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Abstract 

Background:  Cytochrome P450 monooxygenases (CYPs) are exciting biocatalysts that catalyzes diverse regio- and 
stereoselective reactions of a broad range of substrates. The cytochrome P450 genes (CYPomes) of a chronically pol-
luted soil (3S) with history of agricultural activities were deciphered via functional annotation of putative ORFs (open 
reading frames) using KEGG KofamKOALA, PHMMER, the Cytochrome P450 Engineering Database CYPED v6.0, and 
the NCBI Batch Web CD-Search tool.

Results:  Annotation revealed the detection of seventy-seven CYP families and eight standalone CYPs cutting across 
the three domains of life. The prokaryote CYPome has 72 CYP families, 93 subfamilies, and seven standalone CYPs. The 
phylum Proteobacteria and the genera Streptomyces, Mycobacterium, and Bacillus with 17, 16, 24, and 5 CYP families 
were predominant, while the domain Archaea was represented by CYP119A1. The phylum Cyanobacteria has two 
families, while 23 actinobacterial CYPs (other than Streptomyces and Mycobacterium) were also detected. The detected 
prokaryote CYPs are responsible for biodegradation of camphor, hydroxylation of monoterpene alcohols, biosynthesis 
of secondary metabolites, and hydroxylation of fatty acids and steroidal compounds. The eukaryote CYPome was rep-
resented by seven fungal CYPs (CYP505A3, CYP505B1, CYP51A, CYP51C, CYP55A1, CYP55A2, and CYP55A3) from Acre-
monium egyptiacum, Fusarium oxysporum, Aspergillus oryzae, Gibberella moniliformis, Aspergillus flavus, and Fusarium 
lichenicola, respectively, and CYP524A1 from the slime mold, Dictyostelium discoideum. The fungi CYPs were involved 
in biosynthesis of secondary metabolites, hydroxylation of fatty acids, and nitrate reduction and denitrification.

Conclusions:  This study has established the diverse roles played by CYPs in soil, its implication for soil health and 
resilience, and its potentials for industrial application.
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Background
The cytochrome P450 monooxygenases (CYPs) com-
prise a large group of hemeproteins that catalyze a wide 
range of reactions, playing important roles in several 
fundamental biological processes (Danielson 2002). 

The majority of CYPs are monooxygenases, catalyzing 
the cleavage of dioxygen bound to their b-type heme 
iron, leading to the formation of a highly reactive ferryl 
iron-oxo intermediate, which catalyzes the insertion of 
an oxygen atom into the substrate (Girvan and Munro 
2016). Several reaction outcomes such as hydroxylation 
and epoxidation, oxidative demethylation, dealkylation 
and deamination, oxidative and reductive dehalogena-
tion, oxidation of alcohols and aldehydes, sulfoxidation, 
decarboxylation, among others result from oxidation of 
CYP substrates (Guengerich and Munro 2013). These 
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reactions allow CYP enzymes to interact with both exog-
enous (such as drugs, plant secondary metabolites, and 
pollutants) and endogenous (such as steroids and fatty 
acids) compounds with highly diverse chemical struc-
tures and thus play a role in several critical physiological 
processes (Pankov et al. 2021).

Prokaryotic CYPs are soluble enzymes that lack the 
N-terminal membrane anchor, while the eukaryotic CYPs 
are bound to membranes with an N-terminal transmem-
brane helix. Functionally, prokaryotic CYPs are generally 
involved in biotransformation of xenobiotic compounds, 
biosynthesis of secondary metabolites, and hydroxylation 
of fatty acids and steroidal compounds (O’Keefe et  al. 
1988; Moody et  al. 2012). Fungal CYPs are involved in 
diverse life processes such as production of primary and 
secondary metabolites, denitrification under anoxic con-
ditions, among others. However, the CYPome of fungal 
species depends on their ecology and mode of life, a plau-
sible reason why pathogenic forms have more CYPs than 
non-pathogenic or free-living forms (Pedrini et al. 2010; 
Shin et  al. 2018). The abundance and diversity of CYPs 
in an environment can be an indicator of stress-induced 
functional shift. Their role in maintaining soil health via 
mineralization of natural organic compounds and detoxi-
fication of environmental pollutants and highly elec-
tronegative molecular species cannot therefore be over 
emphasized.

The soil environment is consistently inundated with 
coterie of pollutants from diverse sources. It is extremely 
difficult to find a polluted soil with a single pollutant. 
The presence of these pollutants imposes selective pres-
sure on the microbial community, alters soil physico-
chemistry, reduces inorganic nutrients bioavailability, 
and potentiates changes in the direction of alternative 
metabolism and secondary metabolism, including bioac-
tive compounds and toxicity and stress-induced resist-
ances (Salam 2020; Salam and Obayori 2020; Salam et al. 
2021). Understanding the potential of pollutants to dis-
rupt community structure and functions has undergone a 
shift in the past decade or two from culture-dependent to 
culture-independent method, with more emphasis placed 
on metagenomic approach.

The chronically polluted soil (3S) is an environment 
with a dual history of agricultural activities that span 
more than 50  years followed by its use as automobile 
workshop where spent oils and other oils were routinely 
released into the environment. Physicochemical analysis 
of the polluted soil and functional characterization of 3S 
metagenome obtained from the soil revealed an envi-
ronment that is grossly polluted as exemplified with the 
detection of hydrocarbon degradation genes, heavy metal 
resistance genes, and antibiotic resistance genes (Salam 
and Ishaq 2019; Salam 2020). However, while CYPs are 

often harbored by microorganisms for selective advan-
tages and metabolic fitness, not much work has been 
done in the area of applying metagenomic approach to 
gain insight into the genomic potentials associated with 
CYPs in hydrocarbon impacted soils or similar environ-
mental compartments.

Here, we report the detection of diverse CYP genes in 
the metagenome of a former agricultural soil which had 
witnessed over one decade of hydrocarbon pollution, 
with the aim of giving an insight into the functional prop-
erties of the CYPs harbored by members of the microbi-
ome and how it accentuates their metabolic fitness and 
survival in the hydrocarbon-stressed environment.

Methods
Sampling site description and microcosm properties
The sampling site with coordinates of 8°28′ 42.4ʺ N and 
4°32′15.6ʺ E is a hydrocarbon-polluted soil located in 
an automobile workshop at Taiwo, Ilorin, Nigeria. The 
site has a phased history of being used for agricultural 
activities for several decades, which is followed by its 
use till date as an automobile workshop with attendant 
history of hydrocarbon contamination for more than 
10  years. Composite samples were collected at a depth 
of 10–12  cm with a sterile hand trowel, sieved (4  mm), 
and thoroughly mixed in a large plastic bag to avoid 
variability among the results of replicate soil samples. 
The sieved polluted soil (2 kg) was poured in open alu-
minum pans (37 cm × 14 cm × 7 cm) and designated 3S. 
The  setup was done in triplicates. For DNA extraction, 
the samples (triplicate) were mixed and 0.25 g of the soil 
was used for the extraction. The physicochemistry of the 
soil (means of three replicates) revealed a weakly acidic 
pH (6.76), organic matter content of 1.35%, and the phos-
phorus, nitrogen, and potassium content of 6.38 mg/kg, 
0.13%, and 0.15  mg/kg, respectively. The hydrocarbon 
content analysis revealed aliphatic hydrocarbon concen-
tration of 1332.30 mg/kg, while the aromatic fraction is 
1325.51 mg/kg, respectively (Salam and Ishaq 2019). Fur-
ther information on the soil microcosm (polluted soil, 
3S) setup, incubation conditions, physicochemical prop-
erties, and residual hydrocarbons has been reported pre-
viously (Salam and Ishaq 2019).

DNA extraction, shotgun metagenomics, and metagenome 
properties
Genomic DNA used for metagenomic analysis was 
extracted directly from 3S soil microcosm (0.25 g) using 
ZYMO soil DNA extraction Kit (Model D 6001, Zymo 
Research, USA) following the manufacturer’s instruc-
tions. The concentration and quality of the extracted 
DNA were ascertained using NanoDrop spectropho-
tometer and electrophoresed on a 0.9% (w/v) agarose gel, 
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respectively. Shotgun metagenomic of 3S soil microcosm 
was prepared using the Illumina Nextera XT sample pro-
cessing kit and sequenced on a MiSeq. The protocols for 
total DNA preparation for Illumina shotgun sequencing 
were described previously (Salam 2018; Salam and Ishaq 
2019). Sequence reads from the 3S microcosm setup were 
assembled individually by VelvetOptimiser v2.2.5, and 
the resulting contigs fed into the MG-RAST metagen-
omic analysis pipeline. Pre-quality control analysis of the 
assembled sequences revealed 1239 contigs with a total 
of 314,848 bp, an average sequence length of 254 ± 66 bp, 
and the mean GC content of 61 ± 6%, respectively. Post-
dereplication and quality control of 3S metagenome by 
MG-RAST revealed 1064 contigs with 260,627  bp, and 
an average sequence length of 245 ± 55  bp (Salam and 
Ishaq 2019). The data, metadata, and sequences of the 
3S metagenome used in this study have been deposited 
in the European Nucleotide Archive (ENA) at EMBL-EBI 
under accession number PRJEB36986 (https://​www.​ebi.​
ac.​uk/​ena/​data/​view/​PRJEB​36986).

Functional analyses of 3S metagenome for cytochrome 
P450 proteins
Gene calling to identify coding DNA sequences (CDSs) 
was performed on the 3S contigs using an ab initio gene 
prediction software, FragGeneScan (Rho et  al. 2010) 
to predict open reading frames (ORFs). The ORFs were 
functionally annotated for cytochrome P450 proteins 
using KEGG KofamKOALA (Aramaki et al. 2020), PHM-
MER, a biosequence analysis tool that searches one or 
more query protein sequences against a protein sequence 
database using profile hidden Markov models (HMMER) 
(https://​www.​ebi.​ac.​uk/​Tools/​hmmer/​search/​phmmer), 
and the protein BLAST tool in the Cytochrome P450 
Engineering Database CYPED v6.0 (Fischer et al. 2007). 
The ORFs were also functional annotated for cytochrome 
P450 using the NCBI Batch Web CD-Search tool (http://​
www.​ncbi.​nlm.​nih.​gov/​Struc​ture/​bwrpsb/​bwrpsb.​cgi). 
In all instances, the default parameters of the functional 
annotation tools were used.

Results
Functional analysis of ORFs of 3S metagenome for 
cytochrome P450 (CYP) proteins revealed that 3S 
CYPome comprises seventy-seven CYP families and 
eight standalone CYPs cutting across the three domains 
of life. The domain Bacteria had 72 CYP families, and 
Eukarya had five CYP families, while the domain Archaea 
has 1 CYP family. The detected CYPomes of the prokary-
otic and eukaryotic communities in 3S metagenome and 
their taxonomic affiliation are depicted in Tables 1 and 2 
(see Additional file 1: Table S1, Additional file 1: Table S2 
for functions of the CYPs).

Prokaryote CYPome in 3S metagenome
Bacillus Cytochrome P450
Bacillus CYPome in 3S metagenome comprises five 
CYP families and 13 subfamilies (Table 1, Fig. 1). Abun-
dance wise, CYP102 and CYP107, with four subfami-
lies (CYP102: A1, A2, A3, A5; CYP107: DY1, AA1, H1, 
J1) each, had the highest representation (31% each) 
among Bacillus CYPs. This is followed by CYP106 and 
CYP109 with two subfamilies (CYP106: A1, A2; CYP109: 
A1, B1), each contributing 15% to the Bacillus CYPs 
in the metagenome. CYP134 had only one subfamily 
(CYP134A1), constituting 8% of the Bacillus CYPs.

Streptomyces cytochrome P450
Streptomyces CYPome in 3S metagenome comprises 16 
CYP families, 27 subfamilies, and four standalone CYPs 
(aziB1, ncsB3, nlmB, and scnG) that do not belong to 
any of the existing CYP families (Table 1, Fig. 2). CYP105 
with eight subfamilies (CYP105: A1, A3, B1, B2, C1, D1, 
H4, and L1) have the highest representation with 24% of 
Streptomyces CYPs in the metagenome. CYP107 mem-
bers with four subfamilies (CYP107: D1, G1, L1, and 
L14) constitute 12% of the detected Streptomyces CYPs. 
CYP158, CYP161, and CYP163 with two subfamilies each 
cumulatively constitute 18% of the detected Streptomyces 
CYPs in the metagenome. Other detected Streptomyces 
CYPs are indicated in Table 1.

Mycobacterium cytochrome P450
Thirty-three CYPs belonging to 24 CYP families and 18 
subfamilies were detected as members of Mycobacterium 
CYPome in 3S metagenome (Table 1, Fig. 3). While each 
of CYP123 and CYP140 constitutes 9% of the Mycobac-
terium CYPome, CYP124, CYP125, CYP135, CYP142, 
CYP143, and CYP187 with two subfamilies each cumu-
latively constitute 36% of the CYPome. Other detected 
Mycobacterium CYPs are indicated in Table 1.

Proteobacteria cytochrome P450
Seventeen CYP families with 16 subfamilies constitute 
the Proteobacteria CYPome detected in 3S metagenome 
(Table  1, Fig.  4) with CYP109 (CYP109C1, CYP109C2, 
CYP109D1) from Sorangium cellulosum and CYP133 
(CYP133B1, CYP133B2) from Xylella fastidiosa con-
stituting 29% of the CYPome. Three CYPs (CYP101A1, 
CYP108A1, and CYP111A2) were recovered from Pseu-
domonas species (CYP101A1, CYP108A1, CYP111A2), 
while seven CYPs (CYP109C1, CYP109C2, CYP109D1, 
CYP167A1, CYP265A1, CYP266A1, and CYP267A1) 
were recovered from the myxobacteria species Soran-
gium cellulosum strain So ce56. Rhizobium, Sinorhizo-
bium, and Bradyrhizobium species were represented 

https://www.ebi.ac.uk/ena/data/view/PRJEB36986
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https://www.ebi.ac.uk/Tools/hmmer/search/phmmer
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by CYP103, CYP104, CYP112, CYP114 and CYP127, 
while Halomonas chromatireducens was represented by 
CYP116.

Cytochrome P450 of other prokaryotes
The CYP genes of members of the phyla Actinobac-
teria (aside from Streptomyces and Mycobacterium) 
and Cyanobacteria as well as the domain Archaea were 
detected in 3S metagenome (Table 1, Fig. 4).

Four CYP107 subfamilies (CYP107A1, CYP107B1, 
CYP107BR1, and CYP107E1) were detected in three 
Actinobacteria genera Saccharopolyspora, Micromono-
spora, and Pseudonocardia constituting 18% of the 
CYPs. CYP105 (CYP105E1, CYP105L2, CYP105W2) 
and CYP165 (CYP165A3, CYP165B3, CYP165C4) each 
with three subfamilies cumulatively represent 26% of the 
CYPs. While CYP105 genes were recovered from Act-
inobacteria genera Micromonospora and Rhodococcus, 
CYP165 genes were recovered from Amycolatopsis ori-
entalis (Table  1). Other detected actinobacterial CYPs 
include CYP113 (Saccharopolyspora erythraea), CYP125 
(Mycolicibacterium smegmatis, Rhodococcus jostii), 
CYP163 (Salinispora tropica), CYP188-CYP190 (Mycol-
icibacter sinensis strain JDM601), CYP245 (Lechevalieria 
aerocolonigenes), among others (Table 1, Fig. 4). In addi-
tion, three standalone CYPs (ebh, nocL, and pdmW) not 
assigned to any known CYP families were also detected.

The phylum Cyanobacteria is represented in 3S 
metagenome by two CYPs., CYP110 from Nostoc sp. and 
CYP120A1 from Synechocystis sp., respectively, while 
CYP119A1 from Sulfolobus acidocaldarius is the only 
archaeal CYP detected in 3S metagenome (Table 1).

Eukaryote CYPome in 3S metagenome
The eukaryote CYPome in 3S metagenome comprises 
four CYP families, eight subfamilies, and ascE, a CYP not 
assigned to any of the existing CYP families (Table 2).

The fungi CYPome in 3S metagenome comprises three 
families (CYP505, CYP51, and CYP55), seven subfamilies 
(CYP505A3, CYP505B1, CYP51A, CYP51C, CYP55A1, 
CYP55A2, and CYP55A3), and ascE. The fungi CYPs 
were annotated for Acremonium egyptiacum, Fusarium 
oxysporum, Aspergillus oryzae, Gibberella moniliformis, 
Aspergillus flavus, and Fusarium lichenicola, respectively 
(Table  2). In addition, one CYP, CYP524A1 was anno-
tated for the slime mold, Dictyostelium discoideum in the 
metagenome (Table 2).

Discussion
This study revealed the detection of 77 CYP families in 
3S metagenome cutting across the three domains of life 
(Bacteria, 72 CYPs; Eukarya 4 CYPs; and Archaea 1 CYP). 
The low number recorded for Archaea may be attributed 
to the fact that Archaea are extremophiles adapted to 
environments with extremes of temperature, pH, salinity, 
or anaerobic conditions and in some cases a combination 
of more than one of these, which are characteristics of 
the 3S site. Furthermore, CYPs have not been well eluci-
dated in the Archaea, unlike Bacteria and Eukarya, until 
lately when attention started shifting toward biotechno-
logical applications of CYPs recovered from thermophilic 
Archaea and other extremophiles (Schallmey et al. 2011; 
Müller et al. 2018).

With a total of 45 out of 72 bacterial CYP families affili-
ated to Bacillus, Streptomyces, and Mycobacterium, these 
genera are the most represented in the CYPome. This 
may be attributed to the fact that they are members of 
the phyla Firmicutes and Actinobacteria which have con-
sistently been reported to assume dominance in soils 
contaminated with petroleum hydrocarbons, attribute 
accounted for by their resilience to stressors and extreme 
conditions, including oligotrophy (Leahy and Colwell 
1990; Kanaly and Harayama 2010; Salam and Obayori 
2020). The Actinobacteria are particularly notable for 

Table 2  Detected Cytochrome P450 proteins constituting the CYPome of the eukaryotic community of 3S metagenome

CYP Family CYP Subfamily E-value Taxonomic affiliation

Fungi

CYP51 CYP51A, CYP51C CYP51A (1.0e−17), CYP51C (1.0e−16) Aspergillus flavus strain ATCC 200,026/FGSC A1120/
NRRL 3357/JCM 12,722/SRRC 167

CYP55 CYP55A1, CYP55A2, CYP55A3 CYP55A1 (2.0e−26), CYP55A2 (6.0e−25), CYP55A3 
(1.0e−24)

Fusarium oxysporum, Fusarium lichenicola

CYP505 CYP505A3, CYP505B1 CYP505 (2.0e−15), CYP505A3 (5.0e−18), CYP505B1 
(5.0e−14)

Fusarium oxysporum. Aspergillus oryzae strain ATCC 
42,149/RIB 40, Gibberella moniliformis strain M3125/
FGSC 7600

ascE ascE (3.0e−18) Acremonium egyptiacum

Protist

CYP524 CYP524A1 CYP524A1 (2.0e−17) Dictyostelium discoideum (Slime mold)
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their metabolic plasticity and possession of diverse gene 
batteries encoding enzymes with broad specificities 
(Salam and Obayori 2020).

All the four CYP102 (CYP102A1, CYP102A2, 
CYP102A3 and CYP102A5) subfamilies annotated in 
this study for Bacillus CYPome have been well studied. 
CYP102A1 is a unique monooxygenase with a redox 
partner diflavin reductase which clusters with eukary-
otic P450s rather than prokaryotic P450s (Lewis et  al. 
1998). Several variants of the enzyme have been found 
in Bacillus megaterium. Naturally exhibiting catalytic 
activity against long-chain fatty acids at the subterminal 
position, its potential for exploitation in biocatalytic pro-
duction of drugs, short-chain hydrocarbons, and xeno-
biotics has been explored (Kang et al. 2011). CYP102A1 
shares high level of structural and functional similarities 
with CYP102A2 and CYP102A3 from Bacillus subtilis 
(Budde et al. 2004; Lentz et al. 2006; Dietrich et al. 2008). 
CYP102A5, on the other hand, catalyze alongside unsatu-
rated fatty acid, N-acylamino acids with higher specific-
ity and yield than other CYP102 subfamilies (Chowdhary 

et  al. 2007). Generally, the enzymes encoded by the 
CYP102 genes have been identified as a group that can be 
engineered for industrial applications.

The genes encoding CYP107 (detected in this study) 
are among those reported to belong to biosynthetic gene 
clusters (BGCs) of Bacillus species constituting 61% 
(n = 68) of those reported in the database (Mthethwa 
et al. 2018). CYP107 have been found to be more highly 
conserved in Bacillus and Streptomyces (Mnguni et  al. 
2020), and many are involved in the synthesis of mac-
rolide antibiotics (Kim et al. 2020). One of the subfami-
lies of this group annotated in this study CYP107DY1 is 
a recently discovered plasmid encoded protein in Bacil-
lus megaterium, which acts on mevastatin to produce 
pravastatin, a drug used in the treatment of hypercho-
lesterolemia (Milhim et al. 2016). Also worth mentioning 
is CYP107J1 (CYPA) detected in this study. The enzyme 
encoded by this gene is involved in hydroxylation of poly-
chlorinated biphenyl (PCB), a notorious environmen-
tal pollutant (Sun et  al. 2017). CYP109B1 which trailed 
behind CYP102 and CYP107 alongside CYP106 in the 

Fig. 1  Distribution of cytochrome P450 genes constituting Bacillus CYPome in 3S metagenome. The CYPome comprises five CYP families and 13 
subfamilies. Bacillus CYPs are dominated by CYP102 (CYP102A1, CYP102A2, CYP102A3, CYP102A5) and CYP107 (CYP107AA1, CYP107D1, CYP107H1, 
CYP107J1), respectively, contributing 62% of the Bacillus CYPs in the metagenome. The detected Bacillus CYPs are primarily responsible for 
biosynthesis of secondary metabolites and hydroxylation of fatty acids and steroidal compounds
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Bacillus CYPome belongs to a family noted for its activity 
on saturated fatty acids and primary n-alcohols but not 
on alkanes (Girhard et al. 2010; Zhang et al. 2015).

Aside from their catabolic competence on diverse 
hydrocarbon moieties (Baoune et al. 2019), Streptomyces 
species are well-known producer of chemically diverse 
secondary metabolites that are used in human medicine 
as antibiotics, anti-infectives, anti-fibrotic, antitumor, 

and immunosuppressant drugs, and it is estimated that 
they produce > 50% of commercially available antibiot-
ics (Lima Procópio et  al. 2012; Senate et  al. 2019). It is 
therefore not surprising that majority (85%; CYP28, 
CYP105, CYP107, CYP113, CYP129, CYP151, CYP161, 
CYP162, CYP163, CYP170, CYP183, CYP244, CYP245, 
scnG, ncsB3, aziB1) of the Streptomyces CYPs annotated 
in this study are involved in biosynthesis of secondary 

Fig. 2  Distribution of cytochrome P450 genes constituting Streptomyces CYPome in 3S metagenome. Sixteen CYP families and four standalone 
CYPs (aziB1, ncsB3, nlmB, and scnG) that do not belong to any of the existing CYP families were detected. Streptomyces CYPs are dominated by 
CYP105 (CYP105A1, CYP105A3, CYP105B1, CYP105B2, CYP105C1, CYP105D1, CYP105H4, CYP105L1) and CYP107 (CYP107D1, CYP107G1, CYP107L1, 
CYP107L14), respectively, contributing 36% of the Streptomyces CYPs in the metagenome. The detected CYPs are responsible for biosynthesis of 
secondary metabolites, xenobiotics catabolism, biosynthesis of antibiotics, and hydroxylation of testosterone and bile acids
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metabolites (McLean et al. 2015; Mnguni et al. 2020). This 
includes neopentalenolactone/pentalenolactone (CYP28, 
CYP161C3, CYP183A1), benanomicin A (CYP105C1), 
compactin (CYP105A3), tylosin (CYP105L1, CYP113B1), 
amphotericin (CYP105H4, CYP161A3), pikromycin, 
methymycin, neomethymycin (CYP107L1), rapamy-
cin, oleandomycin (CYP107G1, CYP244A1, CYP245A1, 
CYP107D1), among others (Additional file  1: Table  S1). 

In the Streptomyces CYPome, the CYP107 family consti-
tuted 12% even as the majority were CYP105 (24%) and 
a host of standalone CYPs involved in the biosynthesis 
off the enediyne antitumor antibiotic neocarzinosta-
tin (ncsB3), azinomycin B (aziB1), as well as natamycin 
(Hang et al. 2010; Ding et al. 2010; Liu et al. 2015). Even 
though CYP107 were not associated with Mycobacte-
rium, also a member of the Actinobacteria, it is interesting 

Fig. 3  Distribution of cytochrome P450 genes constituting Mycobacterium CYPome in 3S metagenome. Thirty-three CYPs belonging to 24 CYP 
families were detected as members of Mycobacterium CYPome. Majority (79%) of the detected CYPs were orphan CYPs that have no known 
assigned biological functions. The detected CYPs with biological functions are responsible for sterol biodegradation (CYP51, CYP124, CYP142), and 
biosynthesis of secondary metabolites (CYP128, CYP139, CYP140A7), some of which played prominent roles in virulence
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that four CYP107 subfamilies (CYP107A1, CYP107B1, 
CYP107BR1, and CYP107E1) associated with other Act-
inobacteria genera Saccharopolyspora, Micromonos-
pora, and Pseudonocardia and found to be involved in 

catabolism of xenobiotics, biosynthesis of erythromycin 
and mycinamicin, and hydroxylation of vitamin D3 to its 
active form were annotated (McLean et al. 2015; Mnguni 
et  al. 2020). This further buttresses the possible role of 
this phylum in biosynthesis of secondary metabolites and 
metabolism of xenobiotics in the 3S soil.

Also prominent are the CYP105 subfamilies both in the 
Streptomyces CYPome and other Actinobacteria genera 
such as Micromonospora and Rhodococcus. The second-
ary metabolites biosynthesized by CYP105 subfamilies 
such as mycinamicin and the antitumor antibiotic cali-
cheamicin in Micromonospora are important antibiotics 
(Greule et  al. 2018), while CYP105B1 (P450-SU-2) have 
been fingered in the metabolism of sulfonylurea herbi-
cides. Homologues of CYP105 are found in all Strepto-
myces and are predominantly found in Actinobacteria 
(Moody and Loveridge 2014). Just like CYP107, they are 
generally involved in biosynthesis of secondary metabo-
lites and xenobiotic catabolism, and while some show 
narrow substrate specificity, others demonstrate broad 
substrate specificity with potential for biotechnologi-
cal applications (Xu et  al. 2010; Podust and Sherman 
2012; Li et  al. 2013). Taken together with the detection 
of biosynthetic CYPs of other antibiotics like erythro-
mycin (CYP107A1 eryF; CYP113A1 eryK), vancomycin 
(CYP165A3 oxyA; CYP165B3 oxyB; CYP165C4 oxyC), 
pradimicin (pdmW) associated with other Actinobacteria 
(Napan et al. 2014; McLean et al. 2015) in this study, it is 
plausible that the Actinobacteria group, apart from being 
resistant to hydrocarbon pollution, may also rely on such 
capability to have an edge in competing for survival in 
such environment. This assertion is further buttressed by 
the realization that 85% of Streptomyces CYPs detected 
in this study are involved in biosynthesis of secondary 
metabolites, which the members of the genus routinely 
produced as a form of adaptation, and to confer selective 
advantage in a nutritionally deficient, stressed, chroni-
cally polluted soil environment. Thus, Streptomyces 
CYPs are by necessity primed for secondary metabolite 
production to support the genus lifestyle and ecological 
niche (Mnguni et al. 2020).

In contrast to Streptomyces species, the genus Myco-
bacterium comprises of species that are well-known 
pathogens of humans and other animals, despite some 
saprophytes being present in the genus (Ventura et  al. 
2007; Parvez et  al. 2016). The pathogenic nature of 
mycobacterial species forced them to adapt to para-
sitic lifestyles where living in a host, evading the host’s 
immune system, and utilizing host carbon sources for 
survival are the prime tasks (Mnguni et  al. 2020). To 
sustain this lifestyle, mycobacterial CYPs are carefully 
acquired to serve as biocatalyst for the utilization of 
host lipids or synthesis of novel lipids. These assertions 
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Fig. 4  Distribution of cytochrome P450 genes constituting 
Actinobacteria (other than Streptomyces and Mycobacterium) and 
Proteobacteria CYPome in 3S metagenome. Twenty CYPs belonging 
to 12 CYP families and three standalone CYPs (ebh, nocL, and pdmW) 
were annotated for Actinobacteria CYPome. Members of CYP107, 
CYP105, and CYP165 are preponderant in the CYPome contributing 
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detected CYPs are majorly involved in biosynthesis of secondary 
metabolites, catabolism of xenobiotics, and oxidative metabolism of 
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were strengthened by findings in this study which shows 
that though majority (26, 79%) of the detected myco-
bacterial CYPs were orphan CYPs that have no known 
assigned biological functions, the few CYPs with func-
tions were only annotated for sterol biodegradation 
(CYP51, CYP124, CYP142), and biosynthesis of second-
ary metabolites (CYP128, CYP139, CYP140A7), some 
of which play prominent role in Mycobacterium viru-
lence (McLean et al. 2015). Interest in the M. tuberculo-
sis CYPome is driven mainly by the need to understand 
the role the enzymes encoded play in the establishment 
of infection as a way of identifying potential drug tar-
gets and developing effective drugs (McLean et al. 2008; 
Ouellet et  al. 2010; Ortiz de Montellano 2018). Indeed, 
some of the CYP families detected in this study, includ-
ing CYP125 and CYP142, have been found to be promis-
ing targets of anti-tuberculosis therapeutics (Chang et al. 
2009; Hudson et al. 2013; Ortiz de Montellano 2018). It is 
worth noting, however, that in terms of source, the Myco-
bacterium CYPs recovered in this study may have come 
more likely from human sources as the automobile work-
shop is usually a hub of human activities open to con-
tamination, even though as it is a well-known fact that 
Mycobacterium species also play very important role in 
hydrocarbon degradation, especially polycyclic aromatic 
hydrocarbons (Kanaly and Harayama 2010).

Of the seventeen CYP families that constitute the Pro-
teobacteria CYPome detected in 3S metagenome, seven 
CYPs were annotated for Sorangium cellulosum So ce56, 
a myxobacterial soil bacterium reputed as a producer of 
important secondary metabolites (Khatri et  al. 2010). 
Of the seven CYPs, three (CYP167A1, CYP265A1, and 
CYP266A1) were involved in the biosynthesis and hydrox-
ylation of epothilone D (Kern et  al. 2015). CYP167A1 is 
responsible for the last step in epothilone biosynthesis in 
Sorangium cellulosum So ce56, catalyzing the epoxidation 
of epothilone D to epothilone B (Julien et al. 2000), while 
CYP265A1 and CYP266A1 were involved in hydroxyla-
tion of epothilone D to generate hydroxylated epothilones 
14-OH epothilones (Kern et  al. 2015). Epothilones are a 
family of novel microtubule-stabilizing agents, which 
inhibit mitosis and thus prevent cancer cells from dividing 
via obstruction of microtubule depolymerization, thereby 
causing G2-M interphase arrest of the cell cycle with sub-
sequent cytotoxicity and eventual cancer cell apoptosis 
(Molner et  al. 2000; Goodin et  al. 2004). The detection 
of these CYPs in 3S soil highlights the importance of the 
soil environment as a repository of natural products with 
extensive functionalities. Aside the detection of genes 
for epothilone biosynthesis and hydroxylation in Soran-
gium cellulosum So ce56, other CYPs annotated for this 
genus are involved in hydroxylation of fatty acids (Khatri 
et al. 2013). The three CYPs (CYP101A1, CYP108A1, and 

CYP111A2) annotated for Pseudomonas Spp. are cata-
bolic genes involved in hydroxylation of camphor, and 
oxidative metabolism of monoterpenoids α-terpinol, and 
linalool, which has multiple commercial applications 
(Greule et al. 2018). Previously, Pseudomonas Cytochrome 
P450 involvement have been documented for toxic pes-
ticides such as 1,2-dichloromethane and propiconazole 
(Hage and Hartman 1999; Satapute and Kaliwal 2016) and 
recently, Balaraman and Plettner (2019) elucidated the 
functional role of P450 in camphor uptake. Recovery of 
these cytochromes from an automobile workshop where 
hydrocarbon and other hydrocarbon-derived contami-
nants were in high concentration could be a pointer to the 
role of P450 in the degradation of these pollutants in 3S. 
The detection of CYP103 and CYP104 involved in detoxi-
fication of plant protective agents at the site of wounding 
from the phytopathogen Rhizobium radiobacter (formerly 
Agrobacterium tumefaciens) and CYP112 and CYP114 
involved in the biosynthesis of the phytohormone gib-
berellin (Nagel et  al. 2018) from Sinorhizobium and 
Bradyrhizobium spp. is a confirmation of the historical 
antecedent of agricultural activities at the 3S polluted soil.

The phylum Cyanobacteria are foremost autotrophic 
components of soil microbiomes, which plays key ecologi-
cal roles in nutrient cycling and soil productivity (Hakk-
oum et  al. 2021). While they are well adapted to hostile 
terrestrial environments such as extremely arid and dry-
land areas, their population and diversity often took a hit 
in hydrocarbon-polluted soils (Salam et  al. 2017; Salam 
and Idris 2019). In this study, two CYPs, CYP110 and 
CYP120A1, were annotated for Cyanobacteria spp. Nos-
toc sp. strain PCC 7120, and Synechocystis sp. strain PCC 
6803. CYP110 is involved in omega oxidation of saturated 
and polyunsaturated fatty acids and subsequent formation 
of dicarboxylic acids, which thereafter undergo β-oxidation 
(Van Bogaert et al. 2011). CYP120A1 detected in this study 
have been reported to encode the first non-animal retinoic 
acid-metabolizing enzyme, retinoic acid hydroxylase, which 
has broad substrate specificity on cis-retinoic acid, retinal, 
3R-OH-retinal, retinol, β-apo-13-carotenone (C(18)) and 
β-apo-14′-carotenal (C(22)), respectively (Alder et al. 2009).

Fungal CYPs are involved in diverse life processes such 
as production of primary and secondary metabolites; 
but generally, the CYPome of species depends on their 
ecology and mode of life, a plausible reason why patho-
genic forms have more CYPs than non-pathogenic or 
free-living forms (Pedrini et  al. 2010; Shin et  al. 2018). 
Some of the fungi for which CYP genes were anno-
tated in this study such as Aspergillus flavus, Fusarium 
oxysporum, and Fusarium lichenicola are common soil 
flora with well-described CYPs. However, the small 
number of genes annotated for fungi may not be uncon-
nected to the limited role they play in the polluted soil, 
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as only those able to survive the toxicity would persist. 
The genes encoding CYPs associated with the biosynthe-
sis of ascfuranone and ascochlorin, namely CYP505A3 
and CYP505A1, were annotated in this study. These 
enzymes catalyze the generation of ilicicolin A epox-
ide. These metabolites have generated interest as a 
result of their potential as drug candidate for trypano-
somal parasite (Araki et  al. 2019). The CYP55 subfami-
lies identified in this study, namely CYP55A1, CYP55A2, 
and CYP55A3, are well documented in the literature as 
fungal CYPs functional in denitrification under anoxic 
condition (Kudo et al. 1996; Kaya et al. 2004; Shin et al. 
2018). All CYP55s are part of a two-component fungal 
denitrification system consisting of NorK (a copper con-
taining nitrite reductase) and P450nor (a cytochrome 
P450 nitric oxide reductase (Nor) localized in the mito-
chondrion (Shoun et  al. 2012) and have been identified 
in ascomycetous fungi including Fusarium oxysporum, 
Fusarium linicola, and Aspergillus oryzae.

Conclusions
Metagenomic assessment of the cytochrome P450 genes 
of an automobile workshop with previous history of use 
as agricultural soil and subsequent over a decade-long 
contamination with petroleum hydrocarbons and other 
automobile waste pollutants revealed diverse CYPomes 
spanning prokaryotes and eukaryotes in 77 CYP families. 
Although majority of the families (73) were annotated 
for prokaryotes, these were mainly in the phyla noted as 
important hydrocarbon degraders (Proteobacteria, Act-
inobacteria, Firmicutes), thus indicating concurrence 
in pollution-induced reduction in phylotype diversity 
and CYPome richness. Furthermore, CYPs encoding 
enzymes with potential industrial applications were also 
annotated. We also note the poor showing by the fungal 
CYPs and attribute this to their possible limited role in 
the polluted soil. Future study will have to be directed to 
targeting some of the CYP genes annotated for functions 
of biotechnological interest with the aim of evaluating 
their prospects for useful application.

Abbreviation
CYP: Cytochrome P450 monooxygenase.
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