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ABSTRACT: Cytochromes P450 (P450s) catalyze 
the diverse range of oxidation reactions, during 
which they receive electrons from various redox 
partners. In bacteria, the P450 redox protein 
system is very diverse, but most of them use 
ferredoxin and ferredoxin reductase as electron 
transfer proteins. Due to the linear nature of 
bacterial genomes, short intergenic distances 
between P450s and putative redox proteins hint 
possible redox partnership. Therefore, it is of 
importance to look for their potential redox 
partner in the native genomes. The complete 
bacterial genomes were used to analyze the 
distribution of P450 class I redox, ferredoxin, and 
ferredoxin reductase genes in bacteria. The 
product features of coding regions were searched 
against the gene names, and the new homologs were 
predicted. The distances between the identified  

 

genes were calculated as the difference between the 
coordinates of corresponding loci. Moreover, the 
bacterial genomes were used to identify the gene 
clusters of P450 class I redox system genes. A total 
of 4,849 genomes were found containing P450, 
12,613 genomes contain ferredoxin and 10,759 
genomes contain ferredoxin reductase genes. In 
about 32% of P450-containing genomes, P450 genes 
and ferredoxin genes are located very close to each 
other, while the ferredoxin reductase genes are 
located at some distance apart in most cases. Gene 
cluster analysis shows that P450 genes are found in 
clusters with corresponding ferredoxin and 
ferredoxin reductase genes, mostly in phylum of 
Actinobacteria. Overall, our study provides insights 
into the distribution pattern of P450 genes along 
with corresponding ferredoxin and ferredoxin 
reductase genes in bacteria. 
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INTRODUCTION 

 
Cytochromes P450 (P450s) are the largest and most 
widely studied superfamily of heme-thiolate- 
containing proteins [1]. Typically, these proteins are 
monooxygenases. The terminology P450 derives from 
the unusual spectral properties of heme- containing red 
pigments, which display a typical absorption band at 
450 nm because of their reduced CO-bound complex 
[2]. P450s are very diverse and found throughout all 
five biological kingdoms of life, and they are involved 
in a vast range of the oxidation reactions which require 
in electron transfer chains [3-6]. The reactions carried 
out by cytochromes P450 are extremely diverse, which 
includes the bioconversion of xenobiotics, the 
bioactivation of chemical carcinogens, the 
biotransformation of drugs, the biosynthesis of 
physiologically important compounds such as fatty 
acids, steroids, fat-soluble vitamins and bile acids, 
eicosanoids, the conversion of alkanes, aromatics and 
terpenes compounds as well as the degradation of 
insecticides and herbicides [7-15]. The typical P450 
reaction is mono-oxygenation in which one of the 
oxygen atoms of molecular oxygen is inserted into an 
organic substrate, while the second oxygen atom 
undergoes reduction to water. However, there are 
other P450-catalyzed reactions, including heteroatom 
oxidation and epoxidation [16]. Most P450s use 
NAD(P)H-driven redox proteins system for its 
catalytic reactions. 

In eukaryotes, cytochromes P450 are bound to 
membranes with an N-terminal transmembrane helix, 
mostly are attached to the endoplasmic reticulum, and 
a subset is linked to the inner membrane of adrenal 
gland mitochondria. Generally, they contain either 
adrenodoxin-adrenodoxin reductase (mitochondrial- 
type) redox proteins system, where P450s obtain 
electron from NADPH via a FAD- containing, 
NADPH-dependent adrenodoxin reductase and an 
adrenodoxin [17, 18], or cytochrome P450 reductase 
(CPR) (microsomal-type) protein system, where CPR 
required to transfer the electron from NADPH to  
 

P450s [17, 19], which contains the prosthetic group's 
FAD and FMN. In prokaryotes, cytochrome P450s are 
the soluble proteins that lack the N-terminal 
membrane anchor. And most of the prokaryotes 
contain the ferredoxin-ferredoxin reductase (bacterial-
type) redox system genes, where P450s receive an 
electron from NADH via an NADH-dependent FAD-
containing ferredoxin reductase (FdR) and a 
mitochondrial-type ferredoxin (Fdx), which both are 
also soluble proteins [9]. While, there is much more in 
the redox protein apparatus that drives catalysis in 
prokaryotic P450 enzymes [20]. 

The functionally associated group of genes, found 
within the DNA of an organism, are termed as gene 
cluster and often located within a few thousands of base 
pairs. Intergenic distance, the distance between two 
genes on the DNA strand, tends to be shorter if they 
belong to the same gene cluster/operon. Intergenic 
distance is considered to be the most basic informative 
feature for gene cluster/operon prediction. In bacteria, 
the distribution of P450s is very diverse, with many 
bacteria have numerous P450s, and some are having no 
P450s, such as Escherichia coli [21, 22]. The P450s 
catalytic activity depends on their associated individual 
ferredoxin and ferredoxin reductase. It was reported 
that in many bacteria, P450 genes are arranged in 
operons or gene clusters with their redox protein genes, 
ferredoxin and ferredoxin reductase [23-31]. The in 
vitro of P450 is usually performed with spinach 
ferredoxin and spinach ferredoxin reductase. The 
activity of P450 in such combination is not as good as 
the P450 with its native redox partner [32]. Also, many 
P450s cannot be characterized due to the lack of 
suitable electron transfer protein and corresponding 
reductases.  Therefore, it is of importance to look for 
their potential redox partner in the native genomes, 
which may be hinted by the intergenic distance 
between them. 

So far, the distribution patterns of P450 genes with 
their potential redox partner genes have not been 
studied at the whole bacterial kingdom scale. In this 
study, to gain the overall picture of intergenic 
distances between P450 and their potential redox 
partner, we analyzed the complete genomes data of 
bacteria, a total of 13,565 bacterial genomes in NCBI, 
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to illustrate the distribution pattern of P450 class I 
redox system genes (P450, ferredoxin and ferredoxin 
reductase). Our results show that mostly P450 genes 
and ferredoxin genes are located close to each other, 
while many ferredoxin reductase genes are not located 
close to P450 genes. Moreover, the P450, ferredoxin, 
and ferredoxin reductase genes are found in gene 
clusters, mostly in phylum Actinobacteria. The 
analysis of the spatial relationship of bacterial P450 
class I redox system genes may shed light on the 
distribution and interaction of these proteins. 
 

MATERIALS AND METHODS 

The sources of genomic sequencing data 
 

The whole-genome assembled data of all available 
complete bacterial genomes were downloaded from the 
FTP (File Transfer Protocol) website 
ftp://ftp.ncbi.nlm.nih.gov of NCBI (National Center 
for Biotechnology Information) till June 11th, 2019. 
This dataset contains 13,565 complete bacterial 
genomes of all available bacterial strains in GenBank 
format. 

Genome mining of cytochrome P450 and its class I 
redox system genes in bacteria 

 
The GenBank files of all complete bacterial genomes 
were searched for the words; P450, ferredoxin, and 
ferredoxin reductase genes, against the 'product' 
feature of CDS (coding regions), with a custom python 
script, based on the gene annotation associated with 
the sequencing data. For P450, all the CDS were 
searched and selected if 'P450' but no 'reductase' word 
is present in their 'product' feature. For ferredoxin, we 
searched the 'product' feature having 'ferredoxin' word 
without 'reductase' word. Moreover, for ferredoxin 
reductase, we searched the gene 'product' feature 
having 'ferredoxin' and 'reductase' words. The 
coordinates of these genes on the genomes were also 
collected with the genes. 

P450 gene prediction in genomes of 
bacteria 

 
To find the P450 genes in more genomes, we used all 
complete bacterial genomes for the P450 gene 
prediction. We collected all the CDS of each genome to 

 

search for the P450 protein homologs. For the P450 
reference sequences, all the prokaryotes identical 
protein groups (IPG) sequences of P450 proteins were 
downloaded from the NCBI website 
(https://www.ncbi.nlm.nih.gov/ipg) in FASTA format 
till July 19th, 2019 and this dataset contain 128,255 
P450 IPG sequences. First, these IPG sequences of 
P450s were used as a database for the DIAMOND 
software. The DIAMOND BLASTP (version 
0.9.24.125) [33] was used for P450 protein sequence 
search with parameters; minimum identity 40%, 
minimum 60% of subject coverage, maximum target 
sequences set as one, and with the sensitive parameters. 
The CDS of each bacterial genome were used as 
queries for the DIAMOND BLASTP search against the 
database of IPG sequences of P450s. Those CDS, 
which DIAMOND found as matches in the P450 IPG 
database, were selected for further confirmation. The 
HMMER software (Version 3.2.1) (http://hmmer.org/) 
was used for additional verification of hit CDS as P450 
homologs. The same P450 IPG sequences, which were 
used as the database for DIAMOND, were used to 
build the Hidden Markov Model (HMM) profiles 
database using the HMMBUILD program of HMMER 
package. The hit CDS, which we extracted from 
DIAMOND search results, were used as queries. 
HMMSCAN program was used to search the P450 
homolog model with the default parameters. The CDS, 
which we found matches in the P450 homolog model, 
were collected for downstream analysis. 

Identification of P450 rich genera in bacteria 
 

To find the P450 rich genera in bacteria, the genomes 
having all three-set of P450 class I redox system genes 
were used to normalize the occurrence of P450 genes 
against the number of coding genes of the genome.  The 
values of the total number of coding genes of each 
genome were collected from GenBank files of the 
genomes. For the normalization, we have used the 
P450 gene counts per thousand coding genes in a 
genome formula, given below: 

ὔόάὦὩὶ έὪ ὭὨὩὲὸὭὪὭὩὨ ὖ450 ὫὩὲὩί Ὥὲ ὥ ὫὩὲέάὩ
Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὧέὨὭὲὫ ὫὩὲὩί Ὥὲ ὥ ὫὩὲέάὩί

∗ 1000 
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Correlation Coefficient analysis between cytochrome 
P450 class I redox system genes 

The bacterial genomes, which contains all three of 
P450 class I redox system genes were used for the 
analysis of correlation coefficient between the 
numbers of the genes. The genera which had more 
than ten genomes were selected for the analysis. The 
correlation coefficient was analyzed between the 
number of P450 and ferredoxin genes, P450 and 
ferredoxin reductase genes, and ferredoxin and 
ferredoxin reductase genes. 

 
Intergenic distances calculation between the genes 
of P450 class I redox system 
The genomes which have three-member P450 class I 
redox system genes were used for the intergenic 
distances calculation analysis. The distances between 
the P450 class I redox system genes (P450/ferredoxin, 
P450/ferredoxin reductase and ferredoxin/ferredoxin 
reductase) were calculated as the difference between 
the coordinates of the corresponding loci, using a 
custom python script. The genes loci coordinates were 
collected from the GenBank files of the genomes, 
alongside the genes CDS feature. There were maybe 
multiple combinations of P450, ferredoxin, and 
ferredoxin reductase, only the distances between the 
closest pairs were selected. 

 
Identification of gene clusters containing 
P450 class I redox system genes 
The dataset of genomes which had the complete set of 
P450 class I redox system genes (P450, ferredoxin and 
ferredoxin reductase) were used to identify the 
biosynthetic gene clusters. For gene cluster 
identification, we used antiSMASH 4.2.0 software [34] 
with its border predict and inclusive parameters. A 
custom python script program was used to inspect the 
genes in different type of gene clusters. 
 
RESULTS 
 

Identification and general features of 
cytochromesP450 class I redox system 
genes in bacteria 

 
A dataset was constructed with all available complete 
bacterial genomes from the NCBI website, which 
consists of 13,565 bacterial genomes in total. The P450 
class I redox system genes (P450, ferredoxin and 
ferredoxin reductase) were identified according to the 
annotation of the genomic data. From these NCBI 
annotated genomes, we found P450 genes only in 
~32.7% genomes of bacteria, which are relatively less 
number of genomes having P450 genes. To find the 
P450 genes homologs in more genomes, we used all 
bacterial genomes for the P450 gene prediction. 

In P450 gene prediction analysis of all complete 
bacterial genomes, we found 4,849 bacterial genomes 
(35.7% of the total genomes) have cytochrome P450 
genes. Among these genomes, 59.3% belong to 
Proteobacteria, 17.6% of them belong to Firmicutes, 
and 17.2% classified as Actinobacteria. Among these 
P450-containing genomes, around 43% genomes have 
only one P450 gene, and the rest have more than one 
P450s, ranging from one to 81 genes in a genome. The 
genome of strain Nonomuraea sp. ATCC 55076 
(Accession#; NZ_CP017717.1) has 81 P450 genes 
while strain Mycobacterium sp. EPa45 (Accession#; 
NZ_CP011773.1) has 74 P450 genes. From the whole 
bacterial genome dataset, we identified 12,613 (93% of 
the total) bacterial genomes having ferredoxin genes, 
among which almost 59.9% are classified as 
Proteobacteria, 21.7% are classified as Firmicutes, 
and only 10.6% belong to Actinobacteria. Among these 
ferredoxin-containing genomes, some have one, and 
some have multiple ferredoxin genes, ranging from 1 
to 41 genes in one genome. The genome of Moorella 
thermoacetica ATCC 39073 strain (Accession# 
NC_007644.1) has 41 ferredoxin genes. Among these 
ferredoxin containing genomes, 4,447 genomes have 
P450 genes. A total of 10,759 (79.3% of the total) 
bacterial genomes, from whole bacterial genome 
dataset, were found having ferredoxin reductase genes, 
from which 65.4% belong to Proteobacteria, 18.9% 
belong to Firmicutes, and 9.2% belong to 
Actinobacteria. These ferredoxin reductase containing 
genomes were found to have one to 25 ferredoxin 
reductase genes each. The genomes of Desulfobacula 
toluolica Tol2 (Accession#; NC_018645.1) has 25 
ferredoxin reductase genes. The overall distribution of 
P450 class I redox system genes in bacteria is 
demonstrated in Figure 1.
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Figure 1: Distribution of cytochromes P450 class I redox system genes in bacteria 

It shows the overall picture of the distribution of cytochromes P450 class I redox system genes in bacteria. 
Color schemes were used to represent the proportion of bacterial genomes which contain P450 class I redox 
system in the complete dataset. Here Fdx, and FdR represent ferredoxin and ferredoxin reductase 
respectively. 

 
Interestingly, not all of the bacteria with P450 genes 
contain a complete redox proteins system. After 
examining the whole dataset, we found 3,867 bacterial 
genomes (around 79.7% of the genomes containing 
P450genes) have the three-member P450 class I redox 
system genes: P450, ferredoxin and ferredoxin 
reductase (Figure 1). Among these genomes with the 
complete set of P450 class I redox system genes, 67.6% 
of them belong to phylum Proteobacteria, 15.5% are 
classified as Actinobacteria, and 11.1% belong to 
Firmicutes (Figure 2). It suggests that most bacteria 
containing the P450/ferredoxin system belong to 
Proteobacteria. 

P450 rich genera of bacteria and correlation 
coefficient analysis between P450 class I redox system 
genes 
The genomes of genera Mycobacterium and 
Mycolicibacterium have the highest number of P450 
genes which are 12.9 and 12.1 P450 genes per thousand 
coding genes in a genome, respectively. While among 
the genomes of Frankia, Streptomyces, and 
Mycobacteroides, the highest number of P450 genes are 
Mycobacteroides, the highest number of P450 genes are 
9.9, 8.9, and 8.8 P450 genes per thousand coding genes 

 
in a genome, respectively (Figure 3). Among the 
genomes of genus Mycobacterium, 57 genomes have 
more than eight P450 genes per thousand coding genes, 
which mostly belong to species Mycobacterium avium, 
Mycobacterium chimaera, and Mycobacterium 
intracellulare. Among them, 25 genomes have more 
than 10 P450 genes. Among the genomes of genus 
Mycolicibacterium, eight genomes have more than 
eight P450 genes per thousand coding genes, among 
them, only three genomes have more than 10 P450 
genes, which belong to species Mycolicibacterium 
chitae, Mycolicibacterium hassiacum, and 
Mycolicibacterium flavescens. From these 
Mycolicibacterium genomes, the most number of 
genomes (six genomes) belong to Mycolicibacterium 
smegmatis. Among the genomes of genus 
Streptomyces, only three genomes have more than 
eight P450 genes per thousand coding genes, two of 
them belong to Streptomyces albulus and one belongs 
to Streptomyces clavuligerus. Only one genome of 
genus Mycobacteroides and one genome of genus 
Nocardia have more the eight P450 genes per thousand 
coding genes. 

All the P450-rich genera, shown in Figure 3, belong to 
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Figure 2: Bacterial genomes having P450 class I redox system genes from different phyla 

Bacterial phyla containing P450, ferredoxin and ferredoxin reductase genes. Colors schemes were used to 
represent different phyla. Blue color represents the number of bacterial genomes that belongs to 
Proteobacteria. Red color shows the number of genomes belongs to Actinobacteria. Green color shows the 
number of genomes belongs to Firmicutes. Light Purple color represents the number of genomes belongs to 
phylum Cyanobacteria. Sky blue shows the number of genomes belongs to Bacteroidetes. Orange, dark blue, 
maroon, dark green and dark purple colors represent the number of genomes belongs to phyla Deinococus-
Thermus, Acidobacteria, Chloroflexi, Planctomycetes and others, respectively. Phyla Proteobacteria and 
Actinobacteria were found the most abundant phylum.

 
the Actinomycetes (order Actinomycetales). The function of 
these bacteria is very well known. They play an essential 
role in the production of secondary metabolites. They are 
known to produce a wide variety of industrially and 
therapeutically significant compounds, i.e., antibiotics, 
chemotherapeutics, fungicides, herbicides, and 
immunosuppressants. Species of genus Mycobacterium 
comprise pathogens which are well known to cause severe 
diseases [35]. Usually, the mycobacteria are free-living 
saprophytes [36] and are found in a diverse type of habitats, 
such as aquatic [37] and soil environments [38]. 
Mycobacteria are well known causative agents of a broad 
spectrum of diseases in humans and animals. The species of 
genus Mycobacterium comprise a vast number of P450 
genes, and many of them are involved in the biosynthesis 
of secondary metabolites and many other pathways [39-43]. 
The genus Mycolicibacterium comprises all of the major 
human pathogens [44, 45]. Like Mycobacterium, the 
species of genus Mycolicibacterium hold many P450 genes, 
and many P450 genes of Mycolicibacterium species are 
conserved in sequence and function with the many species  
 

 
of Mycobacterium, and many of them conserved with 
P450s of Mycobacterium tuberculosis [46-49]. 
Streptomyces are the most abundant natural source of 
various secondary metabolites and especially antibiotics 
[50]. The Streptomyces species contain a large number of 
P450 genes, and a significant number of them are associated 
with gene clusters for secondary metabolites, and many of 
them clustered with genes for ferredoxins. The P450s are 
involved in the biosynthesis of many Macrolide Antibiotic 
Agents [51-55]. 
The correlation coefficient analysis shows that the three-
member genes of P450 class I redox system display the 
strong correlation between them in the  genomes of genus 
Mycobacterium, where the correlation coefficient value 
between P450 and ferredoxin genes is 0.962, between P450 
and ferredoxin reductase genes is 0.718 and between 
ferredoxin and ferredoxin reductase genes is 0.723 (Figure 
4). Among the genomes of genus Nostoc, the correlation 
coefficient value between P450 and ferredoxin genes, is 
0.709, between P450 and ferredoxin reductase genes, is 
0.729 and between ferredoxin and ferredoxin reductase 
genes, is 0.655. Among the genomes of genus  
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Figure 3: Cytochromes P450 rich genomes of different genera of bacteria 
The bacterial genomes of different phyla which contain the highest number of cytochrome P450 genes in 
their genomes are shown. Here x-axis shows the genomes which belong to different phyla while the y-axis 
shows the total number of P450 genes in each genome and the number of P450 genes per thousand coding 
genes in each genome. Bars in blue color represent the total number of P450 genes in each genome, while 
the red color bar represents the number of P450 genes per thousand coding genes in each genome.

 
Sphingomonas, the correlation coefficient value between 
P450 and ferredoxin genes, is 0.773, between P450 and 
ferredoxin reductase genes, is 0.831 and between 
ferredoxin and ferredoxin reductase genes is 0.613. While 
P450 and ferredoxin genes show a good correlation in many 
other genera. And some genera show the negative 
correlation between these genes. 

Intergenic distance analysis of cytochromesP450 class 
I redox system genes 

 
To determine the distribution of P450 class I redox 
system genes, we analyzed the intergenic distance of 
these genes in complete bacterial genomes. For P450 
class I redox system genes, we collected these genes 
locations on the genome as indicated by the genomic 
coordinates. Those gene sequence locations were used 
to calculate the intergenic distance between one gene to 
another gene in a genome. The intergenic distances 
between the P450 class I redox system genes are 
determined by calculating the difference between their 
genomic locations (Table 1). 
 

Table 1: Ranges of intergenic distances between the closest cytochromes P450 class I redox system genes 

Distance between genes No. of bacterial 
genomes 

Range of intergenic distances between 
closest genes (bp) 

P450 class I redox system genes 

P450 and Ferredoxin 4476 -58 − 4,939,319 

P450 and Ferredoxin Reductase 3913 -187 − 5,802,590 

Ferredoxin and Ferredoxin Reductase 3892 -88 − 4,096,222 

Note: Minus sign with numbers shows the overlapping region between two genes. 
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Figure 4: Correlation coefficient analysis between P450 class I redox system genes in genomes of 
different genera 
It demonstrates the correlation coefficient analysis between P450 and ferredoxin, P450 and ferredoxin 
reductase genes, and ferredoxin and ferredoxin reductase genes, among the genomes of different bacteria 
genera, which contain three-member genes of P450 class I redox system genes. Here, Fdx represents the 
ferredoxin, while FdR represents the ferredoxin reductase.

 
The minus signs are the indication of the overlapping 
sequences. In bacteria, approximately one-third of genes are 
found in overlapping arrangement only by a few base pairs, 
and function in the regulation of gene expression [56].I n our 
results, we found mostly one nucleotide frameshift overlaps 
as compare to two nucleotide frameshift overlaps. 
P450/ferredoxin and ferredoxin/ ferredoxin reductase genes 
overlap more abundantly, while P450/ferredoxin reductase 
genes overlaps are found in very few numbers of genomes. 

The density plot of distances shows that, in 1,552 out of 

 
3,867 bacterial genomes, the distances between P450 and the 
closest ferredoxin genes are less than 100 kb, among them, 
the distances in 713 genomes are less than 3 kb (Figure 5A), 
most of which belong to phylum Proteobacteria. It shows 
that the ferredoxin genes are very close to P450 genes in 
many genomes, suggesting that their gene products may 
interact with each other. In contrast, the density plot of 
distances between P450 and ferredoxin reductase genes 
shows two dense regions. The distances between P450 and 
ferredoxin reductase in 1,425 genomes are less than100 kb, 
among them, the distance is less than 10 kb only in 363 
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Figure 5: Density plots of intergenic distances between the closest genes of P450, ferredoxin and 
ferredoxin reductases 
Density plots show the density of closest intergenic distances between P450, ferredoxin and ferredoxin 
reductase genes in 3,867 bacterial genomes, which contain all these three genes. (A) Intergenic distances plot 
of P450 and ferredoxin genes. In 713 genomes, the distances between these genes are less than 3 kb. (B) 
Intergenic distances plot of P450 and ferredoxin reductase genes showing two regions of high density. In 363 
genomes, the distances between these genes are less than 10 kb. (C) Intergenic distances plot of ferredoxin 
and ferredoxin reductase genes. In 1,072 genomes, the distances between these genes are less than 10 kb. 
The values of the x-axis are the distances in base pairs. 
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genomes (Figure 5B). The density plot shows that the 
distances between the closest ferredoxin and ferredoxin 
reductase genes in 2,081 genomes are less than100kb, 
among them, the distance in 1,072 genomes are less 
than 10 kb (Figure 5C). In many genomes, ferredoxin 
reductase genes are not located very close to P450 
genes. Since expression of ferredoxin reductase in some 
genomes may not be regulated along with the 
expression of the P450 or ferredoxin genes, it does not 
need to be located nearby. On the other hand, the 
ferredoxin reductase genes located close to the P450 or 
ferredoxin genes, as indicated by the peak centered at 
the zero, suggestingthat these genes are probably 
enclosed in the same operon or cluster. We analyzed the 
genomes in which the distances between P450, 
ferredoxin, and ferredoxin reductase genes are less than 
10kb and found that mostly the P450 genes are located 
very close to ferredoxin and ferredoxin reductase genes 
in genomes of phylum Actinobacteria. While 
ferredoxin and ferredoxin reductase genes are mostly 
located close to each other in genomes of phylum 
Proteobacteria. 

Moreover, to further investigate the distance between 
the genes, we selected the genomes of Mycobacterium 
tuberculosis bacterium strains from the genomes, which 
contain all three genes of P450 class I redox system. We 
analyzed the distance between the closest genes of P450 
class I system in the genomes of the bacterium 
Mycobacterium tuberculosis (Table 2). We found that 
the distances between the closest P450 and ferredoxin 
genes in 81 genomes are thee base-pairs, in eight 
genomes is two bp while the distance in only one 
genome is 199bp. The distances between the closest 
P450 and ferredoxin reductase genes in71 genomes are 
in range 8,144 to 11,294 bp. 

 

Gene cluster prediction analysis of cytochromes P450 
class I redox system genes 

We analyzed in the previous section that P450 genes are 
not located as close to all ferredoxin reductase genes as 
close to ferredoxin genes in most of the genomes. As it 
the well-known that P450s play an essential role in 
secondary metabolism pathways [57]. To further 
investigate the distribution of P450 class I redox system 
genes, we performed the gene cluster prediction 
analysis. The sequencing data of 3,867 genomes, which 
contains three-set P450 class I redox system genes, 
were analyzed for the gene clusters of P450 class I 
redox system genes. We examined the four types of 
gene clusters, Type I; the clusters containing P450, 
ferredoxin, and ferredoxin reductase genes, Type II; the 
clusters containing P450 and ferredoxin genes, Type 
III; the clusters containing P450 and ferredoxin 
reductase genes, and Type IV; the clusters containing 
ferredoxin and ferredoxin reductase genes (Table 3). 

The Type I gene clusters were detected in 82 bacterial 
genomes. Among these, 70 genomes are classified as 
Actinobacteria, and only ten are classified as 
Proteobacteria. In all these genomes, the majority have 
only one P450 class I redox system gene cluster, and 
the genomes of Streptomyces albulus and 
Amycolatopsis mediterranei have three gene clusters 
with full P450 class I redox system genes (Figure 6). 
This type of gene clusters mostly found (22 genomes) 
in genus Streptomyces. 

The Type II gene clusters were identified in 610 
bacterial genomes, and 487 of them belong to phylum  
 

Table 2: Ranges of intergenic distances between the closest cytochrome P450 class I redox system genes 
in Mycobacterium tuberculosis 

Distance between genes No. of bacterial 
genomes 

Range of intergenic distances 
between closest genes (bp) 

P450 class I redox system genes 

P450 and Ferredoxin 90 2 − 199 

P450 and Ferredoxin Reductase 90 8144 – 109,757 

Ferredoxin and Ferredoxin Reductase 90 67,312 − 427,385 
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Table 3: Cytochromes P450 class I redox system genes identified in different types of gene clusters 

Gene 
cluster 

type 

Genes in cluster No. of genomes 
containing the 

clusters 

Total no. of 
identified 
clusters 

P450 class I genes clusters in 4,267 genomes dataset 

1 P450 + Ferredoxin + Ferredoxin Reductase 82 97 

2 P450 + Ferredoxin 610 1570 

3 P450 + Ferredoxin Reductase 68 74 

4 Ferredoxin + Ferredoxin Reductase 105 107 

 
Actinobacteria, and 110 belong to Proteobacteria. 
These identified genomes contain total 1,570 gene 

The Type II gene clusters were identified in 610 
bacterial genomes, and 487 of them belong to phylum 
Actinobacteria, and 110 belong to Proteobacteria. 
These identified genomes contain total 1,570 gene  
clusters. This type of gene cluster mostly found (163 
genomes) in genus Mycobacterium. 

The Type III gene clusters were detected in 68 
bacterial genomes. Among them, 55 are classified as 
Actinobacteria, and only 13 are classified as  

Proteobacteria. These genomes contain a total of 74 
gene clusters and this type of gene clusters mostly 
found (13 genomes) in genus Mycobacterium. 

The Type IV gene clusters were detected in 105 
bacterial genomes. Among these genomes, 71 belong to 
phylum Proteobacteria, and 22 belong to phylum 

Actinobacteria. This type of gene cluster mostly 
found (17 genomes) in genus Sinorhizobium. 

DISCUSSION 

Cytochromes P450 (P450s) superfamily is a large and 
diverse group of enzymes which catalyze the diverse 
range of reactions with the help of their redox partner 
proteins. P450 redox protein system is very diverse in 
bacteria, but P450 mostly use the ferredoxin redox 
partner proteins system in bacteria. Distribution of 
cytochrome P450 genes and corresponding genes 
encoding ferredoxin redox system proteins and their 
gene interaction were studied in 13,565 

complete bacterial genomes. Results showed that 
around 35.7% bacterial genomes comprise the P450 
genes, while the ferredoxin genes were found in ~93% 
genomes and ~79% genomes contain ferredoxin 
reductase genes. These results suggest that many 
bacteria do not use cytochrome P450 systems. It is not 
unexpected as the E. coli does not have P450 systems 
[21, 22]. 

The results revealed that approximately 28.5% of the 
complete bacterial genomes contain the complete set of 
P450 class I redox system genes, which mostly belong 
to phylum Proteobacteria. Some genomes do not 
contain any ferredoxin redox system genes, they may 
use some other P450 systems like flavodoxin redox 
system, fusion protein P450s and/or self-sufficient 
P450s [58-60]. 

The bacterial genomes usually lack long-distance gene 
interaction, it is possible the P450 prefer pairing with 
the closest ferredoxin and ferredoxin reductase to 
perform their catalytic activities. In prokaryotes, many 
studies suggested that P450 genes reside close on the 
chromosome with the genes encoding electron transfer 
proteins [23, 25, 61-63], and mostly these electron 
transport proteins are ferredoxin and ferredoxin 
reductase. Many studies confirmed experimentally that 
ferredoxin and ferredoxin reductase proteins are work 
together as electron transfer proteins with P450 proteins 
[32, 64-68]. Therefore, we analyzed the bacterial 
genomes to determine the intergenic distance between 
P450, ferredoxin, and ferredoxin reductase genes in 
order to understand how products of these genes may 
interact with each other. Distance analysis results 
demonstrated that mostly P450 genes locate close to the  
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Figure 6: The representative gene clusters of P450 class I redox system genes in the genomes of 
Streptomyces albulus and Amycolatopsis mediterranei 
The diagram shows the P450 class I system genes (P450, ferredoxin and ferredoxin reductase) found adjacent 
to each other in different gene clusters in genomes of Streptomyces albulus and Amycolatopsis mediterranei. 
Legends in the figure showing the different categories of genes in gene cluster.

 
ferredoxin genes as compare to the ferredoxin reductase 
genes, while ferredoxin reductase genes locate close to 
the ferredoxin genes as compare to P450 genes. It 
suggests that, in many genomes, ferredoxin genes 
locate between its closest P450 and the closest 
ferredoxin reductase genes in the genomes. As Chun et 
al. showed that the P450 gene could interact with 
distant electron transfer protein in its electron transfer 
pathway [69], it suggests that the ferredoxin reductase 
genes, which locate distantly from P450 genes, may 
interact with P450 genes as its electron transfer protein. 
Specifically, the analysis of Mycobacterium 
tuberculosis also showed that the P450 genes are 
located very close to ferredoxin genes as compare to 
ferredoxin reductase genes. The distantly located 
ferredoxin reductase suggests that these genes may 
interact with P450 and ferredoxin while it locates 
distant from them. 

P450s are often linked with the secondary metabolism 
pathways [57], and the P450 genes sequences are also 
located within the respective secondary metabolite gene 

 
clusters in bacteria [57]. Correspondingly, many studies 
reported that P450 genes express in gene clusters or 
operons with ferredoxin and ferredoxin reductase genes 
[23, 25]. Gene cluster analysis suggests that P450s 
genes clustered with its ferredoxin redox proteins in 
functionally different type of gene clusters. It is 
reported that P450 genes clustered with ferredoxin and 
ferredoxin reductase genes [28, 31] and our results 
suggest that these three genes are mostly clustered in 
Streptomyces. In this study we found many gene 
clusters which are already published in previous 
studies. Lamb et al. [28] reported that, in Streptomyces 
avermitilis, two P450 genes express in operon/gene 
cluster with ferredoxin and ferredoxin genes and our 
results confirmed that these genes are found in gene 
clusters in Streptomyces avermitilis genome. 
Meanwhile, in many genomes, P450 genes clustered 
with ferredoxin genes without ferredoxin reductase 
genes (reported by Lamb et al. [27] and Li et al. [31]), 
mostly found in Mycobacterium. It was reported that 
P450 genes locate next to the ferredoxin genes without  
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ferredoxin reductase genes in Streptomyces coelicolor, 
Streptomyces griseus, and Streptomyces lividans, and 
we found the same gene arrangement in these species. 
Parajuli et al. [30] reported that P450 gene with 
ferredoxin reductase gene are found in gene cluster 
without ferredoxin genes, and our results propose that 
these type of gene clusters are found mostly in 
Streptomyces. Interestingly, we also found that 
ferredoxin genes are clustered with ferredoxin 
reductase genes without P450 genes. However, in many 
genomes, P450 genes express with ferredoxin genes in 
a gene cluster without ferredoxin reductase genes. It 
indicates that ferredoxin reductase genes may express 
separately from the P450 containing gene clusters and 
interact with many systems, including the P450 system. 
Most of the genomes, which have P450-ferredoxin 
system redox genes containing clusters, belong to 
phylum Actinobacteria, which is consistent with rich 
secondary metabolites found in this phylum as P450 is 
often used by the bacteria to synthesize complicated 
compounds. 

CONCLUSIONS 

In conclusion, this report investigated the distribution 
and interaction of cytochromes P450 class I redox 
system genes in bacteria. The results indicate that a 
good portion of bacterial genomes does not have the 
P450 redox systems. The analysis of P450 class I redox 
protein systems suggests that such systems are 
frequently found in Proteobacteria. Meanwhile, the 
absence of P450 in many bacteria, such as E. coli, 
indicates that this system is not required for primary 
metabolism. Analysis of intergenic distance between 
the genes in the P450 class I redox system shows that 
most of the ferredoxin genes locate close to P450 genes, 
but not all the ferredoxin reductase genes are found 
nearby. In 713 bacterial genomes, the distance between 
P450 and ferredoxin genes are less than 3kb, indicating 
that these genes may work within the same gene 
clusters. Through gene cluster analysis, we found that 
P450s are clustered with ferredoxin and/or ferredoxin 
reductase, mostly in Actinobacteria genomes. Overall, 
our study provides novel insights into the distribution 
and interaction of cytochromes P450 class I redox 
system genes in bacteria. 
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