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insights on rice kernel smut (Tilletia horrida) pathogenicity
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Abstract

Rice kernel smut is an important disease caused by Tilletia horrida that affects the production of rice male sterile lines in most hybrid
rice growing regions of the world. In this study, the pathogenicity of seven different strains of 7. horrida isolated from different parts of
China is described. Whole-genome re-sequencing of six 7. horrida strains and transcriptome analysis of the reference genome
T horrida strain JY-521 were conducted at different times post inoculation (8, 12, 24, 48, and 72 h) early in the infection. The highest
number of differentially expressed genes (DEGs) occurred at 8 h post inoculation. Based on Kyoto Encyclopedia of Genes and
Genomes pathway analysis of the DEGs, autophagy processes and lipid degradation were key pathways for T° horrida pathogenicity.
In three weakly pathogenic strains, CN-4, XJ-3, and SN-2, the single nucleotide polymorphisms and expression patterns of pathoge-
nicity genes, including carbohydrate-active enzyme genes, pathogen-host interaction genes, effector genes, secondary metabolism-
related genes, cytochrome P450 genes, ATP-binding cassette superfamily transporter genes, and G protein-coupled receptor genes,
were also analyzed at different times during the infection. Thus, a new understanding of 7. horrida pathogenicity was gained by
exploring the potential mechanisms for weakened virulence in different strains of rice kernel smut, and a new foundation was provide
for further studies on the infection mechanism and future control of this important rice disease.
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Introduction regions of the world (Chen et al. 2016). RKS was once cate-

gorized as a minor disease with sporadic occurrence in rice-

Rice kernel smut (RKS) is caused by the soil-borne basidio-
mycete fungus Tilletia horrida. The disease affects both the
yield and quality of hybrid seed by producing masses of dark
powdery teliospores. RKS is the most devastating disease of
rice male sterile line production in most hybrid rice growing
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growing areas. However, as the demand for rice increases
worldwide, the extensive planting of high-yielding cultivars
and hybrid varieties continues. As a result, the annual preva-
lence of RKS has reached 40-60% in hybrid rice fields, caus-
ing a 5-20% decrease in rice yields (Wang et al. 2015). The
incidence of the disease is as high as 87% and 100% in hybrid
rice fields in Pakistan and China, respectively (Biswas 2003).
RKS is now an increasing threat to hybrid seed production in
Asia, Oceania, Europe, America, and Africa (Carris et al.
2006; Brooks et al. 2009). Despite the importance of RKS,
the pathogenesis-related genes and pathogenic mechanisms in
T. horrida have received little attention (Tsuda et al. 2006).
With the development of high-throughput sequencing tech-
nology, the identification and annotation of genes in non-model
organisms using genomics and transcriptomics have increased
rapidly (Maher et al. 2009; Verbruggen et al. 2015; Zhou et al.
2015). Whole-genome re-sequencing is used to sequence new
genomes of different species and can be used to study genetic
variation among individuals (Li et al. 2009). For example,
whole-genome resequencing can analyze the genetic variation
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and the pathogenic mechanisms of pathogens. To date, the path-
ogenic mechanisms of many plant pathogens, including
Colletotrichum gloeosporioides, Fusarium graminearum,
Valsa mali, Metarhizium anisopliae, V. pyri, Mycosphaerella
graminicola, Sclerotinia sclerotiorum, Ustilaginoidea virens,
Magnaporthe oryzae, and Neurospora crassa, have been clari-
fied using functional genomics, transcriptomics, and re-
sequencing studies (Galagan et al. 2003; Dean et al. 2005;
Amselem et al. 2011; Goodwin et al. 2011; Ohm et al. 2012;
Xue et al. 2012; Zhao et al. 2013; Yin et al. 2015; Huang et al.
2016). Transcriptomic analyses of pathogenic fungi can increase
comprehension of expression patterns of virulence-associated
genes at different infection times and can aid in the discovery
of many new pathogenic genes (Verbruggen et al. 2015). Thus,
functional genomics, transcriptomics, and re-sequencing analy-
sis can provide insights and increase understanding of host-
pathogen interactions (Zhang et al. 2014; Yap et al. 2015;
Xing et al. 2016; Wang et al. 2019). Smut fungi, such as
Ustilago maydis (Kamper et al. 2006; Schuler et al. 2018),
Sporisorium scitamineum (Que et al. 2014), and Ustilago hordei
(Ali et al. 2014) are parasitic on higher plants, including maize,
barley, wheat, rice, sugarcane, and forage grass species
(Rogerson 1988). The patterns of gene expression in these fungi,
including those of potential pathogenicity genes, have been ex-
amined during the course of infection through comparative ge-
nomics and transcriptomics.

In this study, transcriptomic analyses and whole genome re-
sequencing of T horrida were conducted using an Illumina
high-throughput sequencing system. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were conducted on the differentially expressed genes (DEGs) at
five times post inoculation. In three weakly pathogenic strains,
CN-4, XJ-3, and SN-2, the variation in expression patterns of
pathogenicity-related genes, including carbohydrate-active en-
zyme (CAZy) genes, pathogen-host interaction (PHI) genes,
effector genes, secondary metabolism-related genes, cyto-
chrome P450s (CYPs) genes, ATP-binding cassette (ABC) su-
perfamily transporter genes, and G protein-coupled receptor
genes (GPCRs), was analyzed at different times during the in-
fection. This study increased the understanding of the genome-

level pathogenic variation among different 7. horrida strains and
identified key genes involved in pathogenic processes.

Materials and methods
Strains, plant materials, and growth conditions

The RKS samples used for sequencing were collected from sev-
eral heavily infected rice cultivars grown in different provinces
of China. Six 7. horrida strains were used for whole genome re-
sequencing, and 7. horrida strain JY-521 was used as the refer-
ence strain (Wang et al. 2018; Supplementary Table 1). For
transcriptomic analysis, the moderately pathogenic 7. horrida
strain JY-521 was used. Rice male sterile line 9311A (which is
highly susceptible to RKS) was used for the pathogenicity tests.

Pathogenicity assessment of seven T. horrida strains

Monoconidial cultures of the seven 7' horrida strains were
grown in potato dextrose agar in an incubator at 28 °C for
4 days. Fungal spores were collected, and a suspension of 10°
spores/ml was prepared by suspending the spores in sterilized
water. Approximately 1 ml of spore suspension was injected
into the immature kernels of field grown rice plants at the
booting stage, i.e., 5—7 days before heading. For each strain
of T_ horrida, 15 immature kernels on different rice plants were
inoculated as replicates, and for the control group, the kernels
were inoculated with 1 ml of sterilized distilled water. At rice
maturity, the disease incidence was examined, and the disease
severity was graded on a scale from 0 to 5 on the basis of the
number of diseased grains per ear and the loss of output accord-
ing to the method of Deng et al. (1997). Disease severity grades
were Grade 0, with no morbidity or morbidity was extremely
low and yield loss was less than 1%; Grade 1, with 1-5 diseased
grains per ear and yield loss ~ 3%; Grade 2, with 610 diseased
grains per ear and yield loss ~ 5%; Grade 3, with 11-15 dis-
eased grains per ear and yield loss ~10%; Grade 4, with 16-20
diseased grains per ear and yield loss ~ 20%; and Grade 5, with
more than 21 diseased grains per ear and yield loss >30%.

Output loss (%) = (thousand seed weight of control group—thousand seed weight of experimental group)/

thousand seed weight of control group x 100

Genomic DNA extraction, library construction
and high throughput sequencing

Genomic DNA was extracted from the six 7. horrida strains

by using the CTAB method (Liu et al. 2005). DNA degrada-
tion and contamination were monitored on 1% agarose gel.
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DNA purity was checked using a NanoPhotometer spectro-
photometer (IMPLEN, CA, USA). The DNA concentration
was measured using a Qubit DNA Assay Kit in a Qubit®
2.0 Fluorometer (Life Technologies, CA, USA). Each DNA
sample was fragmented by sonication to 350 bp fragments,
and then, the DNA fragments were end-polished, A-tailed,
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and ligated with a full-length adapter for Illumina sequencing
with further PCR amplification. The PCR products were pu-
rified (AMPure XP system), and the libraries were analyzed
for size distribution by using an Agilent 2100 Bioanalyzer and
quantified using real-time PCR. The whole genome re-
sequencing was performed using an [llumina HiSeq 2500 sys-
tem, and 150 bp paired-end reads were generated with an
insert size of approximately 350 bp (Novogene Biological
Technology Co., Ltd., China).

Read mapping, single nucleotide polymorphism (SNP)
detection and annotation

Fast format raw data (raw reads) were first processed
through a series of quality control procedures, and in-
house C scripts and clean data (clean reads) were obtained.
The clean reads of the six 7. horrida strains were mapped
to the assembled genome of 7. horrida strain JY-521
(Wang et al. 2018) using Burrows-Wheeler Aligner soft-
ware (version 0.7.12). For this procedure, the command
“mem-k 32 -M” was used, and Burrows-Wheeler Aligner
alignment files were generated using SAMtools software
(version 0.1.19). Single nucleotide polymorphisms (SNPs)
and indels were identified using GATK software (version
3.4-46) with a UnifiedGenotyper model and were filtered
using a VariantFiltration model and options -Window 4, -
filter “QD < 4.0 || FS > 60.0 || MQ < 40.0”; and -G _filter
“GQ < 20”. Filtered SNPs and Indels were annotated using
ANNOVAR software (version 2014-07-14).

Transcriptome data

Tilletia horrida strain JY-521 was used to infect rice male
sterile line 9311A to create the treatment group (Wang et al.
2018). Young panicles from field-grown rice plants (at the
booting stage 3—5 days before heading) were collected during
late afternoon. The panicles were disinfected with 75% alco-
hol for 2 min, washed twice with sterile water, and then air-
dried for 20 min. A small section of the panicles hull was cut
off to allow inoculation of individual colonies of JY-521 on
peptone sucrose agar. At six times post-inoculation (0, 8, 12,
24, 48, and 72 h), the mycelium of JY-521 was collected in
liquid nitrogen and stored at —80 °C. Total RNA of JY-521
was extracted using the Omega Fungal RNA kit method.
Dried RNA samples were dissolved in diethyl pyrocarbonate
water. RNA quality was assessed on 1.0% denaturing agarose
gels. The total RNA of JY-521 following infection of rice for
0,8, 12, 24,48, and 72 h was used for the RNA-seq analysis.

Transcriptome expression analysis of genes

The RNA-seq libraries were constructed using a
NEBNext® Ultra™ RNA Library Prep Kit for Illumina®

(NE, USA), according to the manufacturer’s instructions.
mRNA-seq was used for the expression analysis. The RNA
expression analysis was based on the predicted genes in
T. horrida. A comparison map of mRNA reads in relation
to the genome was generated by Tophat v2.0.14 (Kim et al.
2013; Trapnell et al. 2010), and the number of expected
fragments of 1 kb of transcript per million fragments se-
quenced (FPKM) was calculated using Cuftlinks (Trapnell
et al. 2014). The resulting P values were adjusted using the
Benjamini and Hochberg’s approach for controlling the
false discovery rate (FDR) (Benjamini and Hochberg
1995). Genes with adjusted P <0.05 and |log,fold change
(FC)| >1 were designated as DEGs.

Series-clustered analysis

A total of 500 DEGs at different post inoculation time
points were classified into 24 clustered profiles based on
the basis of the trends observed in gene expression by
using the Short Time-series Expression Miner software
(STEM) (Ernst and Bar-Joseph 2006). The clustered pro-
files with P<0.05 were considered as statistically signif-
icant. Then, the DEGs in all or each profile were subject-
ed to KEGG pathway enrichment analysis. Through the
hypothesis test of the P value calculation and FDR
(Benjamini and Hochberg 1995) correction, the pathways
with g-value <0.05 were defined as significantly enriched.

GO and KEGG enrichment analysis of DEGs

The GO enrichment analysis of the DEGs was performed
in R using the GOseq package, after correction for gene
length bias (Wang et al. 2010; Young et al. 2010). GO
terms with corrected P <0.05 were considered as signifi-
cantly enriched. The KEGG is a database resource used to
understand high-level functions and utilities of biological
systems, such as the cell, organism, and ecosystem. The
KEGG uses molecular information; particularly large-
scale molecular datasets generated by genome sequencing
and other high-through put experimental technologies
(http://www.genome.jp/kegg/). The KOBAS software
was used to test the statistical enrichment of DEGs in
KEGG pathways (Mao et al. 2005; Kanehisa et al. 2008).

Results and discussion

Pathogenicity assessment of the seven T. horrida
strains

The pathogenic effects of seven different 7. horrida isolates
on rice male sterile line 9311A were identified. As shown in
Table 1, three isolates, SN-2, XJ-3, and CN-4 were weakly
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Table 1 Results of pathogenicity

tests of seven T, horrida strains Strain name Number of disease grains Loss of output/% Pathogenicity

JY-521 20.3+0.58a 19.67+0.27b Intermediate
JS-1 24.6+0.40a 23.60+0.26e Strong

SN-2 13.1+£0.32¢ 9.26+0.12a Weak

XJ-3 12.6£0.51f 7.52+0.23f Weak

CN-4 13.8+0.37¢ 9.38+0.36a Weak

HN-5 16.8+0.37d 13.03+0.18d Intermediate
GZ-6 20.2+0.66a 19.38+0.23b Intermediate

pathogenic (< 15 diseased grains per ear with loss output
<10%); three isolates, JY-521, HN-5, and GZ-6, were moder-
ately strongly pathogenic (~20 diseased grains per ear with
loss output ~15%); and strain JS-1 was strongly pathogenic
(> 21 diseased grains per ear with loss output >20%). The
sprouting ratios of the seven 7. horrida strains were all low
(<30%); the highest ratio was for strain JS-1 at 23.8%, where-
as the lowest was for strain XJ-3 at 15.8% (Fig. 1). These
results indicated that pathogenicity was related to the
sprouting ratio of the strain.

Re-sequencing of the six T. horrida strains

From the genome re-sequencing of the six 7. horrida
strains, 6.54 Gb of data of clean reads were obtained
(Supplementary Table 2). The mean GC percentage of
the clean reads was 54.98%. The Q20 percentage (pro-
portion of nucleotides with a quality value >20 in the
reads) was >97% and the Q30 percentage was >93%
(Supplementary Table 2). For all six strains, 8,900,110-
8,965,530 clean reads were generated. The portion of the
total map varied from 93.78% to 96.09%, with an aver-
age depth of 57 and an average genome coverage of
94.84% (Supplementary Table 2). Among the six
T. horrida strains, the weakly pathogenic strains CN-4,

HN-5 GZ-6

Fig. 1 The sprouting ratios of the seven 7. horrida strains. Standard Error
of Mean of each sample was noted

251

JY-521  JS-1

- - N
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SN-2  XJ-3 CN-4

Strains name
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SN-2, and XJ-3 had the fewest total mapped reads
(Supplementary Table 2).

Variation among the six T. horrida strains

In the comparison of the re-sequenced genomes of the six
T. horrida strains with the reference genome of the
T. horrida strain JY-521, 273,622 high quality SNPs were
obtained (Supplementary Table 3; Wang et al. 2018). The
weakly pathogenic strains CN-4, XJ-3, and SN-2 had the
fewest SNPs, leading to the hypothesis that their weak patho-
genicity was because the key genes related to pathogenicity
were mutated. Indels in the coding region can alter gene func-
tion via frameshift mutations, leading to variation among dif-
ferent individuals. In the whole genomes of the six strains,
32,876 indels were found; thus, fewer indels than SNPs were
found. Similarly to SNPs, the three weakly pathogenic strains
had the lowest indel variation. Structural variations (SVs) pri-
marily include insertions, deletions, inversions and transloca-
tions of large fragments. In this study, the insertions (INS),
deletions (DEL), inversions (INV), intra-chromosomal trans-
locations (ITX), and inter-chromosomal translocations (CTX)
were identified using Break Dancer software (Chen et al.
2009). Among SVs, INS, DEL, and CTX were abundant in
the six re-sequenced 7. horrida genomes. The weakly patho-
genic strain XJ-3 had the highest number of SVs, suggesting
they were related to the pathogenicity of 7. horrida
(Supplementary Table 4).

Transcriptional sequencing

To investigate the changes in gene expression levels during
the early infection stages, RNA-seq analysis of 7. horrida
strain JY-521 was conducted at 8, 12, 24, 48, and 72 h post
inoculation. The RNA-seq analysis of all six samples gener-
ated 25.33 Gb of data, and 202,624,224 reads were obtained
after quality trimming and adapter removal (Supplementary
Table 5). For all 6 samples, the portion of the total map varied
from 70.16-73.70% and that of the unique map varied from
69.10% to 72.59% (Supplementary Table 5).
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Differentially expressed genes

To identify pathogenicity genes, the changes in gene ex-
pression of 7. horrida JY-521 were analyzed at different
times post inoculation. At 8 h, 337 DEGs were detected
(120 up-regulated and 217 down-regulated); at 12 h, 111
DEGs were detected (62 up-regulated and 49 down-regu-
lated); at 24 h, 91 DEGs were detected (29 up-regulated

Q

M ow
B down

Number of different expression genes
@
g

o

8h 12h

24h 48h 72h
Inoculation times point

Fig. 2 Different expression genes (DEGs) analysis of 7. horrida strain
JY-521 at different inoculation time points. a: Number of DEGs at 8, 12,
24,48, and 72 h in T horrida strain JY-521; b: Venn diagrams showing
the overlapping of the down-regulated DEGs modulated at 8, 12, 24, 48,
and 72 h in T horrida strain JY-521; ¢: Venn diagrams showing the

and 62 down-regulated); at 48 h, 89 DEGs were detected
(64 up-regulated and 25 down-regulated); and at 72 h, 55
DEGs were detected (32 up-regulated, and 23 down-reg-
ulated) (FDR <0.05 and |log, FC| > 1; Fig. 2a). Therefore,
the highest number of DEGs was detected at 8 h. Based
on the overlap analysis of DEGs at different time points,
the expression of 110 genes was up-regulated at 8 h (Fig.
2b, c). Thus, more genes played a role in the early

o o] = N B ~
= > N B 2] N
= > > >

overlapping of the up-regulated DEGs modulated at 8, 12, 24, 48, and
72 h in T. horrida strain JY-521; d: Heat map cluster analysis of 500
DEGs. The expression level was indicated by different colors, red indi-
cates a high expression and blue indicates a low expression
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Fig. 3 GO enrichment analysis of DEGs in 7. horrida strain JY-521. Gene Ontology terms are classified into three main categories: biological process,

cellular component, and molecular function

infection than at later times. After disease was induced by
T horrida, heat map clustering indicated significant dif-
ferences in these DEGs (Fig. 2d).

Enrichment analysis of DEGs

GO classification of the DEGs at different infection times
during the infection was conducted to determine whether
these DEGs were significantly associated with a specific bio-
logical process, molecular function, or cellular component. In
the biological process category, GO term annotations showed
that most enriched genes were associated with biological reg-
ulation, cellular component organization or biogenesis, cellu-
lar process, localization, metabolic process classified, re-
sponse to stimulus, and single-organism process. In the mo-
lecular function category, most DEGs were associated with
binding, catalytic activity, and transporter activity. In the cel-
lular component category, most DEGs were associated with
cell, cell part, and membrane and organelle (Fig. 3). Based on
the KEGG pathways analysis, the following pathways were
most enriched in DEGs: degradation of aromatic compounds,
amino sugar and nucleotide sugar metabolism, fatty acid me-
tabolism, linoleic acid metabolism, starch and sucrose metab-
olism, fatty acid biosynthesis, galactose metabolism, regula-
tion of autophagy, nitrogen metabolism, fatty acid degrada-
tion, steroid biosynthesis, phenylalanine metabolism, and pro-
tein processing in endoplasmic reticulum (Fig. 4). Among
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these pathways, autophagy processes are highly conserved
pathways that play important roles in the pathogenicity of
filamentous fungi (Zhu et al. 2018)

Differences in gene expression patterns

The resistance to 7. horrida results from the common
effect of multiple genes. A total of 500 DEGs at different
time points were detected in 7. horrida and categorized
into 24 subclustered profiles (Fig. 5). The trend analysis
showed that genes in 7. horrida primarily sustained up-
regulated expression (profile 23), or down-regulated ex-
pression (profile 0), or down-regulated expression at 8 h
after infection (profiles 6 and 2). The metabolic pathways
were also analyzed using the KEGG to elucidate the bio-
logical functions of DEGs in each profile. Among all pro-
files, the expression of profile 23 showed an upward trend
at all time points, and those sustained up-regulated genes
appeared to be biologically important in the resistance to
T. horrida. According to KEGG enrichment analysis,
most enriched genes in profile 23 were associated with
transport and catabolism; lipid metabolism; global and
overview; folding, sorting, and degradation; and carbohy-
drate metabolism (Fig. 6). The transport and catabolism
pathway suggested a general response or a basic role in
the process of 7. horrida inoculation. In a previous study
the carbohydrate metabolism and lipid degradation
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Fig. 4 KEGG enrichment analysis of DEGs in 7. horrida strain JY-521
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Fig. 6 KEGG annotation of genes in each profile

pathways produced secondary metabolites associated with
pathogenesis (Cao et al. 2018). The DEGs clustered in
profiles 17, 19, 14, and 18 in T. horrida were up-
regulated at 8 h and down-regulated at subsequent time
points. The KEGG enrichment analysis revealed that the
enriched genes in those profiles were involved in folding,
sorting, and degradation; global and overview; lipid deg-
radation; metabolism of cofactors and vitamins; transla-
tion; amino acid metabolism; transport and catabolism;
and replication and repair. These results suggest that these
pathways play important role in 7. horrida pathogenicity;
however, further research is needed to understand the
mechanisms of pathogenicity.
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Carbohydrate-active enzyme genes

Pathogenic fungi secrete carbohydrate-active enzymes
(CAZymes) that can degrade plant cell walls (Cantarel et al.
2009). Among 1424 total putative CAZyme genes, 874 genes
produced 6,820 nonsynonymous SNPs in the re-sequenced
genomes of the six 7. horrida strains. Among these
nonsynonymous SNPs, 396 were common to the six
T. horrida strains, whereas 312 (GZ-6), 642 (HN-5), 591
(JS-1), 613 (SN-2), 701 (XJ-3), and 607 (CN-4)
nonsynonymous SNPs were unique to the re-sequenced ge-
nomes (Fig. 7). Fifty-one nonsynonymous SNPs were com-
mon to the re-sequenced genomes of the three weakly
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GZ: number of nonsynonymous SNP unique in strain GZ-6; HN: number
of nonsynonymous SNP unique in strain HN-5; JS: number of
nonsynonymous SNP unique in strain JS-1; SN: number of
nonsynonymous SNP unique in strain SN-2; XJ: number of
nonsynonymous SNP unique in strain XJ-3; CN: number of
nonsynonymous SNP unique in strain CN-4; Weak common: number

pathogenic strains CN4, XJ3, and SN-2, but none were found
in the other strains (Supplementary Table 6). Those
nonsynonymous SNPs were found in 21 genes, and their ex-
pression patterns at different times during the infection are
shown in Fig. 8. The smut 2980 that encoded chitin
deacetylase was up-regulated at 12 h after infection, and chitin
deacetylase can prevent pathogenic fungi from being recog-
nized by the plant immune system during infection (Cord-
Landwehr et al. 2016). The nonsynonymous SNP in
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1250 -
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500 -
250 - I

Samples

of nonsynonymous SNP common in three weak pathogenicity
T. horrida, but not found in other strains. ABC transporter denotes
ABC transporter genes; CAZy denotes carbohydrate-active enzymes
genes; Effectors denote Effector protein genes; GPCRs denote G
protein-coupled receptors genes; p450 denotes cytochrome P450 genes;
PHI denotes pathogen-host interaction genes; Secondary metabolites de-
note secondary metabolism-related genes

smut 2980 of the three weakly pathogenic strains could
change the function of the protein encoded and as a result,
the host could identify the pathogen during early infection.
Similarly, smut 1230, which encoded an uncharacterized pro-
tein, and smut_ 1222, which encoded a retrotransposon ty3-
gypsy subclass were up-regulated at 8 h after infection and
may play an important role during early infection. These
nonsynonymous SNPs may be responsible for the poor infec-
tion rate of weak pathogens.
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Pathogen-host interaction genes

Of the 1697 putative pathogen-host interaction (PHI) genes,
1,429 genes produced 11,340 nonsynonymous SNPs in the re-
sequenced genomes of the six T forrida strains. A total of 777
nonsynonymous SNPs were common to the six 7. horrida
strains, whereas 535 (GZ-6), 1026 (HN-5), 906 (JS-1), 1018
(SN-2), 1221 (XJ-3), and 930 (CN-4) were unique to the re-
sequenced genomes (Fig. 7). Fifty-two nonsynonymous SNPs
were common to the re-sequenced genomes of the three weakly
pathogenic strains CN4, XJ3, and SN-2, but none were found in
the other strains (Supplementary Table 7). Those
nonsynonymous SNPs were found in 36 genes, and their ex-
pression patterns at different times during the infection are
shown in Fig. 8. Four genes (smut 1409, smut 3510,
smut 6708, and smut_2974) were up-regulated at 8 h, and five
genes (smut 0201, smut 6433, smut 4096, smut 7557, and
smut_3993) were up-regulated at 24 h. Those genes may have
an important role during the process of infection and the
nonsynonymous SNPs found in SN-2, XJ-3, and CN-4 were
likely the cause of the weak pathogenicity.

Effector protein genes

Effectors are the virulence factors encoded by fungal
avirulence genes that play an important role in the process of
host colonization (Faris et al. 2010; Ma et al. 2010). Most
fungal secreted effectors are cysteine-rich proteins that play
a role during early infection; for example, Avr4 of
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Cladosporium fulvum protects chitin in fungal cell walls
against plant chitinases (Stergiopoulos and de Wit 2009).
From 366 candidate effector proteins, 289 genes produced
1,129 nonsynonymous SNPs in the re-sequenced genomes
of the six 7. horrida strains. Among the nonsynonymous
SNPs, 76 were in common to the six 7. horrida strains, wherea
48 (GZ-6), 95 (HN-5), 79 (JS-1), 95 (SN-2), 121 (XJ-3), and
74 (CN-4) were unique to the re-sequenced genomes (Fig. 7).
Six nonsynonymous SNPs were common to the re-sequenced
genomes of the three weakly pathogenic strains CN4, XJ3,
and SN-2, but none were found in the other strains
(Supplementary Table 8). Those SNPs were found in five
genes, and their expression patterns at different times during
the infection are shown in Fig. 8. Of those five genes,
smut_1985, smut 1637, and smut 4897 were up-regulated
during early infection; thus, the three candidate effector genes
may be important in the colonization of rice by 7. horrida,
encoding elF-2alpha kinase GCN2, putative isp4-
oligopeptide transporter, and an uncharacterized protein, re-
spectively, according to annotation of the NR database.

Secondary metabolism-related genes

Plant pathogenic fungi produce some secondary metabolites
that are associated with pathogenicity, such as host-selective
toxins (Keller et al. 2005). Of 77 putative secondary
metabolism-related genes, 72 genes produced 1128
nonsynonymous SNPs in the re-sequenced genomes of the
six T. horrida strains. Forty-four of the nonsynonymous
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SNPs were common to the six 7. horrida strains, and 39 (GZ-
6), 25 (HN-5), 62 (JS-1), 66 (SN-2), 85 (XJ-3), and 68 (CN-4)
were unique to the re-sequenced genomes (Fig. 7). Six
nonsynonymous SNPs were common to the re-sequenced ge-
nomes of the three weakly pathogenic strains CN4, XJ3, and
SN-2, but none were found in the other strains
(Supplementary Table 9). Those nonsynonymous SNPs were
found in four genes, and their expression patterns at different
times during the infection are shown in Fig. 8. Smut 2974
was up-regulated at 8 h and was associated with
sterigmatocystin biosynthesis, according to NR annotation.
The toxic effects of sterigmatocystin, with a xanthone nucleus
attached to a bifuran structure, are similar to those of afla-
toxins (Struna 2016). Therefore, the nonsynonymous SNPs
found in SN-2, XJ-3, and CN-4 likely affected the biosynthe-
sis of sterigmatocystin, resulting in weak pathogenicity.

Cytochrome P450 genes

Cytochrome P450s (CYPs) play an important role in patho-
genesis and in the production of toxins (Nelson 1999; Que
et al. 2014). Of 19 CYP genes, 18 genes produced 107
nonsynonymous SNPs in the re-sequenced genomes of the
six T horrida strains. Fifteen of the nonsynonymous SNPs
were common to the six 7. horrida strains, and 5 (GZ-6), 7
(HN-5), 5 (JS-1), 16 (SN-2), 7 (XJ-3), and 5 (CN-4) were
unique to the re-sequenced genomes (Fig. 7). In the three
weakly pathogenic strains CN4, XJ3, and SN-2, no common
nonsynonymous SNPs were found.

ABC transporter genes

Transporters not only obtain carbon and nitrogen sources from
their host plants, but also contribute to toxin and effector se-
cretion (Mueller et al. 2008). Of 40 ABC transporter genes, 36
genes produced 461 nonsynonymous SNPs in the re-
sequenced genomes of the six 7. horrida strains. Nineteen of
the nonsynonymous SNPs were common to the six 7. horrida
strains, and 20 (GZ-6), 45 (HN-5), 32 (JS-1), 31 (SN-2), 69
(XJ-3), and 51 (CN-4) were unique re-sequenced genomes
(Fig. 7). Two nonsynonymous SNPs were common to the
re-sequenced genomes of the three weak pathogenic strains
CN4, XJ3, and SN-2, but none were found in the other strains
(Supplementary Table 10). Those nonsynonymous SNPs were
found in two genes, and their expression patterns at different
times during the infection are shown in Fig. 8. Smut 4787
was up-regulated at 72 h, and annotation with NR data
showed that this gene was a pleiotropic drug resistance ABC
transporter. The nonsynonymous SNPs found in SN-2, XJ-3,
and CN-4 may weaken the resistance of those three strains to
plant immune systems and the external environment.

G protein-coupled receptor genes

To infect a host plant, plant pathogenic fungi must make appro-
priate responses to a variety of host plant surface environmental
receptors. These receptors function via the mitogen-activated
protein kinase (MAPK) pathway, which sends a signal from a
receptor on the surface of a cell to the nucleus. G protein-
coupled receptors (GPCRs) and G-proteins are important com-
ponents of the MAPK pathway, which has seven transmem-
brane domain receptors, constitutes a large family of cell surface
receptors and is responsible for transducing extracellular signals
into intracellular responses that involve complex intracellular-
signalling networks (Dean et al. 2005; Soanes et al. 2007). Of 67
GPCRs, 57 genes produced 423 nonsynonymous SNPs in the
re-sequenced genomes of the six 7 Aorrida strain. Seventeen of
the nonsynonymous SNPs were common to the six 7. horrida
strains, and 21 (GZ-6), 29 (HN-5), 29 (JS-1), 38 (SN-2), 39 (XJ-
3), and 47 (CN-4) were unique to re-sequenced genomes (Fig.
7). Smut_1863 and smut 4953 produced two nonsynonymous
SNPs that were common to the re-sequenced genomes of the
three weakly pathogenic strains CN4, XJ3, and SN-2, but none
were found in the other strains (Supplementary Table 11). The
expression patterns of the two genes at different times during the
infection are shown in Fig. 8. Smut 4953 was up-regulated at
24 h after infection, which was associated with the ATM1-
mitochondrial inner membrane ABC transporter involved in
the maturation of cytosolic iron-sulfur cluster-containing pro-
teins, according to annotation of NR data.

Conclusions

Next generation sequencing technologies are low in cost and
high in accuracy and have been used to study the genomics and
transcriptomics of a wide variety of organisms (Bentley 2006;
Mabher et al. 2009). However, RKS has been previously
overlooked, and few studies have been performed to differen-
tiate and investigate the pathogenicity of 7. horrida. In this
study, the pathogenicity of seven RKS 7. horrida strains from
different districts in China was evaluated, and then, whole ge-
nome re-sequencing of high and low pathogenic T. horrida
strains was performed using the [llumina Hiseq 2500 high-
throughput sequencing technology. The genome assembly size
(23.2 Mb) of T. horrida strains was smaller than that of other
fungi in the genus Tilletia, such as T. caries (29.5 Mb),
T. controversa (28.8 Mb), T. indica (30.4 Mb), and T. walkeri
(24.3 Mb) as well as for other rice pathogenic fungi such as
Magnaporthe grisea (38.8 Mb) (Dean et al. 2005). These stud-
ies provided an opportunity to analyze the mechanisms under-
lying the diverse range of rice- 7. horrida interactions.

SNPs, small indels, and SVs were identified between the re-
sequenced genomes of the six 7. horrida strains and the genome
of the reference strain JY-521 through comparative genomic and
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phylogenetic analyses. These results showed that polymor-
phisms exist in the RKS pathogen. These mutant sites can pro-
vide important resources for the development of relevant
markers and the discovery of pathogenicity related genes and
are therefore important in studies of 7. horrida pathogenic mech-
anisms. Furthermore, this variation might be caused by signifi-
cant variations in pathogenicity related genes. The
nonsynonymous SNPs of virulence-associated genes
(CAZyme genes, PHI genes, effector protein genes, secondary
metabolism-related genes, CYP genes, ABC transporter genes,
and GPCR genes) in the three weakly pathogenic strains and the
other strains were compared, and some important virulence-
associated genes contained the nonsynonymous SNPs in the
genomes of the weakly pathogenic strains. However, in the ge-
nomes of the other more pathogenic strains, none were found.
The genomic and transcriptomic data of the six 7. horrida strains
generated in this study provide a foundation for future studies on
pathogenic mechanisms. In addition, the transcriptome data re-
corded at different times during infection can be used to further
study the pathogenicity related genes in 7. horrida.
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