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ABSTRACT Cytochrome P450 monooxygenases (CYPs or P450s) are catalytically
versatile hemoproteins, associated with drug metabolism, substrate utilization and
pathogenesis. Mycobacterium ulcerans is a human pathogen causing Buruli ulcer. The
study intended to investigate frequency and diversity of CYPs from M. ulcerans strains,
understand the pan-CYPome clustering patterns and interconnection of CYPs using
bioinformatics tools. M. ulcerans strains demonstrated the presence of 261 CYPs cat-
egorized into 35 families and 38 subfamilies. CYP138, CYP140, CYP189 and CYP125 were
the flourishing families. Around, 20 CYP families and 20 subfamilies were conserved.
Flourishing and conserved CYP families/subfamilies were associated with lipid metabo-
lism, substrate utilization etc. CYP140 had a role in pathogenesis. CYP279 was the least
dominant family. CYP135, CYP183, CYP190, CYP271 and CYP276 were diagnostic markers
for M. ulcerans subsp. shinshuense strain ATCC 33728 and M. ulcerans strain P7741. The
pan-CYPome specified that M. ulcerans is evolving by gaining CYPs. CYP centric clustering
revealed diversity and resemblances among M. ulcerans strains. More diverse nature
of the M. ulcerans strain Harvey could be attributed to its larger size and geographical
location. Co-occurrence network demonstrated mutual associations amongst substantial
number of CYP families/subfamilies. This work provided comprehensive understanding
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of previously unexplored CYPs from M. ulcerans.

Introduction

Hemoproteins like cytochrome P450 monooxygenas-
es (CYPs) are universally present among all the living
kingdoms (Kweon et al. 2020). The accessibility of large
number of plants, animal and bacterial genomes in the
public databases during last 20 years have resulted in the
documentation of numerous cytochrome P450 monooxy-
genases. These hemo-thiolate enzymes first discovered
in 1962, have been known to be vital for the evolution of
different organisms (Nelson 2013). Phylogenetic studies on
cytochrome P450 monooxygenases have highlighted that
CYP51 is an ancient P450 which gave rise to the contem-
porary CYPs (Yoshida et al. 2000; Nelson 1999). CYP51
remained conserved across prokaryotes and eukaryotes
(Parvez et al. 2016). Cytochrome P450 monooxygenases
are associated with several biochemical reactions (Coon
2005) and form an indispensable part of an organism’s
primary and secondary metabolism (Parvez et al. 2016).
Researches on the CYPs from bacteria have revealed their
intricate structure function relationships (Parvez et al.
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2016). Multiple lines of evidence have demonstrated the
role of bacterial CYPs in drug metabolism and patho-
genesis (Kweon et al. 2020; Furge and Guengerich 2006;
Brezna et al. 2006). Bacterial CYPs are also known to be
biotechnologically important (McLean et al. 2015).
Non-tuberculous mycobacteria dwell in varied envi-
ronments and are responsible for nosocomial infections
in immunocompromised and vulnerable persons (Ahmed
et al. 2020). Mycobacterium ulcerans is a non-tuberculous
mycobacterium responsible for a severe skin disease
called Buruli ulcer (BU) (Ohtsuka et al. 2013). It has been
a common infectious disease in Ivory Coast, Ghana,
Benin, Democratic Republic of Congo and Uganda (van
der Werf et al. 1999). However, a number of infections
has been reported from aquatic environments in Japan
(Luo et al. 2015), Australia (O’ Brien et al. 2019), China,
certain regions of Central and South America (Merritt
et al. 2010). Anthropogenic activities have been one of
the reasons behind the emergence M. ulcerans (Zingue et
al. 2018). It initiates inflammation by attacking the skin,
subcutaneous fat cells (Merritt et al. 2010) and secretes
mycolactone toxin (Liu et al. 2019) during Buruli ulcer.
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Table 1. Summary of the analysis of MU-7 dataset using CYPminer

Dataset Total No. of CYP Pan-CYPome Principal CYP Principal CYP
CYPs categorization Pan Core families subfamilies
Family ~ Subfamily ~ Family ~ Subfamily ~ Family  Subfamily
MU-7 261 35 38 35 38 20 20 CYP138 CYP164A3P
CYP140 CYP140A
CYP189 CYP125A6P
CYP125 CYP138A

Consequently, a necrotizing and painless infection occur
which damages the skin, tissues of upper and lower limbs
as well as bones (de Souza et al. 2012). Delay in treatment
often result in disabilities (Yotsu et al. 2015). Till date no
vaccine is available, and surgery seems to be an option
for treating Buruli ulcer (Tai et al. 2018). Combination of
a couple of antibiotics along with surgery has also been
successful (Yotsu et al. 2018). Still, none had been more
effective compared to the other (Yotsu et al. 2018) and
increased pathogenicity has been linked to stable evolu-
tion of M. ulcerans (Tai et al. 2018).

There have been limited studies on the bacterial CYPs
(Parvez et al. 2016; Mthetwa et al. 2018; Senate et al.
2019; Lau et al. 2019; Khumalo et al. 2020) compared to
eukaryotes (Parvez et al. 2016). Nevertheless, observations
on the role of CYPs in bacterial pathogenesis (Kweon et
al. 2020), use of CYP141 for diagnosis of Mycobacterium
tuberculosis (Darban-Sarokhalil et al. 2011) and indispens-
ability of CYP121 for the existence of tuberculosis patho-
gen (McLean et al. 2008) demonstrated its importance
in infectious bacteria. An evolutionary analysis of CYPs
from 60 mycobacterial species offered insights into their
coverage, conservation and structural dynamics (Parvez
etal. 2016). Others focused on genome level analysis, espe-
cially identification and classification of CYPs from some
mycobacterial species along with eukaryotes (Kweon et
al. 2020). Nevertheless, there is a dearth of work on CYPs
from M. ulcerans. There is scarcity from the perspective
of identification, classification and comparative analysis
of the total CYP complement from M. ulcerans. Given the
significance of M. ulcerans as an emerging pathogen with
steady evolutionary rate (Tai et al. 2018), there is a need to
recognize the nature and diversity of CYPs from the total
CYP complement. Availability of the complete genomes
of different strains of M. ulcerans, isolated from differ-
ent geographical locations has unlocked the prospect of
studying the whole CYP complement.

The objectives of this study were to a) identify and
categorize the CYPs from M. ulcerans strains, b) investigate
the nature of the pan-CYPome, ¢) survey CYP centric
clustering patterns, d) understand interconnection of
CYPs via co-occurrence network and e) examine the CYP
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cloud to recognize the frequency and diversity of CYPs.
Given the wide-ranging functionalities of CYPs, this sort
of investigation will generate significant insights into the
characteristic features, patterns of dynamics and diversity
of M. ulcerans CYPs. Furthermore, it will throw light on
the nature of the physiology and lifestyle of M. ulcerans.

Materials and methods

Retrieval of sequences

Protein sequences from the genomes of 7 strains of human
pathogenic M. ulcerans (publicly available as of 01/01/2021),
viz., M. ulcerans strain SGLO3 (Genome ID 1809.14), M.
ulcerans strain S4018 (Genome ID 1809.16), latest an-
notated version of M. ulcerans strain P7741 (Genome ID
1809.18), M. ulcerans strain CSURQO0185 (Genome 1D
1809.19), M. ulcerans strain Agy99 (Genome ID 362242.7)
along with its plasmid, latest annotated version of M. ul-
cerans subsp. shinshuense strain ATCC 33728 (Genome ID
1124626.4) along with its plasmid and M. ulcerans strain
Harvey (Genome ID 1299332.3) were retrieved from the
PATRIC database version 3.6.8. This complete dataset
comprising 7 strains of M. ulcerans will henceforth be
referred to as MU-7.

Software and databases

A Python based software CYPminer (https://github.com/
Okweon/CYPminer), clustering algorithm USEARCH
(Edgar 2010) and RPSBLAST software (Marchler-Bauer
et al. 2009) were downloaded. Additionally, P450 and
RPS databases necessary for running CYPminer were
also retrieved (https://github.com/Okweon/CYPminer).

Data pre-processing and orthologous clustering

Protein sequences from the MU-7 dataset were used
as input for CYPminer. Next, USEARCH (Edgar 2010)
was utilized by CYPminer for the purpose of clustering
with a sequence identity cut-off of 55%. This was done
to accomplish CYP specific evaluation. A FASTA file
with representative protein sequences and an UCLUST
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Table 2. Frequency data of CYPs at the family and sub family in M. ulcerans strains and plasmids from the MU-7 dataset

Organism with No. of coding sequences (CDS) CYP frequency
Family Subfamily

M. ulcerans strain SGLO3 (PATRIC CDS=5611) 34 34
M. ulcerans strain S4018 (PATRIC CDS=5926) 36 36
M. ulcerans strain P7741 (PATRIC CDS=5894) 37 37
M. ulcerans strain CSURQO0185 (PATRIC CDS=5945) 34 34
M. ulcerans strain Agy99 (PATRIC CDS=5844) 38 38
M. ulcerans subsp. shinshuense strain ATCC 33728 (PATRIC CDS=5689) 37 37
M. ulcerans strain Harvey (PATRIC CDS=9118) 45 45

formatted file harboring cluster information was gener-
ated as output.

Identification and categorization of CYPs

In order to identify sequences with CYPs, CYPminer ex-
ecuted the RPSBLAST software by utilizing FASTA file of
the representative protein sequences. Subsequently, these
representative protein sequences were compared with the
localized RPS database housing CYP domains. A cut-off
was set at 0.00001. Next, the protein sequences contain-
ing conserved CYP domains were used for USEARCH
BLAST against the localized P450 database (Kweon et al.
2020). Then, CYPminer categorized CYP proteins having
240% and 255% identity to corresponding P450 families
and subfamilies, while those having <40% identity was
designated as novel. This categorization was based on
international nomenclature (Nebert et al. 1987).

Determination of pan-CYPome and clustering

Here, CYPminer utilized the UCLUST file housing cluster
information and the result of CYP categorization for a
number of Genome-CYP Matrix (GCM) analysis. Inves-
tigation of the pan-CYPome and clustering are integrated
components of the GCM analysis. CYPminer yielded a
pan-CYPome comprising of total complement of CYPs
(Kweon et al. 2020) obtained from the studied strains of
M. ulcerans. Moreover, it also yielded the core-CYPome.
Additionally, hierarchically clustered heatmaps of CYP
family and subfamilies were created by utilizing the
python heatmap cluster library.

Determination of co-occurrence network and CYP cloud

The CYPminer workflow was subjected to GCM analysis
for constructing the CYP co-occurrence network and
CYP cloud. For this purpose, the Python pyvis and word
cloud libraries were employed. While CYP co-occurrence
network signified relationships between CYPs, CYP
cloud examined CYP frequency. The former considered
CYPs present within a genome to be related resulting in
co-occurrence, while the latter generated a word cloud

containing an impression of the rate of CYP incidence.
The CYP co-occurrence networks were generated for
both CYP families and subfamilies.

Results

Mycobacterium ulcerans CYPs and their categorization

Data mining of the MU-7 dataset using CYPminer re-
vealed the occurrence of 261 CYPs (Table 1). These CYPs
were categorized into 35 families and 38 subfamilies.
There were no new families or subfamilies. Closer inspec-
tion of CYP families indicated that CYP138, CYP140,
CYP189 and CYPI125 were the principal ones having
19, 13, 13 and 12 members respectively. About 20 CYP
families viz. CYP51, CYP105, CYP123-126, CYP130,
CYP136-139, CYP142-143, CYP150, CYP164, CYP185,
CYP189, CYP191, CYP226 and CYP278 were present
among all the 7 strains of M. ulcerans indicating their
conserved nature. In contrast, the CYP279 family was
only present in M. ulcerans strain P7741. CYP families
viz. CYP135, CYP147, CYP183, CYP190, CYP271 and
CYP276 were only found in M. ulcerans subsp. shins-
huense strain ATCC 33728 and M. ulcerans strain P7741.
Likewise, CYP140A, CYP2164A3P, CYP125A6P and
CYP138A were the principal subfamilies housing 13,
13, 12 and 12 members. About 20 CYP subfamilies viz.
CYP51B, CYP105Q, CYP123-124A, CYP125A6, CYP126A,
CYP130A, CYP136-138A, CYP139A3P, CYP142-143A,
CYP150A, CYP164A3P, CYP185A, CYP189A, CYP191A,
CYP226B and CYP278A were extant among all the 7
strains of M. ulcerans. While CYP138B occurred only in M.
ulcerans subsp. shinshuense strain ATCC 33728, CYP279A
was only found in M. ulcerans strain P7741. Moreover,
CYP subfamilies viz. CYP135B, CYP147G, CYP183B,
CYP190A, CYP271A and CYP276A were noticed only
in M. ulcerans subsp. shinshuense strain ATCC 33728 and
M. ulcerans strain P7741.

Table 1. showed the occurrence of 35 and 38 pan CYP
families and subfamilies. Table 2. highlighted that M. ul-
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Figure 1. Pan-CYPome family profile from the MU-7 dataset. The Venn
diagram intended to demonstrate the Pan and Core CYP families.
Circles symbolized genomes and the overlapping regions signified CYP
families shared by respective genomes. Numeral figures represented
the number of CYP families found therein. The number of Core families
(in the centre) in the Pan-CYPome were 20. The Pan-CYPome consisted
of 35 families in total.

M. ulcerans strain SGLO3

M. ulcerans strain Harvey

cerans strain Harvey housed the highest number of CYPs
(45 families and subfamilies) followed by M. ulcerans strain
Agy99 (38 families and subfamilies). M. ulcerans strain
SGLO03 and M. ulcerans strain CSURQO185 had the lowest
CYP frequency (34 families and subfamilies each) amongst
the 7 strains. The frequency of CYPs corresponded with
the number of coding sequences in some of the strains.

Pan-CYPome of Mycobacterium ulcerans

Fig. 1. demonstrated the pan-CYPome family profile
from MU-7 dataset. It highlighted the full complement
of CYP families incorporating the studied strains of M.
ulcerans. CYPMiner showed a total of 35 families in the
pan-CYPome. This consisted of 20 core families that
were common to all the seven strains. Thus, a sizeable
proportion of the CYP families belong to the core. Six
CYP families were shared among six strains. M. ulcerans
subsp. shinshuense strain ATCC 33728 and M. ulcerans
strain P7741 also shared 6 CYP families. The number
of CYP family exclusively shared by five strains was 1.
Three strains viz., M. ulcerans strain Harvey, M. ulcerans
strain Agy99 and M. ulcerans strain P7741 too shared 1
CYP family. Additionally, the presence of one unique
strain specific CYP family in M. ulcerans strain P7741
supported earlier observations.

Fig. 2. portrayed the pan-CYPome subfamily profile
from MU-7, dataset signifying the full complement of
CYP subfamilies. A total of 38 subfamilies were pres-
ent in the pan-CYPome. A few parallels were noticed
between the pan-CYPome family and subfamily profiles.
The pan-CYPome subfamily profile comprised of a high
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Figure 2. Pan-CYPome subfamily profile from the MU-7 dataset.
The Venn diagram intended to demonstrate the Pan and Core CYP
subfamilies. Circles symbolized genomes and the overlapping regions
signified CYP subfamilies shared by respective genomes. Numeral
figures represented the number of CYP subfamilies found therein. The
number of Core subfamilies (in the centre) in the Pan-CYPome were
20. The Pan-CYPome consisted of 38 subfamilies in total.

share of 20 core CYP subfamilies present in all seven
trains. Similar to the pan-CYPome family profile, six
CYP subfamilies were also shared between six strains.
M. ulcerans subsp. shinshuense strain ATCC 33728 and M.
ulcerans strain P7741 too shared 6 CYP subfamilies. Three
CYP subfamilies were exclusively shared by five strains.
M. ulcerans strain Harvey, M. ulcerans strain Agy99 and
M. ulcerans strain P7741 too shared 1 CYP subfamily.
Unique strain specific subfamilies were observed only
in M. ulcerans subsp. shinshuense strain ATCC 33728 and
M. ulcerans strain P7741 respectively.

CYP centric clustering analysis

Fig. 3. portrayed the CYP centric family heatmap cluster
with dendrograms. It was observed that the 7 M. ulcerans
genomes were grouped into two major clusters consist-
ing of smaller clusters. It was noticed from Fig. 3 that
M. ulcerans subsp. shinshuense strain ATCC 33728 and
M. ulcerans strain P7741 had a comparable CYP family
profile and were distinctly clustered together at some
distance from the rest. This was the first major cluster.
In this cluster, the frequency of 19 CYP families like
CYP51, CYP105, CYP124-126, CYP130, CYP136-137,
CYP139, CYP142, CYP147, CYP183, CYP185, CYP189-
190, CYP226, CYP271, CYP276 and CYP278 was 1 in both
the organisms. Similarly, the frequency of CYP135 and
CYP150 were 2 in both. Furthermore, the frequency of
CYP144 were 0 in both the organisms. The frequency of
other CYP families varied between these microorganisms.

Others viz. M. ulcerans strain Harvey, M. ulcerans strain



M. ulcerans strain Harvey
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Figure 3. CYP centric family heat map cluster from M. ulcerans. Right
side of the vertical axis denoted the frequency of incidence of indi-
vidual CYP families while left side denoted relationship among CYP
subfamilies. Lower side of the horizontal axis represented the studied
strains of M. ulcerans. Upper side of the horizontal axis represented
the CYP centric phylogenetic clusters. Colours in the scale of 0-5 indi-
cated frequency.

CSURQO185, M. ulcerans strain SGLO3, M. ulcerans strain
S4018 and M. ulcerans strain Agy99, formed the second
major cluster. They were divided into smaller clusters
which were close to each other. A closer investigation of
these 5 genomes revealed that, M. ulcerans strain S4018,
M. ulcerans strain Agy99, M. ulcerans strain SGLO3 and
M. ulcerans strain CSURQO185 were assembled together
owing to some resemblances in the CYP family pro-
file. However, M. ulcerans strain Harvey showed some
variations regarding frequencies of CYP136, CYP138,
CYP140, CYP143-144, CYP188-189 and CYP274. As far
as the parallels are concerned, the frequency of CYP135,
CYP147,CYP183, CYP190, CYP271, CYP276 and CYP279
were 0 in all these 5 genomes. Likewise, the frequency
of CYP125, CYP164, CYP187 and CYP268 were 2 in
these. A frequency of 1 was observed in 14 CYP families
viz. CYP51, CYP105, CYP123-124, CYP126, CYP130,
CYP137, CYP142, CYP150, CYP185, CYP191, CYP226,
CYP269 and CYP278 within these 5 genomes. Overall,
all 7 genomes showed resemblance in having a frequency
of 1 for 10 CYP families viz. CYP51, CYP105, CYP124,
CYPI126, CYP130, CYP137, CYP142, CYP185, CYP226

Analysis of CYPs in Mycobacterium ulcerans

M. ulcerans strain Harvey
M. ulcerans strain Agy99
M. ulcerans strain S4018
M. ulcerans strain SGL03
M. ulcerans strain CSURQ0185
M. ulcerans strain P7741

M. ulcerans subsp. shinshuense strain ATCC33728

Figure 4. CYP centric subfamily heat map cluster from M. ulcerans. Right
side of the vertical axis denote the frequency of incidence of individual
CYP subfamilies and left side relationships among CYP subfamilies.
Lower side of the horizontal axis represented the studied strains of
M. ulcerans. Upper side of the horizontal axis represented CYP centric
phylogenetic clusters. Colours in the scale of 0-3 indicated frequency.

and CYP278.

The CYP centric subfamily heatmap cluster with den-
drograms (Fig. 4) which showed some similarity with the
pattern visible in the family heatmap. Here too the 7 M.
ulcerans genomes were grouped into two main clusters. Fig.
4. demonstrated that M. ulcerans subsp. shinshuense strain
ATCC 33728 and M. ulcerans strain P7741 had good degree
of similarity in the CYP subfamily profile. They were
grouped together forming one of the two major clusters
at a distance from others. In this cluster, the frequency of
20 CYP subfamilies viz. CYP51B, CYP105Q, CYP124A,
CYP125A6P, CYP126A, CYP130A, CYP136-138A, CY-
P139A3P, CYP142A, CYP147G, CYP183B, CYP185A,
CYP189-190A, CYP226B, CYP271A, CYP274A, CYP276A
and CYP278A were 1 in both. Likewise, the frequency
was 2 for CYP135B and CYP150A. Additionally, the fre-
quency of CYP138A4P, CYP144A and CYP189A6P was 0
in both. M. ulcerans subsp. shinshuense strain ATCC 33728
and M. ulcerans strain P7741 showed differences in rest
of the subfamilies.

M. ulcerans strain Harvey, M. ulcerans strain Agy99,
M. ulcerans strain S4018, M. ulcerans strain SGL03 and
M. ulcerans strain CSURQO185 shaped the second major
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Figure 5. CYP family co-occurrence network from MU-7 dataset.

cluster. It was grouped into smaller clusters. Analysis of
these 5 genomes revealed that, M. ulcerans strain Agy99,
M. ulcerans strain S4018, M. ulcerans strain SGL03 and M.
ulcerans strain CSURQO185 were clustered together due
to some similarities in the frequency of CYP subfamilies.
M. ulcerans strain Harvey differed from other 4 genomes
within the second major cluster in the frequency of 8
CYP subfamilies viz. CYP36A, CYP138A, CYP138A4P,
CYP143-144A, CYP188-189A and CYP274A. As far as
similarities are concerned, it was noticed that the fre-
quency of CYP135B, CYP138B, CYP147G, CYP183B,
CYP190A, CYP271A CYP276A and CYP279A were 0
in all the 5 genomes within this cluster. Additionally, a
frequency of 1 was detected in 16 CYP subfamilies viz.
CYP51B, CYP105Q, CYP108B, CYP123-124A, CYP126A,
CYP130A, CYP137A, CYP142A, CYP150A, CYP185A, CY-
P189A6P, CYP191A, CYP226B, CYP269A1P and CYP278A
in each of these genomes. Furthermore, each of them had
a frequency of 2 in 4 CYP subfamilies viz. CYP125A6P,
CYP164A3P, CYP187A and CYP268A2P. Examination of
the 7 genomes from two major clusters revealed similarity
in 10 CYP subfamilies. These subfamilies viz., CYP51B,
CYP105Q, CYP124A, CYP126A, CYP130A, CYP137A,
CYP142A, CYP185A, CYP226B and CYP278A had a
frequency of 1.

CYP co-occurrence network in Mycobacterium ulcerans

Figs. 5 and 6 portrayed the CYP family and subfamily co-
occurrence networks from the MU-7 dataset. Based on
their corresponding occurrence in M. ulcerans genomes,
the mutual connectivity of the identified CYPs were
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Figure 6. CYP subfamily co-occurrence network from MU-7 dataset.

demonstrated by these co-occurrence networks. It was
observed from Fig. 5. that a considerable number CYP
families formed big nodes and were strongly clustered
together. They had a high connection degree (greater
number of edges connected to the nodes) with thick width.
The degree of the nodes was reflected in the size. These
included the principal CYP families, CYP138, CYP140,
CYP189, CYP125, conserved CYP51 (Parvez et al. 2016)
in addition to a host of others. On the other hand, less
dominant CYP families viz. CYP135, CYP147, CYP183,
CYP190,CYP271,CYP276 and CYP279 showed reduced
compactness in the connection with thin width. The
co-occurrence network of the CYP subfamilies (Fig. 6)
also displayed a condensed cluster of a number of CYP
subfamilies with big nodes, thick width and high con-
nection degree. This cluster housed key CYP subfamilies
viz. CYP125A6P, CYP164A3P, conserved CYP51B as
well as others. However, the least dominant subfamilies
displayed reduced compactness, connectivity and thin
width. These included CYP135B, CYP138B, CYP183B,
CYP190A, CYP271A, CYP276A and CYP279A.

CYP cloud of Mycobacterium ulcerans

Fig. 7(a-b) graphically represented the CYP cloud display-
ing CYP frequency at the family and subfamily level from
the MU-7 dataset. The principal families and subfamilies
depicted in bigger font have been highlighted earlier (Table
1). Moderate and least dominant families and subfamilies
were displayed in medium and smaller fonts respectively.
A deeper probe revealed that M. ulcerans strain Harvey had
the highest concentration of the principal CYP families



CYP138, CYP140 and CYP189 with a copy number of 5,
3 and 3. A copy number of 2 was observed in CYP125
and CYP268 for M. ulcerans strain Harvey, M. ulcerans
strain CSURQO185, M. ulcerans strain SGLO3, M. ulcerans
strain S4018 and M. ulcerans strain Agy99. CYP279 was
the least dominant family having a solitary copy number
in M. ulcerans strain P7741. Other less dominant families,
CYP147,CYP183, CYP190, CYP271 and CYP276 with a
frequency of 1 were present only in M. ulcerans subsp. shin-
shuense strain ATCC 33728 and M. ulcerans strain P7741.

M. ulcerans strain Harvey and M. ulcerans strain Agy99
had a copy number of 3 in the principal subfamilies,
CYP140A and CYP138A. Other principal subfamilies,
CYP125A6P and CYP164A3P had a copy number of 2 in
M. ulcerans strain Harvey, M. ulcerans strain CSURQO0185,
M. ulcerans strain SGLO3, M. ulcerans strain S4018, M.
ulcerans strain Agy99 and M. ulcerans strain P7741. The
least dominant subfamilies, CYP138B and CYP279A with
solitary counts were detected in M. ulcerans subsp. shins-
huense strain ATCC 33728 and M. ulcerans strain P7741.
Additionally, other less dominant subfamilies, CYP183B,
CYP190A, CYP271A and CYP276A with an incidence
of 1 were found in M. ulcerans subsp. shinshuense strain
ATCC 33728 and M. ulcerans strain P7741.

Discussion

In this work, cytochrome P450 monooxygenases (CYPs)
were identified and categorized from various M. ulcerans
strains. Using this information, a number of downstream
investigations at the family and subfamily level concerning
the pan-CYPome, CYP centric clustering, interrelation-
ship networks, frequency and variations of CYPs were
carried out. The results were mutually supportive. The
outcome of these analyses had underlined several impor-
tant characteristics of M. ulcerans CYPs that could pave
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Figure 7. CYP clouds of the (a) family and (b) subfamily from MU-7 dataset.
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the way for further studies.

M. ulcerans is a human pathogen. Examination of
individual M. ulcerans strains revealed that they had low
concentration (ranging from 34-45) of CYP families. The
outcome agrees with the fact that mycobacterial human
pathogens tend to possess lower CYPs owing to their
adaptation to human pathogenic lifestyle where they
must survive by fighting the host’s immunity and exploit
carbon sources (Parvez et al. 2016; Senate et al. 2019). M.
ulcerans strains showed difference between them regarding
the number of CYP families and subfamilies. This had
something to do with the size of the genomes, especially
in M. ulcerans strain Harvey. Here greater number of
coding sequences corresponded to increased CYPs while
smaller number coding sequences in M. ulcerans strain
SGLO3 resulted in lower CYPs. This is in line with the
observations from other mycobacterial species (Parvez
etal. 2016). Again, M. ulcerans strain Harvey was isolated
in USA (https://patricbrc.org/view/ Taxonomy/2#view_ta
b=genomes&filter=and(keyword(Mycobacterium),ke
yword(ulcerans)) and its’ difference from other strains
regarding number of CYPs, clustering of families and
subfamilies in the CYP heatmaps (Figs. 3-4) may be at-
tributed to geographical location. Previous works have
specified the role of geographical location in variation
among bacterial strains (Sen et al. 2008; Sur et al. 2008).

The incidence of comparatively higher number of
members in CYP families, CYP138, CYP140, CYP189
and CYP125 designated that they were flourishing. This
phenomenon has also been reported in other organisms
(Syed et al. 2014; Parvez et al. 2016). These flourishing
families played a crucial part in M. ulcerans physiology.
CYP138,CYP140,CYP189 and CYP125 are known to be
associated with heme binding (https://www.uniprot.org/
uniprot/P9WPM3), mycolactone synthesis (Mve-Obiang
et al. 2005), monooxygenase activity (Parvez et al. 2016)
and steroid hydroxylation (Mc Lean et al. 2009). Given
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that M. ulcerans secrete mycolactone toxin during Buruli
ulcer, the dominance of CYP140 point to its influence on
the disease. This is strengthened by its presence in almost
all the M. ulcerans strains. Occurrence of 20 CYP families
among all the 7 M. ulcerans strains, portrayed that they
were conserved within these strains and suggested their
importance. A number of them like CYP51, CYP105,
CYP124, CYP125, CYP142, CYP150, CYP185 function
in lipid metabolism, steroid metabolism (Kelly and Kelly
2013), diterpenoid oxidation (Moody and Loveridge 2014),
steroids, fatty acid hydroxylation (Johnston et al. 2009;
Johnston et al. 2010; Mc Lean et al. 2009) and polycyclic
aromatic hydrocarbon hydroxylation (Brezna et al. 2006).
Earlier works have specified that these families assisted
Mycobacterium in assimilating host compounds (Senate et
al. 2019). Presence of CYP279 family only in M. ulcerans
strain P7741 indicated that this can act as a diagnostic
marker for this strain. Nevertheless, incidence of CYP135,
CYP147, CYP183, CYP190, CYP271 and CYP276 only
in M. ulcerans subsp. shinshuense strain ATCC 33728 and
M. ulcerans strain P7741 revealed that these families may
be improved diagnostic markers than CYP279 owing to
occurrence in two strains. Their existence stated their
importance in these M. ulcerans strains. Most of the least
dominant CYP families limited to few M. ulcerans strains
were orphans (Parvez et al. 2016). This is line with earlier
observations on P450s from other mycobacteria (Parvez
et al. 2016). The outcome from CYP subfamilies were
consistent with that of the families. Analysis of the CYP
families and subfamilies from M. ulcerans indicated that
they were designed for utilization of lipids.

The pan-CYPome family and subfamily profile from
M. ulcerans indicated accumulation of new CYPs with
each newly added genome, and the ability to continu-
ously extent their total set of CYPs. It is probable that
by acquisition of CYPs and diversification, M. ulcerans
is evolving. This may have consequences in terms of the
diversity and lifestyle of M. ulcerans strains. Considerable
proportion of core CYP families and subfamilies in the
pan-CYPome, is probably an outcome of a number of
strains, family and subfamily-specific CYPs, reflecting
the dynamics of M. ulcerans. Analysis of the core CYP
families and subfamilies provided clues on the role of
common CYPs essential for the lifestyle of M. ulcerans.
As mentioned earlier most of them are flourishing and
are involved in lipid, steroid metabolism, heme binding
etc. These are vital for the survival of the species.

CYP centric clustering pattern of the families and
subfamilies revealed that despite isolation from differ-
ent geographical locations, M. ulcerans subsp. shinshuense
strain ATCC 33728 (isolated from Japan) and M. ulcerans
strain P7741 (isolated from French Guyana) (https://
www.patricbrc.org/view/GenomeList/?and(keyword(M
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ycobacterium),keyword(ulcerans))#view_tab=genomes),
were grouped together in the first major cluster owing to
similarities in the CYP frequency of 22 families and 25
subfamilies. The CYP centric clustering pattern in the
second major cluster indicated that, M. ulcerans strain
Harvey (isolated from USA), M. ulcerans Agy99 (isolated
from Ghana), M. ulcerans strain S4018 (isolated from Be-
nin), M. ulcerans strain SGLO3 (isolated from Democratic
Republic of Congo) and M. ulcerans strain CSURQO0185
(isolated from Ivory Coast) (https://www.patricbrc.org/
view/GenomeList/?and(keyword(Mycobacterium) key
word(ulcerans))#view_tab=genomes), had resemblances
in the CYP frequency of 25 families and 28 subfamilies.
While the four African strains showed some parallels with
each other, M. ulcerans strain Harvey (isolated from USA)
differed from these in the CYP frequency of 8 families
and subfamilies. Interestingly, this included the flourish-
ing CYP families and subfamilies like CYP140, CYP138,
CYP138A respectively. This difference exhibited by M.
ulcerans strain Harvey was due to higher number of CYPs
in the families and subfamilies compared to others. It is
possible that higher number offered advantage for bet-
ter adaptation to the host’s environment and needs to
be corroborated by future studies. Again, occurrence of
10 CYP families and subfamilies with a frequency of 1
among seven M. ulcerans strains highlighted the resem-
blances among them.

Findings from CYP family and subfamily co-occur-
rence network were in agreement with their frequencies.
Sizeable number of CYP families including CYP138,
CYP140, CYP189, CYP125 with big nodes, robust clus-
tering, high connection degree and thick width were
indicative of their high frequency and co-occurrence in M.
ulcerans genomes. Again, strong clustering of majority of
CYP families specified their mutual associations regarding
CYP dynamics in M. ulcerans genomes. In contrast, low
connection degree and thin width of CYP135, CYP147,
CYP183, CYP190, CYP271, CYP276 and CYP279 signi-
fied less frequency and dissociation. The result of CYP
subfamily co-occurrence network were supportive of the
CYP family counterpart.

The observations from CYP family and subfamily
clouds were in line with their frequency and variation in
M. ulcerans strains. The incidence of high copy number
of the flourishing families (CYP138, CYP140, CYP189,
CYP125, CYP268) and subfamilies (CYP141A, CYP138A,
CYP125A6P, CYP164A3P) indicated that they played a
vital role in the metabolism and lifestyle of M. ulcerans
strain Harvey, M. ulcerans strain CSURQO185, M. ulcerans
strain SGLO3, M. ulcerans strain S4018 and M. ulcerans
Agy99. Comparatively higher concentration of these in
M. ulcerans strain Harvey indicated that this strain showed
variation from the rest. This further strengthened the



hypothesis that comparatively larger genome manifested
by higher number of coding sequences (CDS), and dif-
ferent geographical location of M. ulcerans strain Harvey
may be the reason behind such variation.

Conclusions

This study using CYPminer pipeline provided relative
understandings of CYPs from Mycobacterium ulcerans
strains at the genome level. An attempt was made to get
a picture of the CYPs from M. ulcerans strains since they
are known to be involved in myriad metabolic processes.
Atotal of 261 CYPs were identified. While some families
and subfamilies flourished others had solitary presence.
Several them were conserved across strains. A substantial
number of them had strong mutually supportive relation-
ships. Low number of CYP families coupled with the
role of flourishing, conserved families and subfamilies
in mycolactone synthesis, steroid hydroxylation, lipid
metabolism, etc. indicated their physiological role in the
lifestyle of M. ulcerans. The M. ulcerans strains showed
difference and similarities between them in the context
of incidence, frequency, copy number and clustering of
CYP families and subfamilies. The outcome of this work
enhanced our knowledge regarding the CYP dynamics
in M. ulcerans. Future work should focus on exploring the
role of M. ulcerans CYPs in secondary metabolite synthesis
followed by assessment of their biosynthetic gene clusters
since they may hold potential for the biopharmaceutical
industry.
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