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Abstract

False smut of rice, an important emerging disease caused by Ustilaginoidea virens, greatly reduces grain yield and
deteriorates grain quality in many rice-growing regions worldwide. Identification of quantitative trait loci (QTL)
conferring false smut resistance will facilitate incorporation of false smut resistance into elite cultivars. In this study,
a set of recombinant inbred lines (RILs) derived from a cross of a resistant rice landrace MR183-2 and a high
susceptible line 08R2394 were evaluated to map resistance QTLs for false smut. A total of 179 simple sequence
repeat (SSR) polymorphic markers were identified for constructing genetic linkage maps. Using a composite interval
mapping method, five false smut resistance QTLs were detected on chromosomes 2, 4, 8 and 11 in the RIL
population. Among these QTLs, gFsr8—1 within a small region on chromosome 8 represents a major quantitative
locus explaining the greatest phenotypic variance. Gene annotation in this major QTL region provides a theoretical
basis for cloning of resistance QTLs. The SSR markers genetically linked to gfsr8-1 are valuable for marker-assisted
breeding for false smut resistance in rice. In addition, nine QTLs for heading date were detected in this population.

Correlation analysis of disease resistance score and heading date indicates that false smut resistance negatively

correlates with the growth period length in rice.
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Background

False smut of rice, which was previously considered a
minor disease due to its sporadic occurrence (Cooke
1878), has become one of the most destructive diseases
in major rice-growing countries (Fan et al. 2015; Sun
et al. 2020). The disease has expanded rapidly world-
wide, particularly in China and in South Asia, probably
because of large-scale planting of high-yield rice varieties
and overuse of nitrogenous fertilizers in the past decades
(Deng 1989; Zhou et al. 2008). In epidemic years, false
smut occurs in about one third of rice cultivation area in
China (Jiang et al. 2010; Guo et al. 2012). The causal
agent of the disease is the ascomycetous fungus
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Ustilaginoidea virens (Cooke) Takah (Teleomorph: Villo-
siclava virens) that is closely related to Claviceps pur-
purea, a ubiquitous pathogen of cereals and grasses
(Tudzynski and Scheffer 2004; Zhang et al. 2014). After
U. virens infection at the late booting stage, rice spikelets
are usually transformed into false smut balls covered
with powdery, dark-green chlamydospores after heading.
The disease not only causes a significant yield loss (Yang
et al. 2012), but also reduces grain quality by generating
a variety of mycotoxins, such as ustiloxins and ustilagi-
noidins, which are toxic to both humans and animals
(Lai et al. 2019; Li et al. 2019a).

Because of economic importance, the disease has been
extensively studied in different aspects including disease
occurrence, pathogen detection, mycotoxin isolation and
identification, infection process, resistance evaluation of
germplasms, and disease control in recent years (Tang
et al. 2013; Wang et al. 2019; Sun et al. 2020). Rapid de-
tection and quantification of U virens from soils and
seeds provide practicable techniques for predicting
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epidemic risks and assessing U. virens distribution in the
fields (Chen et al. 2014; Yang et al. 2018). The infection
processes of U. virens have also been gradually illus-
trated (Tang et al. 2013; Hu et al. 2014; Song et al.
2016). U. virens initially infects rice florets through sta-
men filaments and thus prevents the production of ma-
ture pollen grains and pollination. The pathogen
subsequently invades the stigmas and styles, occasionally
the ovaries (Tang et al. 2013; Song et al. 2016; Fan et al.
2020). Interestingly, the pathogen might hijack rice nu-
trient supply system to benefit the formation of false
smut balls by simulating ovule fertilization (Fan et al.
2015; Song et al. 2016). Furthermore, U. virens genome
and the predicted protein-protein interaction network
greatly accelerate progress in identifying pathogenicity
factors and understanding effector biology in this patho-
gen (Zhang et al. 2017; Fan et al. 2019; Fang et al. 2019;
Sun et al. 2020; Zhang et al. 2020).

At present, disease management strategies for rice
false smut include chemical control, cultivation prac-
tices, and host resistance. Although fungicide application
at the most critical time of U. virens infection was effect-
ive to control the disease, the optimal timing of spraying
fungicides is difficult to be predicted before symptoms
appear. Besides, the pathogen has gradually become re-
sistant to some fungicides (Bagga and Kaur 2006). Mis-
use of fungicides might also cause environmental
pollution and ecological imbalance. Cultivation practices,
such as furrow irrigation, may provide the immediate
and cost-effective remedy for false smut, whereas furrow
irrigation may cause other problems that overshadow
the benefits of false smut control (Brooks et al. 2010).

Host genetic resistance has been recognized as one of
the most economical, environmentally safe and effective
strategies for disease control. To date, no rice variety has
yet been identified to have complete resistance to UL
virens, while many cultivars exhibit considerable differ-
ences in quantitative field resistance to the pathogen (Li
et al. 2008; Li et al. 2014; Zhou et al. 2014; Huang et al.
2016). False smut resistance in several rice cultivars has
been identified as a quantitative trait controlled by mul-
tiple genes (Xu et al. 2002; Li et al. 2011; Andargie et al.
2018). Using near-isogenic introgression lines of “Lem-
ont/Teqing”, two quantitative trait loci (QTL) for false
smut resistance (gFsrl10 and gFsri2) were detected in
Lemont (Xu et al. 2002). After two-year investigation of
disease indices in two sites, ten QTLs affecting percent-
ages of diseased hills, panicles, and spikelets have been
further identified using the same set of introgression
lines (Zhou et al. 2014). The cultivar IR28 has been iden-
tified to have a high field resistance. Using the recom-
binant inbred lines (RILs) between IR28 and a
susceptible landrace Daguandao, seven QTLs controlling
false smut resistance were detected (Li et al. 2008). In
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another study (Andargie et al. 2018), resistance QTLs in
IR28 were mapped to chromosome 5 by bulk segregate
analysis using an F, population derived from its hybrid
with a highly susceptible cultivar HXZ. Taken together,
a number of QTLs for false smut resistance have been
identified. However, QTL mapping of false smut resist-
ance has been performed in only a few parental cultivars.
Pyramiding multiple resistance QTLs is considered to be
an effective strategy to improve quantitative resistance
to plant diseases (Fukuoka et al. 2015). Therefore, it is
an urgent need to screen more resistant germplasms and
to map false smut resistance QTLs from additional
varieties.

In this study, a rice landrace MR183-2 from Sichuan
Province was identified to be resistant to false smut. The
RILs derived from the hybrid of MR183-2 and a suscep-
tible line 08R2394 were developed for mapping false
smut resistance QTLs. Five QTLs for false smut resist-
ance were identified in MR183-2. Molecular markers
tightly linked to these QTLs will facilitate marker-
assisted selection in breeding for false smut resistance.

Results

A positive correlation between false smut disease severity
and heading date in RIL population

Rice plants were grown in disease nurseries with moder-
ate fertilization, regular irrigation and pest management
but no disease control. The parental lines and their hy-
brid descendants were evaluated for false smut disease
severity approximately 3 weeks after heading. Thirty par-
ental plants were scored for disease severity at the ex-
perimental fields in 2010, 2013 and 2014, respectively.
False smut resistance phenotypes were dramatically dif-
ferent between two parental cultivars under natural in-
fection in the false smut disease nursery at Ya’an (Fig. 1).
According to the evaluation criteria of false smut resist-
ance (Additional file 1: Table S1), MR183-2 exhibited a
high resistance to false smut in 2010 and a moderate re-
sistance in 2013 and 2014, with the percentages of dis-
eased panicles (PDP) of 0.51 +0.07%, 6.63 +0.13% and
6.02 +0.21%, respectively. The parental line 08R2394
was highly susceptible to the disease in all 3 years with
the average PDPs of 34.87 +0.46%, 41.55 +0.62% and
39.96 + 0.84%. The resistant cultivar Yixiangyou2115 and
the susceptible cultivar Pujiang6 were used here as posi-
tive and negative controls with the PDPs of 2.22 +0.39
and 36.40 £ 1.03, respectively (Table 1). Interestingly, the
hybrids of MR183-2 and 08R2394 were highly suscep-
tible to false smut, indicating that false smut resistance
in MR183-2 is recessive (Table 1 and Additional file 1:
Table S1). Meanwhile, 200 RIL-F, lines were observed
for false smut disease symptoms in 2014. The PDP and
the highest number of diseased grains (HDG) on rice
panicles were counted. The coefficient of variation of
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Fig. 1 False smut disease phenotypes of rice parental lines 08R2394 and MR183-2. Disease symptoms of false smut on rice panicles of the
parental lines 08R2394 and MR183-2 after natural infection. Many false smut balls were formed on rice panicles of 08R2394, whereas only a few
balls were formed on MR183-2 panicles. The photos were taken about 4 weeks after heading

08R2394

PDP was 89.47%, indicating a wide range of variation
(Table 2). The false smut resistance scores of RIL-F-
lines were categorized based on the PDP and HDG
(Fig. 2 and Additional file 1: Table S1). The absolute
value of the skewness and kurtosis of resistance scores
was less than 1, indicating an approximately normal dis-
tribution of resistance levels of RIL population (Table 2
and Fig. 2). Interestingly, the transgressive phenotype in
false smut resistance was observed in some F; lines (Fig.

2). The results indicate that false smut resistance in
MR183-2 is under polygenic control and that the RIL-
F; population is suitable for genetic analysis. The head-
ing dates (HD) of parental cultivars and RILs were also
recorded. A significant and positive correlation was de-
tected between false smut resistance scores and heading
dates (r=0.47, P<0.001) (Fig. 2). The results suggest
that false smut resistance is negatively correlated with
the growth period length of rice.

Table 1 False smut disease phenotypes of MR183-2 and 08R2394 after natural infection in a disease nursery in Ya'an, Sichuan

Province, China in different years

Years Lines Total number of Total Number of diseased PDP HDG Resistance Resistance P value
plants panicles panicles score level
2010 Yixiangyou2115 30 315 7 222+039 <5 1 HR _
2010 Pujiang6 30 239 87 3640 £1.03 _ 9 HS _
2010 MR183-2 30 543 3 051+£007 <5 1 HR 1.38E-
08R2394 30 232 81 3487 £ 046 _ 9 HS 0
2010 F4 10 110 38 3455+ 068 _ 9 HS _
2013 MR183-2 30 422 29 663+013 <7 3 MR 9.44E-
08R2394 30 407 171 4155 +062 _ 9 HS 0
2014 MR183-2 30 295 18 602+021 <7 3 MR 5.19E-
08R23%4 30 388 153 39.96 + 0.84 9 HS 09

PDP, the percentage of diseased panicles; HDG, the highest number of diseased grains on rice panicles
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Table 2 Variations in disease phenotype and heading date of parental lines and the RIL-F; lines
Traits Parental lines RIL-F, population

MR183-2 08R2394 Mean SD CV% Kur Ske Range
PDP 6.02+0.21 39.96 +0.84 717 8.01 89.47 3.65 1.74 0-43.08
RS 3 9 4 2.56 0.64 -0.83 0.1 0-9
HD 119 17 104 9.09 8.74 -0.17 044 81-126

SD, standard deviation; CV, coefficient of variation; Kur, kurtosis; Ske, skewness; PDP, the percentage of diseased panicles; RS, resistance score; HD, heading date

Construction of genetic map and QTL analysis

In order to map false smut resistance QTLs in
MR183-2, genetic linkage maps were constructed
based on the genotypes of 200 RIL-F;, lines. Among
4200 SSR markers, 194 were identified to be poly-
morphic between resistant and susceptible parents.
Among them, 15 polymorphic SSR markers with un-
clear bands were removed and the remaining 179
markers were integrated into the genetic map con-
sisting of 12 linkage groups. The average genetic dis-
tance between two markers on the map was 9.33 cM.
The order of molecular markers in the linkage maps
was generally consistent with that on the published
map with only a few exceptions (Temnykh et al

By composite interval mapping with the software
WinQTLCart2.5, five QTLs, qFsr2—1, qFsr4—1, qFsr8—1,
qFsr8—2 and qFsr11-1, were identified on chromosomes
2, 4, 8, 8 and 11, explaining 6.9, 1.8, 26.0, 4.0 and 1.3%
of phenotypic variation, respectively (Table 3, Fig. 3 and
Fig. 4). The QTLs gFsr4—1, qFsr8—1 and qFsril1-1 all
showed negative additive effects, indicating that these
QTLs are derived from the resistant parent MR183-2
and confers an increased resistance against U. virens
(Table 3). By contrast, the QTLs gFsr2—1 and gFsr8—
2 exhibited positive additive effects (Table 3) and
might be derived from the susceptible line 08R2394.
The QTL gFsr8—1 flanked by RM22507 and RM22540
had the largest effect on resistance to false smut

2000; Mccouch et al. 2002) (Fig. 3). explaining 26.0% of the phenotypic variance,
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Fig. 2 Distribution of the resistance scores after natural infection, heading dates and phenotypic correlation between them in a RIL-F; population
derived from the hybrid of MR183-2 and 08R2394. a Frequency distribution of 200 RILs for false smut resistance scores. Arrows indicate values of
the parental lines. b Frequency distribution of 200 RILs for heading dates. ¢ A significant positive correlation between false smut resistance score

and heading date (r=047) was found in the RIL population by SPSS 20.0 software. *** represents a significant difference at P < 0.001
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Fig. 3 Construction of genetic map and comparisons of genome locations of QTLs for false smut resistance identified in this and previous studies

J

indicating that the two markers could be used for
marker-assisted selection of false smut resistance de-
rived from MR183-2.

Besides, nine QTLs affecting heading date were identi-
fied on chromosomes 1, 2, 3, 8, 9, 11 and 12 (Add-
itional file 2: Table S2). Two of the heading date QTLs
(qHd8—1 and gqHd11-1) were overlapped or close to

QTLs for resistance to U. virens (Table 3 and Additional
file 2: Table S2).

Gene annotation in the major QTL region for false smut
resistance

The major QTL gFsr8—1 was mapped in a ~ 524 kb re-
gion between the SSR markers RM22507 and RM22540.
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Table 3 Quantitative trait loci controlling false smut resistance identified in the RIL-F; population

QTL Chromosome Interval LOD Variance explained (%) Additive effect
qFsr2-1 2 RM13400-RM13439 6.21 6.9 0.79

qFsrd—1 4 RM16757-RM16770 2.69 1.8 -0.28

qFsr8-1 8 RM22507-RM22540 1540 26.0 -1.39

qfFsr8-2 8 RM23381-RM23468 3.26 4.0 0.63

gFsri1-1 " RM26271-RM26627 267 13 -0.13

Since the resistance QTL is much closer to RM22507, the = Discussion

genes within the interval and in the 500 kb flanking region
of RM22507 were searched and annotated. According to
gene database from China Rice Data Center (http://www.
ricedata.cn/gene/) and rice genome annotation (http://
rice.plantbiology.msu.edu/), 145 genes are located in this
region. Among them, the genes LOC_0Os08¢07740 (similar
to heading date 5, Ghd8) and LOC_0Os08¢g07760 (rice re-
sistance to Xanthomonas oryzae pv. oryzae) have been iso-
lated and reported (Dai et al. 2012; Liao et al. 2016). The
other three genes, LOC_Os08g07774, LOC_Os08g07920
and LOC_Os08g07940 were also putative candidate genes
involved in disease resistance (Table 4).

It is urgent to develop efficient management strategies
to control rice false smut because of severe epidemics
and economic importance of the disease (Sun et al.
2020). Screening of false smut resistant cultivars and
identification of genes/QTLs for false smut resistance fa-
cilitate controlling this devastating disease. In this study,
we demonstrated that a rice landrace MR183-2 was re-
sistant to U. virens infection. Multiple false smut resist-
ance QTLs were subsequently identified on different
chromosomes in rice. The SSR markers tightly linked to
these QTLs are valuable for pyramiding false smut re-
sistance into the elite cultivars.
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Table 4 The candidate genes that might be involved in disease
resistance at the major QTL region of gFsr8—1

Annotation information
Similar to heading date 5, Ghd8
Rice resistance to PX099, OsBAKT

Gene loci

LOC_0s084907740
LOC_0Os08g07760
LOC_0Os08g07774
LOC_0Os08907920
LOC_0Os08g07940

Disease resistance protein RPM1, putative, expressed
Disease resistance protein RPM1, putative, expressed

Disease resistance protein RPM1, putative, expressed

Simple sequence repeats (SSR) are universally distrib-
uted in plant genomes and are often used as molecular
markers in the genetic linkage analysis and QTL map-
ping (Chen et al. 2017; Su et al. 2018; Rahman et al.
2019). In this study, a low percentage (<5%) of SSR
markers were identified to be polymorphic between the
parental cultivars, which might be caused by high gen-
etic similarity between 08R2394 and MR183-2, which
are both Indica rice lines. Many fewer polymorphic SSR
markers have been identified between two Indica re-
storer lines T219 and T226 compared with those be-
tween Indica and Japonica varieties (Chen and Zhang
2009). The closer genetic relationship between the var-
ieties was correlated with a lower rate of SSR poly-
morphism (Zhang et al. 2005). In addition, relatively low
polymorphism of SSR markers may be also due to the
limitation of the detection method. Compared with poly-
acrylamide gel, agarose gel has a much lower sensitivity
to detect SSR marker polymorphism.

To date, 24 false smut resistance QTLs have been
mapped to all of rice chromosomes but chromosomes 7
and 9 in a few rice cultivars, although some of the iden-
tified QTLs are located at the same or overlapping
chromosome regions (Fig. 3). Based on the constructed
genetic linkage maps and resistance phenotypes, five
QTLs were mapped to the chromosomes 2, 4, 8, and 11
in this study (Table 3, Fig. 3 and Fig.4). The gFsr2—1
locus is located within the interval of the previously
identified locus gFsr2, while gFsr4—1 and gFsrl1-1 par-
tially overlaps with the previously identified gFsr4 and
qFsr1l using Daguandao/IR28 recombinant inbred lines
(Fig. 3) (Li et al. 2008, 2011, 2014; Zhou et al. 2014).
Interestingly, the QTL gFsr8—1 is a novel resistance
locus that has not been reported previously. More im-
portantly, gFsr8—1 explained the greatest phenotypic
variance among all of false smut resistance QTLs identi-
fied in this and previous studies. Another major quanti-
tative locus ¢Fsrl from IR28 explained 22.5% of
phenotypic variance (Li et al. 2014). Therefore, it is
promising to pyramid these major resistance QTLs into
an elite cultivar to improve false smut resistance. Ac-
cording to gene prediction and annotation in the region
of the major QTL gFsr8—1, several genes were predicted
to be involved in disease resistance. For instance, the
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gene LOC_Os08g07760 has been identified to confer re-
sistance to bacterial blight in rice (Liao et al. 2016). In
addition, LOC_0s08g07774, LOC_Os08g07920 and
LOC_0s08g07940 encode the RPM1 type of resistance
proteins, which are involved in disease resistance in mul-
tiple plant species (Grant et al. 1995; Nie and Ji 2019; Li
et al. 2019b). Therefore, it is interesting to investigate
whether these genes play important roles in the regula-
tion of false smut resistance.

Interestingly, a significant positive correlation between
false smut resistance score and heading date was re-
vealed in this RIL population (Fig. 2). It has been previ-
ously reported that disease resistance is sometimes
associated with agronomic traits in crop plants (Yan
et al. 2011; Dai et al. 2012). A negative correlation be-
tween Fusarium head blight severity and heading date
has been reported in wheat (Paillard et al. 2004;
Schmolke et al. 2005). In contrast, multiple rice lines in
the RIL population with earlier heading dates exhibited
enhanced resistance to U. virens, indicating that the line
with a shorter growth period length tends to show less
false smut infection. The possible reason for this correl-
ation includes that the anthesis of rice lines with earlier
heading dates evades from the critical infection period of
U. virens. In the genetic level, the genes controlling false
smut resistance and early heading are either tightly
linked or the same gene with pleiotropic effects. Consist-
ently, gHd8-1 for heading date is mapped to the identi-
cal region of gFsr8—1 controlling false smut resistance.
Interestingly, Ghd8, which plays pleiotropic roles in
regulating grain productivity, plant height and heading
date in rice, is located in the region (Table 4). Therefore,
we speculate that gHd8-1, probably Ghd8, may also
regulate false smut resistance or instead it is tightly
linked with false smut resistance gene. This finding sug-
gests an effective strategy to rice breeding for false smut
resistance by focusing on the lines with shorter growth
period.

In this study, false smut resistance in some individual
lines in RIL-F; population was higher than that of the
parental lines, indicating a phenomenon of transgressive
segregation (Fig. 2). Transgressive segregation produces
hybrid progeny phenotypes exceeding the parental phe-
notypes, which widely exists in plant species (Grandillo
and Tanksley 1996; Koide et al. 2019). The QTLs for
false smut resistance were identified in both false smut
resistant and susceptible parental lines (Table 3). There-
fore, transgressive phenotypes might be produced by the
cumulative effect of resistant QTLs from both parental
lines, which provides the basis for pyramiding resistance
QTLs. It is worthwhile to note that false smut resistance
in the cultivar MR183-2 is most probably recessive,
which make it difficult to pyramid resistance QTLs into
elite cultivars. However, newly-developed gene editing
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technologies can be exploited to modify the susceptible
genes in molecular design breeding for disease resistance
(Jiang et al. 2013).

An accurate and highly efficient approach to evaluate
false smut resistance is extremely important for QTL
mapping. An artificial inoculation method has been
developed for false smut resistance evaluation by
injecting the mixture of U. virens conidiospores and
smashing hyphae into rice panicles at the late booting
stage (Fujita et al. 1989; Ashizawa et al. 2012; Hu
et al. 2014). This method has been proven to be suc-
cessful in accurate evaluation of disease incidence on
rice panicles under stringently controlled environmen-
tal conditions (Hu et al. 2014). However, the method
is not suitable for testing large mapping populations
because it is time-consuming and requires well-
equipped facilities for disease development. Alterna-
tively, we evaluated the resistance phenotypes of map-
ping populations at disease nurseries, which have
been under disease-inducing conditions in multiple
years. Natural infection has been performed in most
of breeding programs and selection for false smut re-
sistance (Zhou et al. 2014; Jiang et al. 2015). Some
false smut disease phenotypes, such as PDP, can be
only assessed under natural infection. Multiple QTLs
associated with resistance to false smut were detected
in introgression lines from a cross between Teqing
and Lemont using natural infection. In addition, other
agronomic traits, such as heading date, can be simul-
taneously investigated to identify multiple complicate
phenotypes. The QTLs detected under natural infec-
tion may confer broad-spectrum and durable resist-
ance, which has profound practical implications for
rice breeding programs (Li et al. 2008). Although nat-
ural infection has some advantages in QTL analysis
for plant disease resistance over artificial inoculation
(Li et al. 2008), natural infection of U. virens is
greatly influenced by environmental conditions, such
as temperature and moisture. Therefore, the disease
resistance phenotypes under natural infection need to
be evaluated at multiple sites and in different years
for accuracy.

Conclusions

In summary, five QTLs for false smut resistance have
been identified in this study. Particularly, gFsr8—1 is a
novel and valuable locus that has a major effect on false
smut resistance. Some candidate genes involved in dis-
ease resistance were predicted in this major QTL region.
The gFsr8—I-linked SSR markers are being used for
marker-assisted selection in breeding cultivars with false
smut resistance. Interestingly, the major QTLs control-
ling false smut resistance and heading date in rice are
mapped in the identical region and are probably tightly

Page 8 of 11

linked. The findings provide important information for
fine mapping and isolating the genetic loci controlling
false smut resistance and for developing rice cultivars
with false smut resistance.

Methods

Plant materials

MR183-2 is an indica type of rice landrace, which is po-
tentially resistant to false smut, while the other parent,
08R2394, is a high-yielding and susceptible indica rice
line. A recombinant inbred line (RIL) population com-
posed of 200 F, lines was developed from a cross of
08R2394 and MR183-2 by the single seed descent
method. The rice cultivars Yixiangyou2115 and Pujiang6
were used as false smut resistant and susceptible con-
trols, respectively.

Evaluation of field resistance to U. virens

The parental and control cultivars, F; plants and the RIL
population were evaluated for resistance to U. virens by
natural infection in a disease nursery located at Guan-
ghua village, Daba Town, Ya’an city, Sichuan Province.
Rice seeds were sterilized in 0.1% CsN30;Cl; solution
for 24 h at room temperature before sowing. Thirty-day-
old seedlings of each line were transplanted into a 3-row
plot with 10 hills per row at a spacing of 30 cm x 20 cm.
Three replications were arranged for each line in ran-
domized blocks in the disease nursery.

In order to increase the primary pathogen inoculum in
the disease nursery, chlamydospore balls of U. virens
were collected from the experimental fields in previous
years and were uniformly distributed over the disease
nursery in the coming years. The PDP per hill and the
number of diseased grains on rice panicles in parental
lines and their hybrid offspring were recorded when false
smut balls were evidently visible on rice panicles.

The PDP was calculated using the following formula:
PDP = 100% x the number of diseased panicles/total
number of panicles. The disease severity was evaluated
according to the PDP and HDG using the criteria as de-
scribed previously with some minor modifications
(Huang et al. 2016). Briefly, in the previous criteria, the
HDG of 7 was fixed as the threshold in the different
scales. Instead, we adjusted the HDG threshold to 5, 7
and 9 in different scales to evaluate disease resistance
scores more precisely (Additional file 1: Table S1). Vari-
ation and correlation analyses of the PDP, resistance
scores and heading dates were performed using SPSS
20.0 software.

Genotyping

Genomic DNA was extracted from rice leaves of paren-
tal lines and different RIL-F; lines using the cetyl tri-
methylammonium bromide (CTAB) method (Murray
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and Thompson 1980). PCRs were performed in a 10 pL
of reaction volume containing 30 ng template DNA, a
pair of SSR primers (0.2 uM, each primer), 5puL of 2 x
Tagq PCR master mix (Biomed, China) using the follow-
ing programs: 94°C for 4min, 35x(94°C for 30s,
52°C-63°C for different SSR primers for 30s, 72 °C for
30-60s), and 72 °C for 5 min. PCR products were sepa-
rated on 3% (w/v) agarose gels and were then visualized
after ethidium bromide staining using a gel documenta-
tion system (Alphalmager HP, Alpha Innotech Corp.,
USA).

Rice microsatellite (RM) markers used in this study
were selected from a rice genetic map constructed by
McCouch et al. (2002). The sequences and location
information regarding these SSR markers were down-
loaded from http://www.gramene.org. A total of 4200
SSR markers distributed on all 12 rice chromosomes
were synthesized to screen for polymorphic markers
between the parental lines 08R2394 and MR183-2,
which were used for constructing linkage map. Geno-
typing was performed for 200 RILs using polymorphic
SSR markers.

Linkage map construction and QTL analysis

The genotyping data were used for linkage map con-
struction by Mapmaker/EXP v3.0 (Lander et al. 1987). A
LOD score of 3.0 and a maximal map distance of 50 cM
were set to identify linkage groups. The Kosambi map-
ping function was used to convert recombination fre-
quencies into ¢M values (Kosambi 1943). The final maps
were drawn using the MapChart program (Voorrips
2002).

Resistance to false smut of rice was classified by the
scores ranging from 0 to 9. Based on these resistance
scores, QTLs for rice smut resistance were detected in
the RIL population using composite interval mapping
(CIM) method by the software QTL Cartographer for
Windows version 2.5 (WinQTLCart2.5) with a window
size of 10.0cM (Wang et al. 2012). LOD threshold in
each experiment was determined by 1000-permutation
times (P < 0.05). Potential QTLs were identified with a
minimum LOD score threshold of 2.5. The phenotypic
variation explained by a single QTL was determined by
the square of the partial correlation coefficient (R?).

Gene annotation and prediction

The genes within the interval of gFsr8—1 and flanking
region were predicted and annotated based on gene
database from China Rice Data Center (http://www.rice-
data.cn/gene/). The putative genes involved in disease
resistance were predicted based on rice genome annota-
tion (http://rice.plantbiology.msu.edu/).
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