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Aspergillus flavus and Aspergillus oryzae are closely related fungal species with contrasting roles in food safety and
fermentation. To comprehensively investigate their phylogenetic, genomic, and metabolic characteristics, we
conducted an extensive comparative pangenome analysis using complete, dereplicated genome sets for both
species. Phylogenetic analyses, employing both the entirety of the identified single-copy orthologous genes and

Aflatoxin . ) o s . . o

CAZyme six housekeeping genes commonly used for fungal classification, did not reveal clear differentiation between
Biosynthetic gene cluster A. flavus and A. oryzae genomes. Upon analyzing the aflatoxin biosynthesis gene clusters within the genomes, we
Homogeneity observed that non-aflatoxin-producing strains were dispersed throughout the phylogenetic tree, encompassing

both A. flavus and A. oryzae strains. This suggests that aflatoxin production is not a distinguishing trait between
the two species. Furthermore, A. oryzae and A. flavus strains displayed remarkably similar genomic attributes,
including genome sizes, gene contents, and G + C contents, as well as metabolic features and pathways. The
profiles of CAZyme genes and secondary metabolite biosynthesis gene clusters within the genomes of both
species further highlight their similarity. Collectively, these findings challenge the conventional differentiation of
A. flavus and A. oryzae as distinct species and highlight their phylogenetic, genomic, and metabolic homogeneity,

potentially indicating that they may indeed belong to the same species.

1. Introduction

Aspergillus flavus and A. oryzae are closely related filamentous fungi,
both classified within the Flavi section of the Aspergillus genus
(Kjeerbglling et al., 2020). These fungi are of significant interest and
importance, particularly due to their potential toxicity and applications
in the food industry. Despite sharing a substantial degree of genetic and
physiological similarities, A. flavus and A. oryzae are consistently
recognized as separate species. This distinction is based on the ability of
A. flavus to produce aflatoxin, a fungal toxin with important implications
in pathogenicity and food safety (Chang, 2019; Watarai et al., 2019),
particularly in the context of the production of certain crops such as
maize and peanuts (Klich, 2007). Furthermore, A. flavus is widely
recognized as a human pathogen not only due to the carcinogenic
properties of aflatoxin but also because of its association with asper-
gillosis in immunocompetent patients (Pasqualotto, 2009). In contrast,
A. oryzae plays a central role in the production of a wide array of fer-
mented foods, such as soy sauces, fermented soybean pastes, rice wines,
baiju, and vinegars, largely due to its high hydrolytic enzyme activities

(Kim et al., 2022; Kjaerbglling et al., 2020; Liu et al., 2022; Park et al.,
2019). Moreover, many A. oryzae strains are recognized as a GRAS
(Generally Recognized as Safe) species, emphasizing their exceptional
safety profile, and are widely employed across various food and enzyme
industries (Daba et al., 2021).

Given their industrial importance and distinct toxicological profiles,
substantial efforts have been dedicated to the differentiation of A. flavus
and A. oryzae strains. Initially, attempts were made to distinguish be-
tween aflatoxin-producing and non-producing strains based primarily
on morphological characteristics (Jgrgensen, 2007). However, the
morphological similarities among A. flavus and A. oryzae strains,
coupled with their intra- and interspecies morphological variations,
have rendered their differentiation through macroscopic and micro-
scopic examinations highly challenging (Lee et al., 2004). Therefore,
numerous studies have sought to establish more definitive distinctions
between A. flavus and A. oryzae strains by adopting molecular and
analytical approaches, including amplified fragment length poly-
morphism (Montiel et al., 2003), restriction fragment length poly-
morphisms (Abastabar et al., 2022), sequencing of ribosomal DNA
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internal transcribed spacer (ITS) regions (Kumeda and Asao, 2001),
assessment of aflatoxin gene clusters (Chang et al., 2006), analysis of the
cyp51 A gene (Nargesi et al., 2021), and MALDI-TOF MS analysis
(Hedayati et al., 2019). Notably, a study integrating selective culture
methods, microscopic observations, secondary metabolite profiles, and
ITS sequences was conducted in an attempt to distinguish between
A. flavus and A. oryzae strains (Suleiman, 2023). However, these ap-
proaches have yet to provide an unambiguous means of differentiation
between A. flavus and A. oryzae.

Recent studies have suggested that phylogenetic analysis based on
genome-wide single nucleotide polymorphisms could serve as a viable
approach for distinguishing between A. flavus and A. oryzae strains
(Chang, 2019; Toyotome et al., 2019). Furthermore, a comparative
genomic assessment of A. oryzae indicated that its strains constitute a
monophyletic lineage nested within one of the clades of A. flavus, giving
rise to several clades exhibiting distinct genomic architectures (Watarai
et al., 2019). However, despite considerable efforts, reliable methods for
distinguishing between A. flavus and A. oryzae remain elusive. Addi-
tionally, a comprehensive elucidation of their phylogenetic and evolu-
tionary relationships, along with detailed insights into their genetic,
metabolic, and pathogenic characteristics, has not been adequately
presented thus far. Therefore, in this study, we performed pangenome
and comparative analyses for both A. flavus and A. oryzae species, uti-
lizing the complete set of all available genomes obtained from the public
GenBank database, to comprehensively investigate their phylogenetic,
genomic, metabolic, pathogenic, and evolutionary traits.

2. Materials and methods

2.1. Collection and phylogenetic analysis of dereplicated representative
genomes of A. flavus and A. oryzae

All publicly available genomes classified as A. flavus and A. oryzae
were retrieved from the GenBank database. Quality assessment of these
genomes was performed using BUSCO (ver. 5.4.4; Seppey et al., 2019),
and only genomes exhibiting high quality, with a completeness score of
>96%, were retained for subsequent analyses (Lofgren et al., 2022). To
dereplicate the genomes within the dataset, pairwise average nucleotide
identity (ANI) values among all A. flavus and A. oryzae genomes were
calculated using FastANI (ver. 1.33; Jain et al., 2018), after which the
genomes were clustered based on a 99.7% ANI threshold. The der-
eplicated representative genomes for each cluster were selected based
on the highest completeness scores.

The phylogenetic relationships between the representative genomes
of A. flavus and A. oryzae were investigated using two different sets of
genes. Genes within the A. flavus and A. oryzae genomes were identified
using AUGUSTUS software (version 3.3.3; Hoff and Stanke, 2013),
applying the ‘strand = both’ and ‘genemodel = atleastone’ parameters
within the ‘aspergillus_oryzae’ training dataset. The reliability of gene
prediction results was subsequently verified using BUSCO, employing
the ‘fungi_odb10’ database. The first set comprised six representative
housekeeping genes, namely RNA polymerase I and II (RPB1, RPB2),
ribosome maturation factor (Tsrl), a chaperonin complex subunit
(Cct8), p-tubulin (BenA), and calcium-binding protein calmodulin
(CaM), and the amino acid sequences of these six genes were manually
concatenated. The second set of genes consisted of all single-copy
orthologous genes present in the genomes. The concatenated amino
acid sequences of all single-copy orthologous genes were obtained using
the multiple sequence alignments mode of OrthoFinder (ver. 2.5.4;
Emms and Kelly, 2019). Next, the concatenated amino acid sequences of
both the six housekeeping genes and all of the single-copy orthologous
genes were aligned using MAFFT with default parameters (ver. 7.475;
Katoh and Standley, 2013), and their phylogenetic trees were con-
structed based on the maximume-likelihood algorithm using FastTree
with default parameters (ver. 2.1.10; Price et al., 2010). Additionally,
principal component analysis (PCA) of the genomes of A. flavus and
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A. oryzae was conducted based on the presence or absence of genes
within each respective genome using the ‘ggfortify’ and ‘ggplot 2’
packages in R.

2.2. Analysis of aflatoxin biosynthesis gene clusters (BGCs) in the
genomes of A. flavus and A. oryzae

The aflatoxin BGCs within all representative genomes of both
A. oryzae and A. flavus were thoroughly examined through BlastN
searches with a cutoff e-value of 107> using a comprehensive set of 29
aflatoxin biosynthesis-related genes (hypA, ordB, moxY, cypX, vbs, ordA,
omtA, omtB, avfA, hypB, verB, avnA, hypD, verA, hypE, ver-1, norA, estA,
adhA, afl], aflR, fas-1, fas-2, nor-1, hypC, pskA, afiT, cypA, and norB)
against the genomes of both A. flavus and A. oryzae. The physical maps
for genes with >50% coverage in A. oryzae and A. flavus genomes were
visualized.

2.3. Functional analyses of A. flavus and A. oryzae genomes using the
kyoto encyclopedia of genes and genomes (KEGG)

All genes identified in the genomes of A. flavus and A. oryzae were
functionally annotated based on their KEGG Orthology (KO) by sub-
jecting their amino acid sequences to BlastKOALA analysis (Kanehisa
et al.,, 2016) with the default parameters. The relative abundances of
genes in the KEGG categories were calculated as the percentages of the
genes assigned to each respective KEGG category versus the total genes
in each genome. The metabolic pathways of the A. flavus and A. oryzae
genomes were also reconstructed based on the functionally annotated
genes elucidated via KO analysis and visualized using the iPath v2
module (Yamada et al., 2011). Additionally, the carbohydrate metabolic
pathways of A. flavus and A. oryzae were reconstructed by integrating
the predicted KEGG pathways and the Enzyme Commission numbers of
the functional genes identified in the A. flavus and A. oryzae genomes.

2.4. Prediction of carbohydrate-active enzymes (CAZymes) and
secondary metabolite biosynthetic gene clusters (BGCs) within the genomes
of A. flavus and A. oryzae

The CAZyme genes profiles within the representative genomes of
A. flavus and A. oryzae were investigated by conducting DIAMOND and
HMMER searches of their amino acid sequences against the pre-
annotated CAZyme sequence database in dbCAN3, an automated
CAZyme annotation meta-server (Zheng et al., 2023). The resulting
CAZyme abundances within the genomes were visualized as heat maps
and hierarchically clustered using the GENE-E program (http://www.
broadinstitute.org/cancer/software/GENE-E/). The CAZymes identi-
fied in each genome were classified into different CAZyme types and
further categorized based on their roles in degrading specific types of
biomasses.

The secondary metabolite BGCs within the representative genomes
of A. flavus and A. oryzae were predicted using nucleotide sequences of
predicted genes in antiSMASH 7.0 with the default parameters (Blin
etal., 2023). Afterward, the predicted BGCs were compared with known
secondary metabolite BGCs in the MIBIG repository (Kautsar et al.,
2020).

3. Results

3.1. Collection and phylogenetic analysis of dereplicated representative
genomes of A. flavus and A. oryzae

All genomes classified as A. flavus (217 genomes) and A. oryzae (104
genomes) in the GenBank database as of February 2023 were obtained.
Upon excluding 11 low-quality genomes, the remaining 310 genomes
were clustered based on pair-wise ANI values. Afterward, 75 well-
curated A. flavus genomes and 18 well-curated A. oryzae genomes,
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representing a total of 93 distinct clusters, were selected as dereplicated
representatives for this study (Table S1). The identification of genes
within these genomes for the subsequent analyses was conducted with
high reliability (>93% completeness by BUSCO analysis). Initially, a
phylogenetic tree was constructed utilizing six housekeeping genes that
are frequently employed in the classification of fungi, including Asper-
gillus species (Kocsubé et al., 2016). However, this approach did not
allow for the differentiation between the genomes annotated as A. flavus
and A. oryzae (Fig. S1). Even the genomes (E1288, E1293, and E1376)
that had been recently reassigned to A. minisclerotigenes based on the
Calmodulin (CaM) gene sequences (Houbraken et al., 2021) failed to
form a distinctly separate phylogenetic lineage. Therefore, a subsequent
phylogenetic analysis was conducted utilizing all single-copy ortholo-
gous genes (totaling 3518 genes) within the 93 genomes. The phyloge-
netic tree did not exhibit distinct clustering between the A. flavus
genomes and A. oryzae genomes. Nevertheless, the genomes classified as
A. oryzae displayed a certain degree of clustering (Fig. 1). Similarly, PCA
based on the presence or absence of all genes within each genome
revealed that there was no clear differentiation between the genomes of
A. flavus and A. oryzae although A. oryzae genomes displayed a certain
degree of clustering (Fig. S2). The phylogenetic analysis based on the
entire set of single-copy orthologous genes revealed that
A. minisclerotigenes genomes, which did not exhibit clear differentiation
based on the six housekeeping genes, were distinctly clustered apart
from the genomes of A. flavus and A. oryzae. These results support the
notion that A. minisclerotigenes can be a distinct Aspergillus species,
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clearly distinct from A. flavus and A. oryzae. However, the
A. minisclerotigenes genomes were not distinctly separated from other
A. flavus and A. oryzae genomes by the PCA based on the presence or
absence of all genes.

The collection of A. flavus and A. oryzae strain genomes, isolated
from a diverse array of samples encompassing soil (41.9%), crops or
plants (29.0%), foods (mainly fermented foods) (19.4%), and humans or
animals (7.5%), highlights their relatively extensive ecological diversity
(Fig. 1 and Table S1). Particularly, all strains isolated from foods, except
for only one strain (SU-16), were classified as A. oryzae, whereas strains
isolated from other sources were consistently categorized as A. flavus
(Fig. S1 and Table S1). These observations suggests that the classifica-
tion as either A. oryzae or A. flavus may have been conventionally
determined based on the isolation sources of the strains, often without
comprehensive phylogenetic analyses. However, although both the
phylogenetic analysis and PCA did not reveal a definitive and robust
differentiation between the genomes of A. flavus and A. oryzae (Fig. 1
and S2), the genomes classified as A. oryzae, which primarily originated
from food environments, exhibited a certain degree of clustering that
was suggestive of more recent divergence. This suggests that these
strains may have undergone distinct speciation events, possibly driven
by domestication (Geiser et al., 1998; Watarai et al., 2019), in contrast to
other A. flavus strains derived from other sources.
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Fig. 1. Maximum-likelihood phylogenetic tree showing the relationships between 93 representative A. flavus and A. oryzae genomes, based on the concatenated
amino acid sequences of all single-copy orthologous genes within the genomes. Genomes annotated as A. flavus and A. oryzae in GenBank are designated with yellow
and green backgrounds, respectively, and the outgroup (A. terreus NIH 2624, AAJN0O0000000) is depicted with a gray background. The isolation sources of A. flavus
and A. oryzae strains are indicated using distinct colors on the outer circle. The genomes that have been subsequently reclassified as A. minisclerotigenes are high-
lighted with an asterisk. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Aflatoxin BGCs in A. flavus and A. oryzae genomes

A. flavus strains are recognized as aflatoxin producers, whereas
A. oryzae strains, despite sharing genetic and morphological re-
semblances, are acknowledged for their incapacity to produce aflatoxin
(Chang et al., 2006; Toyotome et al., 2019). Given this marked
distinction, our study sought to determine whether aflatoxin production
capability could be a discriminating factor between A. flavus strains and
A. oryzae strains. To this end, the presence of 29 genes that have been
reported previously to be associated with aflatoxin biosynthesis (Toyo-
tome et al., 2019; Yin et al., 2018) within the aflatoxin BGCs of 93
A. flavus and A. oryzae genomes was examined (Table 1). Our findings
revealed that only one genome (E1288), which has been reclassified as
A. minisclerotigenes, contained all 29-aflatoxin biosynthesis-related
genes necessary for aflatoxin G production (Ehrlich et al., 2004).
Numerous genomes, including a majority of A. flavus genomes, two
A. oryzae genomes (KJJ4b, KSW16), and two genomes reclassified as
A. minisclerotigenes (E1293, E1376), exhibited the presence of 27 intact
genes along with 2 partially deleted genes (cypA and norB). Certain
A. flavus and A. oryzae genomes harbored 26 intact genes and 3 genes
with partial deletions (afiT, cypA, and norB), whereas the rest of the

Table 1
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genomes exhibited fewer than 21 genes associated with aflatoxin
biosynthesis.

Earlier studies have reported that strains possessing a complement of
27 intact genes along with 2 genes featuring partial deletions have the
ability for aflatoxin B production (Ehrlich et al., 2004; Chang et al.,
2006; Fountain et al., 2020). Conversely, strains containing 26 complete
genes and 3 genes with partial deletions are categorized as non-aflatoxin
producers (Tominaga et al., 2006; Toyotome et al., 2019; Sun et al.,
2022). However, there are some exceptions such as strain VCG1, re-
ported as an aflatoxin non-producer (Yu et al., 2007), and strain IFM
58503, which was reported to generate sterigmatocystin, an aflatoxin
biosynthesis intermediate (Toyotome et al., 2019), despite both carrying
the complete set of 27 genes along with 2 genes displaying partial de-
letions. Nonetheless, our comprehensive analysis suggests that possess-
ing at least 27 complete genes, excluding cypA and norB genes, may be a
prerequisite for aflatoxin B production. Therefore, two strains annotated
as A. oryzae (KJJ4b and KSW16), which have been found to harbor 27
complete genes and 2 incomplete genes, could potentially possess the
ability to produce aflatoxin B.

The examination of the distribution of genomes based on the pre-
dicted aflatoxin-producing potential revealed that genomes lacking this

Physical maps of aflatoxin biosynthesis gene clusters identified in 93 representative genomes of Aspergillus flavus and
A. oryzae. The genes within the gene clusters are arranged in the following order: 1. HypA, 2. OrdB, 3. MoxY, 4. CypX,
5. Vbs, 6. OrdA, 7. OmtA, 8. OmtB, 9. AvfA, 10. HypB, 11. VerB, 12. AvnA, 13. HypD, 14. VerA, 15. HypE, 16. Ver-1, 17.
NorA, 18. EstA, 19. AdhA, 20. AflJ, 21. AfiR, 22. Fas-1, 23. Fas-2, 24. Nor-1, 25. HypC, 26. PskA, 27. AfiT, 28. CypA, 29.
NorB. The afiT gene with a 257 bp deletion and the cypA and norB genes with various types of deletions were high-
lighted with open arrows. Genomes annotated as A. flavus and A. oryzae in the GenBank database were indicated with
normal and bold fonts, respectively. The x and ' symbols indicate strains previously reported as aflatoxin producers
and aflatoxin non-producers, respectively. Strains that have been subsequently reclassified as A. minisclerotigenes were

indicated using a square bracket.

Cluster
type

Genetic map and strain

891011 1213141516 17

18 19 20 21 22 23 24 25 26

KJJ4b, KSW16, A9*, AF12*, AF70*, ATCC 22546*, CA14*, IFM 58503%, NRRL 3357+,
VCGL1Y, 07-C-3-5-5, 07-M-S-3-6-1, 07-S-1-1-7, 07-S-2-1-1, 07-8-2-1-2, 07-S-3-2-4, 07-S-4-4-1,

;@ 07-8-6:5-4,2017 Coahoma J1, 2017 Washington TS, 2017 Yazoo $3, 206-4, 40-5, 54-2, 61-4, AF
INIFAP 2021, AZS04M2A, B7001B, IC278, CS0504 VCG BS01, CS0540 VCG DV901, CS1137
VCG MC04, E1201, E1236, E1345, E1404, E1445, FL-B-1-1-1, FL-B-14-1-1, FL-B-21-1-1,
JAU2, La3304, NC-A-3-5-1, NC-D-2-6-1, NC-D-4-8-1, NC-E-6-1, NC-E-6-3-1, NRRL 30797,
OK-A-8-1-S, OK-B-7-1-1, PA-B-14-2, PA-B-23-2, PA-B-4-1-1, R1809, TX-A-13-1-1, TX-B-2-1-

1, TX-C-19-1-1, [E1293], [E1376]

III 12 3 4 5 6 7 910 11 1213141516 17 18 19 20 21 22 23 2425 26 27 28 29
3.042, AS 3.863, AS 3.951, KDG21, TK-5, TK-59, RIB40%, IFM 599757, TFM 605197, SU-16, PA-
B-1-2

IV * 3 4 5 6 8 91011 1213141516 17 18 19 20 21
IFM 550531

MA1, BP2-1, LBM 30008, TK-10, TK-20, TK-24, TK-27, TK-29, WRRL1519, NRRL 35739,

La3279

VI 12 34 5 6

VII 12 34 5 6

NRRL 21882, NC-A-1-8B-1, 26-3, 07-S-3-1-1, 2017 Coahoma J7
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capability were scattered and distributed across the phylogenetic tree
encompassing both A. flavus and A. oryzae genomes although a certain
degree of clustering among recently diverged non-aflatoxin-producing
A. oryzae genomes was observed (Fig. S3). Notably, the analysis indi-
cated that deletion patterns within the aflatoxin BGCs (cluster types)
were also not consistently clustered within the phylogenetic tree.
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3.3. Genomic and functional analyses of A. flavus and A. oryzae genomes

The genomic characteristics of A. flavus and A. oryzae were compared
using a subset of 72 representative genomes for A. flavus and 18 repre-
sentative genomes for A. oryzae. The calculated mean genome sizes,
gene counts, and G + C contents for A. flavus were 37.51 £+ 0.80 Mb,
11,060 + 218 genes, and 47.7 + 0.5%, respectively. Similarly, A. oryzae
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Fig. 2. Relative abundances of genes associated with carbohydrate metabolism at the secondary (A) and tertiary (B) levels and those associated with amino acid and
lipid metabolism at the tertiary level (C) identified in the representative genomes of A. flavus and A. oryzae. The relative abundances represent the percentages of
genes assigned to their respective KEGG categories versus the total number of genes in each genome. All data are reported as mean values + standard deviations of

relative abundances in A. flavus and A. oryzae genomes.
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displayed average genome sizes of 37.90 + 0.89 Mb, 11,040 + 107
genes, and a G + C content of 47.6 + 0.6% (Table S1). These results
demonstrate the striking similarity in genomic attributes between
A. flavus and A. oryzae.

To explore and compare the metabolic and functional attributes of
A. flavus and A. oryzae, we categorized the complete set of functional
genes identified within the representative A. flavus and A. oryzae ge-
nomes based on the functional classifications offered by the KEGG
database. Interestingly, the distributions of functional genes in A. flavus
and A. oryzae exhibited remarkable similarity (Fig. 2), which was
indicative of their similar metabolic characteristics. Notably, both
A. flavus and A. oryzae displayed a prominent abundance of functional
genes associated with carbohydrate metabolism, transport, and catab-
olism categories, indicating the versatile and adept capabilities of these
strains in metabolizing various carbohydrates. Additionally, genes
implicated in amino acid and lipid metabolisms were notably abundant,
implying the proficient utilization potential of A. oryzae and A. flavus
strains for lipids and proteins as well as carbohydrates through the
secretion of hydrolytic enzymes. Interestingly, the genomes of both
A. flavus and A. oryzae exhibited a substantial presence of genes related
to signal transduction. Conversely, genes associated with signaling
molecules and interactions were relatively infrequent. This observation
suggests that A. flavus and A. oryzae strains are highly responsive to
external environmental cues, indicating a more reactive role in adapting
to their surroundings rather than actively signaling to the external
milieu.

The metabolic attributes of A. flavus and A. oryzae were also inves-
tigated through in-depth KEGG pathway analyses, employing their
respective representative genomes. The result of this analysis revealed
that all strains of both A. oryzae and A. flavus shared almost identical

Sucrose D-Fructose D-Mannitol L-Sorbose D-Sorbitol D-Maltose

mal

Food Microbiology 119 (2024) 104435

KEGG pathways related to carbohydrate, lipid, amino acid, and nucle-
otide metabolisms, as depicted in Fig. S4. Moreover, the KEGG analysis
revealed that all of the examined A. flavus and A. oryzae strains have the
potential to synthesize thiamine (vitamin Bj).

To conduct a detailed analysis of the metabolic traits of A. flavus and
A. oryzae, their carbohydrate metabolic pathways were reconstructed
using their representative genomes (Fig. 3). The reconstructed metabolic
pathways revealed that all A. flavus and A. oryzae strains share identical
metabolic pathways for carbohydrates. A. flavus and A. oryzae genomes
employed complete glycolysis/gluconeogenesis, 6-phosphogluconate/
phosphoketolase, and pentose phosphate pathways, pyruvate meta-
bolism, and the tricarboxylic acid (TCA) cycle, indicating their efficient
carbon metabolic characteristics and inherent aerobic traits. All A. flavus
and A. oryzae genomes commonly harbored metabolic genes for various
carbon sources, including p-glucose, b-fructose, p-galactose, sucrose, p-
xylose, p-ribose, p-mannose, p-maltose, p-lactose, p-mannitol, p-sorbitol,
L-arabinose, L-sorbose, raffinose, melibiose, and lactate, indicating their
versatile capabilities for metabolizing diverse carbon sources.

3.4. Distribution of CAZymes in the genomes of A. flavus and A. oryzae

The repositories of CAZyme genes within microbes indicate their
inherent capacity to degrade and utilize biomasses. Among microbes,
fungi are notably recognized for their unique ability to decompose
various biomasses. Therefore, we conducted predictions of CAZyme
genes within the genomes of A. flavus and A. oryzae (Fig. 4). Descriptions
of CAZymes involved in biomass degradation have been documented
mainly for A. oryzae and to a lesser extent for A. flavus (Makela et al.,
2018). However, the counts of CAZyme genes were remarkably similar
between the two species, with A. flavus possessing 574 + 8.0 CAZyme
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genes per genome and A. oryzae having 574 + 7.1 CAZyme genes per
genome. Additionally, these similarities remain consistent across strains
of both A. flavus and A. oryzae, except for strain ATCC 22546, which
exhibits a reduced gene set (Fig. 4A). In comparison, the numbers of
CAZyme genes in A. flavus and A. oryzae significantly surpass those of
A. minisclerotigenes strains (547 + 1.7 genes/genome) and A. terreus (367
genes/genome). These findings underscore the outstanding capability of
A. flavus and A. oryzae strains in the breakdown and utilization of
diverse biomasses. The common CAZyme types frequently identified in
microbes include glycoside hydrolase (GH), glycosyltransferase (GT),
polysaccharide lyase  (PL), carbohydrate esterase (CE),
carbohydrate-binding module (CBM), and auxiliary activity (AA)
(Lombard et al., 2014). Among these, GHs constituted the highest pro-
portion of CAZymes in both A. flavus and A. oryzae, followed by GTs and
AAs, whereas relatively fewer genes associated with CEs, PLs, and CBMs
were identified (Fig. 4A).

The CAZyme genes within the genomes of both A. flavus and
A. oryzae were primarily categorized into CAZyme gene sets involved in
breaking down five specific biomasses: xylan, cellulose, pectin, mannan,
and starch (Fig. 4B). This categorization suggests that A. flavus and

A. oryzae strains potentially possess a substantial capacity to degrade
and utilize these biomasses. Among these, genes associated with xylan
degradation were the most prevalent, followed by genes related to cel-
lulose and pectin degradation. Genes associated with the degradation of
mannan and starch were less abundant. However, previous studies have
reported that there is a distinction between the CAZyme gene sets
harbored by fungi and their actual ability to utilize certain types of

biomass (Kjerbglling et al.,

2020). Therefore, the proportions of these

CAZyme gene sets within A. flavus and A. oryzae genomes might not
directly reflect their capacity for biomass utilization. Moreover,
considering that only less than 25% of all CAZyme genes within the
genomes of A. flavus and A. oryzae were characterized as genes involved
in biomass degradation, A. flavus and A. oryzae strains may possess the
capability to degrade other types of biomass beyond the five mentioned

above.

To gain further insights into the ability of A. flavus and A. oryzae
strains to degrade different types of biomass, we conducted a compre-
hensive analysis of the intricate distribution and abundances of all
CAZyme genes identified within their genomes (Fig. 5 and Table S2). In
total, a comprehensive set of 127 distinct CAZyme classes was identified
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within the genomes of both A. flavus and A. oryzae (Fig. 6). Among these
classes, 115 were common to both species, encompassing enzymes such
as GH1 and GH3 (#-glucosidase), GH2 (#-mannosidase), GH5 (cellulase),
GH10 and GH11 (endo-$-1,4-xylanase), GH13 (a-amylase), GH15 (glu-
coamylase), GH31 (a-xylosidase), GH55 (exo-$-1,3-glucanase), GH134
(endo-f-1,4-mannanase), CE8 (pectin methylesterase), and PL1 and PL3
(pectate lyase). Moreover, genes encoding GH54 (a-L-arabinofur-
anosidase), GH89 (a-N-acetylglucosaminidase), GH114 (endo-a-1,4-
polygalactosaminidase), and GH115 (xylan a-1,2-glucuronidase) were
also consistently found in the majority of both A. flavus and A. oryzae
genomes.

The profiles of CAZyme genes did not show differentiation between
A. flavus and A. oryzae genomes, and there was no clustering of A. flavus
and A. oryzae genomes based on their CAZyme gene profiles. However,
the profiles of CAZyme genes in A. flavus and A. oryzae genomes
exhibited notable distinctions when compared to those of three genomes
(E1288, E1293, and E1376) of A. minisclerotigenes, as well as the genome
of A. terreus used as an outgroup. Specifically, the GH24 (lysozyme) and
GH33 (neuraminidase) genes were exclusively identified in the strains of
A. minisclerotigenes. These findings suggest the unique degradation ca-
pabilities of A. minisclerotigenes strains in the context of biomass types,
setting them apart from those of A. flavus and A. oryzae strains.

3.5. Distribution of secondary metabolite BGCs in the genomes of A.
flavus and A. oryzae

The genus Aspergillus is well-known for its prolific production of
various secondary metabolites (Kjarbglling et al., 2020). Therefore, we
next sought to conduct a comprehensive analysis of the secondary
metabolite BGCs within the genomes of A. flavus and A. oryzae, along
with those of A. minisclerotigenes and A. terreus, to gain insights into their
inherent capacity for secondary metabolite synthesis (Fig. 6). The
quantification of BGCs revealed a marked similarity between the two
species, as A. flavus exhibited an average of 41 + 1.8 B GCs per genome
and A. oryzae displayed a corresponding count of 40 + 2.1 B GCs per
genome. These numbers were similar to those identified in
A. minisclerotigenes (42 + 0.6 B GCs per genome) and lower than the BGC
count observed in A. terreus (56 B GCs per genome) (Fig. 6A). The pre-
dicted BGCs were categorized into eight distinct structural classifica-
tions, which comprised polyketide synthase (PKS), non-ribosomal
peptide synthetase (NRPS), NRPS-like, hybrid (incorporating both PKS
and NRPS domains), terpene, indole, siderophore, and betalactone.
Analysis of BGC profiles based on these structural classifications
revealed a lack of noticeable differentiation between the genomes of
A. flavus and A. oryzae. BGCs belonging to the PKS, NRPS, and NRPS-like
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Fig. 6. Distributions of predicted secondary metabolite biosynthetic gene clusters (BGCs) across the phylogeny of A. flavus and A. oryzae genomes, categorized into
eight distinct structural classifications (PKS, polyketide synthase; NRPS, non-ribosomal peptide synthetase; NRPS-like; hybrid, containing both PKS and NRPS do-
mains; terpene; indole; siderophore; betalactone) (A) and profiles of known BGCs in the MIBiG database (B). The different colors in panel B represent respective BGC
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genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

categories were consistently and abundantly identified across all of the
examined strains. Conversely, BGCs corresponding to the remaining
categories were present in lesser quantities and restricted to only a few
strains. Specifically, BGCs belonging to the indole category were
detected only in four strains of A. flavus (E1345, La3304, PA-B-14-2, and
PA-B-23-2). Notably, BGCs categorized as siderophore and betalactone,
which were identified in A. minisclerotigenes and A. terreus strains and
A. terreus strain, respectively, were not identified in any of the A. flavus
and A. oryzae strains.

The predicted BGCs were compared with validated clusters within
the MIBiG database. Our findings revealed that approximately 5-11 B
GCs within the genomes of A. flavus and A. oryzae were identified as
BGCs associated with the biosynthesis of well-characterized secondary
metabolites (Fig. 6B). These findings suggest that a substantial propor-
tion of the predicted BGCs remain unexplored, indicating that A. flavus
and A. oryzae can produce a wide range of unknown bioactive com-
pounds. BGCs associated with the production of YWA1 (a naphthopyr-
one acting as a precursor for condial pigments conferring oxidative
stress tolerance in Aspergillus species) (Chang et al., 2020),

6-methylsalicylic acid (a precursor for various other metabolites)
(Bejenari et al., 2023), and choline (an essential component of mem-
brane phospholipids and lecithin crucial for fungal growth) (Markham
et al.,, 1993) were identified in all genomes of both A. flavus and
A. oryzae. Furthermore, BGCs associated with the synthesis of mon-
ascorburin, FR901512, enniatin, AM-toxin, and ACT-toxin II were
prevalent in several genomes of both A. flavus and A. oryzae. In contrast,
BGCs linked to the synthesis of alternariol, prolipyrone B/pibepyrone D,
1-heptadecene, AbT 1, serinocyclin A/serinocyclin B, peramine, fusarin,
and clavaric acid were identified only in a limited number of A. flavus
and A. oryzae genomes. Importantly, BGCs responsible for the synthesis
of dimethylcoprogen, aspulvinone H/aspulvinone B1l, and phen-
guignardic acid, which were identified within A. terreus, were absent in
all genomes of both A. flavus and A. oryzae.

4. Discussion

Despite their close phylogenetic relationship, A. flavus and A. oryzae,
two species of filamentous fungi, display notably distinct toxicological
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properties (Kjerbglling et al., 2020). Therefore, numerous studies have
sought to differentiate between strains of A. flavus and A. oryzae, relying
on variations in morphological, molecular, analytical, and genomic
characteristics (Chang et al., 2006; Suleiman, 2023; Toyotome et al.,
2019; Watarai et al., 2019). However, despite considerable efforts,
previous studies have failed to propose reliable approaches to distin-
guish between A. flavus and A. oryzae strains.

Our phylogenetic analyses, employing both the entirety of the single-
copy orthologous genes and six housekeeping genes commonly used for
fungal classification, did not reveal a definitive and robust differentia-
tion between A. flavus and A. oryzae genomes (Fig. 1 and S1). Similarly,
PCA based on the presence or absence of all genes within each genome,
representing distinct functional traits, also failed to distinctly differen-
tiate between A. flavus and A. oryzae strains (Fig. S2). These observations
suggest that even analyses based on genome sequences may not
consistently distinguish between A. flavus and A. oryzae strains, casting
doubt on the notion that they are unequivocally distinct species. In a
previous study, A. flavus strains were reported to be distinguishable from
A. oryzae strains by genome-wide single nucleotide polymorphisms
(Chang, 2019). This discrepancy in results might be attributed to the use
of a limited number of A. flavus genomes, such as CA14, NRRL 3357,
CS0504, CS0540, AF12, AZS04M2 A, and AF70, which are phyloge-
netically distinct to some extent from A. oryzae genomes.

The ability to produce aflatoxin has been conventionally considered
a pivotal trait for distinguishing between A. flavus and A. oryzae strains
(Chang et al., 2006; Toyotome et al., 2019). However, our study
revealed that non-aflatoxin-producing strains were widely distributed
across the phylogenetic tree, encompassing both A. flavus and A. oryzae
strains (Fig. S3). These findings suggest that aflatoxin production may
not be a decisive trait for reliably discriminating between A. flavus and
A. oryzae strains, as this trait is likely strain-specific within both species.
Moreover, previous studies have proposed that non-aflatoxin-producing
A. oryzae strains may have emerged due to the loss of
aflatoxin-producing capability from an ancestral A. flavus strain during
the domestication process (Barbesgaard et al., 1992; Watarai et al.,
2019). However, the patterns of deletions within the aflatoxin BGCs
were also dispersed throughout the phylogenetic tree. This suggests that
non-aflatoxin-producing strains may have originated through sporadic
loss of aflatoxin-producing genes from their aflatoxin-producing coun-
terparts, rather than stemming from a single A. flavus ancestor that lost
its ability to produce aflatoxin.

The consistency and discrepancies in genomic and metabolic traits
play a crucial role in defining or distinguishing microbial species (Chun
et al.,, 2019; Oren and Garrity, 2014). However, this study unveiled
striking similarities in various genomic attributes, encompassing
genome sizes, gene contents, and G + C contents, between A. flavus and
A. oryzae genomes. Additionally, the results of our KEGG-based analyses
underscored the notable resemblances between the functional features
of A. flavus and A. oryzae (Fig. 2). Particularly, our findings demon-
strated that A. flavus and A. oryzae genomes exhibit nearly identical
metabolic characteristics and carbohydrate metabolic pathways
(Figs. S4 and 3). These findings strongly suggest that A. flavus strains and
A. oryzae strains cannot be reliably differentiated based on their
genomic and metabolic traits, which raises the intriguing possibility that
A. flavus and A. oryzae might indeed represent manifestations of the
same species.

The analysis of CAZyme genes revealed that both A. flavus and
A. oryzae strains possess high capabilities for decomposing and utilizing
various types of biomasses, displaying significant similarity (Figs. 4 and
5). This suggests that distinguishing between A. flavus and A. oryzae
strains based on CAZyme gene profiles and biomass utilization proper-
ties may not be feasible. Furthermore, the profiles of secondary
metabolite BGCs were found to be similar in A. flavus and A. oryzae
genomes (Fig. 6). This indicates that production profiles of secondary
metabolites may not serve as a reliable means to differentiate between
A. flavus and A. oryzae strains.
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In summary, our comprehensive pangenome analysis demonstrated
that A. flavus and A. oryzae strains lack clear and robust differentiation
across various aspects, including phylogeny, aflatoxin production abil-
ity, and genomic and metabolic features. These findings challenge the
traditional classification of A. flavus and A. oryzae as distinct species,
suggesting a more intricate relationship between them. This implies the
potential that they may be the same species, exhibiting phylogenetic,
genomic, and metabolic homogeneity. Additionally, our study encom-
passing all available genomes of A. flavus and A. oryzae significantly
enhances our understanding of the phylogenetic, genomic, and meta-
bolic characteristics of these fungi.
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