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Abstract

Ustilaginoidea virens is a fungal pathogen that causes the false smut dis-
ease in rice and reduces the yield and quantity of the grains. A nested po-
lymerase chain reaction (PCR)-based assay was developed to detect
U. virens using genes of U. virens as specific targets. Ninety-six candidate
genes of U. virens were found through first-round homology screening
against a local database comprising 46 genomes of fungi, bacteria, and
plants, with a second-round comparison with the GenBank NR database
to further identify genes unique to U. virens. Among 96 remaining candi-
date genes, 20 of them (GenBank accessions KY617806 to KY617825)

were randomly selected for further testing and, eventually, six sets of
nested PCR primers were developed after further sensitivity, specificity,
and detection tests. All six sets could detect DNA of U. virens at as little
as 1 to 10 fg/p.l from field or lab samples. These primers may be used to
detect infection by U. virens at early stages, for use in research toward miti-
gating disease spread, as well as for studying the ecology of U. virens. This
study also serves to illustrate that a comparative genomics method may al-
low for selection and development of highly specific primers once draft or
complete genomes are available.

Rice false smut (RFS) is a serious disease affecting the growth of rice
worldwide. It is caused by the fungus, Ustilaginoidea virens (Cooke)
Takah. (also known as Villosiclava virens (M. Sakurai ex Nakata)
E. Tanaka & C. Tanaka), which causes the grains to swell as the only ex-
ternal symptom; however, the grains become occupied by hyphae and
chlamydospores which results in reduced yield (Fan et al. 2016). In
China, the prevalence of RFS has increased and currently affects almost
one-third of cultivated rice areas (Zhang et al. 2014). This higher preva-
lence is due, in part, to increased cultivation of high-yielding cultivars and
hybrids that have more spikelets (and, hence, more false smut), and chem-
ical fertilizer use (presumably increasing tissue susceptibility), as well as
climate change creating conditions more suitable for disease development
(Guo et al. 2012; Zhang et al. 2014). There have been many reports of
severe outbreaks of RFS since 2001 in many rice-growing provinces of
China such as Liaoning, Hubei, Sichuan, and Anhui, resulting in 20 to
50% yield loss in different areas and varying with different rice varieties.
In 2005, RFS occurred across approximately 330,000 ha in Sichuan Prov-
ince, and a third of the panicles were estimated to be affected (Lu et al.
2009). Outbreaks of the disease caused not only severe grain yield reduc-
tions but also contamination of rice grain by fungal toxins (ustiloxins)
produced by false smut balls (Koiso et al. 1994; Singh and Pophaly 2010).

Upon infection, rice grains are transformed into spore balls known
as false smut balls, which are coated by dark-green, powdery chla-
mydospores, giving the spore balls a greenish and velvety look
(Ou 1985). Stroma, asci, and ascospores develop from fungal sclero-
tia that form on the spore balls (Fan et al. 2015; Ikegami 1963; Zhang
etal. 2014). Conidia are formed after germination of chlamydospores
or ascospores and infect the rice spikelets and florets at the booting
stage prior to rice plant heading (Ashizawa and Kataoka 2005; Zhou
etal. 2003). However, it is not until after heading that spore balls pro-
truding from the glume are apparent. Examination of artificially in-
oculated rice seed showed that the fungus could invade rice roots and
colonize the surface of roots and leaf sheaths (Tanaka et al. 2016).
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The hyphae of U. virens were observed to invade spikelets through
their apices via the small gap between the lemma and palea when in-
oculating at booting stage (Ashizawa et al. 2012). However, whether
the hyphae can invade from the roots to the spikelets is still unknown.
The widespread occurrence of U. virens infections is presumed to be
due to the availability of alternative hosts such as rice weed (e.g.,
Digitaria marginata, Panicum trypheron, Echinochloa crusgalli,
and Imperata cylindrica) and other grasses that serve as reservoirs
of fungal spores during unfavorable seasons (Guo et al. 2012; Shetty
and Shetty 1987). Therefore, it is necessary to detect the pathogen
before symptom appearance in the rice fields to initiate effective con-
trol methods for RFS.

Molecular biology tools such as polymerase chain reaction (PCR)
have been reported to effectively detect U. virens spores in asymptom-
atic rice plants and grains (Chen et al. 2014; Zhou et al. 2003). More-
over, real-time PCR (qPCR) has also been used to correlate the amount
of U. virens in the soil and the prevalence of RES (Ashizawa et al.
2010). gPCR was also applied as a tool to quantify U. virens in infected
rice plants in order to find a method for early defense and control of
RFES (Li et al. 2013). However, the previous studies found that some
small-spored Alternaria spp. could not be differentiated from U. virens
based on internal transcribed spacer (ITS) sequences (Pryor and
Gilbertson 2000; Pryor and Michailides 2002). The same situation
also exists in the Mycena pura morphospecies (Harder et al. 2013)
and some Fusarium spp. (Yli-Mattila et al. 2004) and, thus, fungal
species separation based on ITS regions may not give sufficient res-
olution. There is a need to develop a highly sensitive assay to accu-
rately determine U. virens disease prevalence, which may currently
be over- or underestimated.

Basic Local Alignment Search Tool (BLAST), a sequence similarity
search program (McGinnis and Madden 2004), can be used to find dif-
ferences or similarities between query sequences and genomes, and ex-
plore novel specific targets by comparative genomics methods. Recent
advances in sequencing technology such as Illumina have provided
economically accessible opportunities for whole-genome sequencing
(DiGuistini et al. 2009; Haridas et al. 2011). The current GenBank in-
ventory contains 45,000 assembled genomes and more than 300,000
nucleotide sequences for rice species (Benson et al. 2015). This large
number of sequences may provide the basis to uncover numerous
species-specific detection targets and be useful in other studies involv-
ing sequence analyses (Haridas et al. 2011).

Comparative genomics analyses have been reported as a new approach
for mining specific detection targets in microbial species (Malapi-Wight
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et al. 2016; Yu et al. 2010). Recently, we completed the sequencing of
adraft genome of U. virens (National Center for Biotechnology Informa-
tion [NCBI] Short Read Archive: SRR1735304) (Jia et al. 2015). The
objectives of this study were to test the development of specific markers
using comparative genomics methods to mine for gene targets unique to
this pathogen (compared with other sequenced fungal genomes), and to
test these markers on DNA extracted from field samples.

Materials and Methods

Strains, culture conditions, and plants. In all, 97 isolates of
U. virens from different locations in China, 16 other fungal patho-
gens, two bacterial pathogens, and two widely grown rice cultivars
were used in this study (Table 1). Among the 16 other fungal patho-
gens, Magnaporthe oryzae and Rhizoctonia solani were selected
because they are rice pathogens. Beauveria bassiana, Metarhizium
anisopliae, and Trichoderma koningiopsis were chosen because they
are closely related to U. virens. Leptosphaeria biglobosa, Sclerotinia
sclerotiorum, S. minor, S. nivalis, S. trifoliorum, and Botrytis cinerea
are common field plant pathogens, especially L. biglobosa and
S. sclerotiorum, the pathogen of oilseed rape (Brassica napus). These
two were especially targeted because of the ubiquitous rice-rapeseed
rotation system in the southern half of China; the oilseed rape
pathogens can be easily found in the fields used for rice culture.
Alternaria arborescens, A. alternata, Colletotrichum higginsianum,
Coniothyrium minitans, and Phoma enqua were chosen for a greater
diversity of test subjects. The bacterial pathogen Xanthomonas ory-
zae, which causes rice bacterial blight, and Ralstonia solanacearum,
another rice pathogen, are also common in rice fields and were se-
lected for inclusion in the screening process. “Wanxian98’ indica rice
and ‘Huajing924’ japonica rice were used as controls.

Strains of U. virens were cultured from the false smut balls and incu-
bated at 28°C in potato sucrose broth (PSB) with shaking at 150 rpm
and 28°C for spore harvesting. Spores were diluted and spread onto
potato sucrose agar (PSA) medium for selecting single-spore cultures,
which were incubated at 28°C on PSA to produce mycelia. Other fungal
cultures capable of spore production were also single spored at least
twice. Nonsporulating cultures and single-spored cultures were incu-
bated at 25°C on potato dextrose agar (PDA) medium to obtain mycelia
for DNA extraction. The bacterial strains were cultured at 28°C on
liquid Luria-Bertani (LB) medium. Rice plants Wanxian98 and
Huajing924 were planted in a greenhouse under a regime of 38°C for
12 h of light and 25°C for 12 h of darkness during summer 2014. Seed
were first treated for 24 h with 0.15% potassium permanganate solution
for sterilization and soaked in water for 2 days. The seed were incubated
at 37°C for 48 h before sowing. Wanxian98 and Huajing924 rice seed-
lings were transplanted into individual plastic buckets (30 by 20 by
30 cm) containing 4 kg of paddy soil (previously autoclaved at
121°C for 1 h) and placed in the greenhouse. Synthetic fertilizer was ap-
plied during seedling and tillering stages. RFS-susceptible Wanxian98
rice was used for inoculation in this study.

DNA extraction. After 7 days for growth on PSA or PDA, fungal my-
celia were harvested for DNA extraction. DNA of rice plants Wanxian98
and Huajing924 was extracted from leaves at tillering stage. Sampling
of other rice tissues for DNA extraction is described later, in the section
on detection of U. virens in inoculated and naturally infested rice plants.
The genomic DNA of fungi and rice plants was extracted using the cetyl-
trimethyl ammonium bromide method (Sambrook et al. 1989). DNA from
bacteria shaken in liquid LB for 1 day was extracted using the MiniBEST
Bacterial Genomic DNA Extraction Kit (TaKaRa, Dalian, China).

Sources of genome sequence data. Library preparation, genome
sequencing, and genome assembly of U. virens strain HWD-2 were
done in a previous study (Jia et al. 2015). Scaffolds from the Abyss
assembly were processed using AUGUSTUS software (version
2.5.5; http://augustus.gobics.de) for gene prediction (Stanke and
Morgenstern 2005; Stanke and Waack 2003). In the Augustus pro-
gram, the species model Fusarium graminearum was selected as
the reference species due to the relatively close phylogenetic relation-
ship of these two species (both are in the Sordariomycetous order
Hypocreales). Predicted gene sequences from U. virens were then
used for revealing genes specific to U. virens.
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To find U. virens-specific markers, we set up a 46-genome database for
first-round mining, based on the predicted protein sequences of 46 species,
with particular attention to the host plant (e.g., Oryza sativa), other rice
pathogens (e.g., Magnaporthe oryzae and X. oryzae), and closely related
species (e.g., Metarhizium acridum, M. anisopliae, and Claviceps pur-
purea) (Supplementary Table S1). The genomic data were downloaded
from NCBI on 5 July 2014 (ftp:/ftp.ncbi.nih.gov/blast/db/FASTA).

U. virens-specific target mining and primer design. Standalone
BLAST, version 2.2.28+, was set up on a Microsoft Windows PC sys-
tem, and BLAST databases were generated for each downloaded genome
assembly and its associated predicted gene database (both protein and nu-
cleotide sequences). Then, the 8,231 protein sequences of U. virens were
searched against the 46-genome amino acid database using Standalone
BLASTP for the first round to find matches. For a majority of the anal-
yses, the threshold e-value of 1E-5 was selected as the indicator of ho-
mology. To parse the BLAST output files, PERL scripts (adapted from
Hsiang and Baillie [2005]) were used (these scripts can be obtained by
request to senior author Tom Hsiang). The scripts mined the following
data from the BLAST output: query sequence name, query sequence
length, top match, length of top match, e-value for top match, number
of matches, and record of the next top five matches. The genes with zero
matches against the 46-genome database were selected for the second-
round testing by searching against the GenBank NR database using Stand-
alone BLASTP. The genes mined through the two rounds which had no
matches with U. virens genes were considered specific targets (Fig. 1).

After the second round, which identified 96 candidate gene targets, 20
were randomly selected to design primers using the software Oligo 7
(Molecular Biology Insights, Inc., Cascade, CO). All primers used in this
study were synthesized by TSINGKE (Wuhan, China). To locate
conserved domains within a protein or coding nucleotide sequence,
the SMART software (Simple Modular Architecture Research Tool,
http://smart.embl-heidelberg.de/) was used.

Nested PCR assays. Preliminary PCR assays for specificity and sen-
sitivity (described later, in the section on PCR specificity and sensitivity)
were first developed for all 20 selected target genes. Preliminary screen-
ing consisted of testing against 97 isolates of U. virens, 16 other species of
fungal pathogens, two species of bacterial pathogens, two subspecies of
rice, and the diluted DNA of U. virens strain HWD-2. After preliminary
screening, six sets of primers were selected as the detection set. The PCR
mixture consisted of 1 U of Taq DNA polymerase (TaKaRa), 2.5 1 of
10x PCR buffer, 2 .l of ANTP mixture (2.5 mM each), 1 M each primer
and DNA template (20 ng/w.1), and sterile distilled water up to 25 pl. The
amplification was carried out on a T100 Thermal Cycler (Bio-Rad,
Singapore). The first-round thermal cycling conditions of the chosen pri-
mers consisted of an initial denaturation at 95°C for 3 min; followed by
30 amplification cycles as 95°C for 30 s, 55 or 50°C (depending on
primer set) for 30 s, and 72°C for 30 s; and a final extension step at
72°C for 5 min. For the second-round amplification, 1 w1 of the 10-fold
diluted first-round PCR production was used as the template, the anneal-
ing temperature of the second-round primers ranged from 53 to 55°C, and
the other conditions were performed as in the first-round amplification
(Table 2). Outcomes from the second round of amplification were exam-
ined on 2% agarose gel and the DNA was stained with ethidium bromide.

PCR specificity and sensitivity. Specificity of the nested primer
protocol was tested against 97 isolates of U. virens, 16 other species
of fungal pathogens, two species of bacterial pathogens, and two subspe-
cies of rice (Table 1). To first test the quality of DNA, primers of ITS
region (ITS1/ITS4), 16s ribosomal DNA (tDNA) (27{/1492r), and rice
gene Actinl (OsActinl-F/OsActinl-R) were separately used for positive
control testing of the fungal, bacterial, and rice DNA (Fan et al. 2015;
Lane 1991; White et al. 1990) (Table 1). For sensitivity testing, purified
genomic DNA from U. virens strain HWD-2 was serially diluted to
10 ng/pl, 1 ng/pl, 100 pg/pl, 10 pg/pl, 1 pg/pl, 100 fg/pl, 10 fg/pl,
and 1 fg/pl. Rice DNA from susceptible Wanxian98 at 100 ng/p.l was
used as background. Equal volumes of DNA from U. virens and rice
were added into PCR mixtures and then checked by nested PCR. After
sensitivity and specificity testing, six sets of nested primers were selected
for U. virens detection.

Detection of U. virens in inoculated and naturally infested
rice plants. Rice panicles (Wanxian98) were inoculated with U. virens
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strain HWD-2 in the greenhouse following Jia et al. (2014). To produce a
sufficient quantity of conidia for artificial inoculation, a 6-mm-diameter
mycelial plug incubated on PSA for 7 days was placed in 150 ml of ster-
ilized PSB in a 250-ml flask, which was then put in a shaking incubator
at 28°C in the dark at 180 rpm for 7 days. The cultures were filtered
through four layers of gauze, and conidia were retrieved from the filtrate.
Twenty panicles of rice plants at the booting stage were inoculated with
conidial suspensions (1 x 10° conidia/ml) at 5 to 7 days before earing.
Twenty rice panicles injected with PSB were used as mock-inoculated

Table 1. Fungal and bacterial species and plants tested in this study

controls. The inoculated rice plants were kept at a constant 25°C and
90% relative humidity. Three injected rice panicles and three panicles
of controls were randomly collected for detection by nested PCR using
the six sets of primers at 2 days after inoculation (DAI). The disease in-
cidence rate of RFS was assessed at 15 DAL

Five symptomless rice plants at the booting stage were collected ran-
domly from five field locations in Wuhan, China in October 2014 in
which RFS was present in the previous year. Each rice plant was divided
into four parts, including roots, stems, leaves, and spikelets, giving 20

PCR results of each targets?®

Species Isolate Host Location G544 G858 G924 G1384 GI1581 G5140 ITSP
Fungal pathogens
Ustilaginoidea 9 isolates (JC2-3, JC4-2, JC5-3, JC6-3,JC8-  Rice Jilin + + + + + + +
virens 1,JC23-2,JC31-1, JC32-3, JC38-1)
10 isolates (DJ-09-1, DT-09-1, LN-LY-1, Rice Liaoning + + + + + + +
LN-10-16-1, LZ-09-1, LZ-09-2, LZ-09-3,
SY02, TL-09-1, YY8-09-1)
4 isolates (SX0204, SX0205, SX-10-9-1, Rice Shanxi + + + + + + +
SX-10-9-2)
4 isolates (HN-LS-5-1, HN-LS-6-2, Rice Henan + + + + + + +
HN-65-1, HN-65-5)
16 isolates (HWD-2, S6-3, YH2-3, ZH29-5, Rice Hubei + + + + + + +
172-2, J74-4, JZ8-3, XGA-2, XGA-3,
XGB-2, XN1-3, XN4-2, XN6-2, HYS-10,
HYS-29, HYS-80)
9 isolates (HH4-3, HCA4-3, HCA12-1, Rice Hunan + + + + + + +
HCF2-3, HCF7-2, HCF6-1, HYDS-2,
HYD7-1, HYD10-3)
8 isolates JFC1-1, JFC4-2, JFC5-1, JFD2-1, Rice Jiangxi + + + + + + +
JFD5-2, IW1-1, JIW2-1, JJW3-1)
12 isolates (ZHD3-1, ZHD4-1, ZHD5-1,  Rice Zhejiang + + + + + + +
ZLL1-3, ZLL6-1, ZLL9-3, ZQK1-2,
ZQK4-1, ZQI1-1, ZWW1-1, ZWW3-3,
ZWWS5-3)
11 isolates (FLW2-2, FLW3-1, FLW6-2,  Rice Fujian + + + + + + +
FMBI-1, FMB8-1, FMB10-1, FNY1-3,
FNY3-3, FS8-2, FS9-3, FS10-1)
13 isolates (GBL1-1, GBL4-2, GBL5-1, Rice Guangxi + + + + + + +
GHTI1-2, GHT3-1, GGH7-1, GGH13-1,
GGH18-1, GGP1-2, GGP3-1, GY2-1,
GY4-1, GY5-2)
1 isolate (GD-10-3-4) Rice Guangdong + + + + + + +
Alternaria THX-1-1 Tobacco Enshi, Hubei - - - - - — +
arborescens
A. alternata THX-2-1 Tobacco Enshi, Hubei - - - - - - +
Botrytis cinerea GHW-3-2 Strawberry ‘Wuhan, Hubei - - - - - — +
Beauveria SHW-20 Pine moth Huanggang, Hubei - - - - - —- +
bassiana
Colletotrichum C Brassica campestris Canada - - - - - — +
higginsianum
Coniothyrium CHY-9 Sclerotinia sclerotiorum Changyang, Hubei - - - - - - +
minitans
Leptosphaeria Lb-1 Oilseed rape ‘Wuhan, Hubei - - - - - - +
biglobosa
Magnaporthe 189-36-1 Rice Yichang, Hubei - - - — = — +
oryzae
Metarhizium HWC-1 Unknown Wuhan, Hubei - - - - - - +
anisopliae
Phoma enqua EP-5 Coptis chinensis Enshi, Hubei - - - - - - +
Rhizoctonia solani 199 Rice Yichang, Hubei - - - - - - +
Sclerotinia minor ~ SM-8 Lactuca sativa Huanggang, Hubei - - - - - - +
S. nivalis SN-3 Unknown ‘Wuhan, Hubei - - - - - - +
S. sclerotiorum SS-18 Oilseed rape ‘Wuhan, Hubei - - - - - - +
S. trifoliorum ST-36 Unknown ‘Wuhan, Hubei - - - - - - +
Trichoderma F-35 Unknown ‘Wuhan, Hubei - - - - - - +
koningiopsis
Bacterial pathogens 16s rDNA
Ralstonia QK-45 Tobacco Enshi, Hubei - - - - - - +
solanacearum
Xanthomonas HW-67 Rice Wuhan, Hubei - - - - - - +
oryzae
Rice species (Oryza Actinl
sativa)
Wanxian98 - - - - - _ +
Huajing924 - - - - - _ +
2 Symbols + and — indicate polymerase chain reaction (PCR)-positive and -negative isolated, respectively. Isolates are available upon request.
" Internal transcribed spacer (ITS) positive control.
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samples. DNA was isolated from each sample and used in a nested PCR
assay. A 1-pl aliquot of each DNA extraction was added to the reaction
mixture for nested PCR with the six sets of nested PCR primers.

Results

U. virens-specific target mining. The first-round mining con-
sisted of comparison of the 8,231 predicted genes of U. virens against
a 46-genome database using Standalone BLASTP. The 46 genomes

Abyss assembly of U, virens HWD-2
genome and gene prediction

AUGUSTUS (Version 2.5.5)

consisted of 27 Ascomycota (5 Dothideomycetes, 6 Eurotiomycetes,
2 Leiotiomycetes, 2 Saccharomycetes, and 12 Sordariomycetes), 11
Basidiomycota, 1 Chytridiomycota, 2 Mucoromycota, 1 Oomycota,
1 plant, and 3 bacteria. There were no matches for 96 genes; there-
fore, these were subjected to second-round comparisons with the
GenBank NR database, again with no matches found. Thus, the 96
were considered putative U. virens-specific targets. From these 96,
20 genes were chosen randomly as candidate targets for primer

) |

[ Proteins of U. virens HWD-2

46-genome database }

|

BLASTP

[ Proteins found only in HWD-2 ]

Proteins with the e-value > 1E-5

[ NCBI NR database ]

BLASTP
Proteins with the e-value > 1E-5

U. virens-specific genes

lSeIecl 20 genes at random

[ Design and synthesize primers ]

Specificity and sensitivity testing

[ 16 fungal pathogens, 2 bacterial J

pathogens, 2 rice species and 97
isolates of U. virens

Serial diluted
genomic DNA of
HWD-2

l

[ U. virens-specific detection primers ]

Fig. 1. Pipeline for mining specific genes of Ustilaginoidea virens using a complete genome sequence and comparative genomic analysis. NCBI = National Center for

Biotechnology Information.

Table 2. Sequence characteristics of the selected nested polymerase chain reaction (PCR) primer sets used in this study

Gene region GenBank Gene PCR product Annealing
ID number accession length (bp) Round Primer Sequence(5'-3") length (bp) temperature (°C)
G544 KY617817 543 First Uv544F-0O TCTTGGCTCCTCGGAAGCTC 453 55
.. Uv544R-0O CATGTCTTGCCCAAAGATGCG .. ..
Second  Uv544F-1 AGGTTCTACATGCGTGTTGTGA 366 53
e .. .. Uv544R-1 GCCCTGTGAAACTTGGTGC .. ..
G858 KY617819 573 First Uv858F-O ACGAGCAGGCAGCAAACACC 373 55
.. Uv858R-O CCGCCACTTTGCCTGTCGATG .. .
Second  Uv858F-1 TCTTCTTGCGCCTTCTGACA 253 53
e . .. Uv858R-1 GCTCCTCCCATGCGTTTT .. ..
G924 KY617821 651 First Uv924F-0 TCCTCGTCCCTCCTGTCTT 562 55
.. Uv924R-O CGCCGAGAAGTATCCATCC .. ..
Second  Uv924F-1 CGACCTTGTCCACCTCGACCA 432 55
e . .. Uv924R-1 TCACCCTGGCTCTCTTGCGAA .. ..
G1384 KY617823 441 First Uv1384F-O AGCCCTTCTTTCTCGTCA 436 50
.. UvI384R-O TATTTCGGACCCGTGTTT .. ..
Second  Uv1384F-1 CGTTTTCAAGCGGGACCCTA 261 54
e . .. Uv1384R-1 TCCGAGTTATTACCAGACATGC .. ..
G1581 KY617824 812 First UvI581F-O CGCCCTGAAATCGCCCTTTA 703 55
.. Uvl581R-O ACCTGACCGTCTTGGCTCCC .. ..
Second  Uv1581F-1 TCCTTCTTGTCTCGGCGTCT 341 55
e . .. UvI581R-I CCCTTGCCAATGGTCCATGCTT .. ..
G5140 KY617825 578 First Uv5140F-O CCAGGCTCAGGTCAACTTCA 484 55
.. Uv5140R-O CGCAGACCTTTCCCTTGC .. ..
Second  Uv5140F-1 TCGGCACGCACCAGACACGTT 353 55
Uv5140R-1 TGGAGCCAGCGGAAACATGCAAA

1518 Plant Disease /Vol. 101 No. 8



design. The primers were generated and used in PCR with DNA from
U. virens strain HWD-2, and the PCR amplicons were sequenced. The
sequencing results were compared with the respective genes, and these
showed that all 20 genes were present (Table 2; Supplementary Table S2).

The conserved motifs of the 20 genes were accessed by SMART
software and the results showed that no conserved domains were de-
tected in any tested genes, and that only transmembrane segments
existed in the genes G702, G859, G924, and G1384. The functions
of these 20 genes remain unknown.

Specificity and sensitivity of U. virens-specific PCR detec-
tion primers. To assess specificity of PCR detection, 97 U. virens strains,
16 other fungal pathogens, two bacterial pathogens, and two species of
rice were tested by nested PCR using the 20 nested PCR primer sets
designed based on the 20 candidate U. virens-specific genes. The results
of quality testing with the positive control primer sets showed that all of
the DNA samples were of sufficient quality for a nested PCR assay
(Table 1). Within the 20 nested PCR primer sets, only the gene G192
was not amplified from DNA of any of the 97 U. virens strains using
primer sets Uv192F-O/Uv192R-O and Uv192F-I/Uv192R-I. For the
other 19 nested PCR primer sets, amplification of genomic DNA of
97 U. virens strains resulted in the predicted amplicon lengths of 200
to 800 bp, whereas no products were obtained from the 16 other fungal
pathogens, two bacterial pathogens, or two species of rice (Table 1).
The 19 sets of nested PCR primers were then used for sensitivity tests.

The results of sensitivity PCR assays showed that, among 19 sets
of nested PCR primers, amplicons were produced by four sets when
template DNA at 1 fg/pl was used: Uv544F-O/Uv544R-O and
Uv544F-1/Uv544R-1, Uv858F-O/Uv858R-O and Uv858F-I/
Uv858R-I, Uv1384F-O/Uv1384R-O and Uv1384F-1/Uv1384R-I,
and Uv1581F-O/Uv1581R-O and Uv1581F-I/Uv1581R-I. Two sets
were able to detect template DNA at 10 fg/p.l: Uv924F-O/Uv924R-O
and Uv924F-1/Uv924R-1I, and Uv5140F-O/Uv5140R-O and
Uv5140F-I/Uv5140R-I (Fig. 2). The sensitivity of the other 13 sets
of nested primers was pegged at 10 or 1 pg/pl; they were not as
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Fig. 2. Sensitivity test of the nested polymerase chain reaction with six primer sets
in amplifying extracted DNA of Ustilaginoidea virens HWD-2. Amplification results of
primer sets A, UvS44F-O/Uv544R-O and Uv544F-l/Uv544R-I; B, Uv858F-O/Uv858R-O
and Uv858F-1/Uv858R-I; C, Uv924F-O/Uv924R-0 and Uv924F-1/Uv924R-I; D,
Uv1384F-0/Uv1384R-O and Uv1384F-I/Uv1384R-I; E, Uv1581F-O/Uv1581R-O and
Uv1581F-1/Uv1581R-I; and F, Uv5140F-O/Uv5140R-O and Uv5140F-I/Uv5140R-I.
Lanes 1 to 8: U. virens DNA at 10 ng/wl, 1 ng/wl, 100 pg/wl, 10 pg/wl, 1 pg/ul,
100 fg/pl, 10 fg/pl, and 1 fg/pl, respectively, plus 100 ng of DNA of rice as
background; lane 9: non-DNA negative control.

sensitive as the six sets mentioned above. These results suggested
that the six sets of nested PCR primers of the target genes G544,
G858, G924, G1384, G1581, and G5140 showed high specificity
and sensitivity, and could be used as U. virens-specific PCR detec-
tion primers.

Detection of U. virens in infested rice plants. The detection assay
tests for U. virens simulated field samples which had contaminating
DNA from the rice plants and other microorganisms. Results showed
that all target DNA fragments could be detected at 2 dpi. There was
no amplification for the PSB control treatment (Fig. 3). Individual
grains from the remaining 17 nontested inoculated panicles later de-
veloped greenish spore balls (false smut balls), whereas these were
not observed in the mock-inoculated controls. The results showed
that the primers could detect the pathogen at an early stage of infec-
tion with a high background of DNA from other sources.

PCR assays were also performed with field samples. U. virens could
be detected in the first rice plant (root, stem, and leaves), third rice plant
(stem and spikelet), and fourth rice plant (spikelet) but not in the second
or fifth rice plants (Fig. 4). All of the detection results of the six sets of
nested PCR primers were the same for each sample, showing the con-
sistency and stability of the nested PCR assays based on six unique
genes of U. virens for pathogen detection in the symptomless rice plants.

Discussion

Molecular biology tools such as PCR are widely used to detect in-
fectious microorganisms, with the success of these assays depending
primarily on the sensitivity and specificity of primers to the target se-
quences. In recent mycological research, many PCR detection targets
for fungi and fungal pathogens have been based on the ITS region
(rDNA ITS) because of heterogeneity of the noncoding ITS se-
quences and their high copy number (White et al. 1990). However,
some closely related fungal species show extremely high nucleotide
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Fig. 3. Detection of Ustilaginoidea virens in rice spikelets after inoculation at the
booting stage. Amplification results of primer sets A, Uv544F-O/Uv544R-O and
Uv544F-1/Uv544R-I; B, Uv858F-O/Uv858R-O and Uv858F-I/Uv858R-I; C, Uv924F-
O/Uv924R-O and Uv924F-I/Uv924R-I; D, Uv1384F-O/Uv1384R-O and Uv1384F-I/
Uv1384R-I; E, Uv1581F-O/Uv1581R-O and Uv1581F-I/Uv1581R-I; and F, Uv5140F-
O/Uv5140R-O and Uv5140F-I/Uv5140R-I. Lane M: 100-bp DNA ladder; lanes 1 to
3: three randomly collected spikelets inoculated with conidial suspensions; lane 4 to
6: three randomly collected spikelets inoculated with potato sucrose broth; lane 7:
positive control; lane 8: non-DNA negative control.
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sequence identity in the ITS regions, such as the 99% identity ob-
served in the ITS regions between S. sclerotiorum and B. cinerea,
with only eight known polymorphisms (Qin et al. 2011). This poses
an issue for specific primer design.

Previously published gPCR and conventional PCR primers for
U. virens detection have all been based on the ITS region (Ashizawa
et al. 2010; Chen et al. 2014; Li et al. 2013; Zhou et al. 2003). In this
study, the gene regions targeted for primer design were mined from
whole-genome sequences. Specificity of these primers was assessed
using 16 other fungal species, plus 97 strains of U. virens from different
rice-growing regions. To increase the sensitivity of PCR detection,
nested PCR was chosen for its higher sensitivity (Zhou et al. 2003).
The limit of detection for all six sets of nested PCR primers developed
in this study was below 10 fg/pl or even 1 fg/p.l, compared with only
20 to 50 fg/p.l for published primer sets based on the ITS region. In gen-
eral, any one of six primer sets obtained in this study should be suffi-
cient for specific detection of U. virens but testing with multiple primer
sets can provide confirmational results. Use of multiple primer sets for
detection may also help to address the issue of potential contamination,
especially where nested PCR may generate artifacts by greatly ampli-
fying possible highly similar contaminating DNA sequences.

This study illustrates that the use of comparative genomics for identi-
fying and selecting target genes is highly efficient. From 20 randomly
selected genes out of the unique pool of 96 genes, 6 (>30%) were found
to provide sensitive and specific detection of U. virens. This same ap-
proach can be used to generate higher-level taxon-specific primers as
well, such as at the genus or family level, if data for the appropriate
selection of representative taxa is available. Compared with previous re-
ports on the use of comparative genomics methods for selecting detec-
tion targets (Malapi-Wight et al. 2016; Yu et al. 2010), our use of the
GenBank NR database in the second screening round of the pipeline pro-
vided additional validation that the candidate gene regions were specific
to U. virens. Because of the huge and ever-growing amount of data in the
GenBank NR database, we chose two rounds of mining, accessing the
large database only in the reduced second round. Most of the 8,231 pre-
dicted genes could be eliminated through screening against a local
StandAlone 46-genome database of related and coexisting fungal
species using Standalone BLASTP, which saved time and reduced
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Fig. 4. Detection of Ustilaginoidea virens from roots, stems, leaves, and spikelets of rice
plants at booting stage in campus experimental fields of Huazhong Agricultural University
(Wuhan, China). Amplification results of primer sets A, Uv544F-O/Uv544R-O and
Uv544F-1/Uv544R-I; B, Uv858F-O/Uv858R-O and Uv858F-I/UvB58R-I; C, Uv924F-Of
Uv924R-0 and Uv924F-/Uv924R-I; D, Uv1384F-O/Uv1384R-O and Uv1384F-I/
Uv1384R-I; E, Uv1581F-O/Uv1581R-O and Uv1581F-l/Uv1581R-I; and F, Uv5140F-O/
Uv5140R-O and Uv5140F-l/Uv5140R-l. Lane M: 100-bp DNA ladder; lanes 1 to 5:
different rice plants collected randomly from the rice fields numbered 1 to 5.
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computational requirements compared with screening all 8,231 genes
against the GenBank NR database,

In this study, we found 96 unique genes of U. virens through ge-
nome comparisons, and randomly chose 20 as targets. Only one of
these target genes, G192, a hypothetical protein, could not be ampli-
fied from most of the 97 test isolates of U. virens. This predicted gene
or the particular allele may be specific to our sequenced genome and
close relatives because it was detected only in the isolates from Hubei
Province and Shanxi Province (data not shown). Isolate HWD-2 of
U. virens, which we used for genome sequencing, was obtained from
Hubei Province (Table 1). There may be some relationships between
genotypes and geographical locations, because Jia et al. (2015)
showed that geographic distance and genetic distance of U. virens
were highly correlated (Jia et al. 2015). Therefore, multiple introduc-
tions or migration of U. virens genotypes with particular unique
genes could be further explored by comparative genomics once their
genomes are available.

Considering the gap in our understanding of the RFS cycle and the
mechanisms of U. virens infection, methods for accurate detection of
U. virens in the field can be very useful to better explore these
processes, which ultimately may lead to improved disease forecast-
ing and disease control. The fungus is able to invade rice spikelets
and infect rice florets before the heading stage or at the booting stage
(Ashizawa and Kataoka 2005; Zhou et al. 2003). However, how the
pathogen penetrates through the sheaths to rice florets is still un-
known. In this study, the pathogen in the booting stage was detected
using our primers, and there was some correlation between the level
of field inoculum and disease severity of disease (data not shown).

In conclusion, we have mined specific markers for detection and
identification of U. virens within the plant host using a comparative
genomics method. The six sets of nested PCR primers had high sen-
sitivity and specificity that could be used to detect U. virens in differ-
ent rice tissues or even in the field, which might help to further
elucidate the mechanisms of U. virens infection and the rice false
smut disease cycle.
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