
Sheath-blight resistance QTLS in japonica rice germplasm. Euphyt-
ica 184:23–34. doi:10.1007/s10681-011-0475-1

Ni, J., P.M. Colowit, J.J. Oster, K. Xu, and D.J. Mackill. 2001. Molecular 
markers linked to stem rot resistance in rice. Theor. Appl. Genet. 
102:511–516. doi:10.1007/s001220051675

Ou, S.H. 1985. Fungus diseases- diseases of stem, leaf sheath and root. In: 
Commonwealth Mycological Institute, editor, Rice diseases, 2nd ed. 
The Cambrian News, Aberystwyth. p. 247–299.

Paillard, S., T. Schnurbusch, R. Tiwari, M. Messmer, M. Winzeler, B. 
Keller, et al. 2004. QTL analysis of resistance to Fusarium head 
blight in Swiss winter wheat (Triticum aestivum L.). Theor. Appl. 
Genet. 109:323–332. doi:10.1007/s00122-004-1628-6

Piepho, H.P., A. Büchse, and B. Truberg. 2006. On the use of multiple 
lattice designs and α-designs in plant breeding trials. Plant Breed. 
125:523–528. doi:10.1111/j.1439-0523.2006.01267.x

Pinson, S.R.M., F.M. Capdevielle, and J.H. Oard. 2005. Blight resistance 
in rice using recombinant inbred lines. Crop Sci. 45:503–510. 
doi:10.2135/cropsci2005.0503

Pittelkow, C.M., G. Zorrilla, J. Terra, S. Riccetto, I. Macedo, C. Bonilla, et al. 
2016. Sustainability of rice intensification in Uruguay from 1993 to 2013. 
Glob. Food Secur. 9:10–18. doi:10.1016/j.gfs.2016.05.003

Price, A.L., N.J. Patterson, R.M. Plenge, M.E. Weinblatt, N.A. Shadick, 
and D. Reich. 2006. Principal components analysis corrects for 
stratification in genome-wide association studies. Nat. Genet. 
38:904–909. doi:10.1038/ng1847

R Core Team. 2015. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. http://www.R-
project.org (accessed 18 Oct. 2017).

Rosas, J.E., S. Martinez, V. Bonnecarrere, F. Perez de Vida, P. Blanco, 
M. Malosetti, et al. 2016. Comparison of phenotyping methods for 
resistance to stem rot and aggregated sheath spot in rice. Crop Sci. 
56:1619–1627. doi:10.2135/cropsci2015.09.0598

Savary, S., L. Willocquet, F.A. Elazegui, N.P. Castilla, and P.S. Teng. 2000. 
Rice pest constraints in tropical Asia: Quantification of yield losses 
due to rice pests in a range of production situations. Plant Dis. 
84:357–369. doi:10.1094/PDIS.2000.84.3.357

Sharma, A., A.M. McClung, S.R.M. Pinson, J.L. Kepiro, A.R. Shank, R.E. 
Tabien, et al. 2009. Genetic mapping of sheath blight resistance 
QTLs within tropical japonica rice cultivars. Crop Sci. 49:256–264. 
doi:10.2135/cropsci2008.03.0124

Shin, J.-H., S. Blay, B. McNeney, and J. Graham. 2006. LDheatmap: An R func-
tion for graphical display of pairwise linkage disequilibria between single 
nucleotide polymorphisms. J. Stat. Softw. 16:1–9. doi:10.18637/jss.v016.c03

Simón, M.R., A.J. Worland, and P.C. Struik. 2004. Influence of plant 
height and heading date on the expression of the resistance to Septo-
ria tritici blotch in near isogenic lines of wheat. Crop Sci. 44:2078–
2085. doi:10.2135/cropsci2004.2078

Srinivasachary, G. Beligan, L. Willocquet, and S. Savary. 2013. A strategy to 
identify sources of quantitative resistance in pathosystems involving 
disease escape and physiological resistance: The case study of rice sheath 
blight. Plant Pathol. 62:888–899. doi:10.1111/j.1365-3059.2012.02695.x

Srinivasachary, L.W., and S. Savary. 2011. Resistance to rice sheath blight 
(Rhizoctonia solani	Kühn)	[(teleomorph:	Thanatephorus cucumeris 
(A.B. Frank) Donk.] disease: Current status and perspectives. Euphyt-
ica 178:1–22. doi:10.1007/s10681-010-0296-7

Swarts, K., H. Li, J.A.R. Navarro, D. An, M.C. Romay, S. Hearne, et al. 2014. 
Novel methods to optimize genotypic imputation for low-coverage, 
next-generation sequence data in crop plants. Plant Genome 7:1–12. 
doi:10.3835/plantgenome2014.05.0023

Van Nguyen, N., and A. Ferrero. 2006. Meeting the challenges of global rice 
production. Paddy Water Environ. 4:1–9. doi:10.1007/s10333-005-0031-5

Verbyla, A.P., P.J. Eckermann, R. Thompson, and B.R. Cullis. 2003. The analysis 
of quantitative trait loci in multi-environment trials using a multiplicative 
mixed model. Crop Pasture Sci. 54:1395–1408. doi:10.1071/AR02239

von Zitzewitz, J., A. Cuesta-Marcos, F. Condon, A.J. Castro, S. Chao, A. 
Corey, et al. 2011. The genetics of winter hardiness in barley: Per-
spectives from genome-wide association mapping. Plant Genome 
4:76–91. doi:10.3835/plantgenome2010.12.0030

Wang, Y., S.R.M. Pinson, R.G. Fjellstrom, and R.E. Tabien. 2011. Phenotypic 
gain from introgression of two QTL, qSB9-2 and qSB12-1, for rice sheath 
blight resistance. Mol. Breed. 30:293–303. doi:10.1007/s11032-011-9619-1

Wiesner-Hanks, T., and R. Nelson. 2016. Multiple disease resistance in 
plants. Annu. Rev. Phytopathol. 54:229–252. doi:10.1146/annurev-
phyto-080615-100037

Willocquet, L., J.S. Lore, S. Srinivasachary, and S. Savary. 2011. Quantifi-
cation of the components of resistance to rice sheath blight using a 
detached tiller test under controlled conditions. Plant Dis. 95:1507–
1515. doi:10.1094/PDIS-01-11-0051

Yu, J., J.B. Holland, M.D. McMullen, and E.S. Buckler. 2008. Genetic 
design and statistical power of nested association mapping in maize. 
Genetics 178:539–551. doi:10.1534/genetics.107.074245

Zeng, Y., Z. Ji, and C. Yang. 2015. The way to a more precise sheath blight resis-
tance QTL in rice. Euphytica 203:33–45. doi:10.1007/s10681-014-1246-6

Zhao, K., C.-W. Tung, G.C. Eizenga, M.H. Wright, M.L. Ali, A.H. Price, 
et al. 2011. Genome-wide association mapping reveals a rich genetic 
architecture of complex traits in Oryza sativa. Nat. Commun. 2:467. 
doi:10.1038/ncomms1467

Zhu, C., M. Gore, E.S. Buckler, and J. Yu. 2008. Status and prospects of 
association mapping in plants. Plant Genome 1:5–20. doi:10.3835/
plantgenome2008.02.0089

Zhu, H., L. Gilchrist, P. Hayes, A. Kleinhofs, D. Kudrna, Z. Liu, et al. 
1999. Does function follow form? Principal QTLs for Fusarium head 
blight (FHB) resistance are coincident with QTLs for inflorescence 
traits and plant height in a doubled-haploid population of barley. 
Theor. Appl. Genet. 99:1221–1232. doi:10.1007/s001220051328

http://dx.doi.org/10.1016/j.cropro.2016.08.002
http://dx.doi.org/10.1038/ncomms10532
http://dx.doi.org/10.1071/EA9940897
http://dx.doi.org/10.1007/s10681-011-0475-1
http://dx.doi.org/10.1007/s001220051675
http://dx.doi.org/10.1007/s00122-004-1628-6
http://dx.doi.org/10.1111/j.1439-0523.2006.01267.x
http://dx.doi.org/10.2135/cropsci2005.0503
http://dx.doi.org/10.1016/j.gfs.2016.05.003
http://dx.doi.org/10.1038/ng1847
http://dx.doi.org/10.2135/cropsci2015.09.0598
http://dx.doi.org/10.1094/PDIS.2000.84.3.357
http://dx.doi.org/10.2135/cropsci2008.03.0124
http://dx.doi.org/10.18637/jss.v016.c03
http://dx.doi.org/10.2135/cropsci2004.2078
http://dx.doi.org/10.1111/j.1365-3059.2012.02695.x
http://dx.doi.org/10.1007/s10681-010-0296-7
https://doi.org/10.3835/plantgenome2014.05.0023
http://dx.doi.org/10.1007/s10333-005-0031-5
http://dx.doi.org/10.1071/AR02239
http://dx.doi.org/10.3835/plantgenome2010.12.0030
http://dx.doi.org/10.1007/s11032-011-9619-1
http://dx.doi.org/10.1146/annurev-phyto-080615-100037
http://dx.doi.org/10.1146/annurev-phyto-080615-100037
http://dx.doi.org/10.1094/PDIS-01-11-0051
http://dx.doi.org/10.1534/genetics.107.074245
http://dx.doi.org/10.1007/s10681-014-1246-6
http://dx.doi.org/10.1038/ncomms1467
http://dx.doi.org/10.3835/plantgenome2008.02.0089
http://dx.doi.org/10.3835/plantgenome2008.02.0089
http://dx.doi.org/10.1007/s001220051328

