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Abstract
Decoding the genetic mechanisms underlying disease resistance is of great importance for crop improvement. Rice false smut (RFS) is a major fungal
disease caused by Ustilaginoidea virens that hampers the grain quality and yield of rice worldwide. It causes 2.8-49% global yield loss depending upon
disease severity and varieties grown. In India, the severity of yield loss ranged from 2-75%. Keeping the economic importance of this disease,
identi�cation of the genes/QTLs governing disease resistance is of prime importance for the development of the linked markers and cloning of the
genes. Here, we report mapping of QTLs using a recombinant inbred line (RIL) population derived from a cross between resistant line, RYT2668, and a
highly susceptible variety, PR116. The population was evaluated for rice false smut disease under �eld conditions for three cropping seasons 2013,
2015, and 2016. A total of seven QTLs were mapped on rice chromosomes 2, 4, 5, 7, and 9 of rice using 2326 single nucleotide polymorphism (SNP)
markers. Among them, a novel QTL qRFSr9.1 affecting total smut ball (TSB)/panicle on chromosome 9 exhibited the largest phenotypic effect. The
prediction of putative candidate genes within the qRFSr9.1 spanned in 994.1Kb revealed four NBS-LRR domain-containing disease resistance proteins.
We identi�ed SNPs/Indels associated with the disease resistance which could be used for accelerating breeding programs using marker-assisted
selection. In summary, our �ndings mark the ‘hot-spot’ region on rice chromosomes along with the identi�cation of disease resistance genes in
conferring resistance to the rice false smut disease.

Introduction
Rice false smut (RFS) is an economically important grain disease caused by the fungus Ustilaginoidea virens (Cooke) Takahashi. It is not only
threatening rice productivity but also impairs grain quality in most of the rice-growing countries, every year (Fan et al. 2016; Qiu et al. 2019). Depending
upon the severity of disease and the variety grown, RFS causes 2.8–49% yield loss (Kumari and Kumar 2015; Andargie et al. 2018). In India, yield loss
due to false smut was varied from 2–75% (Ladhalakshmi et al. 2012). Previously, RFS was considered a minor disease due to sporadic occurrence
(Zhang et al. 2014; Jiehua et al. 2019). Recently, it is emerged as a major constraint to the global rice production due to the adaptation of susceptible
high yielding rice cultivars and hybrids, heavy application of nitrogenous fertilizers, and climate change (Rush et al. 2000; Ladhalakshmi et al. 2012).
RFS primarily infects rice panicle at the booting stage and inhibits fertilization. Subsequently, it leads to a considerable number of infertile spikelets and
poor seeds (Tang et al. 2013; Fan et al. 2015). Upon successful infection, RFS produces white, ball-shaped mycelium. Later, it develops into large
velvety green smut balls during the maturation of grains (Zhang et al. 2014). The yield loss occurs primarily due to grain cha�ness, reduction in test
weight, and sterility of spikelets (Ladhalakshmi et al. 2012). RFS not only causes a signi�cant reduction in the grain yield and grain quality but also
produces two potentially harmful mycotoxins (Koiso et al. 1994; Shan et al. 2012). Consumption of rice grains contaminated with these fungal
mycotoxins cause a poisonous effect on animals and humans (Ludueña et al. 1994; Nakamura et al. 1994; Li et al. 1995). Hence, RFS is gaining
attention among pathologists, breeders, and farmers.

The management of false smut disease is very tedious as its severity is highly in�uenced by environmental conditions (Fan et al. 2016). At present,
management practices for the false smut disease include chemical control, cultivation practices, and host resistance. Most of the chemical measures
are ineffective against rice false smut disease because when smut balls appear, the crop is already at the maturation stage (Yang et al. 2014). The
fungicide application greatly increases the production cost and their repeated use may cause potential risks to the environment and human health,
particularly if residues persist in soil and crop harvest. Moreover, excessive use of fungicides also increases the risk of the emergence of resistant
pathotypes (Brooks et al. 2009). Cultivation practices, such as the use of conservation tillage, furrow irrigation along with moderate nitrogen and other
fertilizers applications might be helpful in reducing the disease pressure on the susceptible rice cultivars but the increased cost and other problems
related to the agronomic practices masks the overall bene�ts.

Breeding rice cultivars with a high level of resistance to false smut is one of the effective, environment-friendly, economic, and sustainable approaches
to control this disease (Wang et al. 2019). In the last few decades, several reports were published on screening and identi�cation of rice germplasm
resistance to rice false smut (Pannu et al. 2010; Ashizawa et al. 2012; Lore et al. 2013; Rani et al. 2016; Kaur et al. 2018; Chaudhari et al. 2019) but,
limited information regarding genes/QTLs conferring the false smut resistance is available on the public domain (Ke et al. 2017, Li et al. 2008; Zhou et
al. 2014; Andargie et al. 2018). Ten false smut resistance quantitative trait loci were mapped from Lemont, and four of them showed larger and
consistent effect across two seasons (Zhou et al. 2014). Rice false smut resistance genes in IR28 were shown to control by two major genes and
multiple minor genes based on the mixed model of major gene and polygene inheritance (Li et al. 2008; Li et al. 2011). Later, two major QTLs
responsible for rice false smut in IR28 were mapped on chromosome 5 using the classical genetic mapping approach (Andargie et al. 2018). Recently,
�ve QTLs associated with RFS resistance were mapped on chromosomes 2, 4, 8 and 11 using a RIL population derived from a cross between RFS
resistant rice cultivar MR183-2 and highly susceptible rice cultivar 08R2394. Among these, qFSr8-1 accounted larger phenotypic variance (Han et al.
2020). Recent progress also suggested that resistance genes (R genes) are responsible for conferring resistance to false smut (Han et al. 2020; Qiu et
al. 2020). A novel false smut resistance gene FSR1 encoding a DNA methylase 2 (DNMT2) from Nanjing11 on long arm of chromosome 1 was
identi�ed (Qiu et al. 2020). Based on the above cited facts, it can be concluded that only sparse information is available on the genes/ QTLs governing
this disease that too using limited resistant parents. Till date, no resistance QTLs/genes have been �ne mapped or cloned indicating the urgency of the
identi�cation of new sources of resistance along with the future research on deciphering the molecular mechanism behind disease resistance is
required.

The objective of this research was to identify the QTLs conferring false smut resistance in a breeding line RYT2668 displaying a high level of resistance
using SNP-based high-density linkage map. The research contributes to the knowledge towards the role of nucleotide binding sites (NBS) domain-
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containing disease resistance protein in conferring resistance to the false smut disease of rice.

Materials And Methods
Plant materials and mapping population

A mapping population comprising 250 recombinant inbred lines (RILs, F9) was developed from a cross between RFS resistant breeding line ‘RYT2668’
with pedigree PAU2962-89-1-3-3 (Pusa44/PR109) and a highly susceptible Indica cultivars PR116 (Punjab Rice 116). The F1 individual was selfed up to
nine generations to produce recombinant inbred lines (RILs) by single-seed descent method. From this mapping population, a set of 94 RILs were
randomly selected for the QTL mapping.

Preparation of pure culture

The fungal inoculum comprises the bulk of mycelium of U. virens widespread in Northwestern plains of India. For preparing pure culture, smut balls
originated in heavily infected panicles from previous season crop grown at hotspot zone were collected. Smut balls were washed thoroughly in distilled
water and cultured on potato sucrose agar (PSA) medium. The culture was incubated at 25 ± 2°C. The pure culture was obtained by streaking single
colony. Fungal inoculum was prepared in potato sucrose broth (PSB). The concentration of the inoculum was adjusted at 7.5× 105 conidia/mL.

Evaluations of resistance to U. virens

The RIL population including resistant parent RYT2668 and susceptible parent PR116 were evaluated against rice false smut at Punjab Agricultural
University (PAU), Ludhiana, Punjab, India in 2013, 2015 and 2016 under wetland �eld conditions. In the crop season 2016, the population was evaluated
in two locations, Ludhiana and Kapurthala, Punjab, India (false smut hotspot region). The data of crop season 2016 comprises the mean of both
locations. The RIL population and parents were planted in a completely randomized block design with plant-to-plant and row-to-row distance of 15 x 20
cm in three replications in each year. The crop was raised following the standard package of practices as recommended by PAU. The fungal inoculum
was sprayed at the early �owering stage using a hand sprayer. The data were observed at the grain hardening stage. Five plants of each RIL population
were tagged for observation. During each season, data on total smut balls per panicles, number of infected panicles per plant, sterility percentage and
visual score were observed and averaged for mapping. For calculation of visual score, 0–9 scale was adopted given by standard evaluation system of
rice (IRRI, 2002) where 0 = no incident, 1 = < 1% infected �orets, 3 = 1–5% infected �orets, 5 = 6–25% infected �orets, 7 = 26–50% infected �orets and 9 = 
51–100% infected �orets.

DNA extraction and SNP genotyping

Genomic DNA was extracted from fresh leaves of 25 to 30 days old �eld grown RIL population and parental lines using large-scale DNA extraction
protocol. DNA was quanti�ed using a spectrophotometer (Eppendorf Biophotometer) and normalized by adding 1X Tris EDTA (TE) buffer. The quality
and integrity were also checked by resolving the genomic DNA on 0.8% Agarose gel. The genomic DNA samples (1 µg each) of the RIL population and
parents were outsourced to SciGenom (www.scigenom.com) for SNP genotyping. The genotyping was done by double-digest restriction site-associated
DNA sequencing (ddRAD-seq) through double digestion of the samples using two enzymes SphI and MlucI. The genomic DNA was sequenced using
the Illumina HiSeq 2000/2500 sequencing platform and SNPs were identi�ed by aligning the reads with the reference sequence using Bowtie2. SNPs
were called using SAM tools program (Version 0.1.18). SNP call rate within a locus ≥ 0.7 and minor allele frequency (MAF) ≥ 0.05 were kept as
threshold for �ltering raw SNP data. Approximately, 100–120 MB data per sample was obtained for further analysis.

Linkage mapping

A high-density linkage map for all chromosomes was constructed using MapDisto 1.8.2.1 program (Lorieux 2012). SNP markers showing the expected
segregation ratio were included based on the chi-square test. SNPs exhibiting segregation distortion or χ2 > 10 were excluded from the analysis. SNP
markers with more than 10% missing data were also removed from the analysis. Finally, high-quality SNP markers were used for the construction of a
genetic map. The markers were ordered using the Kosambi mapping function. The maximum gaps and LOD (logarithm of odds) were kept at 25 cM
and 3, respectively. The best plausible order of each linkage group was obtained following the commands ‘order sequence,’ ‘check inversions,’ ‘ripple
order,’ and ‘drop locus’. Linkage groups (LGs) were plotted using MapChart V2.32 (Voorrips 2002).

QTL mapping

The mean values of infected panicle per plant, total smut balls per panicle and score observed in 2013, 2015 and 2016 were used for QTL analysis. The
composite interval mapping (CIM) function of winQTL cartographer version 2.5 software (Wang et al. 2011) was used for mapping QTL(s) for RFS
resistance QTLs. The stepwise threshold LOD scores for declaring the signi�cance of the QTLs was calculated based on 1000 iterations at P ≤ 0.05
(Churchill and Doerge 1994). Markers used as cofactors in the CIM model were selected by forward and backward regression analyses with a window
size of 10 cM and walking speed 1 cM. The proportion of observed phenotypic variance attributable to the QTL was estimated by the coe�cient of
determination (R2) using maximum likelihood for composite interval mapping.

Analysis of open reading frames (ORFs) in the QTL region

http://www.scigenom.com/


Page 4/14

The physical positions, size of the QTLs, and number of ORFs in the QTL region were determined by searching physical position of the QTL-associated
�anking SNPs in the Nipponbare reference-IRGSP-1.0 pseudomolecule available at Rice Genome Annotation Project database
(http://rice.plantbiology.msu.edu/). The putative ORFs were retrieved and analyzed that are present within the QTL region.

Results
Inheritance of false smut resistance in RIL population

The RYT2668 (resistant) and PR116 (susceptible) parents showed contrasting responses to false smut disease for all the three seasons (Fig. 1,
Supplementary table 5). The mean data of the crop season 2013, 2015, and 2016 was used for QTL analysis (Table 1). The mean of the IP/plant
observed for the parental line RYT2668 and PR116 was 2.84 and 32.17, respectively. The mean IP/plant on the RIL population was ranged from 0-
36.54. The mean of the TSB/panicles was 1.3 and 9.9 for the RYT2668 and PR116, respectively. The mean TSB/panicle on the RIL population was
ranged from 0-26.44. Similarly, the mean score observed for the RYT2668 and PR116 was 1.6 and 7.0, respectively. The mean score on RIL population
ranged from 0-5.44.
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Table 1
Mean phenotypic data of the RIL population for the false smut disease components

S. No. RILs IP/planta TSB/panicleb Score S. No. RILs IP/plant TSB/panicle Score

1 RIL-1 7.4 ± 7.2 4.3 ± 5.1 1.8 ± 2 49 RIL-107 13 ± 9.1 5.4 ± 5.7 2 ± 1.6

2 RIL-2 8.7 ± 7.8 6.7 ± 7.6 2.1 ± 1.8 50 RIL-109 11 ± 6.8 5.7 ± 3.3 3.2 ± 1.8

3 RIL-6 3.3 ± 4.1 1.2 ± 1.5 1.2 ± 1.5 51 RIL-111 21.7 ± 13.5 10.2 ± 7.1 3.6 ± 2.3

4 RIL-7 11.1 ± 12.3 2.7 ± 3.1 1.6 ± 1.3 52 RIL-115 9 ± 4.9 2.9 ± 2.5 1.4 ± 1.2

5 RIL-9 5.2 ± 6.4 3.3 ± 4.1 1.2 ± 1.5 53 RIL-119 21.6 ± 9.4 8 ± 3.9 3.2 ± 1.2

6 RIL-10 2.8 ± 3.4 1.6 ± 1.9 0.9 ± 1.1 54 RIL-120 13 ± 5.2 5.8 ± 3.2 3 ± 1.4

7 RIL-13 5 ± 6.1 1.4 ± 1.8 1 ± 1.2 55 RIL-127 4.1 ± 5 1.6 ± 1.9 1 ± 1.2

8 RIL-14 30.7 ± 8.6 23.8 ± 6.9 5.4 ± 1.5 56 RIL-130 6.9 ± 8.5 2.2 ± 2.7 1.2 ± 1.5

9 RIL-17 17 ± 9.5 7.8 ± 4 3.2 ± 1.9 57 RIL-136 7.9 ± 9.7 5.7 ± 6.9 1.2 ± 1.5

10 RIL-18 27.9 ± 11.7 19.8 ± 10 4.2 ± 2.3 58 RIL-140 22.1 ± 10.3 16.6 ± 5.4 4.6 ± 1.7

11 RIL-19 19.4 ± 12.3 8 ± 6 3.6 ± 2.2 59 RIL-142 16.1 ± 7.3 4.3 ± 2.5 2.8 ± 1.7

12 RIL-20 22.7 ± 12.5 7 ± 5.3 3.3 ± 2.5 60 RIL-144 1.9 ± 2.3 0.7 ± 0.8 0.3 ± 0.4

13 RIL-21 17.5 ± 10.9 7.9 ± 5.3 2.9 ± 2 61 RIL-154 3.2 ± 3.2 1 ± 1 0.8 ± 0.8

14 RIL-23 14.3 ± 11.1 9.2 ± 11.1 2 ± 1.9 62 RIL-155 8.9 ± 8.6 4.9 ± 5.6 2.1 ± 2.2

15 RIL-24 25.6 ± 12.8 19.4 ± 13.8 3.8 ± 2.3 63 RIL-158 1.2 ± 0.8 0.4 ± 0.4 0.4 ± 0.4

16 RIL-25 6.9 ± 8.4 0.8 ± 1 0.8 ± 1 64 RIL-160 6.2 ± 6.5 2.8 ± 3.2 1.3 ± 1.1

17 RIL-26 14.3 ± 8.7 20.6 ± 9.7 3.2 ± 1.4 65 RIL-162 14.8 ± 7.6 7.2 ± 4.5 3.2 ± 2

18 RIL-27 14.4 ± 7.5 7.8 ± 4.6 3 ± 1.7 66 RIL-164 9.3 ± 7.4 2.6 ± 2.7 1.7 ± 0.9

19 RIL-29 18 ± 10 6.2 ± 3.9 3 ± 2.2 67 RIL-170 3.6 ± 2.3 0.9 ± 0.9 1.2 ± 0.8

20 RIL-30 22.4 ± 12.7 10.7 ± 7.1 3.1 ± 2 68 RIL-174 23.8 ± 15.5 12 ± 8.6 3.3 ± 2.2

21 RIL-31 16.3 ± 11 7.3 ± 6.5 2.4 ± 2.4 69 RIL-182 23.8 ± 8.2 17 ± 8.8 4 ± 1

22 RIL-35 14.7 ± 11.5 4.3 ± 3.2 2.9 ± 2 70 RIL-185 14.7 ± 1.5 4.6 ± 1.6 3.4 ± 0.7

23 RIL-36 8.9 ± 9.7 3.8 ± 4 1.8 ± 2 71 RIL-186 21.7 ± 7.1 7.1 ± 2.9 3.8 ± 1.1

24 RIL-37 26.8 ± 13 16.8 ± 7.4 4.4 ± 1.7 72 RIL-187 20.7 ± 4 7.8 ± 1.9 3.4 ± 1

25 RIL-44 10 ± 4.1 4.3 ± 3.2 1.7 ± 0.6 73 RIL-188 36.5 ± 10.1 24.2 ± 11.8 5.2 ± 1.4

26 RIL-47 2.7 ± 2.3 0.4 ± 0.4 0.6 ± 0.4 74 RIL-190 14.3 ± 8.9 4.2 ± 3.1 2.7 ± 1.8

27 RIL-48 6.4 ± 7.8 2.3 ± 2.9 0.8 ± 1 75 RIL-192 19.4 ± 8.9 8.7 ± 4 3.6 ± 1.7

28 RIL-50 14.7 ± 10.3 5 ± 5.5 1.3 ± 1.4 76 RIL-193 3.7 ± 3.1 0.9 ± 0.9 1.3 ± 0.8

29 RIL-53 3 ± 2.3 0.3 ± 0.2 0.6 ± 0.4 77 RIL-195 32.8 ± 11.8 19.8 ± 11.5 4.9 ± 2.6

30 RIL-55 1.3 ± 1.3 0.2 ± 0.2 0.5 ± 0.5 78 RIL-205 2.2 ± 1.4 0.6 ± 0.5 0.6 ± 0.5

31 RIL-59 20.1 ± 11.8 14 ± 11.4 3.8 ± 1.1 79 RIL-206 21.8 ± 2.4 10.7 ± 2.9 3.7 ± 0.9

32 RIL-61 29.8 ± 10.5 14.7 ± 12.5 3.9 ± 2.2 80 RIL-212 4.1 ± 5 0.9 ± 1.1 0.4 ± 0.5

33 RIL-66 20.4 ± 11.1 9.4 ± 5.6 3.2 ± 2.1 81 RIL-216 12.1 ± 4.4 4.1 ± 2.5 2.3 ± 0.9

34 RIL-67 0 ± 0 0 ± 0 0 ± 0 82 RIL-219 4.9 ± 4.8 1 ± 1 1.1 ± 0.8

35 RIL-68 16.9 ± 5.4 5.9 ± 2.4 2.7 ± 1.3 83 RIL-221 14.2 ± 7.7 7.7 ± 5.7 2.9 ± 1.2

36 RIL-70 18.9 ± 5.8 9.1 ± 3.8 3.6 ± 1.3 84 RIL-222 24 ± 13.4 8.7 ± 4.3 4.3 ± 2

37 RIL-71 8.5 ± 9.3 3.4 ± 4 1.1 ± 0.8 85 RIL-223 19.4 ± 11.4 7.8 ± 4.9 3.2 ± 1.5

a Infected panicle/plant

b Total smut balls/panicle
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S. No. RILs IP/planta TSB/panicleb Score S. No. RILs IP/plant TSB/panicle Score

38 RIL-73 17.4 ± 11.6 5.6 ± 3.2 2.6 ± 1.4 86 RIL-224 32.9 ± 10.1 26.4 ± 11.6 4.8 ± 2.6

39 RIL-75 33.5 ± 7.9 13.1 ± 5 5 ± 1.2 87 RIL-229 16.3 ± 3.8 6.9 ± 1.9 3.2 ± 0.7

40 RIL-79 23 ± 12.7 12.1 ± 8.3 3.5 ± 2 88 RIL-230 9.9 ± 9.5 2.8 ± 2.8 1.4 ± 1

41 RIL-80 5 ± 4.8 1.6 ± 1.7 0.8 ± 0.5 89 RIL-234 11.8 ± 7.8 4.6 ± 3.6 2.7 ± 1.5

42 RIL-85 10.7 ± 13.1 7 ± 8.6 1.4 ± 1.8 90 RIL-236 4.3 ± 4.3 0.9 ± 0.9 1.1 ± 0.8

43 RIL-87 17.1 ± 6.7 6.3 ± 3.7 3 ± 1.6 91 RIL-238 17.5 ± 9.6 7 ± 5.1 2.2 ± 1.4

44 RIL-89 7.2 ± 7.3 1.6 ± 1.7 1.3 ± 1.1 92 RIL-240 17.4 ± 7.7 7.8 ± 2 4 ± 1.5

45 RIL-92 3.7 ± 4.5 0.4 ± 0.5 0.4 ± 0.5 93 RIL-248 25.8 ± 10.9 13.8 ± 6.2 4.6 ± 1.5

46 RIL-93 4.1 ± 5 2.4 ± 3 0.9 ± 1.1 94 RIL-249 20.1 ± 8.4 9.2 ± 4.2 1.9 ± 0.6

47 RIL-97 24.6 ± 7.6 20.4 ± 9.8 4.8 ± 1.5 95 RYT 2668 2.8 ± 0.7 1.3 ± 1.3 1.6 ± 0.9

48 RIL-101 7.4 ± 7.5 3.2 ± 3.7 1.6 ± 1.3 96 PR116 32.2 ± 13 9.9 ± 5.0 7.0 ± 1.2

a Infected panicle/plant

b Total smut balls/panicle

High-density linkage mapping

A total of 3348 polymorphic SNP markers were obtained between the two parents (Table 2). After removal of distorted markers, a total of 2983 SNP
markers were used for the construction of the linkage map. We kept only one representative marker from the set of co-segregating markers showing
identical segregation patterns in the linkage analysis. Finally, a high-density linkage map was prepared from a set of 2326 high-quality singleton SNPs
markers and assigned them on all 12 linkage groups (LGs) of rice (Supplementary table 1). The total genetic length of all the linkage groups was
2081.5 cM with an average of 1.11 SNPs per cM across the genome (Supplementary Fig. 1, Supplementary table 2). The genetic length of smallest LG
was 46.871 cM for Chromosome 12 (Chr12) whereas the largest linkage group was chromosome 2 (Chr02) with 388.266 cM (Table 2).

Table 2
Distribution of SNP markers on 12 chromosomes of rice

Linkage
groups (LG)

Total No. of polymorphic
SNP markers

Polymorphic SNP markers used for
linkage mapping

Singleton
SNP

Length of genetic
map (cM)

Average
markers/

cM

Chr01 441 372 274 191.378 1.43

Chr02 380 348 291 328.266 0.88

Chr03 521 479 427 272.009 1.56

Chr04 189 169 142 128.373 1.10

Chr05 163 158 112 143.479 0.78

Chr06 409 369 295 218.815 1.34

Chr07 182 159 131 162.380 0.80

Chr08 155 145 107 108.950 0.98

Chr09 263 233 103 120.550 0.85

Chr10 128 105 85 69.594 1.22

Chr11 411 355 293 291.294 1.00

Chr12 106 91 66 46.871 1.40

Total 3348 2983 2326 2081.959 1.11 (mean)

QTL identi�cation

QTL analysis with IP/plant, TSB/panicle, and score detected a total of seven QTLs on chromosomes 2, 4, 5, 7, and 9 controlling rice false smut disease
(Table 3). Two QTLs (tentatively designated as qRFSr5.3 and qRFSr7.1) were detected for the IP/plant on chromosome 5 and 7. The qRFSr5.3 was
located on chromosome 5 between SNP markers C5.4852660 and C5.4888145 at LOD score 3.3 explaining 9.3% phenotypic variance. Whereas,
qRFSr7.1 was mapped between SNP markers C7.13373853 and C7.13369043 at 3.2 LOD score with 8.9% phenotypic variance. Genomic region of the
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locus qRFSr7.1 was fairly close to another QTL qRFSr7.2 detected on same chromosome for score. A single QTL qRFSr9.1 was detected for TSB/plant
on chromosome 9 between SNP markers C9.8029326 and C9.9023440 at LOD score 6.2 exhibiting 20.6% phenotypic variance. Four QTLs (designated
as qRFSr2.2, qRFSr4.3, qRFSr5.4, and qRFSr7.2) were detected for score on chromosome 2, 4, 5, and 7. The QTL qRFSr2.2 was detected on
chromosome 2 between two SNP markers C2.33882274 and C2.33796392 at 3.9 LOD score explaining 11.0% phenotypic variance. The qRFSr4.3 was
mapped on chromosome 4 between C4.31529767 and C4.31393008 at LOD scores 3.5 displaying 8.9% phenotypic variance. The QTL qRFSr5.4 was
detected between two SNP markers C5.1021716 and C5.2489245 on chromosome 5 at 3.0 LOD score explaining 8.0% phenotypic variance. The
qRFSr7.2 was detected on chromosome 7 between two SNP markers C7.13373853 and C5.13369043 at LOD scores 5.1 accounting for 14.2%
phenotypic variance. The phenotypic variance conferred by qRFSr2.2, qRFSr5.3, and qRFSr5.4 had a negative additive effect indicating that the
resistance conditioned in progenies was contributed by the alleles from susceptible parent PR116. Three QTLs qRFSr2.2, qRFSr7.2, and qRFSr9.1 were
identi�ed as major QTLs exhibiting larger effect on the traits whereas the remaining four QTLs were accounting minor effect.

Table 3
QTLs associated with rice false smut (RFS) disease detected by composite interval mapping (CIM)

Traits QTLs Chromo-
some

Left marker Right marker Physical
distance
(Kb)a

Genetic
distance

Peak
marker
(cM)b

LOD Additive R2 Favourable
alleles c

IP/plant qRFSr5.3 5 C5.4852660 C5.4888145 35.485 102.6-
106.9

104.8 3.3 -2.6 9.3 PR116

qRFSr7.1 7 C7.13373853 C7.13369043 4.811 106.1-
113.2

111.6 3.2 2.8 8.9 RYT2668

TSB/panicle qRFSr9.1 9 C9.8029326 C9.9023440 994.114 48.9–
51.2

50 6.2 3.0 20.6 RYT2668

Score qRFSr2.2 2 C2.33882274 C2.33796392 85.880 0.9–2.5 1.2 3.9 -0.4 11.0 PR116

qRFSr4.3 4 C4.31529767 C4.31393008 136.759 101.4-
102.2

102.1 3.5 0.4 8.9 RYT2668

qRFSr5.4 5 C5.1021716 C5.2489245 1467.529 132.9–
138.0

135.8 3.0 -0.4 8.0 PR116

qRFSr7.2 7 C7.13373853 C7.13369043 4.811 106.1-
113.2

111.6 5.1 0.5 14.2 RYT2668

a Physical position was determined on the basis of Nipponbare-reference-IRGSP-1.0

b Value showed the position of peak marker

c Alleles are inherited from the mentioned parents

Stable QTLs

QTL analysis was also extended for each trait observed in 2013, 2015 and 2016 separately to determine the stability of QTLs across the season. A total
of twenty-four QTLs were mapped on chromosome 1, 2, 3, 4, 6, 7, 9, 11, and 12 (Supplementary table 3). However, QTLs on chromosome 1, 3, 6, 11, and
12 were mapped for the �rst time when QTL analysis was performed separately but not detected in the analysis of mean data of all seasons. The QTLs
on chromosome 2, 4, 7, 9, 11 and 12 were highly consistent and detected for multiple traits across the seasons. Among them, QTLs on chromosome 2,
4, 7, and 9 were detected in analysis of mean data as well. QTLs on chromosome 1, 3 and 6 were highly unstable which were detected only once for at
least one trait.

Analysis of ORFs underlying the QTLs

Based on the physical position of linked SNP markers, the physical map of the Nipponbare reference-IRGSP-1.0 pseudomolecule was searched for the
ORFs. The physical intervals of all the QTLs were ranged from 4.811 Kb to 1467.529 Kb (Table 3). The detailed list of ORF predicted in the QTL intervals
was presented in supplementary table 4. The ORFs were analyzed for all the QTLs except qRFSr5.4 due to larger chromosomal region (1.467 Mb). The
qRFSr5.3 affecting IP/plant was spanned in 35.485 Kb regions containing six genes. Of which, three genes LOC_05g08810, LOC_05g08840, and
LOC_05g08850 encode phosphotidylinositol-3-kinase, DnaK protein, and cytochrome P450, respectively and rest three genes encode expressed
proteins. Another QTL qRFSr7.1 affecting IP/plant harbours one ORF (LOC_Os07g23690) encoding a root cap protein spanned in the 4.811Kb regions
of the interval. The QTL qRFSr7.1 was found highly stable across the crop seasons that share the genomic location with qRFSr7.2 responsible for
score. The qRFSr9.1 affecting TSB/panicle spanned in 994.114 Kb regions on chromosome 9 harbouring a total of 116 ORFs. Of which, three genes
(LOC_Os09g14010, LOC_Os09g14060, and LOC_Os09g14100) encode RPS2-type disease resistance proteins and one gene (LOC_Os09g14490)
encodes a toll interleukin-1 receptor (TIR)-nucleotide binding sites (NBS) domain-containing disease resistance protein (Table 4). Additionally, on
chromosome 9 QTLs for IP/plant and TSB/panicle were also observed on the short arm during the crop season 2016. This region spans a 102.7 Kb
interval harbouring 11 ORFs including one functional protein-coding ORF, LOC_Os09g12150 encoding an F-Box domain-containing protein. Similarly,
the qRFSr2.2 locus affecting score spanned in 85.880 Kb regions on the chromosome 2 harboring 16 ORFs that belong to diverse biological functions.
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The genomic region of the locus qRFSr4.3 contains 16 ORFs spanned in 136.759 Kb regions including one disease resistance gene (LOC_Os04g52780)
encodes a leucine-rich repeats (LRR) receptor protein kinase.

Table 4
Putative disease resistance genes identi�ed within the QTL intervals conferring

rice false smut resistance
QTLs Locus Id Encoded protein

qRFSr4.3 LOC_04g52780 Leucine-rich repeat receptor protein kinase

qRFSr9.1 LOC_Os09g14010 Disease resistance protein- RPS2

LOC_Os09g14060 Disease resistance protein- RPS2

LOC_Os09g14100 Disease resistance protein- RPS2

LOC_Os09g14490 TIR-NBS type disease resistance protein

Some QTLs were observed only in either of the Kharif crop season and analysed for the putative ORFs (Supplementary table 3). Locus 11 was mapped
in the year 2015 at 94.5 cM and 266.4 cM for TSB/plant and score, respectively. This region (94.5 cM) spanned in 377.7 Kb intervals containing 65
ORFs including four disease resistance genes. Among them, four genes, LOC_Os11g17014 encodes a NB-ARC domain containing protein,
LOC_Os11g17110 and LOC_Os11g17120 encode a RPM1-type disease resistance protein and LOC_Os11g17110 encodes a stripe rust resistance
protein-Yr10. Two loci were mapped on chromosome 12 for TSB/panicle and score. Both the loci were �anked by same markers spanned in the 655.8
Kb regions. Therefore, QTLs mapped on chromosome 12 was considered as single locus that contains 91 ORFs including LOC_Os12g17480 encodes a
MLA12, LOC_Os12g17490 encodes a stripe resistance protein-Yr10 and LOC_Os12g18360 and LOC_Os12g18374 encode NB-ARC domain containing
proteins.

Analysis of structural variations in the QTL regions

Structural variations (SV) and presence and absence variations (PAV) in the QTL regions were analyzed among RILs including parents. A total of 2362
genome-wide insertion and deletion markers (InDels) were found with reference genome. Of which, 1410 InDels were polymorphic between two parents
(Supplementary table 5). Among them, 34 InDels were identi�ed within seven QTLs. After careful examination, we found that 2 InDels C9.8620154
(TA/TAA allele) and C9.8760422 (ATTTT/ATTT allele) within qRFSr9.1 and one InDel C5.1169072 (TTG/T allele) within qRFSr5.4 were co-segregate
with the trait TSB/panicle and score, respectively (Supplementary table 5). The physical location of the InDel marker C9.8620154 was analyzed in rice
genome annotation project. This marker was located at 44.9 Kb downstream from a TIR-NBS domain containing disease resistance protein
(LOC_Os09g14540). Similarly, SNP C9.8541647 was located at just 22.6 Kb upstream of the LOC_Os09g14540. Additionally, 138 SNPs were
polymorphic between two parents within the QTL regions. Among them, 32 SNPs were co-segregated with different component traits of false smut
disease (Supplementary table 5). Based on the physical location, C9.8149063 and C9.8518466 was �ank the cluster of three disease resistance genes
(LOC_Os09g14010, LOC_Os09g14060, and LOC_Os09g14100) within the qRFSr9.1 locus. These two SNP markers C9.8149063 and C9.8518466 cover
369.4 Kb in the rice genome. These InDels and SNPs can be converted into PCR-based markers for e�cient transfer of the genes using marker-assisted
breeding (MAB). The sequence information of these InDels and SNPs was given in supplementary table 6.

Discussion

QTLs conferring RFS resistance
The outcome of the present study illustrated promising QTLs associated with resistance to the rice false smut disease along with disease resistance
genes which could be effectively utilized in rice breeding programs after further validation. A total of seven QTLs mapped on chromosome 2, 4, 5, 7, and
9 for resistance to rice false smut disease. The QTLs on chromosomes 2, 4, and 5 are consistent with the earlier reports (Zhou et al. 2014; Li et al. 2011;
Andargie et al. 2018, Han et al. 2020) whereas the QTLs on chromosome 7 and 9 were detected for the �rst time in this report. Zhou et al. (2004)
reported ten quantitative resistance loci (QRLs) on eight rice chromosomes using an introgression lines derived from RFS resistant parent Lemont and
susceptible parent Teqing. Among them, two novel QRLs qFSR-2-4 and qFSR-4-1were mapped on chromosome 2 and 4, respectively. The qFSR-2-4 was
mapped between RM324 and RM145 on chromosome 2 whereas qFSR-4-1 was mapped between RM307 and RM401 on chromosome 4. Li et al.
(2011) was also identi�ed QTLs on chromosome 2 and 4 for RFS resistance using a RIL population derived from the cross between IR28 as a donor
and Daguandao. Of which, QTL detected on chromosome 4 was mapped between RM417 and RM280 while QTL on chromosome 2 overlapped the
previously mapped QTL qFSR-2-4. More recently, QTLs associated with resistance to false smut on chromosome 2 and 4 were detected in RIL
population derived from MR183-2/08R2394 cross. The qFsr2-1 was mapped between RM13400 and RM13439 explaining 6.9% phenotypic variance
whereas qFsr4-1 was detected between RM16757 and RM16770 with 1.8% phenotypic variance (Han et al. 2020). Han et al. (2020) mapped a novel
larger effect QTL qFsr8-1 in ~ 524 Kb region �anked by RM22507 and RM22540 on chromosome 8. Interestingly, we did not detect any QTL on
chromosome 8. Andargie et al. (2018) mapped two QTLs qRFSr5.1 and qRFSr5.2 on chromosome 5. The qRFSr5.1 detected between markers RM18451
and RM65 at 2.8 LOD whereas qRFSr5.2 was mapped between RM72 and RM75 at 6.8 LOD. Of these QTLs, qRFSr5.1 account for 7.3% phenotypic
variance contributed from donor parent IR28 and considered as a minor effect QTL. However, qRFSr5.2 was a major QTL inherited from recipient parent
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displaying 16.4% phenotypic variance. Based on the previous reports, rice false smut is controlled by combination of major and minor QTLs. A
comparison of these previously reported QTLs with the genetic positions of ours revealed that they are fairly close indicating the presence of ‘hot-spot’
region of disease resistance genes. This is also supported by the fact that the numerous disease resistance genes controlling sheath blight, brown spot,
bacterial seedling rot, bacterial grain rot, bacterial blight, blast, and black streak dwarf virus resistance genes were reported on chromosome 3, 4, 6, 11,
and 12 (Sato et al. 2015; Pinson et al. 2010; Zhou et al. 2015). In the rice chromosome 11, more than 13 loci for bacterial blight resistance and 27 loci
for blast resistance have been mapped which mostly belong to the R genes (resistance genes) family (Vikal and Bhatia 2016, Ashikani et al. 2016).
Transfer of these gene clusters as a unit into elite cultivars could be helpful for breeding broad-spectrum disease resistance across the different
environment, different mapping population and variable pathogenic races.

Disease resistance genes control the RFS resistance in rice
To the best of author’s knowledge, only two reports published that showed the identi�cation of disease resistance genes (R genes) against RFS in rice
(Han et al. 2020, Qiu et al. 2020). In this study, we also have reported identi�cation of putative disease resistance genes conferring resistance to rice
false smut. Analysis of physical interval of qRFSr 9.1 accounting for the largest phenotypic variance revealed four open reading frames including RPS2-
disease resistance proteins and the TIR-NBS-LRR-type disease resistance protein. RPS2 is a major class of resistance genes encoding a NBS-LRR
domain-containing protein in Arabidopsis which confers broad-spectrum resistance against Pseudomonas syringae (Bent et al. 1994; Mindrinos et al.
1994). RPS2 is highly similar to the N gene conferring resistance to the tobacco mosaic virus (TMV) in tobacco (Whitham et al. 1994) and the L6 gene
conditioning resistance to �ax rust fungus Melampsora lini in �ax (Lawrence et al. 1995). Based on the sequence similarity of the N gene of tobacco
and RPS2 of Arabidopsis, a homologous disease resistance gene has been cloned in soybean (Yu et al. 1996). In rice, disease resistance gene
homologues were identi�ed from high yielding variety IR64 using NBS-LRR domain of Arabidopsis RPS2 gene as a heterologous hybridization probe
(Ilag et al. 2000). A highly consistent QTL detected on chromosome 11 across multiple traits and seasons was spanned within 377.7 Kb regions
harbors four putative candidate genes encoding for RPM1, stripe rust resistance-Yr10, and other classes of NBS-LRR domain-containing disease
resistance proteins (Supplementary table 3). The RPM1 belongs to a non-TIR class of NBS-LRR domain-containing protein in Arabidopsis (Grant et al.
1995; McDowell et al. 1998). The functional homolog of the Arabidopsis RPM1 gene has been cloned from bean and pea (Dangl et al. 1992). Leister et
al. (1998) used the conserve sequences of NBS-LRR domain from dicot species to isolate the R gene homologues from two monocot species rice and
barley revealed exceptional sequence diversity and copy number variations. In the genomic region of the locus detected on chromosome 12, four
putative candidate genes were predicted that encode MLA12, stripe resistance protein-Yr10 and NB-ARC domain-containing disease resistance proteins
(Supplementary table 3). In rice, several R genes containing NBS-LRR domain have been well characterized that confer resistance to blast and bacterial
leaf blight diseases (Yoshimura et al. 1998; Sun et al. 2004; Qu et al. 2006). Finally, the identi�cation of R genes controlling RFS demonstrated the
feasibility for map-based cloning provides an insight to understand the complex plant-pathogen interactions. The candidate genes analysis offers a
great opportunity for developing perfect functional markers for marker-assisted selection for breeding false smut resistant rice varieties.

In conclusion, we identi�ed potential chromosomal regions carrying favourable alleles for resistance against false smut disease of rice. Most of them
are co-localized with the QTLs associated with broader disease resistance in rice and hence could be targeted for deployment in breeding programs. A
large effect QTL, qRFSr9.1 was identi�ed on chromosome 9 spanned in 994.114 Kb region harbouring four disease resistance genes but it will be
necessary to narrow the QTL con�dence intervals prior to its use. The SNP markers closely linked to the qRFSr9.1 can be converted into breeder-friendly
PCR based markers which will facilitate the identi�cation of resistant line at an early stage of development and transfer into elite cultivars through
marker-assisted selection (MAS). A large number of genes associated with plant defence response were identi�ed in this study which needs to be
validated using functional genomics approaches. This information could be helpful for cloning and characterization of RFS resistance genes and
understanding the mechanism of host-pathogen interaction in rice.
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Figure 1

Rice false smut disease symptoms appeared on resistant parent RYT2668 (A) and susceptible parent PR116 (B).
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Figure 2

Location of the false smut resistant QTLs on the partial linkage map of rice. Positions of the markers (cM) are shown on the left whereas the markers
are shown on the right of the chromosome bars. The QTLs controlling infected panicles (IP)/plant are marked by red bars, QTL responsible for total
smut balls (TSB)/panicle are indicated by green bar and the QTLs affecting score are shown by blue bars.
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