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Abstract

Ustilaginoidea virens, the causal agent of rice false smut, is an economically important filamentous fungal pathogen.
A high-quality reference genome of U. virens promotes understanding of molecular mechanisms underlying its
virulence and pathogenicity. Here, we report the first chromosome-level assembly of U. virens genome consisting of
seven chromosomes ranging from 2.4 to 7.5 Mb. The assembly has dramatic improvements over previous
assemblies, including considerably longer contigs, higher proportion of repetitive elements and more functionally
annotated genes. Phylogenetic analyses revealed an extremely low intraspecific sequence divergence in U. virens. By
contrast, intraspecific genome comparisons uncovered dynamic genomic alterations including massive structural
variations and widespread lineage-specific regions (LSRs) among U. virens strains, which were mainly generated by
recent burst of retrotransposons. Genomic plasticity created by structural variations and LSRs might drive rapid
evolution of U. virens. High-quality mitochondrial genomes of eight U. virens strains exhibit size variations from 94
to 102 kb. Consistently, U. virens contains conserved lengths of exons and highly dynamic mobile introns, which
contribute to intraspecific size variations due to gain/loss of homing endonuclease genes. This study highlights
unique characteristics in nuclear and mitochondrial genomic divergence and provides new insights into genomic

and mitochondrial evolution of U. virens.
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Background

Rice false smut (RFS), caused by the Sordariomycete Usti-
laginoidea virens, is one of the most devastating rice grain
diseases (Tanaka et al. 2008; Sun et al. 2020). It was first
reported in India in the 1870s, and was once considered
as a minor disease (Cooke 1878). However, the disease has
expanded to the majority of rice-production regions
worldwide in the past few decades and has led to huge
economic losses (Guo et al. 2012). Increased incidence
might be associated with overuse of chemical fertilizers
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and large-scale cultivation of high-yield disease-
susceptible rice varieties (Guo et al. 2012). U. virens infects
rice floral organs and then produces false smut balls in
spikelets (Ikegami 1963; Fan et al. 2016). The pathogen
generates a large amount of mycotoxins including ustilox-
ins and ustilaginoidins in RFS balls. Ustiloxins inhibit
microtubule assembly and cytoskeleton formation in plant
and animal cells (Koiso et al. 1994; Li et al. 1995), and
hence pose health threats to humans and livestock. There-
fore, the disease not only causes significant yield losses,
but also severely reduces grain quality.

The first published genome of U. virens has been as-
sembled using second generation Illumina short-read
data (Zhang et al. 2014). The genome assembly has a
size of 3940 Mb with a high percentage of repeat

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s42483-021-00086-x&domain=pdf
http://orcid.org/0000-0001-6352-2461
http://creativecommons.org/licenses/by/4.0/
mailto:wxs@cau.edu.cn
mailto:zhangkang01@caas.cn

Zhang et al. Phytopathology Research (2021) 3:9

sequences (~25%). Comparative genomics revealed that
U. virens is evolutionarily close to Metarhizium spp.,
which are generally insect pathogens. Intraspecific gen-
omic comparisons revealed that single nucleotide poly-
morphisms (SNPs) are extremely low (<0.1%) among
the five strains collected from different regions in China.
The draft genomes facilitate a better understanding of
the molecular mechanisms of U. virens pathogenicity.
For example, expression profiling during infection and
sexual development of U virens gave clues to genes con-
tributing to pathogenicity and sexual conidiation, re-
spectively (Han et al. 2015; Yu et al. 2016a). Single
sequence repeat (SSR) markers have been developed and
multiple pathogenicity genes have been identified with
the assistance of genome information (Yu et al. 2016b;
Qiu et al. 2019). A genome-wide protein interaction net-
work has been constructed to boost functional genomic
analyses in U. virens (Zhang et al. 2017). These studies
have significantly advanced understanding of U. virens
pathogenicity.

However, the first and recently-released U. virens gen-
ome assemblies are highly fragmented because of short
sequencing reads or low-coverage PacBio data (Zhang
et al. 2014; Kumagai et al. 2016). In particular, repeat se-
quences are difficult to be fully recovered in such assem-
blies, because identical repeat sequences might be
collapsed during assembly (Alkan et al. 2011). These
drawbacks exclude in-depth comparative genomic ana-
lysis for such assemblies at a genome level. In some im-
portant fungal pathogens including Verticillium dahliae
(Faino et al. 2015), Magnaporthe oryzae (Bao et al
2017), Botrytis cinerea (van Kan et al. 2017) and Alter-
naria solani (Wolters et al. 2018), high-quality genomes
have been assembled using long sequencing reads ob-
tained by third-generation sequencing technologies such
as PacBio and Nanopore. Complete or near complete
genome assemblies with accurate transposable element
(TE) annotations greatly expedite comparative genomics
in these fungi. Multiple studies on fungal genomes re-
vealed that large-scale genomic polymorphisms such as
structural variations and dispensable chromosomes are
frequently involved in pathogenicity of fungal pathogens,
and TEs play important roles in generating such gen-
omic variations (Plissonneau et al. 2016; Moller and Stu-
kenbrock 2017; Bertazzoni et al. 2018; Tsushima et al.
2019). Many filamentous pathogens have a two-speed
genome architecture, highly conserved versus variable
compartments (Raffaele and Kamoun 2012; Dong et al.
2015). The variable genomic compartments, usually TE-
enriched, are considered as hotspots for structural varia-
tions, which greatly affect birth and death of effector
genes and even shape the evolution of fungal genomes
(Dong et al. 2015; Sanchez-Vallet et al. 2018). In V. dah-
liae, extensive chromosomal reshuffling and lineage-
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specific regions (LSRs) are speculated to be created by
TEs, which might drive genome evolution through intro-
ducing erroneous repair of double-strand breaks (de
Jonge et al. 2013; Faino et al. 2016). In M. oryzae, Bao
et al. (2017) revealed that virulence-associated secreted
protein-encoding genes are enriched in LSRs, indicating
a correlation between the variable regions and pathogen-
icity. In addition, the contributions of repeat-rich dis-
pensable chromosomes to fungal pathogenicity have
been well demonstrated in Mycosphaerella graminicola
(Goodwin et al. 2011) and Fusarium oxysporum (Ma
et al. 2010). Therefore, a chromosome-level genome as-
sembly of U virens is essential for illustrating structural
variations and biological significance of TE in the gen-
ome evolution of this pathogen.

In this study, high-quality genomes were generated for
the U. virens reference strain UV8b and a laboratory
strain UVP1. Gene and TE annotations were updated
based on the newly assembled UV8b genome. Compara-
tive genomics among UV8b, UVP1 and eight other
genome-sequenced strains illustrate the existence of
massive structural variations and LSRs in U. virens,
which are probably created by recently-inserted TEs.
Furthermore, we assembled the mitochondrial genomes
of eight UL virens strains, and uncovered extensive intra-
specific sequence divergence in mitochondrial genomes
of U. virens.

Results
A near-complete genome of U. virens
To obtain high-quality assembly of U. virens genome,
single-molecule real-time (SMRT) sequencing data
(~ 2.59 Gb) with a subread N50 length of 10.37 kb were
generated for the strain UV8b. Using a hierarchical
genome-assembly process (HGAP) (Chin et al. 2013), we
constructed a draft assembly vyielding a total size of
37.42 Mb, including 22 contigs with a contig N50 length
of ~3.75 Mb. The longest 12 contigs covered more than
99% of the assembled genome, suggesting that the con-
tigs could be further assembled into the chromosomes.
The telomere of fungal chromosomes is characterized
by TTAGGG repetitive sequences (Qi et al. 2013). By
scanning sequences in the assembly, 13 TTAGGG re-
petitive sequences were found and all at the ends of con-
tigs. Three contigs having the telomeric repetitive
sequences at both ends most likely represented entire
chromosomes. To ascertain the telomeres in the assem-
bled contigs, the Canu-based assembly was further con-
structed. Based on Canu- and HGAP-based assemblies,
14 telomeric sequences were recovered at the ends of 12
contigs (Fig. la). According to the overlaps between
HGAP and Canu contigs, these 12 contigs were assem-
bled into seven putative continuous chromosomes. Fur-
thermore, the assembly was validated by multiple BAC
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Fig. 1 Diagrams of genome assembly and the chromosome sizes of U. virens. a Seven chromosomes were assembled from HGAP- and Canu-
based contigs and BAC sequences in U. virens. The gaps between HGAP-based contigs (black) were connected by the Canu-based contigs
(orange) and the BAC sequences (blue). The lengths of blue and orange lines were not proportional to the exact lengths of these sequences. The
telomeric sequences found in HGAP- and Canu-based contigs are indicated by black and orange arrowheads, respectively. b Comparison of the
chromosome sizes of the U. virens strains UV8b and UVP1. The sizes of chromosomes 2 and 6 in UVP1 were larger than the ones in UV8b. Repeat

end sequences (BESs) (Wang et al. 2013). As shown in
Fig. 1a, four out of five gaps in the chromosomes were
bridged by more than ten BESs, further supporting the
reliability of the assembly. Therefore, seven chromo-
somes with the TTAGGG repetitive sequences at both
ends were constructed and numbered according to the
sequence length. The total size of the assembled UV8b
genome was 37.06 Mb, and the chromosomes ranged
from 2.41 Mb to 7.47 Mb in length (Fig. 1b and Add-
itional file 1: Table S1). The GC contents of these chro-
mosomes varied from 47.81 to 52.54% (Additional file 1:
Table S1). The chromosomes 3, 5 and 6 had low GC
contents less than 50%, indicating that these chromo-
somes contain more repetitive sequences than the others
(Additional file 1: Table S1). Quality assessment by
BUSCO (Simao et al. 2015) showed that 98.62% of the
BUSCO genes were predicted to exist in U. virens gen-
ome, indicating a high-quality genome assembly.

For intraspecific genome comparisons, another U
virens strain UVP1 was sequenced following the same
procedure, and the genome was de novo assembled to
chromosome-level with the total size of 38.70 Mb. The
lengths of seven chromosomes in UVP1 were similar to
the counterparts in UV8b (Fig. 1b), except for the chro-
mosomes 2 and 6 which were significantly longer than
those of UV8b (Additional file 1: Table S1).

The high-quality genome assembly improves gene
annotations

Based on the updated genome assembly, predicted TEs
accounted for 32.63% of genomic sequences, which is
much more than those in previous annotations (Zhang
et al. 2014). The majority of TEs were categorized as
long terminal repeat (LTR) retrotransposons. In

particular, TEs were enriched in the chromosomes 3, 5
and 6 (Additional file 1: Table S1), accounting for the
low GC content in these chromosomes. A total of 282
repetitive DNA families were identified with a combined
annotation method. Copia represented the most com-
mon family, followed by Gypsy (Table 1).

A total of 8297 protein-coding genes were predicted in
the updated genome. Although the predicted genes were
slightly reduced compared with the previous version,
more functional genes including those encoding the PHI-
base, CAZyme and secreted proteins were annotated
(Table 1). In the new assembly, more protein domains
were identified with Pfam and the percentage of single-

Table 1 Basic characteristics of genome assembly of
Ustilaginoidea virens

Type This version Former version
Genome size 37.06 3940
Contig N50 3,751,346 29,282
TE percentage 32.63% 25.25%

-Percentage of Copia LTR Family 19.43% -

-Percentage of Gypsy LTR Family ~ 8.18% -
Gene number 8297 8426

# Proteins with domains 5697 5463

# Proteins with GO annotation 5832 5370

# PHI-base proteins 2159 2158%

# CAZy proteins 230 213

# Secreted proteins 662 628

# Conventional effectors 256 193

# Non-conventional effectors 165 -

"-" indicates that the data is unavailable
?PHI-base proteins were re-predicted using the PHI database v4
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exon genes was reduced from 31.09 to 20.69%, indicating
an improved genome assembly and gene prediction.

To identify more putative effectors in U. virens, the
program EffectorP was used for the effector prediction
based on a machine learning strategy (Sperschneider
et al. 2016). A total of 256 genes were identified to en-
code putative effector proteins (Additional file 1: Table
S2). It is notable that these predicted effector genes were
located closer to adjacent TEs than other genes (Add-
itional file 1: Table S3), suggesting that the higher gen-
etic diversity of the effector genes might be partially
generated from transposition events of neighboring TEs.
In addition to conventional effector proteins carrying
signal peptides, some effector proteins in fungi secreted
by non-conventional pathways do not have evident sig-
nal peptides (Nombela et al. 2006). Using ApoplastP
(Sperschneider et al. 2018), we uncovered 165 putative
non-conventional effectors, which are short and Cys-rich
peptides and are possibly located in apoplastic spaces of
host cells (Additional file 1: Table S2). Notably, these
non-conventional effector candidates share significantly
lower similarities with their homologs in closely-related
fungi including Metarhizium anisopliae and Fusarium
graminearum than other non-effector proteins, which is
a typical characteristic of effector proteins (Additional
file 1: Table S4).
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The phylogenetic tree indicates a recent expansion of U.
virens

To better illustrate the evolutionary characteristics of LI
virens genome, a phylogenetic tree was constructed based
on the sequences of single-copy homologous proteins in
ten U. virens isolates from Japan, India and China, and
also in multiple strains from six fungal species closely re-
lated with U. virens (Fig. 2a). The tree showed that phylo-
genetic distances among different U. virens strains were
significantly shorter than those among distinct strains in
other fungal species, indicating that the intraspecific pro-
tein sequence divergence in U. virens is much smaller than
that in other investigated fungi (Fig. 2a). Since these UL
virens strains have different geographic origins (Additional
file 1: Table S5), the finding also suggests that U. virens
might have recently spread over different regions world-
wide. This hypothesis is consistent with the fact that rice
false smut has emerged as one of the major rice diseases
in recent decades, while it was previously considered a
minor disease for centuries.

An intraspecific phylogenetic tree based on shared
gene sequences of different U. virens strains demon-
strated that these strains were clustered into two clades
(Fig. 2b). The strains UV86, FJla and LN201011 were
aggregated in one clade, while the remaining strains in-
cluding UV8b and UVP1 were in the other. Intriguingly,
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Fig. 2 The phylogenetic relationship among various strains in U. virens and six related fungal species. a The phylogenetic distances among
various U. virens strains (shadowed) are significantly shorter than those among the strains in other fungi as revealed by the phylogenetic tree. The
single-copy homologous protein sequences of different strains in the indicated fungal species were aligned using ClustalW, and the tree was
constructed using the Neighbor-Joining method in MEGA X with 1000 bootstraps. b The intraspecific phylogenetic tree for multiple U. virens
strains based on the shared gene sequences in these strains. The full-length gene sequences in genome assemblies of all these strains were
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the strains collected from neighboring regions were not
generally clustered together (Fig. 2b and Additional file
1: Table S5). For example, UV8b collected in Hubei
Province of central China was more closely related to an
Indian strain, GVT, than other strains such as UV86
(collected in Sichuan Province, southwest China). Simi-
larly, IPU010 and LN10161 clustered together despite
being collected in Japan and Liaoning Province of China,
respectively. Besides, LN10161 and LN201011 were both
collected in Liaoning Province, while they belonged to
different clades according to this phylogenetic tree.
These results did not reveal a significant relationship be-
tween the phylogenetic distances and geographical ori-
gins of these U. virens strains.

Although SNPs among different U. virens strains were
extraordinarily low, the intronic sequences had a higher
SNP ratio relative to conserved coding sequences (CDSs)
(Additional file 2: Figure S1). The CDSs also exhibited
much lower sequence polymorphisms compared with
the intergenic sequences in U. virens. This phenomenon
was consistently observed in different U. virens strains
(Additional file 2: Figure S1). The difference in mutation
frequency between coding and non-coding sequences
might be a consequence of natural selection pressure.
Notably, the effector genes had significantly more SNPs
in CDSs than other genes, indicating that the effector
genes might have evolved more rapidly under selection
pressure from host plants than other genes (Additional
file 1: Table S6).

Comparison of two high-quality genomes reveals recently
inserted LTR-retrotransposons

To identify intraspecific structural variations (SVs) in U
virens, the genomes of UV8b and UVP1 were compared
(Fig. 3a). Even though the two genomes showed high
conservation of synteny, 119 SVs including intra/inter-
chromosome translocations and inversions were found
to have varying sizes from 204 bp to 37.90 kb (Additional
file 1: Table S7). Multiple inversion events occurred in
the compartment near the telomere of chromosome 2,
which was enriched with repeat elements and contained
very few syntenic regions (Fig. 3b). Similarly, transloca-
tion events occurred between chromosome 7 of UV8b
and chromosome 6 of UVP1 (Additional file 2: Figure
S2). Despite the ultra-low genetic diversity in coding se-
quences between UV8b and UVP1, large-scale transloca-
tion and inversion events indicate that U. virens
undergoes dynamic genomic alterations. We further
found that almost all SV-involving sequences contained
TEs (Additional file 1: Table S7). More interestingly, 87
out of 119 SVs overlapped exactly with one TE unit or
coincided with one boundary of TEs (Additional file 1:
Table S7), suggesting that genomic alterations are
mainly caused by TE insertion.
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Furthermore, a total of 4.13 Mb and 5.83 Mb of gen-
ome sequences were identified as LSRs in UV8b and
UVP1 relative to each other, respectively. The majority
of LSRs (98.34% in UV8b and 97.81% in UVP1) were re-
petitive elements, that is, 34.13 and 42.56% of repetitive
elements in U. virens genome were categorized as
UV8b- and UVP1-specific compared with each other, re-
spectively. Furthermore, LSRs were enriched with intact
LTR-retrotransposons. Approximately 39.76 and 48.24%
of intact LTR-retrotransposons were located in LSRs of
UV8b and UVPI, respectively. This enrichment was fur-
ther verified by the fact that the percentage of intact
LTR-retrotransposons in LSRs was much greater than
that in the randomly selected non-conserved regions
with the same sizes of LSRs (Fig. 3c). These results sug-
gest that LSRs are predominantly generated by active TE
translocation and duplication in U. virens.

A typical LTR-retrotransposon contains LTR elements
at both flanking regions, which share identical sequences
when this LTR-retrotransposon has just inserted into a
new location. Therefore, the insertion time of LTR-
retrotransposons could be estimated using the mutation
rates between the flanking LTR sequences. We found
that the curve for nucleotide diversity between the flank-
ing LTRs peaked at zero, suggesting that most LTR-
retrotransposons have recently inserted into U. virens
genome (Fig. 3d). Intriguingly, recently inserted LTR-
retrotransposons were enriched in the SVs and LSRs,
since the percentages of LTR-retrotransposons with
identical LTRs in the SVs and LSRs of UV8b and UVP1
were much higher than those in other genomic regions
(Fig. 3d, see Additional file 2: Figure S3 for UVP1).
These results indicate that genomic structural variations
in U. virens genome are mainly driven by the recent
propagation of TE, especially the LTR-retrotransposons.

Massive intraspecies divergence is universal among U.
virens strains

To investigate whether massive divergence between
UV8b and UVP1 is a universal phenomenon in U. virens
or is just a specific case, the LSRs of UV8b relative to
FJla, HB31la, LN10161, LN201011, UV86 and HWD
were identified and ranged from 4.09 Mb to 6.80 Mb
based on the [llumina sequencing reads (Fig. 4 and Add-
itional file 1: Table S8) (Zhang et al. 2014). Consistently,
the percentages of TEs in these LSRs varied from 86.88
to 98.34%, indicating that LSR formation is largely
dependent on TEs. For IPU010 and GVT without pub-
licly available sequencing reads, we simulated the Illu-
mina reads with 100x coverage according to their
released genome assembly. The LSRs in UV8b relative to
IPUO10 and GVT were predicted to be 7.62 Mb and
6.90 Mb, and the repeat sequences accounted for 92.33
and 96.13% of these LSRs, respectively (Fig. 4 and
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Additional file 1: Table S8). Furthermore, no significant
correlation between LSR sizes and phylogenetic dis-
tances was established (Fig. 2c), implying that these LSRs
emerge after strain differentiation rather than originating
from their common ancestor.

UV8b-specific LSRs among all investigated strains
were subsequently identified. The resultant LSRs was ap-
proximately 1.25 Mb in total, 98.31% of which was occu-
pied by TE (Fig. 4 and Additional file 2: Figure S4). The

majority of the UV8b-specific LSRs were aggregated as
two biggest clusters lying in the ends of chromosome 2
and 6, where TEs were highly enriched. Although almost
all LSRs were found to be located in TE-enriched com-
partments, the long TE-enriched central region of
chromosome 3 was highly conserved among these inves-
tigated strains except for GVT (Fig. 4). These findings
indicate that the TE-enriched regions are not always
hotspots for LSR.
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The large U. virens mitochondrial genome is caused by DNA. The mitochondrial genome was predicted to en-
the invasion of homing endonuclease genes code two ribosomal RNAs (rus and rnl) and 14 putative
Based on PacBio sequencing data, the complete mito- proteins involving in ATP production and oxidative
chondrial genome of U. virens UV8b containing 98,050  phosphorylation. Besides, a ribosome-related gene rps3
bp was successfully assembled with the GC content of was predicted to lie in the intron region of rn/ (Fig. 5a).
27.39%, which is much less than that of chromosomal The U. virens mitochondrial gene repertoire is consistent
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with that of most ascomycete fungi, indicating that these
genes are essential in maintaining biological functions of
mitochondrion.

Furthermore, comparisons of mitochondrial genomes
among different fungal species showed that the mito-
chondrial genome of U. virens was larger than that of
most fungi (Fig. 5b and Additional file 1: Table S9). Al-
though the total lengths of exons (17-21kb) did not
vary significantly among these fungal species, size varia-
tions were largely attributable to different lengths of in-
tronic (1-63 kb) and intergenic sequences (3—45 kb). In
U. virens mitochondrial DNA, the total length of in-
tronic and intergenic regions is ~ 54 kb and ~ 24 kb, re-
spectively. To validate phylogenetic relationships among
these investigated fungi, a phylogenetic tree was con-
structed based on mitochondrial protein sequences. The
phylogenetic relationships revealed by the tree were gen-
erally consistent with the ones based on the chromo-
somal genes (Additional file 2: Figure S5). In addition,
gene arrangement and orientation in mitochondrial ge-
nomes of the analyzed Hypocreales species were highly
conserved (Fig. 5b). Intriguingly, M. anisopliae, an evolu-
tionarily closely-related species of U. virens, contained
no intron in the mitochondrial genes, implying that size
variations might be caused by recent intron insertions or
deletions.

Given the intron-rich nature of U. virens mitochon-
drial genes, the gene structures were further investigated.
Most mitochondrial genes except atp9, nad4L and atp8
contained 1-10 introns with an average length of 1, 523
bp. A total of 37 putative open reading frames (ORFs)
were predicted in the intronic regions. Interestingly, the
majority (35/37) of these ORFs might be putative hom-
ing endonuclease genes (HEGs) including 27 LAGLID
ADG type HEGs and eight GIY-YIG type HEGs (Add-
itional file 1: Table S10). Among them, 11 were consid-
ered as pseudogenes due to lack of start/stop codons or
premature terminations. This phenomenon suggests that
accumulation of mutations in these HEGs leads to
pseudogene degeneration after they occupied most mito-
chondrial intron regions in a specific U virens
population.

HEGs are known as highly invasive elements resem-
bling TE (Roberts et al. 2003; Burt and Koufopanou
2004). During the investigation of the origination of
HEGs in U. virens, we found that the majority of HEGs
(21/35) in U. virens mitochondrial genome shared the
highest protein sequence identities with the ones from
the species in the same order (Hypocreales), while ten
other HEGs shared the highest identities with those
from other orders in the class Sordariomycetes (Add-
itional file 1: Table S10). The remaining four HEGs were
most closely related to ones in other classes in Ascomy-
cota (Additional file 1: Table S10). For example, two
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HEGs locating in the first and fifth introns of coxl
shared the highest similarities with HEGs in Sclerotinia
sclerotiorum in class Leotiomycetes. These results reveal
various evolutionary origins of HEGs in mitochondrial
genome of U virens.

Highly variable mitochondrial genomes among U. virens
strains

To explore intraspecific sequence divergence in U. virens
mitochondrial DNA, mitochondrial genomes were as-
sembled for seven other strains of this species. These ge-
nomes ranged from ~94kb to ~102kb, showing high
levels of length polymorphism (Fig. 6a and Additional
file 1: Table S11). As compared with UV8D, these strains
carried at least one large fragment gain/loss at intronic
regions in mitochondrial genomes. The gain/loss se-
quence polymorphisms, mostly in rnl, cox1 and cox3, re-
sulted in substantial diversity in composition patterns of
mitochondrial DNA. In total, these strains contained
eight additional mitochondrial DNA fragments as com-
pared with UV8b, and all of those fragments were anno-
tated as putative HEGs. The large DNA fragments in
UV8b mitochondrion that were missing from other
strains also contained HEG-like ORFs. These results in-
dicate that the size diversity in U. virens mitochondrial
genomes is largely caused by the invasion or loss of
HEGs.

Among these strains, LN10161 and UV86 shared an
identical HEG distribution pattern in mitochondrial ge-
nomes, whereas the patterns in other strains were dis-
tinct due to different combinations of sequence gain/loss
(Fig. 6a). Some strains shared several identical variations
at specific sites. For instance, the second intron in rul
gene was missing in LN10161, UV86, LN201011, HB31a
and FJla, and the partial deletion in the first intron of
cox1 occurred in LN10161, UV86 and LN201011. There-
fore, we investigated whether the gain/loss patterns of
HEGs in these strains correlate with the intraspecies
phylogeny. Considering that mitochondrial exons were
extremely conserved with only a few SNPs between
strains, it was unlikely to distinguish these U. virens
strains using the exonic sequences. Therefore, an intra-
specific phylogenetic tree was constructed based on
shared mitochondrial intronic sequences in these U.
virens strains. As illustrated in Fig. 6b, eight strains were
divided into two clades. Intriguingly, the strains in the
same clade did not show a significant higher similarity
in HEG distribution patterns than those in different
clades. Eight HEG-associated polymorphisms were
found in clade II strains (HB3la, FJla and UVP1),
whereas only one polymorphism was shared by the three
strains. Besides, UVP1 exhibited a highly similar HEG
distribution pattern with HWD in the other clade. The
two strains contained two exclusive HEG insertion



Zhang et al. Phytopathology Research (2021) 3:9 Page 9 of 15
-
a
97 kb
0 kb 10 kb 20 kb 30 kb 40 kb 50 kb 60 kb 70 kb 80 kb 90 kb
: 1 1 1 1 1 1 1 1 1 1 1 .
uvsb -l | i -—— ---—.-———H—+—+—+++—t+—i—-—aH | || I
ml rps3 nad2 nad3atp9 cox2 nad5 cob cox1 nad1 nad4 atp8 ms cox3 nad6é

LN10161 [ > &8 > > > > > > > > > > > > > > > >

Uve6s mm-

HWD @
- -
LN201011 _,@ @

- -

HB31a

Fdla S B S S S S S I 3

UVP1 @

b

-

Uveb
97 — LN10161
uves

HWD
L— LN201011
HB31a
FJ1a

Fig. 6 The intraspecific structural polymorphisms and phylogenetic relationships among mitochondrial genomes of U. virens. a Highly variable U.

100

UVP1
0.0001

virens mitochondrial genomes are represented by large fragment gain/loss polymorphisms. The top line illustrates mitochondrial gene annotations in
the reference strain UV8b. The genes are indicated by red, rRNAs by blue and tRNAs by green. The mitochondrial sequences of other strains were
aligned to the reference one, and the deletions and insertions are indicated by the horizontal dashed lines and the bubbles, respectively. The insertion
sites are indicated by red triangles below bubbles. b The phylogeny of eight U. virens strains based on mitochondrial intronic sequences. The shared

intronic sequences were used to construct the phylogenetic tree, since exonic sequences are extremely conserved

events that did not exist in other strains (Fig. 6a). These
results suggest that HEG invasion and deletion might be
independent from mitochondrial evolution in different
U. virens strains.

Subsequently, the intraspecific phylogenetic trees
constructed using chromosomal and mitochondrial
genomes were compared (Figs. 2b and 6b). Although
there were two clades in both trees, the phylogenetic
relationships of these strains indicated by the trees
were significantly different. In the mitochondrial tree,
the strain FJla was clustered with HB31la and UVP1
to form clade II, whereas FJla was clustered with
UV86 and LN201011 according to the chromosomal
tree. The substantial difference indicates that mito-
chondrial evolution, which might be influenced by the
interchange or by the recombination of mitochondrial
DNA, is independent from chromosomal evolution in
U. virens.

Discussion
A high-quality U. virens genome is a prerequisite not
only for better understanding of virulence and

pathogenicity but also for interspecific and intraspecific
comparative genomics. In this study, we report
chromosome-level genome assemblies and reveal nuclear
and mitochondrial genome evolution characteristics in
U. virens.

A high-quality repeat-rich fungal genome assembly using
a non-hybrid method

In previous studies, hybrid assembly strategies to inte-
grate high-depth Illumina short-read data and low-
coverage PacBio long-read data were preferentially used
to balance quality and cost (Faino and Thomma 2014;
Kumar et al. 2017). Hence, we attempted to assemble U/
virens genome with both Illumina and PacBio sequen-
cing data using different hybrid methods including
SPAdes (Bankevich et al. 2012) and DBG2OLC (Ye et al.
2016). Intriguingly, we found that in our case the non-
hybrid assembling method generated a larger contig N50
size and greater completeness than hybrid ones, even
with relatively low-coverage PacBio sequencing data
(Additional file 1: Table S12). In addition, the HGAP-
based assembly for U. virens genome showed a better
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performance in sequence continuity than the Canu-
based one when PacBio sequencing data were increasing
(Additional file 1: Table S12), indicating that HGAP
method might be preferable to Canu when more than
50x coverage PacBio data are available. This finding is
consistent with the previous study in V. dahliae genome
assembly (Faino et al. 2015). The optimized method gen-
erated a chromosome-level genome assembly even
though U. virens genome contains a much higher per-
centage of repetitive sequences compared with other
ascomycete pathogens, such as M. oryzae (Bao et al.
2017) and F. graminearum (Cuomo et al. 2007) (Fig. 1).
The high-quality assembly enables improved annotations
of functional genes and repetitive sequences. Particu-
larly, the effector gene repertory was greatly enlarged, al-
though some putative effectors with the length of more
than 400 amino-acid residues such as glycoside
hydrolase-type effectors were excluded from this reper-
tory (Additional file 1: Table S2) (Fiorin et al. 2018; Sun
et al. 2020).

The phylogenetic relationships among U. virens strains
are independent of geographical origins

Previously, we revealed that nucleotide diversity among
U. virens strains is relatively low (Zhang et al. 2014).
Here, we compared raw sequencing data and genome as-
semblies of several additional U. virens strains to further
illustrate intraspecific variations. These strains were col-
lected from different countries including China, Japan,
the United States and India (Additional file 1: Table S5).
The phylogenomic analysis showed that evolutionary
distances among U. virens strains are negligible com-
pared with those among other pathogenic fungal strains
such as M. anisopilae and F. graminearum, indicating a
recent expansion of U. virens (Fig. 2a). Consistently, the
phylogenetic trees constructed with mitochondrial and
nuclear genomic sequences suggest that the evolutionary
distances of U. virens strains are independent of their
geographical origins (Figs. 2b and 6b). This speculation
needs to be further confirmed by large-scale re-
sequencing of U. virens strains from diverse regions.

The interspecific relationships of U. virens to other in-
vestigated fungal species indicated by mitochondrial and
nuclear phylogenetic trees are highly similar (Fig. 2a and
Additional file 2: Figure S5). However, the intraspecific
relationships among U. virens strains revealed by these
trees are significantly different. One possible explanation
is that nuclear and mitochondrial genomes in U. virens
evolve independently. As reviewed previously, mitochon-
drial inheritance patterns vary in different fungi, and
most filamentous ascomycetes inherit mitochondria
from recipient gametes (Basse 2010; Xu and Li 2015).
Large-scale intraspecific structural variations are often
generated  from  chromosome  shuffling  and
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recombination during sexual production (Croll et al.
2013). However, genetic inheritance of mitochondrial
DNA follows maternal inheritance law. Therefore, the
difference in nuclear and mitochondrial inheritance
might be explained by the fact that U. virens is hetero-
thallic (Zhang et al. 2014). A better understanding of the
mitochondrial inheritance pattern in U. virens will facili-
tate evaluating its potential influence on mitochondrial
genomic evolution.

Widespread LSRs in U. virens strains
Despite relatively low incidence of SNPs, SVs and LSRs
are widely present in different U. virens strains (Figs. 3a
and 4). We speculate that massive intraspecific structural
variations are driven by active TEs, especially LTR-
retrotransposons, which have been recently inserted into
U. virens genome (Fig. 3d). This hypothesis is supported
by the following results. First, these SVs are predomin-
antly attributable to transposition of TEs, because they
almost completely overlap with annotated TEs. Those
that cannot be precisely covered by one annotated TE
might be the consequence of nested TEs, in which the
intact TEs have been destroyed by subsequent insertion
of another TE. Second, TEs, particularly intact LTR-
retrotransposons, account for the majority of LSRs be-
tween UV8b and UVP], indicating that TEs contribute
mostly to LSR formation. Third, U. virens strains differ
from each other in terms of sizes and locations of LSRs,
and the LSR variation is independent of their phylogen-
etic distances (Figs. 2 and 4). The findings indicate that
LSRs are formed after differentiation of UL virens strains
rather than being inherited from a common ancestor.
Fourth, LTR-retrotransposons in U. virens undergo a re-
cent burst, especially for those in SVs and LSRs (Fig.
3d). This result coincides with the recent formation of
SVs and LSRs, and provides a convincing explanation
for emergence of genomic variations. Collectively, these
findings suggest that the burst of LTR-retrotransposons
drives genomic evolution and reshapes genome structure
of U virens. The genomic plasticity, referring to capacity
to rapidly evolve, might help pathogens escape host
defense by introducing new pathogenicity genes such as
effector genes. The hypothesis is supported by the fol-
lowing example. The putative effector genes UV8b_
05173 and UV8b_07599 that may contribute to U. virens
virulence and pathogenicity are located in the LSRs of
UV8b relative to UVP1 (Additional file 2: Figure S6).
The results suggest that genomic plasticity created by
LSRs might play an important role in the rice-U. virens
co-evolutionary interactions and special adaption.
Although the delimitation of LSR might be influenced
by several factors including uneven distributions of reads
mapped to genome, incomplete assemblies and absence
of raw sequencing data for GVT and IPU010, our results
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strongly indicate that LSR hotspots exist in U. virens
genome, such as telomere-proximal TE-enriched regions
of chromosomes 2 and 6. Meanwhile, TE-enriched com-
partments are not always LSR hotspots (Fig. 4). These
specific hotspots might be closely related to limited
chromatin accessibility and low meiotic recombination
rates, as reviewed previously (Dimitri and Junakovic
1999; Kent et al. 2017). In the future, Hi-C and/or
ATAC-seq assays, through which the interaction and ac-
cessibility of chromatin could be effectively detected, can
be conducted to better understand how LSRs form and
evolve.

Highly conserved coding sequences versus dynamic
mobile introns in U. virens mitochondrial genome

The large size of U. virens mitochondrial genome is
mainly attributable to ubiquitous HEG-containing in-
trons in mitochondrial genes and rRNAs (Additional file
1: Table S10). The HEG-containing introns have been
reported in other fungal species including Fusarium, As-
pergillus and Penicillium species (Al-Reedy et al. 2012;
Joardar et al. 2012; Brankovics et al. 2017). By contrast,
no intron was found in mitochondrial genes or rRNAs
in M. anisopliae, which is one of the closest species of
U. virens among the genome-sequenced species. The
finding suggests that HEG gain/loss in mitochondrial ge-
nomes occurs after differentiation of these two species.
Besides, we revealed that the distribution patterns of
HEGs are different among U. virens and Fusarium spe-
cies (Al-Reedy et al. 2012; Brankovics et al. 2017). Fur-
ther analysis found that HEG occurrences in different I/
virens strains were independent of the intraspecific
phylogenetic relationships, suggesting that at least some
HEGs invade U. virens mitochondrial genome after
strain diversification. Given the extremely low genetic
diversity in U. virens mitochondrial exon sequences, we
speculate that these HEG-containing mobile introns are
highly active and have inserted into U. virens mitochon-
drial genomes recently. As reviewed previously, accumu-
lation of mutations in HEGs causes them to lose
primary functions and eventually to vanish after invasion
and colonization in mitochondrial genome (Burt and
Koufopanou 2004). Consistently, many HEGs in U
virens lose their functions due to missing start/stop co-
dons and premature terminations. For example, the cob
gene, which is subject to frequent gain and loss of HEGs
in introns in many fungal species (Yin et al. 2012; Guha
et al. 2018), contained no significant structural variations
among U. virens strains. This phenomenon is probably
attributable to the fact that most of the HEGs in cob are
functionally incomplete in U. virens (Additional file 1:
Table S10). These results suggest that various HEGs in
U. virens exist in a dynamic state, representing different
stages in the lifecycle of HEGs. These characteristics of
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HEGs in U. virens make it an excellent model to under-
stand HEG evolution in filamentous fungi.

Conclusions

In short, near-complete genome assemblies of U. virens
facilitate intraspecific genomic comparisons at both nu-
cleotide and structural levels. Nucleotide sequences are
highly conserved in different U virens strains, whereas
massive structural variations generated by TEs provide
substantial evolutionary plasticity. The plasticity might
promote rapid evolution of U virens under intensive se-
lection stresses, and as a consequence, increases the dif-
ficulty of developing strategies for management of this
important rice disease.

Methods

DNA extraction and sequencing

The U. virens strains, UV8b and UVP1, were cultured
on PSA media, and genomic DNA was extracted from
mycelia using a CTAB (cetyltrimethyl ammonium brom-
ide) method (Rogers and Bendich 1994). Four libraries
with 20 kb insertion size were constructed using the iso-
lated DNA and were then sequenced on a PacBio RS II
instrument with P4-C6 chemistry.

Genome assembly

De novo genome assembly was performed using the
HGAP version 3 in SMRT Analysis v2.3.0. The resultant
contigs were polished using Quiver (Chin et al. 2013)
and Pilon (Walker et al. 2014) based on the PacBio sub-
reads and Illumina sequence reads (Zhang et al. 2014),
respectively. Alternatively, the PacBio subreads were as-
sembled using Canu (Koren et al. 2017) followed by a
similar polishing process. BAC sequences from a previ-
ous study (Wang et al. 2013) were aligned to the contigs
with nucmer (Kurtz et al. 2004). The assembly was
manually corrected based on subread mapping, BAC se-
quences and the overlaps of contigs generated from
HGAP and Canu methods. The UVP1 genome was as-
sembled and polished separately following a similar
strategy.

Genome annotation

The genomic sequences of UV8b and UVP1 were com-
bined for repeat annotation. Repeat elements were pre-
dicted by a combination of RepeatModeler (http://www.
repeatmasker.org/RepeatModeler/) and  LTRharvest
(Ellinghaus et al. 2008). Specifically, the intact LTR-
retrotransposons from LTRharvest were BLASTed
(Schéffer et al. 2001) against the assembled genome to
remove those with less than five copies, and the
remaining ones were merged into the repeat library gen-
erated from RepeatModeler. The resultant repeat librar-
ies were merged into non-redundant consensus clusters
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(repeat families) using USEARCH (Edgar 2010). These
families were annotated and classified using RepeatClas-
sifier module of RepeatModeler, and the unidentified
families were annotated by aligning them to RepBase
(Bao et al. 2015).

Gene annotation of UV8b genome was performed by
combining ab inito gene predictions from Augustus
(Stanke et al. 2008) and GeneMark-ES (Ter-Hovhannis-
yan et al. 2008) with homolog mapping from the related
species, and with evidence from transcriptome analyses
as well (Zhang et al. 2014). The gene ID for the updated
gene annotation was assigned as UV8b_00000 with five
digits to distinguish it from the previous version with
four digits. The secreted proteins, conventional effector
proteins, and PHI-base proteins were predicted as de-
scribed previously (Zhang et al. 2014). Specifically, con-
ventional effector proteins were replenished using
EffectorP based on a machine learning method (Spersch-
neider et al. 2016). The non-conventional effectors with-
out putative signal peptides that might be located in the
apoplast were predicted using ApoplastP (Sperschneider
et al. 2018). The resultant proteins with less than 400
amino acids and more than four cysteine residues were
considered as potential non-conventional effectors.

Phylogenetic analysis

The interspecific and intraspecific nuclear phylogenetic
trees were constructed based on single-copy homologous
proteins in selected fungal species and single-copy genes
that were full-length in all genomic assemblies of investi-
gated U. virens strains, respectively. The mitochondrial
protein sequences of selected fungal species were used
for the interspecific mitochondrial tree. Considering that
protein sequences were extremely conserved and that
dynamic HEGs were widely distributed in intronic re-
gions in U. virens mitochondrial genomes, only shared
intronic loci in all investigated strains were used to con-
struct an intraspecific tree. DNA and protein sequences
were subjected to sequence alignments using ClustalW
(Thompson et al. 1994), and were then linked together
end-to-end to form a concatenated sequence for tree
construction, respectively. Finally, phylogenetic trees
were constructed by the Neighbor-Joining method in
MEGA X (Kumar et al. 2018) with 1000 bootstraps.

Comparative genomics

The genomes of UV8b and UVP1 were compared using
nucmer (Kurtz et al. 2004). Translocations and inver-
sions were defined as DNA fragments with the align-
ment length of >200bp and the identity of >95% in
different positions and orientations. The DNA regions
that were not covered by alignments were considered as
potential LSRs. Alternatively, these two genomes were
aligned to each other using Mauve (Darling et al. 2004),
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which adopts an integrated and stricter algorithm to
identify conserved segments. By comparison of results
from nucmer and Mauve, the LSRs between UV8b and
UVP1 were predicted and further manually polished. For
the simulation of LSRs, genomic segments with the same
length compared to LSRs were randomly selected from
non-conserved regions identified through Mauve. The
percentages of intact LTR-retrotransposons located in
the predicted and simulated LSRs were compared to
evaluate enrichment of LTR-retrotransposon in LSRs.
The nucleotide diversity of LTRs was calculated to esti-
mate the insertion time of LTR-retrotransposons. Briefly,
a pair of LTRs were extracted from both flanking regions
of intact LTR-retrotransposons and were then aligned
with each other using Muscle (Edgar 2004), and the
SNPs and InDels revealed by alignments were counted
to evaluate sequence diversity.

To detect potential LSRs in UV8b compared with
other strains, raw Illumina data were aligned to the gen-
ome sequence of UV8b. Raw sequencing reads for HWD
were obtained from the NCBI SRA database (accession
No. SRP051560). For the strains without raw sequencing
data (IPU010 and GVT), we simulated paired-end reads
with 100x coverage and 150bp in length using ART
(Huang et al. 2012) with default parameters. Assemblies
for GVT and IPUO10 were obtained from the NCBI as-
sembly database (accession No. GCA_002939685.2 and
GCA_000965225.2). The LSRs were identified through
the local Perl script (available upon request). Specifically,
the regions with extremely low coverage or no coverage
were extracted, and adjacent regions were merged. The
merged regions were then filtered to remove small frag-
ments (< 100 bp), which could be caused by the uneven
distribution of mapped reads. Only the regions that were
found as LSRs relative to all other nine strains were de-
fined as putative UV8b-specific LSRs.

Assembly, annotation and intraspecific comparison of
mitochondrial genomes

Mitochondrial gene annotations of fungal species were
downloaded from the MiToFun database (http://
mitofun.biol.uoa.gr/). The mitochondrial DNA contigs
were extracted by aligning mitochondrial genes in Fusar-
ium species to assembled contigs of U virens. The mito-
chondrial genes were annotated by Mfannot (http://
megasun.bch.umontreal.ca/RNAweasel/) and via align-
ments with the mitochondrial genes in phylogenetically
related species followed by manual corrections. Mito-
chondrial tRNA genes were predicted through RNAwea-
sel (http://megasun.bch.umontreal.ca/RNAweasel/). The
OREFs in introns of mitochondrial genes were predicted
through Mfannot, and were then subjected to BLAST
and Pfam (Finn et al. 2014) searches for correction of
the boundaries and prediction of functional domains.
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The mitochondrial genomes of FJla, HB3la,
LN201011, LN10161 and UV86 were constructed using
the previously assembled contigs (Zhang et al. 2014).
The raw sequencing data of the strain HWD were as-
sembled using SPAdes (Bankevich et al. 2012). The
mitochondrial DNA contigs were extracted from assem-
blies and were connected according to their alignments
with UV8b mitochondrial genome. The resultant mito-
chondrial genomes were further polished using Pilon.
The mitochondrial genes for these strains were anno-
tated by aligning with the predicted genes in UV8b using
Exonerate (Slater and Birney 2005), followed by manual
correction.
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Additional file 2: Figure S1. SNP frequencies in coding, intronic and
intergenic sequences in different U. virens strains relative to UV8b
genome. The strains are indicated by different colors. Genomic
sequences of these strains were aligned to the reference genome with
nucmer, and SNPs were called with “show-snps’, a tool in Mummer
package. The genes exhibiting full-length gene sequences in the assem-
blies of all these strains were subjected to SNP calculation. For each
strain, lineage-specific regions were excluded from the intergenic regions
to avoid the potential miscalculation. Figure S2. Potential inter-
chromosomal translocation events illustrated by alignments of DNA se-
quences between UV8b and UVP1 genomes. Syntenic alignments are in-
dicated by blue stripes. The inter-chromosomal translocation region is
indicated by red box. Alignment analysis between these two genomes
was conducted with nucmer. The structure variations were identified with
the thresholds of the alignment length of 2200 bp and the identity of
295%. Figure S3. The nucleotide diversities in long terminal repeats
(LTRs) at flanking regions of LTR-retrotransposons in SVs, LSRs and other
regions of UVP1 genome. The LTRs at both flanking regions of LTR-
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retrotransposons were aligned to each other and the nucleotide diver-
sities were calculated. LTR-RTs, LTR-retrotransposons. Figure S4. The dis-
tribution of the lineage-specific regions (LSRs) of UV8b relative to
multiple U. virens strains. The lines from top to bottom indicate the genes
(orange), transposable elements (TEs) (blue), heatmap of SNPs compared
with multiple strains (red), UV8b-specific LSRs that are absent in all other
strains (green), and LSRs compared with the indicated strains (grey). LSRs
relative to a specific strain were identified by aligning the sequencing
reads of this strain to UV8b genome. For IPU010 and GVT without pub-
licly available sequencing reads, the Illumina reads with 100x coverage
were simulated based on their assemblies. The other three chromosomes
(2, 3, 6) were displayed in Fig. 4. UV8b-LSR, UV8b-specific LSRs. Figure
S5. The phylogenetic relationship among U. virens and the related fungal
species based on mitochondrial protein sequences. Homologous mito-
chondrial protein sequences in these indicated fungal species were
aligned using ClustalW, and the tree was constructed using the
Neighbor-Joining method in MEGA X with 1000 bootstraps. Figure S6.
Certain candidate effector genes are located at the lineage-specific re-
gions of UV8b relative to UVP1. Syntenic alignments are indicated by blue
stripes. The effector genes are indicated by red boxes, while other genes
are indicated by grey boxes. Alignment analysis was performed as de-
scribed in Figure S2.
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