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Bipolaris oryzae, the causal agent of rice brown spot, is 
a necrotrophic fungus that produces phytotoxic second-
ary metabolites, yet its genomic basis of pathogenicity 
remains incompletely defined. We sequenced six South 
Korean B. oryzae isolates and analyzed them together 
with publicly available genomes from Bipolaris and 
related Pleosporaceae, covering 37 Bipolaris isolates 
across eight species. Phylogenomics based on single-
copy orthologs confirmed the monophyly of Bipolaris 
and resolved B. oryzae as a distinct lineage. Compara-
tive analyses showed that B. oryzae has a moderately 
reduced secretome and fewer candidate pathogenicity 
gene families relative to B. maydis and B. sorokiniana, 
while retaining a conserved core enriched in carbo-
hydrate and amino acid metabolism. We identified 48 
secondary metabolite biosynthetic gene clusters in B. 

oryzae F1253 and, critically, localized the ophiobolin 
biosynthetic gene cluster to pseudochromosome 2. The 
cluster contains conserved core genes, oblA to oblD, 
which are broadly retained across Bipolaris, and exhib-
its interspecies variation in synteny and copy number 
associated with repeat element insertions. These find-
ings reveal the genomic architecture underlying meta-
bolic specialization and toxin biosynthesis in B. oryzae. 
They also provide actionable targets and markers for 
management, including diagnostics for oblA to oblD, 
screening of rice germplasm for ophiobolin tolerance, 
and RNAi-based suppression of ophiobolin biosynthesis 
under climate-related stress.

Keywords : Bipolaris oryzae, brown spot, Cochliobolus 
miyabeanus, genome, rice

Bipolaris oryzae (teleomorph Cochliobolus miyabeanus) 
is a filamentous ascomycete fungus responsible for brown 
spot disease in rice (Oryza sativa), a significant foliar 
disease affecting global rice production. The pathogen is 
classified as a necrotrophic and infects leaves, sheaths, and 
grains, producing characteristic brown lesions with gray 
or whitish centers that reduce photosynthesis capacity and 
grain development (Sunder et al., 2014). In addition to rice, 
B. oryzae has a broad host range among grasses, includ-
ing wild species and weeds, and is often seed-borne, with 
infection rates reaching up to 76% in heavily infested fields 
(Kaboré et al., 2025; Ouedraogo et al., 2016). Brown spot 
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epidemics have historically resulted in devastating conse-
quences, most notably during the Bengal Famine of 1943, 
and continue to cause chronic yield losses in many rice-
producing regions (Dasgupta, 1984).

Environmental stress conditions, particularly drought and 
nutrient deficiency, are known to exacerbate brown spot 
severity. Drought stress weakens host defense mechanisms 
and enhances susceptibility to B. oryzae, and the disease is 
often used as an indicator of abiotic stress in the field (Das 
et al., 2024). Recent studies suggest that climate change 
is altering the epidemiology of rice diseases, including 
brown spot (Hue et al., 2025). Rising global temperatures 
and increasing drought frequency are creating favorable 
conditions for the resurgence of B. oryzae, especially in 
upland and rainfed rice systems (Sunder et al., 2014). Hue 
et al. (2025) report that brown spot incidence is increasing 
in parts of South Korea due to climate-induced changes 
in precipitation and temperature patterns, emphasizing the 
pathogen's potential threat in the context of global climate 
change.

In contrast to the extensive historical and epidemiologi-
cal knowledge of brown spot, genomic insights into B. ory-
zae have until recently remained limited. Early molecular 
studies documented high genetic diversity within B. ory-
zae populations and the absence of a strict clonal lineage 
structure, suggesting frequent recombination or gene flow 
among strains (Kaboré et al., 2022). However, genomic 
resources have lagged behind, with only three genome 
assemblies available prior to this study (Castell-Miller et 
al., 2016; Condon et al., 2013; Liu et al., 2024). The first 
reference genome of B. oryzae (isolate ATCC 44560) was 
sequenced as part of a broader comparative genomics ini-
tiative that also included multiple related Bipolaris species, 
revealing the absence of host-specific toxin genes and high-
lighting the role of general virulence factors (Condon et 
al., 2013). These include small-secreted proteins, cell wall-
degrading enzymes, and phytotoxic secondary metabolites 
such as ophiobolin, which disrupt host cell membranes and 
suppress plant immune responses (Xiao et al., 1991).

To address these gaps in genomic knowledge, we se-
quenced the genomes of six B. oryzae isolates (F1248, 
F1253, F1305, F1318, F1371, and F1409) collected from 
rice fields in South Korea and integrated them with three 
publicly available B. oryzae genomes (ATCC 44560, Bo-
1, and TG12bL2) and genomes of other Bipolaris species. 
Using a comparative genomics approach, we characterized 
genome architecture, gene family evolution, secondary 
metabolite biosynthetic gene clusters (SMBGCs), and phy-
logenomic relationships. Our study reveals both conserved 
and lineage-specific genomic features, highlights the ge-

nomic diversity within B. oryzae, and provides new insight 
into the evolution of pathogenicity and secondary metabo-
lism in Bipolaris fungi. These findings offer a valuable 
foundation for future research into fungal adaptation, host 
interaction, and disease management in the face of climate 
variability.

Materials and Methods

Sample collection and fungal isolation. Six B. oryzae 
isolates were obtained from symptomatic rice plants in 
South Korea and are publicly available under BioProject 
accession PRJNA1232948 in the National Center for 
Biotechnology Information (NCBI) database (Kim et al., 
2025). To isolate the pathogen, tissue samples (5 × 5 mm) 
were excised from the interface between healthy and dis-
eased regions of brown spot lesions. The samples were 
surface sterilized by immersion in 100% ethanol for 1 min 
followed by 1% sodium hypochlorite (NaOCl) for another 
minute. Subsequently, the tissues were rinsed three times 
in sterile distilled water for 30 s each and blotted dry under 
aseptic conditions. Sterilized samples were plated on 1.5% 
water agar (15 g agar/L) supplemented with streptomycin 
(100 μg/mL) and incubated in the dark at 25°C for 3–4 
days. Actively growing hyphal tips were transferred to 
potato dextrose agar (BD Difco, Sparks, MD, USA) and 
incubated under the same conditions for an additional 4 
days. For pure culture isolation, single spores were isolated 
from sporulating colonies (Jang et al., 2024). For non-
sporulating isolates, single hyphal tips were excised to es-
tablish monohyphal cultures. Pure cultures were preserved 
long-term by mixing conidia or hyphae with 15% glycerol 
in 2 mL sterile cryovials (Cryo.s 2 mL, Greiner Bio-One, 
Kremsmünster, Austria), allowing them to equilibrate at 
room temperature for 3 days before storage at –80°C.

B. oryzae species identification. For molecular identifica-
tion, genomic DNA was extracted from 7-day-old fungal 
cultures grown in 20 mL of potato dextrose (PD) broth (BD 
Difco) at 25°C and 120 rpm. Mycelia were harvested, ly-
ophilized, and ground to a fine powder. DNA was extracted 
using the NucleoSpin Plant II kit (Macherey-Nagel, Düren, 
Germany) following the manufacturer’s instructions. DNA 
concentration and purity were measured using a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies, 
Wilmington, DE, USA), and working stocks were adjusted 
to 12.5 ng/μL and stored at –20°C.

The internal transcribed spacer (ITS) region of rDNA 
was amplified by polymerase chain reaction (PCR) using 
the primer pair ITS1F (5′-TCCGTAGGTGAACCTGC-
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GG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) 
as described by Gardes and Bruns (1993) and White et al. 
(1990). PCR reactions were carried out in 20 μL volumes 
containing 25 ng of genomic DNA, 1 μL each of ITS1F 
and ITS4 primers (10 pmol/μL), 10 μL of 2× PCR Master 
Mix Solution (i-MAXII, iNtRON Biotechnology, Seong-
nam, Korea), and nuclease-free water. The PCR conditions 
were: initial denaturation at 94°C for 5 min; 30 cycles of 
94°C for 30 s, 52°C for 1 min, and 72°C for 1 min; fol-
lowed by a final extension at 72°C for 5 min. Amplified 
products were visualized by electrophoresis on a 0.8% 
agarose gel at 100 V for 30 min and observed under UV 
light. PCR products were sequenced by Macrogen (Dae-
jeon, Korea). Raw sequences were assembled and edited 
using SeqMan (DNAStar Lasergene v7.1, DNASTAR, 
Madison, WI, USA), and species identity was confirmed 
by BLAST searches against the NCBI nucleotide database, 
with ≥99.5% sequence identity used as the identification 
threshold.

Whole genome sequencing. For whole genome sequenc-
ing, each isolate was cultured in 200 mL of PD broth at 
25°C and 120 rpm for 7 days. On days 1 and 3 of culture, 
the mycelial mass was homogenized using a homogenizer 
(IKA Works Asia, Malaysia) to promote uniform growth. 
The fungal biomass was harvested by filtration through a 
single layer of Miracloth (Calbiochem, San Diego, CA, 
USA) and washed with 1 L of sterile distilled water to re-
move excess polysaccharides. Mycelia were dried on sterile 
paper towels and frozen at –20°C for 12 h or at -80°C for 1 
h prior to lyophilization. Lyophilized material was ground 
to a fine powder using a pre-chilled mortar and pestle with 
liquid nitrogen.

Genomic DNA was extracted using the DNeasy Plant 
Mini Kit (Qiagen, Valencia, CA, USA) following the 
manufacturer’s protocol. DNA quantity and concentration 
were assessed using a NanoDrop ND-1000 spectrophotom-
eter (NanoDrop Technologies). Samples were sent to Mac-
rogen for quality control assessment and whole genome 
sequencing. Sequencing was performed using both the 
Illumina NovaSeq platform for short paired-end reads and 
the PacBio Revio platform for long-reads. All data related 
to the genomes have been submitted to public repositories 
(Supplementary Data 1).

Genome assembly and structural annotation. The raw 
Illumina and PacBio reads were preprocessed using default 
option Fastp v0.24.0 and Fastplong v0.2.2, respectively 
(Chen, 2023). The filtered long-read data were assembled 

into contigs using Flye v2.9.5 with a genome size estimate 
of 34 Mb (Kolmogorov et al., 2019). To improve the ac-
curacy of the assembled contigs, error correction was 
performed using default option Pilon v1.24 with the cor-
responding short-read mapping data generated by BWA-
MEM v2.2.1 (Li, 2013; Walker et al., 2014). Subsequently, 
scaffolding of contigs was performed using RagTag v2.1.0, 
with the Nanopore-assembled genome of strain Bo-1 
serving as the reference (Alonge et al., 2022; Liu et al., 
2024). Mitochondrial sequences were removed from the 
assembled genomes by BLAST mapping against the previ-
ously published mitochondrial genome of B. oryzae (Deng 
et al., 2019). Genome assembly quality was assessed using 
BUSCO v5.8.2 with the fungi_odb12 and ascomycota_
odb12 lineage datasets (Manni et al., 2021).

To enable comprehensive comparative genomic analy-
sis, de novo repeat identification was performed on the 
newly assembled B. oryzae genomes as well as other ge-
nomes used in this study, using RepeatModeler v2.0.5 with 
LTRStruct and slow search options and RepeatMasker 
v4.1.8 (Chen, 2004; Flynn et al., 2020). Gene structure an-
notation was subsequently conducted using BRAKER3 
with fungus option, which integrates fungal ab initio gene 
prediction with protein homology evidence (Gabriel et al., 
2024). For protein evidence, a total of 1,471,133 protein 
sequences belonging to the Pleosporaceae family were re-
trieved from the NCBI non-redundant (NR) database and 
used to guide annotation.

Functional annotation and gene family prediction. The 
functions of genes predicted through structural annota-
tion were analyzed based on their protein sequences using 
OmicsBox v3.5.4 with NR, gene ontology (GO) term, and 
InterPro searches (BioBam Bioinformatics, 2019). GO 
term enrichment analysis for lineage-specific genes in Bi-
polaris species was performed using Fisher’s Exact Test 
implemented in OmicsBox, with a significance threshold of 
P-value < 0.05. Carbohydrate-active enzymes (CAZymes) 
were predicted using default option dbCAN v4.1.4 (Zheng 
et al., 2023), while proteases and lipases were identified 
through BLASTp searches against the MEROPS database 
(release 12.4) and the Lipase Engineering Database (LED 
v4.1.0), respectively (Fischer and Pleiss, 2003; Rawlings 
et al., 2010). Putative effectors and secreted proteins were 
predicted using the fungal mode EffectorP v3.0 and the fast 
and eukaryote mode of SignalP v6.0, respectively (Sper-
schneider and Dodds, 2022; Teufel et al., 2022). Finally, 
SMBGCs were identified using relaxed mode of antiS-
MASH v7.1.0 with all options on (Blin et al., 2023).
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Genomic synteny, single nucleotide 
polymorphisms, and phylogenomic 
analyses. Synteny between species and 
strains was analyzed using the nucmer 
tool from the MUMmer v4.0.0rc1 pack-
age, and single nucleotide polymorphisms 
(SNPs) were identified from the aligned 
genomes using dandiff (Marçais et al., 
2018). For phylogenomic analysis, to 
determine the phylogenetic position of 
B. oryzae strains isolated from South 
Korea within the Pleosporaceae family, 
genome assembly sets of representa-
tive species from the genera Bipolaris, 
Pyrenophora, Alternaria, Stemphylium, 
and Exserohilum were downloaded from 
NCBI (Supplementary Table 1, https://
doi.org/10.6084/m9.figshare.28979261). 
Ortholog clustering was performed based 
on predicted protein sequences using 
OrthoFinder v2.5.4 (Emms and Kelly, 
2019). Multiple sequence alignment of 
orthologs was carried out with MAFFT 
v7.490, gene trees were inferred using 
FastTree v2.1.11, and the species tree was 
reconstructed with IQ-TREE v3.0.1 us-
ing automatic model detection and 1,000 
bootstrap replicates under the maximum 
likelihood framework (Katoh and Stand-
ley, 2013; Price et al., 2010; Wong et al., 
2025).

Results

Genomic characteristics of B. oryzae 
strains. The genomes of newly sequenced 
B. oryzae isolates, assembled using long-
read sequencing data, comprised 18 to 38 
scaffolds and ranged in size from 34.26 to 
36.08 Mbp. These sizes are comparable 
to that of the reference strain Bo-1, which 
consists of 18 scaffolds totaling 35.82 
Mbp (Table 1). Among species with high-
quality genome assemblies, the genome 
size of B. oryzae was similar to that of B. 
zeicola (isolate GZL10) (Xia et al., 2022), 
but approximately 1 Mbp smaller than 
those of B. maydis and B. sorokiniana 
strains (Fig. 1A, Supplementary Table 
1). These estimates exclude mitochon- Ta
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Fig. 1. Comparative genome size, gene content, and predicted protein repertoires across Bipolaris species. Boxplots show variation 
in genome size (A), number of protein-coding genes (B), secreted proteins (C), and key functional categories including CAZymes, 
proteases, and lipases (D), and their secreted counterparts (E). (F) Variation in both total and secreted effectors, as well as secondary 
metabolite biosynthesis genes (SMBGs), is also presented across Bipolaris species. Species groups are color-coded, and pairwise 
Wilcoxon rank sum exact test was performed between B. oryzae and the other groups. Only statistically significant differences are 
indicated with asterisks. Asterisks denote significance levels as follows: *P < 0.05, **P < 0.01, ***P < 0.001. Individual dots represent 
the values for each genome within the respective group.



Comparative Genomics of Bipolaris oryzae � 687

drial genome, for which an average size of 129 kbp was 
predicted across all B. oryzae isolates. The GC content of 
the long-read assemblies ranged from 48.82% to 49.97%, 
which is 0.5–1% lower than that of the short-read-based 
assemblies. Notably, long-read assemblies were 3–5 Mbp 
larger than the short-read assembled isolates, a difference 
largely attributable to improved resolution of repetitive 
regions (Table 1). This observation supports the enhanced 
capacity of long-read sequencing to span and assemble 
repetitive elements. Assessment of genome completeness 
using BUSCO further confirmed the high quality of the 
assemblies, with the majority of conserved fungal genes 
recovered in each isolate (Supplementary Fig. 1).

Comparison of gene family content between B. oryzae 
and other Bipolaris species. The number of gene families 
identified in each strain analyzed in this study is summa-
rized in Supplementary Table 2. In addition to differences 
in genome size, B. oryzae also showed a significantly lower 
number of protein-coding genes compared to B. sorokini-
ana and B. maydis (Fig. 1B). Among B. oryzae strains, the 
number of annotated genes ranged from 10,298 (F1371) 
to 10,490 (F1253), whereas most strains of B. victoriae, B. 
bicolor, B. zeicola, B. maydis, and B. sorokiniana had over 
10,500 predicted genes (Table 2). The predicted secretome 
of B. oryzae ranged from 1,144 (Bo-1) to 1,170 (F1409) 
proteins, which was significantly smaller than that of B. so-
rokiniana and B. maydis (Fig. 1C). Regarding nutrient-re-
lated enzymes, including CAZymes, proteases, and lipases, 
B. maydis possessed the highest number of genes among 
Bipolaris species and showed significant differences from 
B. oryzae (Fig. 1D). A similar pattern was observed for se-

creted forms of these enzymes, with B. maydis having the 
largest repertoire. However, B. oryzae was found to have 
more secreted proteases than B. sorokiniana, and more 
secreted lipases than B. zeicola (Fig. 1E). Additionally, B. 
oryzae had fewer predicted effectors, secreted effectors, 
and SMBGCs compared to other Bipolaris species, with 
statistically significant differences primarily observed in 
comparison with B. maydis (Fig. 1F). These results suggest 
that B. oryzae may have undergone a moderate contraction 
in gene families related to pathogenicity and nutrient acqui-
sition, which could reflect species-specific adaptations in 
its ecological or host interaction strategies.

Phylogenomic relationships of species in the family 
Pleosporaceae. A phylogenomic tree was constructed 
based on 1,367 single-copy orthologs shared among 64 
representative species within the Pleosporaceae family. Us-
ing Exserohilum turcica as the outgroup, the tree resolved 
major genera including Bipolaris, Pyrenophora, and Al-
ternaria as distinct monophyletic lineages (Fig. 2A). Due 
to the use of an outgroup, the phylogenetic relationships 
among intraspecific strains, which exhibit relatively low 
genetic variation, are more clearly presented in Supplemen-
tary Fig. 2. Within the Bipolaris clade, B. cookei served 
as the basal outgroup, supporting the monophyly of the 
remaining Bipolaris species. Among them, B. sorokiniana 
and B. maydis formed a closely related pair, while B. zeico-
la, B. victoriae, and B. bicolor grouped together in a single 
clade. This clade was sister to B. oryzae, which formed a 
separate monophyletic lineage with B. gigantea placed as 
its outgroup. In addition, phylogenomic analysis clarified 
the taxonomic identity of the endophytic Bipolaris sp. L1-

Table 2. Number of CAZymes, proteases, lipases, effectors, and core SMBGs in Bipolaris oryzae strains

Strain F1248 F1253 F1305 F1318 F1371 F1409 Bo-1 TG12bL2 ATCC 44560  
(WK-1C)

Protein-coding 
genes

10,364 10,490 10,399 10,459 10,298 10,451 10,441 10,407 10,374

Proteins 11,882 11,980 11,882 11,941 11,773 11,951 11,852 11,901 11,852
CAZymes 1,181 1,167 1,178 1,175 1,161 1,177 1,174 1,190 1,165
Secreted CAZymes 364 369 366 371 364 368 361 371 363
Proteases 351 352 350 346 348 347 352 350 347
Secreted protease 96 93 97 97 95 94 97 95 95
Lipases 85 82 81 86 88 84 88 86 82
Secreted lipases 21 20 20 20 20 21 20 21 20
Effectors 2,363 2,188 2,360 2,167 2,289 2,182 2,376 2,181 2,380
Secreted effectors 257 232 250 231 251 237 250 238 252
SMBGs 217 214 226 229 210 218 240 183 188
CAZyme, carbohydrate-active enzymes; SMBGs, secondary metabolite biosynthesis genes (core + additional gene identified by antiSMASH).
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2, confirming that it is a strain of B. sorokiniana (Long et 
al., 2019). 

Within the B. oryzae lineage, two distinct clades were ob-
served (Fig. 2B). However, no grouping patterns were asso-
ciated with geographic origin, host species, infected tissue, 
or mating type (Supplementary Fig. 3). The Chinese strain 
Bo-1, isolated from rice, clustered with Korean strains that 
infect rice grain, neck, and leaf. The U.S. strain TG12bL2, 
isolated from Zizania palustris, grouped with the Korean 
strain F1409, which infects rice leaves. Additionally, Kore-
an strains F1371 and F1253, both isolated from rice leaves, 

clustered with the Taiwanese strain ATCC 44560. This 
suggests that the phylogenetic relationships among strains 
are not clearly correlated with host or regional origin. This 
clade separation was primarily driven by sequence varia-
tion in 187 out of 1,367 single-copy orthologs. Functional 
enrichment analysis revealed that these divergent orthologs 
were significantly associated with processes such as metal 
ion binding, intracellular iron ion homeostasis, carboxylic 
acid biosynthetic process, DNA helicase activity, mRNA 
transport, and nuclear pore complex assembly (Fig. 2C). 
These results suggest that differentiation between B. ory-

Fig. 2. Phylogenomic relationships and synteny analysis of Bipolaris oryzae and related species in the Pleosporaceae family. (A) 
Maximum-likelihood phylogenomic tree constructed using 1,367 single-copy orthologs from 64 strains across the Pleosporaceae family. 
(B) Subtree of B. oryzae strains showing their phylogenetic relationships, along with associated metadata including geographic origin, 
host, isolation source, and mating type. Bootstrap support values are indicated on each branch. (C) Gene ontology (GO) enrichment 
analysis of genes differentiating the two major clades within B. oryzae, highlighting biological processes associated with clade-specific 
orthogroups. Bubble size reflects the number of genes per GO term and color indicates significance level (P-value). (D) Circos plot 
showing synteny between B. oryzae F1253 and five other Bipolaris species: B. gigantea BG-F, B. bicolor ML9021, B. victoriae FI3, B. 
zeicola LWII, and B. maydis BM1. (E) Circos plot showing synteny between B. oryzae F1253 and four other B. oryzae isolates (F1248, 
F1371, F1409, Bo-1). Strains in panels (D) and (E) are color-coded and correspond to the highlights in (A) and (B).
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zae clades may be linked to variation in genes involved in 
metabolism, genome maintenance, and cellular transport 
mechanisms.

Genomic synteny between Bipolaris species and B. 
oryzae strains. Synteny analysis using B. oryzae strain 
F1253 as a reference revealed that more extensive align-
ments were observed with phylogenetically closer Bipo-
laris species, although the quality of genome assemblies 
may influence alignment extent (Fig. 2D). For example, B. 
gigantea and B. bicolor, both assembled using short-read 
data, showed relatively high levels of genome alignment. 
Approximately 65% of the genome aligned with B. zeicola, 
the most distantly related species within the same clade, 
and with B. sorokiniana, which belongs to a different clade. 
In comparison, B. maydis showed approximately 60% ge-
nome alignment (Table 3). At the SNP level, B. gigantea, 
the sister species of B. oryzae, exhibited the lowest SNP 
count against F1253, with 1,630,671 SNPs. Other Bipolaris 
species showed similarly high SNP numbers ranging from 
1.63 to 1.83 million, regardless of their phylogenetic posi-
tions. These results indicate substantial nucleotide-level 
divergence even among relatively closely related Bipolaris 

species.
In contrast, synteny among B. oryzae isolates showed a 

clearer correlation with phylogenetic clustering. Isolates 
within the same clade as F1253 exhibited high syntenic 
similarity, ranging from 91.0% to 98.8%. Isolates from the 
sister clade showed relatively lower synteny levels, ranging 
from 84.2% to 89.4% (Table 4, Fig. 2E). SNP comparisons 
supported these observations, with the number of SNPs 
decreasing markedly in isolates phylogenetically closer to 
F1253. For example, ATCC 44560, the most closely re-
lated isolate within the same clade, differed by only 12,793 
SNPs. In contrast, F1409, another rice isolate, showed 
69,519 SNPs, which was higher than that observed for TG-
12bL2, a strain isolated from Z. palustris. Isolates from the 
sister clade had between 96,421 and 109,873 SNPs when 
compared to F1253 (Table 4). These findings demonstrate 
strong genomic coherence within clades of B. oryzae, while 
also revealing considerable variation between clades and 
even among strains isolated from the same host plant.

Ortholog diversity and functional signatures of Bi-
polaris and B. oryzae genomes. Ortholog clustering of 
predicted proteins from members of the Pleosporaceae 

Table 3. Number of SNPs between Bipolaris oryzae F1253 and other Bipolaris species

Name Total bases Aligned bases Aligned bases  
(%) Total SNPs SNP proportion 

(%)
Bipolaris cookei LSLP18.3 36,006,766 21,245,485 59.00 1,770,025 4.92
Bipolaris maydis BM1 36,126,374 21,796,041 60.33 1,782,232 4.93
Bipolaris sorokiniana LK93 36,231,650 23,612,716 65.17 1,830,975 5.05
Bipolaris zeicola LWII 32,215,838 21,157,436 65.67 1,637,131 5.08
Bipolaris victoriae FI3 33,973,299 23,288,879 68.55 1,808,781 5.32
Bipolaris bicolor ML9021 34,208,973 23,340,267 68.23 1,813,489 5.30
Bipolaris gigantea BG_F 28,449,892 19,109,920 67.17 1,630,671 5.73
SNP, single nucleotide polymorphism.

Table 4. Number of SNPs between Bipolaris oryzae F1253 and other B. oryzae strains

Name Total bases Aligned bases Aligned bases (%) Total SNPs SNP proportion (%)
F1248 34,258,768 30,638,000 89.43 109,873 0.32
Bo-1 35,820,980 30,247,988 84.44 96,421 0.27
F1305 35,772,609 30,326,578 84.78 98,606 0.28
F1318 36,076,242 30,382,826 84.22 98,891 0.27
TG12bL2 31,652,537 30,155,676 95.27 40,623 0.13
F1409 34,611,244 31,481,847 90.96 69,519 0.20
F1371 34,278,417 32,770,267 95.60 25,151 0.07
ATCC 44560 31,289,209 30,903,173 98.77 12,793 0.04
SNP, single nucleotide polymorphism.
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family resulted in a total of 24,924 orthogroups. Among 
these, 15,514 orthogroups included at least one Bipolaris 
species, representing the Bipolaris pan-genome, and 4,116 
orthogroups were identified as Bipolaris-specific (Fig. 3A). 
Approximately 75% of the Bipolaris-specific orthogroups 
(3,082) were species-specific. B. sorokiniana, which had 
the highest number of predicted coding genes among the 
species analyzed, also contained the greatest number of 
species-specific orthogroups, totaling 1,548 (Fig. 3B). In 

contrast, B. zeicola and B. oryzae, despite having similar 
numbers of coding genes, had considerably fewer species-
specific orthogroups, with 168 and 325 respectively. 
Among the Bipolaris-specific orthogroups, 36 were con-
served across all 37 Bipolaris isolates analyzed and were 
defined as Bipolaris-specific core orthogroups. Addition-
ally, 45, 154, 24, and 44 species-specific core orthogroups 
were identified in B. sorokiniana, B. maydis, B. zeicola, 
and B. oryzae respectively, indicating genes consistently 

Fig. 3. Orthologous group distribution and functional enrichment of Bipolaris-specific and B. oryzae-specific genes. (A) Venn diagram 
showing the total orthogroup distribution across all analyzed Pleosporaceae species. Red, blue, and green circles represent orthogroups 
specific to Bipolaris, Alternaria, and other genera, respectively. (B) Venn diagram illustrating the number of species-specific and 
shared orthogroups among the Bipolaris species (B. sorokiniana, B. maydis, B. zeicola, B. oryzae, and other Bipolaris spp.). Numbers 
in parentheses indicate the number of species-specific core orthogroups, which are conserved across all isolates within each species. (C) 
Gene ontology (GO) enrichment of Bipolaris-specific orthogroups (4,116) showing significant overrepresentation in functions related 
to FAD binding, secondary metabolite biosynthesis, oxidoreductase activity, terpenoid metabolism, and lipid degradation. (D) GO 
enrichment of B. oryzae-specific core orthogroups (44) showing enrichment in oxidoreductase activity, electron transport, carbohydrate 
transport, and the catabolism of fatty acids, lactate, and aromatic amino acids. Bubble sizes reflect the number of annotated genes, and 
color intensity indicates the statistical significance (P-value).
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retained within each species. Strain-specific orthogroups 
varied among clades. In B. oryzae, the number ranged from 
10 in strain F1305 to 25 in strain F1238, with an average of 
17 per strain (Supplementary Fig. 4).

Functional enrichment analysis revealed that Bipolaris-
specific orthogroups are enriched in functions related to 
metabolic specialization, including FAD binding, second-
ary metabolite biosynthesis, oxidoreductase activity, and 
lipid degradation (Fig. 3C). These features likely contrib-
ute to the genus’s necrotrophic lifestyle by facilitating the 
breakdown of host-derived compounds and the production 
of bioactive metabolites involved in pathogenicity or en-
vironmental adaptation. Within this lineage, the 36 core 
orthogroups conserved across B. oryzae isolates were as-
sociated with carbohydrate and amino acid metabolism, 
including sucrose and maltose catabolism, amylase and 
glucosidase activity, and threonine degradation, highlight-
ing shared mechanisms for utilizing plant-derived nutrients 

(Supplementary Figs. 5 and 6). In addition, 44 B. oryzae-
specific core orthogroups showed enrichment in oxidore-
ductase functions, electron transport chain components, 
monooxygenase activity, and the catabolism of fatty acids, 
lactate, and aromatic amino acids (Fig. 3D). These species-
specific functions may reflect evolutionary adaptations in 
energy metabolism and detoxification pathways, potential-
ly contributing to the efficient utilization of host substrates 
and ecological success of B. oryzae.

SMBGCs in B. oryzae and Bipolaris species. Prediction 
of SMBGCs in B. oryzae F1253 identified 48 clusters, 
of which 12 showed homology to known biosynthetic 
gene clusters in the MIBiG database (Fig. 4A) (Terlouw 
et al., 2023). Notably, clusters responsible for the produc-
tion of alternapyrone, 1,3,6,8-tetrahydroxynaphthalene, 
choline, and dimethylcoprogen exhibited 100% sequence 
identity with their MIBiG counterparts. Alternapyrone 

Fig. 4. Secondary metabolite biosynthetic gene clusters (SMBGCs) identified in B. oryzae F1253 and other Bipolaris species/strains. 
(A) Distribution of SMBGCs predicted from the genome of B. oryzae strain F1253. Each colored box represents a predicted SMBGC, 
classified by biosynthetic gene cluster type. Clusters homologous to known SMBGCs in the MIBiG database are labeled with their 
corresponding secondary metabolites. (Continued)
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is a polyketide mycotoxin known for phytotoxic effects; 
1,3,6,8-tetrahydroxynaphthalene is a precursor of DHN-
melanin, important for fungal protection and pathogenicity; 
choline functions as a phospholipid precursor and osmo-
protectant; and dimethylcoprogen is a siderophore involved 
in iron acquisition. Additional SMBGCs showed partial 
similarity (9–70%) to clusters involved in the biosynthesis 
of secalonic acid (a toxic dimeric tetrahydroxanthone), 
4-chloropinselin and related halogenated polyketides, 
oxyjavanicin (a fungal meroterpenoid), sporidesmin A (an 
epipolythiodioxopiperazine mycotoxin), squalestatin S1 (a 
squalene synthase inhibitor), ankaflavin (a benzoisochro-
manequinone derivative), PR-toxin (a known food-con-
taminating mycotoxin), and byssochlamic acid (a bioactive 
polyketide) (Fig. 4B). These results suggest that B. oryzae 
possesses the genetic potential to produce both known and 
structurally related novel secondary metabolites.

A broader analysis of SMBGCs across 37 Bipolaris 

isolates predicted a total of 48 known clusters (Fig. 4B). 
Among these, the melanin precursor 1,3,6,8-tetrahy-
droxynaphthalene and the choline biosynthetic cluster were 
fully conserved across all strains, indicating their essential 
roles in fungal survival and host interaction. In contrast, 
clusters encoding squalestatin S1 and secalonic acids were 
present at low conservation levels across the species, sug-
gesting variability in toxin biosynthesis potential. The 
alternapyrone and dimethylcoprogen clusters showed a 
clade-specific pattern, being completely conserved in all 
species except B. sorokiniana and B. zeicola, respectively. 
Other SMBGCs, including those encoding halogenated 
polyketides (4-chloropinselin, pinselin, chloromonilinic 
acids, 4-hydroxyvertixanthone), tetramic acid derivatives 
(e.g., AbT1), PR-toxin, HEx-pks1-related polyketides, 
betaenones, ACT-toxin II, and acetylaranotin, were found 
only in specific species (B. maydis and B. oryzae) or in 
subsets of strains. This distribution suggests that while Bi-

Fig. 4. (Continued) (B) Heatmap showing cluster similarity (%) of SMBGCs identified across multiple Bipolaris isolates compared with 
known SMBGCs in the MIBiG database. The intensity of red color indicates the level of sequence conservation, ranging from 0% (white) 
to 100% (dark red). The heatmap highlights differential conservation patterns across various secondary metabolites, suggesting lineage-
specific evolution and metabolic adaptation within the genus.
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polaris species maintain a conserved core set of secondary 
metabolism genes for essential functions, they have also 
undergone differential gain or loss of accessory metabolite 
clusters. Such variation likely reflects adaptive evolution in 
response to host specificity or ecological niches.

Conservation and evolution of ophiobolin biosynthetic 
gene clusters in Bipolaris species. Although B. oryzae is 
known to attack its hosts using the phytotoxin ophiobolin, 
the genomic location of its biosynthetic gene cluster had 
not previously been characterized in this species. Using 
sequence homology analysis based on the known ophi-
obolin biosynthetic cluster (oblA, oblB, oblC, and oblD) 
identified from Aspergillus ustus 094102, we located the 
corresponding cluster in B. oryzae strain F1253 at the distal 
region of pseudochromosome 2 (scaffold 2), where it exists 

as a predicted SMBGC (Fig. 4A). Additional homology 
searches across other Bipolaris species indicated that com-
plete clusters containing oblA through oblD were present 
in B. cookei, B. oryzae, B. maydis, and B. sorokiniana. In 
contrast, clusters lacking oblC were observed in B. bicolor, 
B. victoriae, and B. zeicola (Fig. 5) (Chai et al., 2016; Yan 
et al., 2022). However, this does not imply the complete 
absence of oblC homologs. Instead, homologous sequences 
were identified outside the primary cluster. Further exami-
nation revealed substantial differences in intergenic dis-
tances within the ophiobolin biosynthetic clusters among 
Bipolaris species. Repeat analysis showed the presence of 
numerous simple repeats, with notably longer intergenic 
regions in B. zeicola, B. sorokiniana, and B. cookei. These 
regions contained insertions of repeat elements, including 
DNA transposons, long terminal repeat (LTR) retrotrans-

Fig. 5. Organization of the ophiobolin biosynthetic gene cluster in Bipolaris species. The schematic illustrates the genomic arrangement 
of four key ophiobolin biosynthetic genes (oblA, oblB, oblC, and oblD) across representative Bipolaris isolates. Each gene is shown 
as a colored arrow indicating its coding orientation. Flanking and intervening genes not assigned to the core biosynthetic pathway 
are represented in gray. Black bars denote repetitive elements located within or adjacent to the gene cluster regions. These repetitive 
sequences are composed of complex repeat structures, including both known and simple repeats, although only the known repeat classes 
are visualized. Repeat orientation is omitted for clarity.
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Fig. 6. Phylogenetic analysis of obl genes involved in ophiobolin biosynthesis in Bipolaris and related species. Maximum-likelihood 
phylogenetic trees of four ophiobolin biosynthetic genes were reconstructed using FastTree2. Each panel represents the gene tree of 
one gene: (A) oblA, (B) oblB, (C) oblC, and (D) oblD. Clades containing gene paralogs within a single strain are highlighted in color. 
Putative isoforms were only observed in oblC, where two transcript variants (t1, t2) were detected in B. sorokiniana, indicating possible 
alternative splicing or annotation of partial gene models.
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posons, and long interspersed nuclear elements (LINEs).
Ortholog clustering across the broader Pleosporaceae 

family revealed unique distribution patterns among the obl 
genes. The oblA was exclusively detected in Bipolaris spe-
cies and, notably, in Pyrenophora seminiperda (Fig. 6A). 
Single-copy orthologs of oblA were present in B. oryzae, B. 
maydis, and B. sorokiniana, whereas B. bicolor, B. victori-
ae, B. cookei, and B. zeicola contained additional paralogs. 
Conversely, oblB, oblC, and oblD were widely conserved 
across Alternaria, Bipolaris, and other Pleosporaceae spe-
cies. Within B. sorokiniana, oblB was annotated as tandem 
paralogs due to mutations causing an internal stop codon 
(CCA to TGA) and an internal start codon, as evidenced by 
sequence alignment (Figs. 5 and 6B, Supplementary Fig. 7). 
The oblC orthologs grouped into three distinct clades with-
in the genus Bipolaris, with an additional isoform detected 
specifically within the ophiobolin biosynthetic clade in B. 
sorokiniana (Fig. 6C). Finally, oblD formed two separate 
clades within Bipolaris, existing as a single-copy ortholog 
in all isolates within the ophiobolin biosynthetic clade, 
except for B. zeicola strain LWII (Fig. 6D). These obser-
vations suggest lineage-specific evolutionary trajectories 
and genomic plasticity of the ophiobolin biosynthetic gene 
clusters within Bipolaris, reflecting their adaptive signifi-
cance in host interaction and ecological specialization.

Discussion

In this study, we collected genomic data from 37 strains 
representing eight species of Bipolaris within the Pleospo-
raceae family, performed genome re-annotation, and con-
ducted comprehensive comparative analyses. The results 
elucidate the evolutionary dynamics, metabolic specializa-
tion, and secondary metabolite evolution in the necrotro-
phic plant pathogen Bipolaris, with a specific focus on B. 
oryzae.

The phylogenomic species/strain tree confirms that Bipo-
laris forms a well-supported monophyletic lineage within 
Pleosporaceae, clearly distinct from related genera such as 
Pyrenophora and Alternaria (Fig. 2A). This finding aligns 
with fungal systematics, which consistently demonstrates 
stable genus-level delineation within Pleosporales (Zhang 
et al., 2012). However, earlier phylogenies constructed us-
ing multi-loci approaches (ITS, GAPDH, TEF) and mito-
chondrial gene-based analyses have shown less consistent 
and sometimes conflicting relationships among Bipolaris 
species (Manamgoda et al., 2014; Song et al., 2024). Both 
ortholog-based and multi-loci-based species trees consis-
tently placed B. cookei as the outermost (basal) group, yet 
they differed notably in the internal grouping of species 

within the genus. These discrepancies can be attributed 
primarily to limitations inherent in multi-loci phylogenies, 
such as insufficient phylogenetic signals, varying evolu-
tionary rates among loci, incomplete lineage sorting, and 
potential biases introduced by gene selection. Moreover, 
mitochondrial phylogenies are particularly susceptible 
to genomic rearrangements and accelerated evolutionary 
rates, further complicating reliable species-level resolution. 
Therefore, genome-wide single-copy ortholog-based phy-
logenies, as conducted in this study, provide a more robust 
and reliable method for accurately resolving the evolution-
ary relationships within Bipolaris.

The genome sizes of B. oryzae (34–36 Mbp) closely 
resemble those of B. zeicola, yet are notably smaller (>1 
Mbp difference) than those of B. sorokiniana and B. may-
dis (Fig. 1A). Our comparative genomic analysis further 
reveals that B. oryzae possesses fewer protein-coding genes 
and a reduced secretome repertoire compared to these two 
species (Fig. 1B and C). Similar genome contraction, espe-
cially involving candidate effectors, has been previously re-
ported in B. cookei and may reflect evolutionary processes 
driven by niche specialization or host-specific adaptation 
within Bipolaris (Zaccaron and Bluhm, 2017). Notably, 
our findings indicate that B. oryzae exhibits a streamlined 
enzymatic toolkit tailored specifically to its necrotrophic 
lifestyle causing brown spot disease in rice; it contains 
fewer secreted CAZymes compared to B. maydis, but a 
higher number of secreted proteases relative to B. sorokini-
ana and an increased abundance of lipases compared to B. 
zeicola (Fig. 1D and E). In contrast, maize pathogens such 
as B. maydis demonstrate an expanded repertoire of CA-
Zymes and SMBGCs, correlating with enhanced virulence 
and elevated expression during host infection (Meshram 
et al., 2022; Sheng et al., 2023). These genomic patterns 
suggest that B. oryzae may employ a refined, optimized 
arsenal uniquely adapted to rice as its primary host. Further 
comparative genomic analyses involving additional isolates 
of B. oryzae from diverse host plants beyond rice will be 
essential to confirm and expand upon these host-specific 
adaptive hypotheses.

Lastly, our study marks the first genomic confirmation of 
the ophiobolin biosynthetic cluster (oblA-D) at the telomer-
ic region of pseudochromosome 2 in B. oryzae, mirroring 
the organization observed in Aspergillus ustus and other 
Bipolaris species (Figs. 4–6). While B. cookei, B. oryzae, 
B. maydis, and B. sorokiniana retain all four core genes, 
B. bicolor, B. victoriae, and B. zeicola show relocation of 
oblC outside the primary cluster, consistent with transpo-
son-mediated cluster fragmentation (Zaccaron and Bluhm, 
2017). The presence of repetitive elements such as DNA 
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transposons, LTRs, and LINEs within intergenic regions 
suggests ongoing genomic rearrangements that may facili-
tate gene cluster shuffling, a phenomenon widely observed 
among Bipolaris species (Condon et al., 2013). Phyloge-
netic analysis of individual obl genes further reveals para-
logs and isoforms in certain Bipolaris species. For instance, 
oblA appears restricted to Bipolaris and the related grass 
pathogen P. seminiperda, suggesting a relatively recent 
lineage-specific acquisition (Fig. 6A) (Medd et al., 2003). 
In B. sorokiniana, oblB exists as tandem paralogs resulting 
from internal codon mutations, while oblC displays mul-
tiple isoforms and oblD is generally single-copy, except in 
B. zeicola LWII (Fig. 6B-D). These patterns highlight the 
evolutionary plasticity of SMBGCs in plant-pathogenic 
fungi, similar to transposon-associated expansions of toxin 
clusters seen in Pyrenophora tritici-repentis (Moolhuijzen 
et al., 2020). The conservation of ophiobolin biosynthesis 
genes in B. oryzae, alongside the expansion of degradative 
and metabolic pathways, supports a model in which this 
species employs a compact yet potent virulence toolkit that 
is effective in host colonization without the need for the 
extensive arsenal observed in more aggressive pathogens 
like B. maydis. Under climate-related stress conditions 
such as drought and elevated temperatures, weakened plant 
defenses may allow B. oryzae to exploit its existing meta-
bolic capacity more efficiently, which aligns with recent 
observations of increased brown spot outbreaks in warm or 
water-limited rice-growing regions.

Our comparative genomics points to practical routes for 
mitigating brown spot under climate stress. The conserved 
ophiobolin cluster and its variable repeat context nominate 
oblA to oblD as surveillance markers. Quantitative PCR 
or amplicon sequencing, including copy number assays, 
can support regional risk assessment and seed testing in 
drought-prone systems (Edwards et al., 2001). Resistance 
breeding can adopt metabolite-informed screens using 
purified ophiobolin or producing isolates and select lines 
with smaller lesions and reduced leakage (Vidhyasekaran 
et al., 1986). Priority traits include membrane stability and 
glutathione-based detox capacity that can be assayed via 
electrolyte-leakage and redox markers (Zechmann, 2020). 
The ophiobolin cluster also offers sequence-defined targets 
for host- or spray-induced RNAi against the terpene cy-
clase and tailoring enzymes (Nunes and Dean, 2012). Giv-
en the repeat-rich, synteny-variable context of SMBGCs 
in Bipolaris and related fungi, integrate management by 
rotating chemistries, reducing drought and nutrient stress, 
and deploying resistant cultivars where diagnostics indicate 
high ophiobolin potential.

Overall, our comparative genomic analysis significantly 

expands current knowledge of B. oryzae biology, provid-
ing robust genomic evidence that can inform strategies 
for monitoring and managing brown spot disease. Future 
research should focus on functional validation of candidate 
genes identified in this study, particularly those involved in 
secondary metabolite biosynthesis and host interaction, to 
enhance understanding of pathogen virulence and to sup-
port the development of targeted disease control measures. 
In addition, time-resolved transcriptome analyses across 
key stages of plant infection, coupled with comprehensive 
metabolite profiling, will be essential to link gene-expres-
sion dynamics with metabolic outputs and to pinpoint 
stage-specific determinants of virulence.
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