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Abstract
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Cytochrome P450s (Cyp) belong to the superfamily of hemeprotein monooxygenases that metabolize some essential compounds that
could support the life of most organisms. Among fungi, Ustilago species are of significant economic importance, evidently because they are
known to cause substantial agricultural losses globally. The study was conducted to establish the profile, diversity, evolutionary relationship,
and family and clan classification of Cyp genes of four Ustilago species (U. bullata, U. maydis, U. hordei and U. virens). A total of 77 Cyp
protein genes from the mentioned Ustilago species were used in this study. The Cyp genes were clustered into five monophyletic clades. A
total of 26 Cyp clans and 35 Cyp families were observed. The distribution of families across Ustilago species were: U. virens (20) Cyp families,
U. maydis 521 v2.0 (13) Cyp families, U. hordei Uh4857 4 (10) CYP families and U. bullata UB2112 (12) Cyp families. The Cyp families
across Ustilago species were predicted to be associated with primary, secondary and xenobiotic metabolism. Analysis of the subcellular
localisations of the cytochrome P450 genes in Ustilago species indicated that 88 % of the proteins were confined within the endoplasmic
reticulum. The study showed that only 49 Cyp 450 genes from Ustilago species are connected with five secondary metabolism-related gene
clusters (DMAT, NRPS, NRPS-like, PKS, and PKS-Like), which could valuably be harnessed for the downstream applications and
management of these important pathogens. This study could provide relevant background knowledge required in the characterization and the
description of the organism's physiology, as well as provide an in-depth insight into the functions of CYPs and diversity research of Ustilago
species, which could valuably be harnessed for the downstream applications and management of these important pathogens.
Keywords: CYP450, diversity, phylogenetic relatedness, protein genes, Ustilago.

Introduction producing parts of the world (Singh & Pophaly, 2010). U.

virens is regarded as a pathogen that damages grain in
Ustilaginaceae is a family of smut fungi belonging to the regions where rice is predominantly cultivated across the
order Ustilaginales, and class of Ustilaginomycetes, globe (Jose et al., 2023).

It has been discovered that U. maydis 521 v2.0 can
cause corn's common smut or “huitlacoche”. However, it
differs from other Ustilaginales, which cause acute epiphytia

consisting of 17 genera and 607 species (Ullmann et al.,
2022). The major distinguishing features in the morphology
of these genera are the presence of sori and spores (Al-

Maaroof & Saed, 2023; Begerow et al., 2014). Ustilago has in important cereal crops (Ruiz-Herrera & Leon-Ramirez,
been reported to survive in hosts of the Poaceae family 2012). These diseases are responsible for colossal losses in
which are deficient in soral structure, especially small pillars, crops. The yield depreciation results in chaffiness, a drastic
spore-like balls, and sterile cells (McTaggart et al., 2012). decrease in grain weight, and the unproductiveness of Fhe
Ustilago species have been reported to be responsible for a Splke,lets surrounding the smut balls (Ruiz-Herrera & Leon-
huge global agricultural loss (Zarafi & Dauda, 2019; Zuo et Ramirez, 2012} Varying crop failures of 0.2 — 49% have
al., 2019). They usually attack crops before maturity by been recorded in different regions of the world (Ruiz-Herrera
producing sori which disintegrates to unleash numerous & Leon-Ramirez, 2012). . ‘

dark-colored spores (McTaggart et al., 2012). U. hordei Cytochromes P450 consist of an enormous superfamily

Uh4857 4 (Pers.) Lagerh., is responsible for the occurrence of hemeprotein monooxygenases that could metabolise

of covered smut in barley (Hordeum spp.) and oats (Avena diverse essential compounds that could support most

spp.) (Oekmen et al, 2021). Ustilago virens cause green organisms’ life which cuts across protists,' plants and
smut, a predominant disease of rice, prevalent in rice- mammals (Nelson et al., 2004). The CYP is known to
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perform a vital role in the changes in endogenous and
exogenous molecules caused by oxidation (Eccles &
Baldwin, 2022; Nelson, 1999). The location and status of
CYP450s differ between prokaryotic and eukaryotic cells. In
prokaryotic cells, CYP450s are soluble proteins found
primarily in the cytoplasm, whereas in eukaryotic cells are
predominantly distributed in microsomes, endoplasmic
reticulum, and inner mitochondrial membranes. In addition,
studies have shown that the CYP450 gene family is
characterized by a heme-binding region conserved in its
structure (Liu et al, 2022). Cytochrome P450s perform
various functions, including the metabolism of steroids, fatty
acids, eicosanoids, vitamins A and D, and the metabolism of
foreign compounds such as natural products,
pharmaceuticals, and carcinogens (Guengerich, 2022).
Cytochrome P450 enzymes are capable of catalyzing
complex reactions such as regioselective and stereoselective
oxidation of deactivated hydrocarbon CH bonds to the
corresponding hydroxyl (C-OH) group (Johnston et al.,
2011). These P450 enzymes play an important role in the
preparatory phase of hydroxylation of fatty acids (Cresnar &
Petric, 2011).

Presently, genome-wide analysis of CYP450 supergene
family has been carried out in many important fungal
species:  Aspergillus nidulans (Kelly et al, 2009),
Phanerochete chrysosporium (Syed & Yadav, 2012),
Mycosphaerella graminicola (Newsome et al., 2013),
Grosmannia clavigera (Lah et al, 2013), Trichoderma
species (Chadha et al., 2018); Fusarium species (Dauda et
al., 2021b), Aspergillus species (Dauda et al, 2022a),
Alternaria spp., (Dauda et al., 2022b), Candida tropicalis
(Dauda et al., 2022c) Xylaria species (Dauda et al., 2023)
and Cryptococcus neoformans (Dauda et al, 2022d).
However, there is still a wide gap in the level of information
that exists in the comparative genome-wide study of
CYP450s in agriculturally important Ustilago species.
Hence, this forms a basis and justification for this study. The
comprehensive comparative annotations and evolutionary
analysis of the cytochrome P450 genes in Ustilago species
would help to broaden our understanding and provide a
foundational basis that could be harnessed for their
downstream applications and management.

Materials and Methods

Sequence retrieval and screening of Cyps sequences

The genomes of the four Ustilago species, namely: Ustilago
bullata (syn. Ustilago bromivora) UB2112, Ustilago maydis
521 v2.0, Ustilago hordei Uh4857 4 and Ustilago virens
(syn. Ustilaginoidea virens) were downloaded from the
MycoCosm fungal genome database of the Joint Genome
Institute. The downloaded genomes were submitted to the
NCBI Batch Web CD-search tool to screen for the presence
of the CYP P450 conserved domain. Based on the distinctive
conserved domains of each protein family, this program
classifies and separates putative proteins into various protein
families. The results were tabulated, and the potential protein
sequences belonging to the P450 superfamily were chosen
for subsequent analysis. The EXXR and CXG hallmark
motifs of the P450 family, which are present in the chosen
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proteins, were examined (Syed & Mashele, 2014). The
proteins included in this investigation were those that had
both motifs, making them legitimate P450s.

Clan and family classification

According to the International P450 Nomenclature
Committee's rules, the P450s from the chosen Ustilago
species were divided into various families and clans (Nelson
et al., 2006). Proteins were allocated to the same family as
the named homolog P450s have a percentage identity of
greater than 40%. Proteins assigned to a new family have a
percentage identity of less than 40%. In a similar manner,
clans were established utilizing the data's categorization of
families into clans.

Phylogenetic analysis of cytochrome P450s

Molecular Evolutionary Genetics Analysis (MEGA X)
software was used to conduct ClustalW analysis on the
signature domains of P450 for the chosen fungal P450s
(Kumar et al., 2018). MEGA-based ClustalW has the benefit
of including pairwise alignment and multiple alignments into
one ClustalW process. The amino acid patterns in the P450
identity motifs EXXR and CXG were examined in the
ClustalW-aligned P450 sequences. The ClustalW algorithm
from MEGA was used to choose the amino acid residues for
P450 signatures, and the results were generated in tabular
form as described by Dauda et al. (2021a).

Subcellular localization prediction

The subcellular localization prediction of U. bullata
UB2112, U. maydis 521 v2.0, U. hordei Uh4857 4 and U.
virens CYP450 proteins was performed with the aid of an
online server, the DeepLoc 2.0 server. The DeepLoc 2.0
server predicts the multi-label subcellular localization of
proteins in eukaryotic organisms using a Neural Networks at
its core, an algorithm relying only on sequence information
and trained on Uniprot proteins was used (Wang et al.,
2021).

Secondary metabolism related gene retrieval
Cytochrome P450s linked with secondary metabolism-
related gene groups in Ustilago species were retrieved from
https://mycocosm.jgi.doe.gov/pages/sm-clusters-
summary.jsf? by using the annotation menu after the search
for the four Ustilago species.

Results

CYP proteins in Ustilago species

The results summarized in Table 1 show that a total of 77
Cyp proteins with complete gene sequences in the four
queried Ustilago species were U. virens emerged as the
species with the highest number of gene entries (29)
followed by U. maydis 521 v2.0 (20) while U. bullata
UB2112 and U. hordei Uh4857 4 had the least number of
gene entries of 14 each. Four Cyp protein sequences from U.
virens were found not to have any family match in the
database of fungal cytochrome P450 (FCPD).


http://genome.jgi-psf.org/programs/fungi/index.jsf
http://genome.jgi-psf.org/programs/fungi/index.jsf
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://p450.riceblast.snu.ac.kr/

Cyp450 family and clan diversity and distribution in four
Ustilago species

The analyzed results on the annotation, abundance and
spread of Cyp450 families and clans in four Ustilago spp.,
are presented in Table 1, Figures 1 and 2. Thirty-five Cyp
families from twenty-six Clans were identified from the
Ustilago species. Cyp proteins of U. virens, U. maydis 521
v2.0, U. bullata UB2112 and U. hordei Uh4857 4 were
distributed in 18, 14, 10 and 7 clans respectively. U. virens
had the highest number (22) of Cyp families followed by U.
maydis 521 v2.0 with 16 Cyp families, whereas U. hordei
Uh4857 4 recorded the least number (7) of Cyp families. It
was observed that only two Cyp families (Cyp51 and
Cyp504) were present in all the queried Ustilago spp.,
thereby representing only 5.9% of the total predicted Cyp
families. Five Cyp families (Cyp5156, Cyp5026, Cyp5031,

Cyp636 and Cyp5028) which is equivalent to 14.7 % of the
total cyp families were to be reoccurring in U. maydis 521
v2.0, U. bullata UB2112 and U. hordei Uh4857 4 species
while three Cyp families (Cyp5032, Cyp5034 and Cyp5025)
representing 8.8 % of the total predicted Cyp families were
common in U. maydis 521 v2.0 and U. bullata UB2112.
Interestingly, we found that 50 % (18 Cyp families: Cyp68,
Cyp58, Cyp620, Cyp539, Cyp548, Cyp591, Cyp64l,
Cyp628, Cyp5109, Cyp617, Cyp531, Cyp570, Cyp561,
Cyp56, Cyp621, Cyp541, Cyp684, Cyp584) of the total
predicted Cyp families were uniquely identified in U. virens,
whereas 11.8 % (4 Cyp families: Cyp5065, Cyp5027,
Cyp5029 and Cyp5030) and 2.9 % (Cyp5033) out of the total
predicted Cyp families were only identified in U. maydis 521
v2.0 and U. bullata UB2112, respectively.

Table 1. Taxonomic distribution of putative cyps in four Ustilago species.

Number of Total CYP Protein with
Genome predicted proteins complete Family Clan Sequences with no

Ustilago Species size (Mb) genes Sequences  sequences type type match in FCPD
Ustilago bullata UB2112 20,447,485 7,185 33 14 12 12 1
Ustilago maydis Uh4857 4 19,664,388 6,785 44 20 16 16 1
Ustilago virens 33,567,624 6,451 49 29 20 16
Ustilago hordei 521 v2.0 21,150,702 7,110 31 14 6 6
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Figure 1. Cytochrome P450 families identified in four Ustilago species.
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Figure 2. Venn diagram showing the distribution and relatedness of Cyp families among four Ustilago species.
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Phylogenetic clustering of cytochrome P450 families
among four Ustilago species

The links between the Cyp families of various Ustilago
species were better understood through comparisons at the
gene level and the identification of P450s. Figure 3 presents
a phylogenetic tree showing the evolutionary relationships
among Ustilago cytochrome P450 proteins. In addition,
Table 2 summarizes the placement of various Cyp families
and clans in eight phylogenetic classes with estimation
capabilities. A total of 77 cytochrome P450 proteins from 4
different Ustilago species were divided into 5 phylogenetic
classes by evolutionary analysis (Figure 3). The phylogenetic
clustering revealed multiple branches, which indicates that
there was widespread evolutionary diversity. The diverse
Cyps discovered in the four species cluster into five separate
phyletic clades. Clade III recorded the highest cyp gene
entries (19) from twelve Cyp families (Cyp5029, Cyp628,

Cyp5030, Cyp58, Cyp5109, Cyp531, Cyp570, Cyp53,
Cyp5028, Cyp684, Cyp561, Cyp548) involved in primary
and xenobiotic metabolic functions. This is followed by
clades I and V with 17 and 16 Cyp proteins from seven
(Cyp51, Cyp61, Cyp5026, Cyp5156, Cyp641, Cyp636 and
Cyp68 involved in primary, secondary and xenobiotic
metabolism) and six (Cyp6l, Cyp56, Cyp539, Cyp584,
Cyp5025 and Cyp5026 involved in primary and xenobiotic
metabolism) Cyp families, respectively. Clade II had the
fewest Cyp protein entries (11) from six Cyp families
(Cyp541, Cyp504, Cyp5065, Cyp5027, Cyp621, Cyp620)
involved in primary and xenobiotic metabolic functions.
With members in three clades, Clan 5026 was highlighted as
the largest (I, IV and V). All the phyletic clades were
predicted to be actively involved in xenobiotic metabolic
processes.

Table 2. Phylogenetic clustering of Cytochrome P450 families and clans among four Ustilago species.

Phylogenetic Sequence

Clade entry CYP Families CYP Clans Putative functions

I 17 Cyp51, Cyp61, Cyp5026, CYP51, CYP61, CYP5025, Primary metabolism, Xenobiotic
Cyp5156, Cyp641, Cyp636, CYP5156, CYP657, CYP68, /Secondary metabolism
Cyp68 CYP550

I 11 Cyp541, Cyp504, Cyp5065, CYP505, CYP504, CYP530, Primary metabolism, Xenobiotic
Cyp5027, Cyp621, Cyp620 CYP533 metabolism

I 19 Cyp5029, Cyp628, Cyp5030, CYP627, CYP62, CYP507, Primary metabolism, Xenobiotic
Cyp58, Cyp5109, Cyp531, CYP58, CYP574, CYPS53, metabolism
Cyp570, Cyp53, Cyp5028, CYP531, CYP572, CYP548,
Cyp684, Cyp561, Cyp548 CYP56

v 14 Cyp5026, Cyp5034, Cyp5033, CYP5026, CYP5139, Xenobiotic metabolism,
Cyp5031, Cyp617, Cyp5032,  CYP5031, CYP547, Secondary metabolism
Cyp591 CYP5032, CYP526

v 16 Cyp61, Cyp56, Cyp539, CYP61, CYP56, CYP52, Primary metabolism,

Cyp584, Cyp5025, Cyp5026

CYP5025, CYP5026 Xenobiotic metabolism
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Figure 3. Evolutionary relationships of cytochrome P450 proteins among four Ustilago species (U. bullata UB2112, U. virens,
U. maydis 521 V2.0, and U. hordei Uh4857 4). Phylogenetic tree was constructed using MEGA X software.
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Subcellular localization of P450 proteins in Ustilago
species

The Cyp proteins are predicted to be involved in numerous
activities that participate in the xenobiotic metabolism of the
genus Ustilago. In predicting the potential intracellular
localization of the Ustilago CYP450 gene, 68 of the total
sequences encoded by the Ustilago CYP450 genes are
confined in the endoplasmic reticulum representing 88% of
the CYP450 gene discovered from 4 Ustilago species.
Additional cellular components were also observed to
include CYP450, such as the mitochondria and plastid,
which accounted for 5.2% and 1.3% of the proteins encoded
by CYP450 genes respectively in Ustilago species (Figure
4).

20
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[ ] I !
E i nic i E

recticulum  recticulum  recticulum recticulum
Ustilagospecies and thier cyp genes subcellular localization

<]

Number of protein genes
@ o s

-

N

Cyroplasm  Mitochondrion

Figure 4. Prediction of subcellular localization analysis of
protein genes of four Ustilago species.

Identification of cytochrome P450s linked to gene
clusters for secondary metabolism

The analysis of cytochrome P450 genes in the four Ustilago
species revealed that the genes are connected to five (DMAT,
NRPS, NRPS-like, PKS, and PKS-Like clusters) secondary
metabolic related gene clusters. U. maydis 521 v2.0 was
discovered to be associated with all the metabolism-related
gene clusters [DMAT (2), NRPS (3), NRPS-Like (7), PKS
(3), and PKS-Like (3)]. U. hordei Uh4857 4 (NRPS (2),
NRPS-Like (5), PKS (1), and PKS-Like (1) and U. virens
(NRPS (4), NRPS-Like (7), PKS (2), and PKS-Like (2) were
found to participate in four of the putative secondary
metabolism-related gene clusters each while U. bullata
UB2112 was predicted to be involved in only three [NRPS
(2), NRPS-Like (5), and PKS (2)] putative secondary
metabolism-related gene clusters (Figure 5).

Discussion

The comparative analysis of Cytochrome P450s in Ustilago
species has shown the pattern of their diversity, similarities
and peculiarities in ancestral evolutionary processes. This
study has confirmed the existence of 77 Cytochrome P450
genes in the four Ustilago species, and their phylogenetic
classification into 5 clades reveals the abundance and
relatedness of these Cyps during evolution. Dauda et al.
(2022a) previously opined that CYPome are dynamic and

vary among species of organisms as influenced by their
developmental features, feeding and able to thrive within a
particular niche in ecology. The occurrence and distribution
of 35 and 26 P450 families and clans, respectively in the
queried Ustilago species suggest their diverse significant
roles in Ustilago spp. The observed expansion of families
and clans of P450s in the queried Ustilago species is possible
via tandem duplication of Cyp genes in evolution as reported
in fungi (Feyereisen, 2011; Sello et al., 2015). Variations in
the number of Cyp genes, families and clans have been
previously reported among several fungal species (Chadha et
al., 2018; Dauda et al., 2021a; Dauda et al., 2022a; 2022b).
When compared to other species, U. virens emerged as the
species with the greatest number of Cyp genes and families.
This could be because of several distinctive characteristics
like host specialization, pathogenicity, ecological adaption,
etc. In addition, the majority of Cyp families are U. virens
was annotated for the several xenobiotics it metabolized.
Cyp51 and Cyp61 proteins have been identified as the most
conserved protein genes in the P450 superfamily, with a wide
distribution in the kingdom of fungi (Ichinose, 2014; Zhang
et al., 2019). The close clustering of Cyp51 and Cyp61, as
observed in phylogenetic Clade I, further supported their
close association in the evolution and performance of similar
putative cellular activities (sterol biosynthesis). This finding
was comparable to the report of Chadha et al. (2018) on the
phylogenetic analysis of Trichoderma spp., who also
reiterated that Cyp61 emerged as a duplicate of Cyp 51 gene
in evolution. However, we observed that Cyp51 and Cyp504
were the only families common to all the queried Ustilago
species, while Cyp61 and Cyp53 were found in three (U.
bullata UB2112, U. maydis 521 v2.0 and U. virens) out of
the four Ustilago species under study. Cyp53 is conserved
and widely spread in the Basidiomycota and Ascomycota
divisions of the fungal kingdom (Ichinose, 2014). Cyp51
protein genes are known to exhibit very specific metabolic
activities (Lepesheva & Waterman, 2007; 2011), such as
primary metabolism, particularly biosynthesis of sterols
(Ichinose, 2014) and regulating virulence in fungal
pathogens by elongating their mycelia and increasing
invasive growth during pathogenesis (Wu et al.,, 2018).
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Figure 5. Identification of cytochrome P450 genes in
Ustilago species associated with secondary metabolism-
related gene cluster.
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The level of pathogenicity observed in the Ustilago
species to cereal crops could be linked to the presence of
Cyp51. More so, Cyp51 protein genes have been a major
target in controlling fungal phytopathogens (Ichinose, 2014;
Kelly & Kelly, 2013).The expansion of Cyp504 genes to all
the queried Ustilago spp. elucidate the vital role of these
genes in metabolizing various xenobiotics such as
fungicides, aiding the resistance of Ustilago spp., to
fungicide application. The present study revealed that the
endoplasmic reticulum (ER) was the major site of subcellular
localization for P450s across all the investigated Ustilago
species. Our finding corroborates previous reports on the
subcellular localisation of P450 genes in several fungal
species, including Trichoderma spp., (Chadha ef al., 2018),
Aspergillus species (Dauda et al.,, 2022a), Alternaria spp.,
(Dauda et al.,, 2022b), Candida tropicalis (Dauda et al.,
2022c¢), Fusarium spp., (Dauda et al., 2021a). Fungi as
eukaryotes belong to the Class II enzymatic group engaged
in many activities such as the production of mycotoxins,
metabolic processes of lipids, phytoalexins and xenobiotics,

which are mostly performed in the ER (Werck-Reichhart &
Feyereisen, 2000). From our study, most of the Cyp genes
families identified in Ustilago spp., were found to function
in xenobiotic metabolism, an activity reported to be
performed in the ER (Etienne & Ingelman-Sundberg, 2008).
A total of five secondary related gene clusters (DMAT,
NRPS, NRPS-like, PKS, and PKS-Like clusters) were
analysed to be encoded by Cyp genes in queried Ustilago
species. Non-ribosomal peptides, indole terpenes,
polyketides synthases, and terpenes are among the common
secondary metabolites associated with fungi (Saha et al.,
2021). The study revealed the presence and diversity of gene
clusters linked to secondary metabolism in Ustilago species.
and it was established that NRPS-like, NRPS and PKS are
the three most prevalent secondary metabolic gene clusters.
These numerous gene clusters play a key role in creating the
fundamental structure for most secondary metabolites. It has
been shown that secondary metabolites contribute to the
pathophysiology of many disorders (Al-Maaroof & Saed,
2023; Saha et al., 2021).
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