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ABSTRACT 

Cytochrome P450 monooxygenases (CYPs/P450s), heme thiolate proteins, are well known 

for their role in organisms’ primary and secondary metabolism. P450s are also involved in 

the generation of secondary metabolites with biotechnological value.  P450s require electrons 

to perform their function, and these electrons are provided by iron-sulfur (Fe-S) cluster 

proteins known as ferredoxins. However, to date, comparative analysis of P450s, redox 

proteins and P450s involved in secondary metabolite production is not reported in the 

bacterial phylum Firmicutes. This study aimed to address this research gap. Genome-wide 

analysis of P450s in 972 Firmicutes species belonging to 158 genera revealed that only 229 

species belonging to 37 genera have P450s; 38% of Bacilli species, followed by 14% of 

Clostridia and 2.7% of other Firmicutes species, have P450s. The pathogenic or commensal 

lifestyle influences P450 content to such an extent that species belonging to the genera 

Streptococcus, Listeria, Staphylococcus, Lactobacillus, Lactococcus and Leuconostoc do not 

have P450s, except for a handful of Staphylococcus species that have a single P450. Only 

18% of P450s are found to be involved in secondary metabolism and 89 P450s that function 

in the synthesis of specific secondary metabolites are predicted.  

A total of 281 ferredoxins were found amongst 227 Firmicutes species. Four types of 

ferredoxins were found in this phylum, namely, 2Fe-2S, 4Fe-4S, 7Fe-8S and 2[4Fe-4S]. The 

dominant type found amongst this phylum was 4Fe-4S with 140 ferredoxins followed by 

2Fe-2S with 97 ferredoxins, 7Fe-8S with 32 ferredoxins and 2[4Fe-4S] with 12 ferredoxins. 

To date, evolutionary analysis of these proteins across the domains of life is confined to 

observing the abundance of Fe-S cluster types and the diversity of ferredoxins within a type 

is not reported. To address this research gap, here a subtype classification and nomenclature 

for ferredoxins based on the characteristic spacing between the cysteine amino acids of the 

Fe-S binding motif as a subtype signature was proposed. To test this hypothesis, comparative 

analysis of ferredoxins between Firmicutes and ferredoxins collected from species of 

different domains of life that are reported in the literature has been carried out. Various 

ferredoxin subtypes were found amongst Firmicutes species. Eleven different subtypes were 

found amongst 2Fe-2S ferredoxins with subtype 20 being the dominant subtype. 4Fe-4S had 

five subtypes with subtype 2 being dominant, and 2[4Fe-4S] had three subtypes with subtype 

9 being dominant. It is interesting to note that 7Fe-8S only had one subtype showing a 

preference to that specific ferredoxin subtype. Three subtypes of 2Fe-2S and two subtypes of 
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2[4Fe-4S] were found to be common between the Archaea and Firmicutes species, indicating 

their shared common ancestral origin.  

Overall, the study results supported the hypothesis proposed by our laboratory that 

organisms’ lifestyles impact P450 repertoire in their genomes. This is clearly evident in the 

bacterial phylum Firmicutes where a pathogenic or commensal lifestyle resulted in complete 

or nearly loss of P450s in the species. This study also is the first to propose ferredoxin 

subtype classification and identification of ferredoxins that have common ancestor origin 

(between Archean and Bacteria) and those are subjected to lateral gene transfer from 

prokaryotes (Archean/Bacteria) to eukaryotes.  
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Cytochrome P450 monooxygenases - also abbreviated as CYPs/P450s - are believed to have 

evolved from a common ancestor about three billion years ago (Nelson and Strobel, 1987). 

Initially discovered in rat liver microsomes, P450s were found to be hemeproteins and 

ubiquitously distributed in species belonging to all kingdoms (Nelson, 2018). Many P450s 

have been discovered, with P450BM3 isolated from Bacillus megaterium being extensively 

researched and modified to perform a range of functions (Notonier et al., 2016). P450s are 

known to be versatile biocatalysts having the profound ability to catalyze the oxidation of 

non-activated hydrocarbons, thereby overcoming the challenge many chemical catalysts face 

(Urlacher and Girhard, 2012) (Figure 1.1). Due to such versatility, they are regarded as 

promising subjects in the biotechnological field (Notonier et al., 2016). Catalytic versatility 

of P450s with respect to types of enzymatic reactions is shown in Figure 1.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Reactions that P450s catalyse, showing their versatility (Bernhardt, 2006) 
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In bacteria, P450s are involved in primary and secondary metabolism including the 

biosynthesis of secondary metabolites and degradation of xenobiotic compounds (Paul R. 

Ortiz de Montellano, 2015). Understanding the P450s’ role in secondary metabolites is now 

gaining momentum (Greule et al., 2018). Secondary metabolites are  natural products found 

to have beneficial values in many scientific areas such as human and veterinary medicine, 

agriculture, and manufacturing (Cimermancic et al., 2014) and are known to mediate a 

variety of microbe-host and microbe-microbe interactions (Wilson et al., 2017). 

P450s are involved in the synthesis of secondary metabolites ranging from terpenes, 

shikimates, alkaloids, polyketides, and peptides (Greule et al., 2018). Genes involved in the 

synthesis of secondary metabolites are found to be clustered together and form a gene cluster 

known as biosynthetic gene clusters (BGCs) and bacterial species have been found to have 

more than 1000 different types of BGCs involved in the synthesis of known and unknown 

secondary metabolites (Cimermancic et al., 2014). In this direction our laboratory unraveled 

P450s and their role in generation of secondary metabolites in bacterial species belonging to 

the genera Bacillus (Mthethwa et al., 2018), Mycobacterium and Streptomyces (Senate et al., 

2019) and the bacterial phylum Cyanobacteria (Khumalo et al., 2020).      

1.2 Problem statement  

It is a well-known fact that P450 enzymes not only play a role in the generation of secondary 

metabolites but also contribute to secondary metabolite diversity (Podust and Sherman, 2012) 

and these P450s need electrons to perform their enzymatic reaction. These electrons were 

supplied by redox proteins. Firmicutes are well-known to generate secondary metabolites that 

play a role in human health and have biotechnological applications. However, to date, 

comparative analysis of P450s and their role in secondary metabolite production and redox 

proteins (ferredoxins) has not been reported. Thus, this study aimed to address this research 

gap. This study has the potential to identify P450s involved in secondary metabolites and 

biosynthetic gene clusters that can be used to produce human valuable compounds at a 

commercial level.  

 

1.3 Value to the body of knowledge  

This study generated fundamental knowledge on P450s, their redox proteins and secondary 

metabolite clusters in Firmicutes. This is a great contribution to the scientific community 
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from the University of Zululand and from South Africa. The study results serve as a reference 

for P450s, their redox proteins and secondary metabolites for the entire research community. 

1.4 Aim and objectives  

1.4.1 Study aim 

To perform the annotation and comparative analysis of cytochrome P450s, their redox 

partners and secondary metabolite gene clusters in the human inhabiting bacterial species of 

the phylum Firmicutes. 

1.4.2 Study objectives   

 To perform genome data mining, annotation of P450s and their redox proteins 

in the phylum Firmicutes.  

 To perform phylogenetic analysis of P450s and their redox proteins in the 

phylum Firmicutes. 

 To perform genome data mining and identification of secondary metabolite 

gene clusters in the phylum Firmicutes.  

 To identify P450s involved in secondary metabolites in the phylum 

Firmicutes. 

 

1.5 Dissertation overview 

This dissertation is divided into five chapters. Chapter 1 provides a brief overview of the 

work, with introduction, problem statement, and value to the body of knowledge, study aim 

and objectives.  Chapter 2 consists of a literature review. Chapter 3 is presented in the format 

of a research article that was published in Scientific Reports detailing the P450s and their role 

in secondary metabolism in Firmicutes species. Chapter 4 consists of study results on 

ferredoxins that are under review in Current Issues in Molecular Biology. Overall 

conclusions and future perspectives are presented as part of Chapter 5. Supplementary data is 

presented in the Annexure. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Firmicutes 

There are countless bacteria that inhabit the human gut, and Firmicutes is one of the 

beneficial bacterial groups that dominates the gut (Ley et al., 2006b) (Figure 2.1). Firmicutes 

are a diverse phylum of bacteria that consists of many bacterial species classified into seven 

subphyla, namely Bacilli, Clostridia, Erysipelotrichia, Limnochordia, Negativicutes, 

Termolithobacteria, and Tissierellia. Firmicutes is known to influence human nutrition and 

metabolism. Amongst the genera, Clostridia contain eminent species such as Eubacterium, 

Faecalibacterium, Roseburia and Ruminococcus (Ramakrishna, 2013). Bacillus species are 

known for their secondary metabolite production and for producing dormant endospores 

during unfavorable growth conditions (Mthethwa et al., 2018). The increased ratio between 

Bacteroidetes and Firmicutes have been shown to influence conditions such as Crohn’s 

disease and obesity (Marciano and Vajro, 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Dominance of Firmicutes in the human gut relative to other microbes (Kong et 

al., 2014). 

Firmicutes are found to play a role in the energy extracted from the diet and 

consequently have an impact on obesity in humans (Gosalbes et al., 2011). Studies have 

shown that subjects who are obese or overweight tend to have a higher Firmicutes content in 

their gut (Chakraborti, 2015). Researchers proposed that manipulation of these gut microbes 
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might provide advancements in the treatment of obesity (Ley et al., 2006b). Many species 

belonging to this phylum are vital carbohydrate fermenters and may be associated with the 

salvage of energy from unabsorbed dietary carbohydrates, thus explaining the link between 

the gut microbiota and nutrition (Ramakrishna, 2013). Another study showed the importance 

of Firmicutes in carbohydrate metabolism on a transcriptional level (Ottman et al., 2012). 

Due to its major composition of the human gut (Castaner et al., 2018), Firmicutes are bound 

to have some contribution or effect on intestinal diseases or conditions such as Crohn’s 

disease. Several studies have been done on this topic and the overall result showed a general 

decrease in Firmicutes species in Crohn’s disease and ulcerative colitis (Manichanh et al., 

2006). The decrease of these microbes further provides evidence that Firmicutes play a major 

role in the gut and, if absent, conditions may develop.  

Firmicutes are composed of a large number of species including Lactobacillus, 

Streptococcus, Mycoplasma and Clostridium  that are capable of producing several short 

chain fatty acids (SCFAs) like butyrate (Marciano and Vajro, 2017). This is an important 

characteristic as SCFAs such as butyrate have essential functions. Butyrate assists in trans-

epithelial ion transport, cell growth and differentiation of the gut lumen, inflammation and 

oxidative stress and defensive properties in the human gut, and assists on an extra-intestinal 

level in terms of genetic metabolic diseases, obesity and insulin resistance (Canani et al., 

2011). Firmicutes may also be used to explain certain age dependent events as the level of 

Firmicutes tends to increase with age (Mariat et al., 2009). Despite all the beneficial bacterial 

species in this phylum, pathogens are present such as species belonging to Streptococcus and 

Staphylococcus. An interesting fact about pathogens from this phylum is that they are not 

capable of growing outside their hosts, unlike pathogens such as Vibrio cholera. This 

suggests that transmission of this pathogen is possibly dependent on close contact of persons 

(Ley et al., 2006a).  

2.2 Secondary metabolites produced by Firmicutes 

Firmicutes produce various useful secondary metabolites. Bacillus species were responsible 

for most of the secondary metabolites produced as shown in Table 2.1. Polyketide synthase 

(PKS) is known to be a potential source of vital compounds in bacteria that have vigorous 

antibacterial, antiviral and cytotoxic properties such as macrolactin, bacillaene and difficidin 

(Yang et al., 2016). Difficidin is known to have actions against the rice pathogen 

(Xanthomonas oryzae) (Wu et al., 2015), All these metabolites are produced by various 

species in this phylum. Aurantinins B-D is synthesized by the PKS1 gene. This metabolite 
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has potent antimicrobial characteristics, especially towards Staphylococcus aureus (Yang et 

al., 2016). Previous studies on this metabolite show that it could be a possible source of 

environmentally friendly anti-microbial agents (Yang et al., 2016). Most of the secondary 

metabolites produced have anti-bacterial properties such as tauramamide that inhibits 

Enterococcus sp. (Kang et al., 2015), bacillaene that is known to be an unstable antibiotic 

(Moldenhauer et al., 2007) and fengycin that is an antimicrobial lipopeptide (Sur et al., 2018). 

Surfactin was originally produced by Bacillus amyloliquefaciens and has inhibitory actions 

towards Candida albicans. Apart from being an anti-fungal agent it also has anti-viral and 

anti-microbial properties (Kang et al., 2015). Lichenysin is a molecule that closely resembles 

surfactin in terms of its structure with some differences. Due to these structural differences 

this metabolite is known to be a more efficient cation chelator (Grangemard et al., 2001). 

Bacillibactin is classified as a catechol siderophore that binds and transports iron (Hertlein et 

al., 2014). This metabolite is produced by the honeybee pathogen (Paenibacillus larvae) that 

is also a species in this phylum (Hertlein et al., 2014). Enzymes in bacterial species are 

responsible for delivering amino acids to a growing protein chain, an example of such a 

mega-enzyme is a non-ribosomal peptide synthetase which is also produced by Firmicutes 

(Hertlein et al., 2014). Products of such enzymes tend to have various vital properties 

including anti-tumour and cytotoxic properties (Hertlein et al., 2014). Fusarium 

graminearum is a fungal pathogen that destroys the production and quality of wheat and 

barley. Various Bacillus species produce a lipopeptide bacillomycin that in a previous study 

showed evident antifungal properties towards such pathogens (Gu et al., 2017). Other 

antifungal metabolites include rhizocticin and basiliskamides (Borisova et al., 2010, Barsby 

et al., 2002). Taking into consideration all the functions that these metabolites produce, it can 

be stated that Firmicutes is a diverse phylum with many potential benefits.  

Table 2.1. Various secondary metabolites produced by Firmicutes species, their properties 

and respective references 

Secondary 

metabolites 

Species (Source) Role Reference 

Macrolactin  Bacillus subtilis Antiviral, anticancer 

and antimicrobial  

(Yuan et al., 2016, 

Romero-Tabarez et 

al., 2006) 

Bacillaene Bacillus subtilis 168 Unstable antibiotic (Moldenhauer et al., 
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and Bacillus 

amyloliquefaciens 

FZB 42 

2007, Butcher et al., 

2007) 

Difficidin  Bacillus 

amyloliquefaciens 

FZB 42 

Acts against the rice 

pathogen  

(Wu et al., 2015, 

Chen et al., 2006) 

Aurantinins B-D Bacillus subtilis 

fmb60 

Antimicrobial  (Yang et al., 2016) 

Tauramamide Brevibacillus 

laterosporus 

Antibacterial  (Kang et al., 2015) 

Fengycin Bacillus subtilis 

subsp. inaquosorum 

Antibacterial (Sur et al., 2018, 

Knight et al., 2018) 

Surfactin Bacillus subtilis and 

Bacillus 

amyloliquefaciens 

Antiviral, 

antimicrobial and 

antifungal  

(Peypoux et al., 

1999, Grangemard et 

al., 2001) 

Lichenysin Bacillus 

licheniformis 

Antiviral, 

antimicrobial and 

antifungal 

(Grangemard et al., 

2001) 

Bacillibactin Bacillus sp. PKU-

MA00093 and PKU-

MA00092 and 

Paenibacillus larvae 

Transports iron  (Zhou et al., 2018, 

Hertlein et al., 2014) 

Bacillomycin Bacillus sp. PKU-

MA00093 and PKU-

MA00092 

Antifungal  (Zhou et al., 2018, 

Gu et al., 2017) 

Basiliskamides Bacillus 

laterosporus 

Antifungal  (Barsby et al., 2002) 

 

2.3 P450s role in production of secondary metabolites 

P450s are well known to be involved in the synthesis of a vast collection of secondary 

metabolites ranging from macrolides and glycopeptides to alkaloids and aromatic polyketides 

(Podust and Sherman, 2012). Their enzymatic role is crucial in the production of such 

metabolites. P450s are versatile enzymes and thus perform diverse types of reactions such as 
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the rearrangement of carbon skeletons, cleavage of carbon-carbon bonds and ring-coupling 

(Podust and Sherman, 2012). CYP154A1 performs an intramolecular cyclization reaction that 

produces a product that resembles an antibiotic, namely methylenomycin C, as shown in 

Figure 2.2. Unlike most P450 enzymatic reactions, this does not require a redox protein. 

CYP158A1 and CYP158A2 exhibit indirect substrate mediated proton delivery as shown in 

Figure 2.3 which results in the dimerization of flaviolin. These two P450s are also capable of 

performing ring-coupling reactions (Podust and Sherman, 2012). CYP3A4 that is found in the 

human liver is known to be involved in hydroxylation reactions. CYP105P1 and CYP105D6 

introduce one OH group each to a polyene macrolide antibiotic, filipin (Figure 2.4). The 

antibiotic hydroxylases both P450s for defensive purposes such as the degradation of 

xenobiotics (Podust and Sherman, 2012). 

 

 

Figure 2.2. Intramolecular cyclization reaction (Podust and Sherman, 2012) 

 

 

 

 

 

 

 

 

 

Figure 2.3. Substrate mediated proton delivery (Podust and Sherman, 2012) 
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Figure 2.4. The addition of OH groups to filipin (Podust and Sherman, 2012) 

2.4 Redox proteins    

P450s are known to be involved in oxidation reactions. These enzymes require electrons in 

order to perform these reactions which are usually derived by NADH and NADPH (Lewis 

and Hlavica, 2000). Self-sufficent P450s do not require an additional redox partner. However, 

with the exception of self-sufficient P450s, all P450s interact with redox partners for 

electrons (Hannemann et al., 2007). Redox partner enzymes are responsible for delivering 

these electrons as shown in Figure 2.5 (Munro et al., 2007). Due to the versatility of these 

enzymes, there are numerous P450-redox combinations that may occur as depicted in Figure 

2.6.  There are two classes of redox protein systems, adrenal mitochondrial P450 systems and 

the liver microsomal P450 system. Both systems gain electrons from NADPH via different 

pathways, namely adrenodoxin reductase and adrenodoxin and FAD and FMN-containing 

P450 reductase respectively (Hannemann et al., 2007). Most bacterial P450 systems generally 

have a FAD-containing reductase which transfers electrons from NADPH to ferredoxin 

which reduces the P450 (Hannemann et al., 2007). Eukaryotic P450 systems have two major 

proteins which is the cytochrome P450 and the NADPH-cytochrome P450 reductase which 

contains FAD and FMN. Other potential redox partners of P450s include FAD-containing 

ferredoxin reductase, ferredoxin oxidoreductase, P450-ferredoxin fusion protein and 

flavodoxin-P450 fusion protein (Hannemann et al., 2007).  
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Figure 2.5. Cytochrome P450 catalytic cycle, showing the function of redox partners 

(McLean et al., 2015) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Schematic representation of different P450-redox protein combinations 

(Hannemann et al., 2007) 
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CHAPTER 3: IMPACT OF LIFESTYLE ON CYTOCHROME P450 

MONOOXYGENASE REPERTOIRE IS CLEARLY EVIDENT IN THE 

BACTERIAL PHYLUM FIRMICUTES 

3.1 Introduction  

Among the bacteria that inhabit the human gut, species belonging to the bacterial phylum 

Firmicutes and Bacteroides are dominant (Arumugam et al., 2011, Dieterich et al., 2018, 

Thursby and Juge, 2017). Firmicutes species are gram-positive microorganisms with rod or 

sphere shapes and reproduce via binary fission. This phylum contains bacteria possessing 

diverse characteristics that are adapted to diverse ecological niches. Some members are 

saprophytes that live in soil and aquatic environments, performing mainly decomposition and 

recycling of organic matter, some members are commensals of humans and some members 

are pathogens of animals, including humans, and plants (Seong et al., 2018). Some members 

have been subjected to thorough investigation to gain understanding of endospore formation 

and survival (Filippidou et al., 2016) and the biotechnological potential of these organisms 

has been explored for the production of dairy products (Bintsis, 2018), enzymes (Verma et 

al., 2018) and antibiotics (Caulier et al., 2019).  

The Firmicutes phylum is further divided into seven subphyla, namely Bacilli, 

Clostridia, Erysipelotrichia, Limnochordia, Negativicutes, Termolithobacteria, and 

Tissierellia (Seong et al., 2018). Species belonging to the subphyla Bacilli are well known for 

the production of secondary metabolites valuable to humans, organic compounds that have 

medicinal properties (Table 2.1). Clostridia consist of species that produce short chain fatty 

acids in the human gut, such as butyrate, which is essential fuel for colonocytes (enterocytes 

referred to as colonocytes in the colon) (Lopetuso et al., 2013) and also species causing 

botulism, tetanus, gas gangrene, food poisoning, pseudomembranous colitis, and antibiotic 

associated diarrhea in humans (Rood, 2016, Wells and Wilkins, 1996). Quite a number of 

studies have explored the relation between the changes in the percentage of Firmicutes 

species in the human gut and human conditions such as obesity, inflammatory bowel disease, 

systemic lupus erythematosus and psoriasis but results are not conclusive (Dieterich et al., 

2018, Kho and Lal, 2018, Koliada et al., 2017).  

Because of the potential biotechnological applications of secondary metabolites 

produced by Bacillus species (Table 2.1), comprehensive analysis of cytochrome P450 

monooxygenases (CYPs/P450s) in the species belonging to the genus Bacillus has recently 
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been carried out and their association with secondary metabolism has been unraveled 

(Mthethwa et al., 2018). 

P450s are heme thiolate proteins that play an important role in organisms’ primary 

and secondary metabolism. Because of their diverse enzymatic reactions, P450s are found to 

play key roles such as conferring diversity on secondary metabolites (Podust and Sherman, 

2012, Greule et al., 2018). The study revealed the presence of 507 P450s belonging to 13 

P450 families and 28 P450 subfamilies in 128 Bacillus species and 112 P450s were found to 

be part of secondary metabolite biosynthetic gene clusters (BGCs) (Mthethwa et al., 2018). 

BGCs are groups of genes clustered together that are responsible for producing secondary 

metabolites in organisms (Medema et al., 2015). However, this study was limited to the genus 

Bacillus. None of the species belonging to other genera or a comprehensive analysis of P450s 

in Firmicutes species has been reported.  

Studies on the role of P450s in organism’s adaptations or changes in P450 profiles 

according to an organism’s life have been conducted on eukaryotic organisms such as fungi 

(Ngwenya et al., 2018, Matowane et al., 2018, Qhanya et al., 2015, Kgosiemang et al., 2014, 

Jawallapersand et al., 2014, Syed K, 2014, Suzuki et al., 2012, Akapo et al., 2019), 

oomycetes (Sello et al., 2015), plants (Hamberger and Bak, 2013), and animals (Feyereisen, 

2012). However, this phenomenon is scarcely reported in prokaryotes; currently data are 

available only for bacterial species belonging to the genera Streptomyces (Senate et al., 2019, 

Mnguni et al., 2020), Mycobacterium (Parvez et al., 2016, Syed et al., 2019) and the phylum 

Cyanobacteria (Khumalo et al., 2020), suggesting that more research is needed to unravel 

P450s’ role in other bacterial species. The presence of species with diverse characteristics 

that are adapted to diverse ecological niches, such as in Firmicutes, will enhance the 

understanding of the role of P450s in bacterial species, especially with respect to their role in 

those organism’s adaptations. Since Firmicutes species have diverse lifestyles, it would be 

interesting to see if there are any changes in P450 profiles with respect to their lifestyle, as 

studies have shown that organisms lose a considerable number of P450s owing to their 

lifestyle. Examples are adapting to utilize simple carbon sources, as observed in 

Saccharomyces species (Kgosiemang et al., 2014), or readily available abundant carbon 

sources in the host, as observed in mycobacterial species (Parvez et al., 2016), or making 

more copies of specific P450s both at P450 family and subfamily level in their genomes 

(P450 blooms) owing to adaptation to diferent ecological niches (Ngwenya et al., 2018, 
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Qhanya et al., 2015, Jawallapersand et al., 2014, Syed K, 2014, Suzuki et al., 2012, Akapo et 

al., 2019, Sello et al., 2015, Feyereisen, 2012).  

In order to address the above research gaps on the impact of lifestyle on Firmicutes 

species P450s, if any, in this study comprehensive analysis of P450s and their association 

with secondary metabolism in 972 Firmicutes species belonging to 158 genera has been 

carried out.  

3.2 Results and discussion 

3.2.1 Only a few Firmicutes species have P450s. 

Comprehensive genome-wide data mining and annotation of P450s in 972 Firmicutes species 

revealed that only 229 species have P450s in their genomes (Fig. 3.1A). P450 sequences 

found in this phylum is represented in Supplementary dataset 1. This indicates that most of 

the Firmicutes species do not have P450s in their genomes (Fig. 3.1A). Subphylum level 

analysis revealed that 38% of Bacilli species have P450s (Fig. 3.1B). In contrast to Bacilli, 

only 14% and 2.7% of Clostridia and other Firmicutes species have P450s (Fig. 3.1B). 

Owing to the availability of few species genomes that belong to the other five Firmicutes 

subphyla (Erysipelotrichia, Limnochordia, Negativicutes, Termolithobacteria, and 

Tissierellia), these species were kept under “Others” at KEGG (Kanehisa et al., 2015). Thus, 

we indicated the P450 profiles in these species under the name “other species”. Only one 

species (Limnochorda pilosa) among 37 species in this category had P450s. Analysis of the 

Firmicutes genera disclosed that of the 158 genera, species belonging to 37 genera have 

P450s in their genomes (Fig. 3.1C). Most of the species belonging to the genus Bacillus have 

P450s, followed by Paenibacillus and Clostridium (Fig. 3.1C). Based on the number of 

species used in the study, we can safely conclude that species belonging to the genera 

Streptococcus, Lactobacillus, Listeria, Geobacillus, Lactococcus and Leuconostoc do not 

have P450s (Fig. 3.1C). Furthermore, among 86 Staphylococcus species only nine species 

have P450s (Fig. 3.1C). On average three P450s were found in 229 species, whereas 92 

species had a single P450 in their genome. Among the Firmicutes, species belonging to the 

genus Paenibacillus had the highest number of P450s in their genomes. P. mucilaginous 

3016 had the highest number of P450s (11 P450s) in its genome, followed by P. 

mucilaginous K02 and P. mucilaginous KNP414 (10 P450s each). Comparative analysis of 

different bacterial species revealed that Firmicutes species had the lowest average number of 

P450s in their genomes compared to the bacterial species belonging to the genera 

Streptomyces and Mycobacterium and the phylum Cyanobacteria (Table 3.1). The absence of 
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P450s in species belonging to the genera Streptococcus, Lactobacillus, Listeria, Lactococcus, 

Leuconostoc or the presence of a single P450 in a handful of Staphylococcus species strongly 

suggests that the impact of lifestyle profoundly influenced the P450 repertoire in the species, 

as also observed in mycobacterial species (Parvez et al., 2016) and in Saccharomyces species 

(Kgosiemang et al., 2014). The pathogenic lifestyle of species belonging to the genera 

Streptococcus, Listeria and Staphylococcus led them to adapt readily available carbon 

sources in the host and thus possibly led to the loss of P450s, similarly to mycobacterial 

species (Parvez et al., 2016). Species belonging to the genera Lactobacillus, Lactococcus and 

Leuconostoc are involved in fermentation processing (industrial scale or inside the human 

gut), indicating that adaption to thrive on simple carbon sources led to the loss of P450s, just 

as observed in Saccharomyces species (Kgosiemang et al., 2014). 

 

Figure 3.1. Analysis of P450s in Firmicutes species. Comparative analysis of P450s at 

species level (A), subphylum level (B) and genera level (C) is presented in the figure. Owing 

to the availability of few species genomes belonging to the other five subphyla of Firmicutes 

(Erysipelotrichia, Limnochordia, Negativicutes, Termolithobacteria, and Tissierellia), these 

species were kept under “Others” at KEGG (Kanehisa et al., 2015). Thus, we indicated the 

P450 profiles in these species under the name Other species. Numbers next to the bars 

indicate the number of species
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 Table 3.1. Comparative analysis of key features of P450s and their association with 

secondary metabolism between Firmicutes species and different bacterial species 

 Firmicutes 

species  

Streptomyces 

species 

Mycobacterial 

species 

Bacillus 

species 

Cyanobacterial 

species 

Total No. of 

species 

analyzed 

972 203 60 128 114 

No. of P450s 712 5460 1784 507 341 

No. of 

families 

15 253 77 13 36 

No. of 

subfamilies 

53 698 132 28 79 

Dominant 

P450 family 

CYP107 CYP107 CYP125 CYP107 CYP110 

Average no. 

of P450s 

1 27 30 4 3 

No of 

BGCs* 

2186 4457 898 1098 770 

Average no. 

of BGCs 

2 31 15 9 7 

No. of P450s 

part of 

BGCs 

126 1231 204 112 27 

Percentage 

of P450s 

part of 

BGCs 

18 32 11 22 8 

Reference (Padayachee 

et al., 2020) 

(Mnguni et 

al., 2020, 

Senate et al., 

2019) 

(Senate et al., 

2019, Parvez 

et al., 2016) 

(Mthethwa 

et al., 2018) 

(Khumalo et 

al., 2020) 



28 

 

3.2.2 Firmicutes species have the lowest P450 diversity.  

Firmicutes species P450s were grouped into different P450 families and P450 subfamilies 

following the International P450 Nomenclature Committee rules that include phylogenetic 

analysis of P450s (Fig. 3.2) (Nelson et al., 1993, Nelson, 1998, Nelson, 2006). Based on the 

percentage identity of >40% for a family and >55% for a subfamily and following the 

evolutionary analysis where P450s belonging to the same family were grouped together 

(Fig. 3.2), all 712 P450s found in 229 Firmicutes species were grouped into 14 P450 families 

and 53 P450 subfamilies (Table 3.2). The number of P450 families found in Firmicutes 

species is exceptionally low compared to other bacterial species (Table 3.1), indicating the 

lowest P450 diversity. As predicted, P450 families such as CYP107, CYP102, CYP152, 

CYP109 and CYP106 were expanded in Firmicutes species, as the percentage contribution of 

these families to the total number of P450s was higher compared to the rest of the P450 

families (Table 3.2). Among P450 families, CYP107 had the highest number of P450s (199 

P450s), contributing 28% of 712 P450s, followed by CYP102 (179 P450s), CYP152 (110 

P450s), CYP109 (95 P450s) and CYP106 (57 P450s) (Table 3.2). Blooming of certain P450 

families in species is a common phenomenon and is observed in species belonging to 

different biological kingdoms as a potential indication of adaptation to an ecological niche 

(Ngwenya et al., 2018, Qhanya et al., 2015, Jawallapersand et al., 2014, Syed K, 2014, 

Suzuki et al., 2012, Akapo et al., 2019, Sello et al., 2015, Feyereisen, 2012). Comparative 

analysis of dominant P450 families across different bacterial species revealed that the 

CYP107 family is dominantly present in Firmicutes species and Streptomyces species and 

CYP125 and CYP110 are dominantly present in mycobacterial and cyanobacterial species, 

respectively (Table 3.1).  

Analysis of P450 subfamilies revealed subfamily-level blooming in Firmicutes 

species as some subfamilies were expanded in a family (Table 3.2). CYP107 had the highest 

number of P450 subfamilies (12 subfamilies), followed by CYP152 (11 subfamilies), 

CYP109 (10 subfamilies), CYP197 (6 subfamilies), CYP106 (3 subfamilies) and CYP134 

and CYP1731 and (Table 3.2). Seven of 14 P450 families had a single subfamily (Table 3.2). 

The dominant subfamilies in expanded P450 families were the following: CYP107 family 

had the subfamily “J” as the dominant subfamily; subfamily “B” was dominant in P450 

families CYP106 and CYP109 and subfamily “A” was dominant in the CYP152 family. It is 

interesting to note that the CYP102 P450 family, despite contributing the second largest 

number of P450s, had a single subfamily “A” (Table 3.2). Blooming of certain P450 
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subfamilies in a family was also observed in species of different biological kingdoms and it is 

assumed that the P450 blooms possibly bestow certain advantages on organisms in adapting 

to ecological niches (Ngwenya et al., 2018, Qhanya et al., 2015, Jawallapersand et al., 2014, 

Syed K, 2014, Suzuki et al., 2012, Akapo et al., 2019, Sello et al., 2015, Feyereisen, 2012). 

Analysis of conservation of P450 families in 229 Firmicutes species revealed that none of the 

14 P450 families was conserved in these species (Fig. 3.3). However, based on the heat-map 

profile of P450 families, the P450 families CYP152, CYP107, CYP120 and CYP109 were 

found to be a co-presence in most Firmicutes species (Fig. 3.3). Cyanobacterial species also 

had no P450 family conserved, but P450 families CYP110 and CYP120 were found to be a 

co-presence in most of these species (Khumalo et al., 2020). the large CYP107 family was 

found to be conserved in Streptomyces species (Mnguni et al., 2020) and several P450 

families were found to be conserved in mycobacterial species (Parvez et al., 2016).  

 

Figure 3.2. Phylogenetic tree of Firmicutes species P450s. Different P450 families are 

indicated with different colours 
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Table 3.2. Comparative analysis of P450 families and subfamilies in Firmicutes species. The 

percentage contribution of a particular family and its subfamilies to the total number of P450s 

is also presented in the table 

Family P450 count Percentage 

count 

Subfamily P450 count Percentage 

contribution 

 

CYP102  179  25.14 A 179  25.14 

CYP106  57 8.01  A 15 2.11 

   B  41  5.76 

   C  1 0.14 

CYP107  199 27.95  CB  3 0.42 

   DE  3  0.42 

   DF  12  1.69 

   DY  8  1.12 

   H  47  6.60 

   J  66  9.27 

   JF  7  0.98 

   JG  2  0.28 

   JH  3  0.42 

   JF  1  0.14 

   K  45  6.32 

   NJ  2  0.28 

CYP109  95  13.34  A  23  3.23 

   AJ  1  0.14 

   B  44  6.18 

   E  4 0.56 

   J  3 0.42 

   T  12 1.69 

   U  1 0.14 

   V  3 0.42 

   W  3 0.42 

   X  1 0.14 
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CYP113  20 2.81 L 20 2.81 

CYP1179  3 0.42 A 3 0.42 

CYP1255  2 0.28 A 2 0.28 

CYP1341  1 0.14 C 1 0.14 

CYP134  18  2.53  A  14  1.97 

   C  4  0.56 

CYP152  110  15.45  A  61  8.57 

   AC  1 0.14 

   AK  1 0.14 

   AL  1 0.14 

   AM  1 0.14 

   AN  5 0.70 

   J  1 0.14 

   K  12 1.69 

   L  11  1.54 

   M  14 1.97 

   N  2 0.28 

CYP1706 2 0.28 B 2 0.28 

CYP1731 8 1.12  A 5 0.70 

   B  3 0.42 

CYP1756  4 0.56  A 4 0.56 

CYP197  14  1.97  A 1  0.14 

   AD  3  0.42 

   AE  1 0.14 

   AF  3  0.42 

   AH  3  0.42 

   S  3 0.42 
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Figure 3.3. Analysis of presence of P450 family (red) or its absence (green) in 229 Firmicutes 

species 

 

Figure 3.4. Comparative analysis of P450s associated with secondary metabolism in 

Firmicutes species. (A) Comparative analysis of P450 families that are part of secondary 

metabolite biosynthetic gene clusters (BGCs). The P450 family name, number of P450s and 

their percentage of the total number of P450s part of BGCs are presented in the figure. (B) 

Comparative analysis of types of BGCs. The number at the top of each bar represents the 

number of P450s in the type of BGC. (C) Comparative analysis of most similar known 

clusters that have P450s. The number at the top of each bar represents the total number of 

similar clusters 
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3.2.3 A small proportion of P450s are involved in secondary metabolism in Firmicutes 

species  

Among 712 P450s identified in 229 Firmicutes species, 125 P450s (18%) of 62 Firmicutes 

species were found to be part of secondary metabolite BGCs (Fig. 11). P450s that were part 

of BGCs were from species belonging to the subphylum Bacilli and most of these species 

belonged to the genera Bacillus (49 species). Most of the Firmicutes species P450 families 

were found to be part of BGCs (Fig. 11A). Among 14 P450 families, ten families, namely 

CYP107, CYP113, CYP134, CYP152, CYP102, CYP109, CYP1706, CYP106, CYP1179 

and CYP197, were found to be part of different secondary metabolite BGCs (Fig. 11A). 

Among these families, P450s belonging to the CYP107 family were dominantly present in 

BGCs with more than half of the P450s (55%) being apart of BGCs (Fig. 11A). A point to be 

noted is that P450 families such as CYP107, CYP152, CYP102 and CYP109 are expanded in 

Firmicutes and part of the BGCs also clearly support a previous hypothesis that “species 

populate specific P450s if they are useful in their adaptation to certain ecological niches or 

useful in their physiology” (Ngwenya et al., 2018, Qhanya et al., 2015, Jawallapersand et al., 

2014, Syed K, 2014, Suzuki et al., 2012, Akapo et al., 2019, Sello et al., 2015, Feyereisen, 

2012). Interestingly, some P450 families such as CYP113, CYP134, CYP197, CYP1706 and 

CYP1179 that are scarcely present in Firmicutes species, but they are also part of BGCs, 

indicating their important role in producing these metabolites.  

An interesting phenomenon is observed when comparing at the subfamily level where 

P450 subfamilies “H” and “K” are part of BGCs and the subfamily “J” P450s are not part of 

BGCs despite this subfamily’s dominance in the CYP107 family (Table 4), indicating 

subfamily level selectivity by species. P450s were found to be part of 15 BGC types 

(Fig. 11B). Most of the P450s are part of BGC types such as Transatpks-Nrps (Trans-AT 

polyketide synthase-Non-ribosomal peptide synthetase cluster) (43 P450s), followed by Nrps-

Transatpks-Otherks (Nrps-Transatpks-Other types of PKS cluster) and Transatpks (each 20 

P450s) and Other (19 P450s) (Fig. 11B). Analysis of most similar known clusters revealed 

that the majority of P450 clusters were bacillaene (41 clusters), followed by fengycin (23 

clusters) and diffcidin (17 clusters) (Fig. 11C). Analysis of the association between P450 

families and BGCs showed that CYP107 family P450s are mostly associated with BGCs 

Nrps-Transatpks Otherks, Transatpks, Transatpks-Nrps and Other, a putative gene cluster; 

CYP113 family P450s are associated with Transatpks-Nrps and Transatpks BGC, and 

CYP134 family P450s are associated with Transatpks-Nrps and Other. The percentage 
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identity of Firmicutes BGCs containing P450s with similar known clusters revealed that most 

of the clusters have 100% sequence identity, indicating that these clusters indeed produce the 

expected metabolites.  

Comparative analysis of P450s involved in secondary metabolism among different 

bacterial species revealed that more P450s from Firmicutes species (18%) are involved in 

secondary metabolism compared to the P450s from mycobacterial (11%) and cyanobacterial 

(8%) species (Table 3). However, P450s from Firmicutes species are only second to 

Streptomyces species P450s (23%) in terms of their involvement in secondary metabolism 

(Table 3). These results strongly support the recent observation that more P450s are involved 

in secondary metabolism in Streptomyces species compared to other bacterial species 

(Mnguni et al., 2020) and it is no surprise that two thirds of all known antibiotics in the world 

come from these species (Procópio et al., 2012).  

3.2.4 Most Firmicutes species P450s are orphans of unknown function.  

Among the 712 Firmicutes species P450s, only a handful of P450s are characterized for their 

physiological functions. The well-known and well-studied P450 CYP102A1 (P450-BM3) 

from B. megaterium is found to be a fatty acid hydroxylase (Munro et al., 2002, Li and 

Poulos, 1997, Noble et al., 1999). CYP152A1 from B. subtilis and CYP152K6 from B. 

methanolicus were found to be peroxygenases that use hydrogen peroxide to drive 

hydroxylation and decarboxylation of fatty acids (Lee et al., 2003, Lee et al., 2002, Girvan et 

al., 2018). CYP107H1 from B. subtilis is a pimelic acid hydroxylase involved in biotin 

synthesis (Bower et al., 1996, Cryle and Schlichting, 2008). CYP134A1 from B. subtilis is 

involved in synthesis of pulcherriminic acid, a natural product, by three-step oxidative 

transformation of the diketopiperazine cyclo-l-leucyl-l-leucyl (Cryle et al., 2010). Based on 

the P450s’ location in different BGCs and their percentage identity with known similar 

clusters (most of them have 100% sequence identity), we predict 89 P450 functions in the 

synthesis of diferent secondary metabolites such as polyketides (macrolactin, bacillaene, and 

diffcidin), lipopeptides (surfactin, lichenysin and fengycin), phosphono-oligopeptides 

(rhizocticin) and siderophores (Bacillibactin) (Table 3.3). These secondary metabolites are 

well known for their potential biotechnological applications such as antibacterial, antiviral 

and cytotoxic properties as listed in Table 3.3.  

Analysis of association of P450s with BGCs revealed that specific P450 orthologues 

are involved in the production of the same secondary metabolite (Table 3.3), indicating 
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horizontal gene transfer of these BGCs among Bacillus species, a well-known phenomenon 

of gene-cluster transfer between bacterial species (Cimermancic et al., 2014, Tran et al., 

2019, Medema et al., 2015). Prominent observations include CYP107K P450s’ involvement 

in biosynthesis of bacillaene, CYP113L1 P450s’ involvement in the biosynthesis of diffcidin 

and CYP107H4 P450s’ involvement in the biosynthesis of fengycin (Table 3.3). Considering 

the high conservation of ortholog P450s, it can be assumed that BGCs such as bacillaene, 

diffcidin and fengycin populated among Bacillus species via horizontal gene-cluster transfer.  

An interesting comparison can be drawn between the role of secondary metabolites 

produced by Firmicutes where P450s are involved (Table 3.3) and the role of secondary 

metabolites produced by Streptomyces species (Senate et al., 2019, Mnguni et al., 2020). In 

both cases, these secondary metabolites seem to be helping organisms gain the upper hand in 

their ecological niches, as the secondary metabolites produced by these organisms have anti-

bacterial, anti-fungal and anti-viral properties, suggesting that these compounds help both the 

Firmicutes (Caulier et al., 2019) and the Streptomyces (Senate et al., 2019, Mnguni et al., 

2020) species to thrive in their ecological niches by eliminating other organisms. The 

structure and biological functions of bacillaene, diffcidin, fengycin, lichenysin, macrolactin, 

rhizocticin and surfactin produced by Firmicutes were recently reviewed (Caulier et al., 

2019).    

Table 3.3. Functional prediction of Firmicutes species P450s’ involvement in synthesis of 

secondary metabolites 

P450 Species name Predicted biological role  

CYP134A1  Bacillus subtilis subsp. subtilis 168  Bacillaene biosynthesis 

CYP107K1  Bacillus subtilis subsp. subtilis RO-NN-1  Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. subtilis 6051-HGW Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. subtilis BAB-1 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. subtilis AG1839 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. subtilis JH642 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. subtilis OH 131.1 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. spizizenii W23 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. spizizenii TU-B-10 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis BSn5 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis QB928 Bacillaene biosynthesis 
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CYP107K1 Bacillus subtilis XF-1 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis PY79 Bacillaene biosynthesis 

CYP107K1 Bacillus sp. JS Bacillaene biosynthesis 

CYP107K1 Bacillus sp. YP1 Bacillaene biosynthesis 

CYP107K1 Bacillus sp. BS34A Bacillaene biosynthesis 

CYP107K1 Bacillus sp. LM 4-2 Bacillaene biosynthesis 

CYP107K1 Bacillus subtilis subsp. subtilis BSP1 Bacillaene biosynthesis 

CYP107K1 Bacillus gibsonii Bacillaene biosynthesis 

CYP107K2 Bacillus atrophaeus NRS 1221A Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis FZB42 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis CAU B946 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis YAU B9601-Y2 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis UCMB5036 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis UCMB5033 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis UCMB5113 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis NAU-B3 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis TrigoCor1448 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis SQR9 Bacillaene biosynthesis 

CYP107K3 Bacillus velezensis Bacillaene biosynthesis 

CYP107K3 Bacillus amyloliquefaciens DSM 7 Bacillaene biosynthesis 

CYP107K3 Bacillus amyloliquefaciens TA208 Bacillaene biosynthesis 

CYP107K3 Bacillus amyloliquefaciens LL3 Bacillaene biosynthesis 

CYP107K3 Bacillus amyloliquefaciens XH7 Bacillaene biosynthesis 

CYP107K3 Bacillus amyloliquefaciens Y2 Bacillaene biosynthesis 

CYP107K3 Bacillus amyloliquefaciens IT-45 Bacillaene biosynthesis 

CYP107K3 Bacillus amyloliquefaciens LFB112 Bacillaene biosynthesis 

CYP107K3 Bacillus vallismortis Bacillaene biosynthesis 

CYP107K3 Bacillus sp. Pc3 Bacillaene biosynthesis 

CYP107K3 Bacillus sp. BH072 Bacillaene biosynthesis 

CYP107K3 Bacillus sp. SDLI1 Bacillaene biosynthesis 

CYP152K2 Solibacillus silvestris DSM 12223 Bacillibactin biosynthesis 

CYP113L1 Bacillus sp. Pc3 Bacillibactin biosynthesis 
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CYP113L1 Bacillus velezensis FZB42 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis CAU B946 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis YAU B9601-Y2 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis AS43.3 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis UCMB5036 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis UCMB5033 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis UCMB5113 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis NAU-B3 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis SQR9 Diffcidin biosynthesis 

CYP113L1 Bacillus velezensis Diffcidin biosynthesis 

CYP113L1 Bacillus amyloliquefaciens Y2 Diffcidin biosynthesis 

CYP113L1 Bacillus amyloliquefaciens IT-45 Diffcidin biosynthesis 

CYP113L1 Bacillus amyloliquefaciens CC178 Diffcidin biosynthesis 

CYP113L1 Bacillus amyloliquefaciens LFB112 Diffcidin biosynthesis 

CYP113L1 Bacillus vallismortis Diffcidin biosynthesis 

CYP113L1 Bacillus sp. SDLI1 Diffcidin biosynthesis 

CYP107H4 Bacillus sp. BH072 Diffcidin biosynthesis 

CYP107H4 Bacillus velezensis FZB42 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis CAU B946 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis YAU B9601-Y2 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis UCMB5036 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis UCMB5033 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis UCMB5113 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis NAU-B3 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis TrigoCor1448 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis SQR9 Fengycin biosynthesis 

CYP107H4 Bacillus velezensis Fengycin biosynthesis 

CYP107H4 Bacillus amyloliquefaciens Y2 Fengycin biosynthesis 

CYP107H4 Bacillus amyloliquefaciens IT-45 Fengycin biosynthesis 

CYP107H4 Bacillus amyloliquefaciens CC178 Fengycin biosynthesis 

CYP107H4 Bacillus amyloliquefaciens LFB112 Fengycin biosynthesis 

CYP107H4 Bacillus vallismortis Fengycin biosynthesis 
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CYP107H4 Bacillus sp. Pc3 Fengycin biosynthesis 

CYP107H4 Bacillus sp. BH072 Fengycin biosynthesis 

CYP107H4 Bacillus sp. SDLI1 Fengycin biosynthesis 

CYP113L1 Bacillus velezensis AS43.3 Fengycin biosynthesis 

CYP107H2 Bacillus amyloliquefaciens DSM 7 Fengycin biosynthesis 

CYP107H2 Bacillus amyloliquefaciens TA208 Fengycin biosynthesis 

CYP107H2 Bacillus amyloliquefaciens LL3 Fengycin biosynthesis 

CYP107H2 Bacillus amyloliquefaciens XH7 Fengycin biosynthesis 

CYP1179A4 Bacillus xiamenensis Lichenysin biosynthesis 

CYP1179A4 Bacillus altitudinis Lichenysin biosynthesis 

CYP107K3 Bacillus velezensis YAU B9601-Y2 Macrolactin biosynthesis 

CYP107K3 Bacillus velezensis AS43.3 Macrolactin biosynthesis 

CYP152A1 Bacillus subtilis subsp. spizizenii W23  Rhizocticin biosynthesis 

CYP152A9 Bacillus atrophaeus 1942 Surfactin biosynthesis 

 

3.3 Methods  

3.3.1 Species and database.  

Nine hundred and seventy-two Firmicutes species genomes publicly available at Kyoto 

Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2015) were used in this 

study. 

3.3.2 Genome data mining and annotation of P450s.  

Genome data mining of P450s in Firmicutes species was carried out following the standard 

method described elsewhere (Mthethwa et al., 2018, Senate et al., 2019, Parvez et al., 2016, 

Khumalo et al., 2020). Briefly, using the information and databases, the whole proteome of 

each Firmicutes species was downloaded and submitted to the NCBI Batch Web CD-Search 

Tool (Marchler-Bauer et al., 2017). Proteins that were assigned as P450 superfamily were 

chosen and assessed for the presence of characteristics EXXR and CXG motifs (Syed and 

Mashele, 2014, Graham and Peterson, 1999). Proteins having both motifs were selected for 

annotation. Annotation of P450s was accomplished following the International P450 

Nomenclature Committee rules (Nelson et al., 1993, Nelson, 1998, Nelson, 2006). Proteins 

with an identity >40% were classified under the same family and proteins with an identity 

>55% were classified under the same subfamily. Proteins with less than 40% identity were 
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assigned to a new P450 family. P450s and gene cluster data for Bacillus species were 

retrieved from a published article and used in the study (Mthethwa et al., 2018).  

3.3.3 Phylogenetic analysis of P450s.  

The phylogenetic tree of Firmicutes species P450s was constructed following the method 

described elsewhere (Mthethwa et al., 2018, Senate et al., 2019, Parvez et al., 2016, Khumalo 

et al., 2020). Briefly, the Firmicutes species P450 protein sequences were aligned using the 

online database, MAFFT (Katoh et al., 2005). Then the alignments were automatically 

subjected to tree inferring and optimization by the Trex web server (Boc et al., 2012). Finally, 

the best-inferred trees were visualized, coloured, and generated by iTOL (Letunic and Bork, 

2019).  

3.3.4 Generation of P450 profile heat-maps.  

Heat-map profiles for P450s were constructed following the method described elsewhere 

(Senate et al., 2019, Parvez et al., 2016). The heat-map profile shows the presence or absence 

of P450s in Firmicutes species. The data were represented as −3 for family absence (green) 

and 3 for family presence (red). A tab-delimited file was loaded into MeV (Multi-experiment 

viewer) using a two-colour array (Saeed et al., 2003). Hierarchical clustering using a 

Euclidean distance metric was used to cluster the data. Fourteen CYP families formed the 

vertical axis and 229 Firmicutes species formed the horizontal axis.  

3.3.5 Secondary metabolite BGCs analysis and P450s identification.  

Secondary metabolite BGCs analysis and P450 identification in Firmicutes species were 

carried out following the method described elsewhere (Senate et al., 2019, Parvez et al., 

2016), Briefly, each Firmicutes species genome ID was submitted to anti-SMASH (Weber et 

al., 2015) for the identification of secondary metabolite BGCs. The results were downloaded 

both in the form of gene cluster sequences and Excel spreadsheets. All gene cluster sequences 

for each species were downloaded and captured in a separate Word file. Using these data, 

P450s that were part of a specific gene cluster were identified. Standard gene cluster 

abbreviation terminology available at the anti-SMASH database (Weber et al., 2015) was 

maintained in this study.  

3.3.6 Bacterial P450s and gene cluster data.  

P450s and their BGCs data for Streptomyces species (Senate et al., 2019, Mnguni et al., 

2020), mycobacterial species (Parvez et al., 2016) and cyanobacterial species (Khumalo et 

al., 2020) were retrieved from published articles and used for comparative analysis.  
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3.3.7 Functional prediction of P450s.  

Functional prediction of P450s was carried out based on their location in a particular BGC 

and the percentage sequence identity of BGCs with characterized gene clusters where more 

than 70% identity was set as a cut-of value. However, in the case of Firmicutes species most 

BGCs have 100% sequence identity with the characterized gene cluster, indicating P450s’ 

definite role in the production of a specific secondary metabolite.  
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CHAPTER 4: COMPARATIVE ANALYSIS OF FERREDOXINS IN THE 

BACTERIAL PHYLUM FIRMICUTES WITH OTHER DOMAINS OF LIFE 

4.1 Introduction  

Iron sulfur (Fe-S) clusters are known as the simplest electron transfer groups and the first 

developed clusters during chemical evolution (Cammack, 1983). 4Fe-4S clusters consist of a 

mixture of iron sulfide and thiol of cysteine peptide (Bruschi and Guerlesquin, 1988). These 

proteins are involved in various processes such as steroid hydroxylation, carbon dioxide and 

hydrogen fixation, photosynthesis and oxidative phosphorylation (Bruschi and Guerlesquin, 

1988). Such a protein was isolated from Clostridium pasteurianum belonging to the phylum 

Firmicutes and  named ferredoxin (Mortenson et al., 1962). Ferredoxins are small proteins 

that bind to inorganic clusters, organized around two to four iron atoms and a number of 

sulfur atoms (Elsen et al., 2010). Many genes encoding these proteins are found in bacteria. 

Ferredoxins have similar characteristics, namely having the ability to transfer electrons in 

biological reactions with non-heme iron and sulfur being present in equivalent amounts 

(Bruschi and Guerlesquin, 1988).  

Ferredoxins can be grouped according to their structure, namely eight iron, seven 

iron, four iron, three iron and two iron ferredoxins. Eight iron ferredoxins are found in 

sulfate-reducing bacteria and photosynthetic bacteria but are mainly found in anaerobic 

fermenting bacteria (Bruschi and Guerlesquin, 1988). Species belonging to the sub-phylum 

Clostridia in the phylum Firmicutes are anaerobic bacteria that require ferredoxins for their 

metabolism. These ferredoxins can be identified by the presence of eight cysteine residues 

binding to two 4Fe-4S clusters (Bruschi and Guerlesquin, 1988). Four iron ferredoxins are 

very similar to the above ferredoxin in terms of properties; however, they have one less 

cluster and are therefore characterized by the presence of four or six cysteine residues 

(Bruschi and Guerlesquin, 1988). These proteins have been isolated from species belonging 

to the bacterial phylum Firmicutes such as Bacillus polymyxa (Shethna et al., 1971), 

Desulfovibrio gigas (Bruschi and Couchoud, 1979) and Desulfovibrio africanus (Bruschi and 

Hatchikian, 1982). Three iron ferredoxins are linked to five cysteines and are found in acidic 

bacteria such as Bacillus acidocaldarius (Schlatter et al., 1985). Two iron ferredoxins are 

found in various bacteria and have a distinct structure consisting of four cysteines (Bruschi 

and Guerlesquin, 1988) (Fig 4.1).  
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Figure 4.1. Structures of the two-, three- and four-iron cluster types found in bacterial 

ferredoxins (Bruschi and Guerlesquin, 1988) 

Each of the Fe-S cluster types have their own characteristic Fe-S binding motif where 

the Fe-atom binds to the cysteine amino acid residue. The characteristic Fe-S binding motif 

includes four cysteines for 2Fe-2S, three cysteines and a proline that follows the third 

cysteine for 3Fe-4S, four cysteines and a proline that follows the fourth cysteine for 4Fe-4S 

and the 7Fe-8S ferredoxins having both 3Fe-4S and 4Fe-4S cluster features. The 2[4Fe-4S] 

ferredoxins have two 4Fe-4S motifs but the spacing between Fe-atom binding cysteines are 

different compared to the 4Fe-4S cluster type motif. 2[4Fe-4S] proteins are divided into two 

sub-families with small proteins (approximately 55 amino acids) having isopotential Fe-S 

clusters and larger proteins known as Alvin (Alv) ferredoxins having clusters with different 

potentials (Saridakis et al., 2009). Sequence analysis revealed the presence of an extra 

cysteine in 2[4Fe-4S]Alv ferredoxins exactly after three amino acids following the last 

cysteine of the second 4Fe-4S binding cluster (Saridakis et al., 2009). Based on the 

arrangement of cysteines in the Fe-S binding motif, 2Fe-2S cluster proteins are also classified 

as plant-type, mitochondrial-type, bacterial-type and thioredoxin-type (Zanetti and Pandini, 

2013). 

It is believed that among Fe-S cluster types, 4Fe-4S clusters are the first to be evolved 

as the conditions that mimic the primitive Earth resulted in the formation of 4Fe-4S clusters 

(Beinert et al., 1997; Meyer, 2008; Venkateswara Rao and Holm, 2004). Studies indicated 

that the 4Fe-4S cluster is sensitive to oxygen compared to the 2Fe-2S cluster (Hsueh et al., 

2013, Imlay, 2006, Jagannathan and Golbeck, 2009) and thus, it is predicted that after the 

Great Oxidation Event organisms preferred 2Fe-2S clusters due to their oxygen tolerance. 
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This phenomenon is also observed in a study where comparative analysis of 2Fe-2S and 4Fe-

4S cluster proteins and flavodoxin proteins across the domains of life was carried out and it 

has been found that 4Fe-4S cluster type proteins were abundantly present in anaerobic 

organisms whereas 2Fe-2S cluster type proteins are abundant in aerobic organisms (Campbell 

et al., 2019). A study dating back to 1966 on observing the symmetrical origin of 2[4Fe-4S] 

ferredoxins from C. pasteurianum by Eck and Dayhoff (1966) led to the proposal that all 

proteins emerged through the duplication of an even shorter and simpler ancestral peptide 

(Eck and Dayhoff, 1966). Recently, it has been shown that indeed 2[4Fe-4S] ferredoxins have 

drifted from their symmetric roots via gene duplication followed by mutations (Mutter et al., 

2019). Numerous studies reporting the gene duplication events as the source of the growth 

and diversification of Fe-S proteins have been listed in a recent article (Campbell et al., 

2019).  

Electron transfer is essential for all living organisms. This transfer is required in a 

number of biological processes such as building and breaking down large molecules and 

cellular metabolism (Child et al., 2018). Monooxygenases are specialized enzymes involved 

in such processes and require electrons to function. Cytochrome P450 monooxygenase 

enzymes (CYPs/P450s) are highly selective monooxygenases and require two electrons 

which are generally derived from NADPH and delivered by electron carrier proteins (Child et 

al., 2018, White and Coon, 1980). Bacterial P450s typically use the class 1 electron transfer 

system consisting of a NADPH dependent ferredoxin reductase and an iron-sulfur ferredoxin 

(Child et al., 2018). Self-sufficient P450s are fused to various types of redox proteins and 

therefore do not require electrons from an external electron-carrier (Hannemann et al., 2007, 

Hlavica, 2015, Lamb and Waterman, 2013, Sello et al., 2015). 

In each bacterium, electron transfer systems can support multiple P450s (Ewen et al., 

2009). Therefore, the number of genes in bacteria generally decrease in this order: 

P450>Ferredoxin>Ferredoxin reductase (Child et al., 2018). It is interesting to know that 

studies have shown that P450 activity is dependent on choosing the correct ferredoxin (Child 

et al., 2018). Various factors may affect the interactions between a P450 and its chosen 

ferredoxin such as electrostatic interactions, redox potentials, distance and evolution (Chiliza 

et al., 2020). Mycobacterium Marinum is used as a model organism for ferredoxin studies. 

P450s in this organism are found within clusters that encode a ferredoxin reductase and a 

ferredoxin which displays the class 1 electron transfer system (Child et al., 2018). The 

ferredoxins in this species do not follow the standard motifs associated with ferredoxins, 
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namely CXXCXXC(X)nCP for 4Fe-4S and CXXA/GXXC(X)nCP for 3Fe-3S (Conover et 

al., 1990) (Fig. 4.2). This shows variations in this species and the associated motifs.  

 

 

Figure 4.2. Unusual cluster binding motifs found in Mycobacterium marinum (Child et al., 

2018) 

Flavodoxins are small proteins that are similar to ferredoxins in terms of their electron 

transfer abilities; however, these proteins contain one molecule of non-covalently, tightly 

bound flavin mononucleotide (FMN) (Sancho, 2006). FMN acts as the redox active 

component in flavodoxins. They were discovered in the 1960s in Cyanobacteria (Smillie, 

1965) and Clostridia (Knight et al., 1966). In these species flavodoxins were found to replace 

the iron-containing ferredoxins in various reactions.  

Over 2.4 billion years ago, oxygenic photosynthesis evolved on Earth and led to the 

rise of oxygen levels in the atmosphere (Lyons et al., 2014). Soluble Fe
2+

 was oxidized to 

Fe
3+

. This caused a drastic decrease in the bioavailability of iron and thus led to iron-poor 

environments. Iron can be highly toxic in its unbound state as it leads to the production of 

dangerous hydroxyl radicals from hydrogen peroxide (Kehrer, 2000). Flavodoxins became 

more popular during these times as they use FMN as a co-factor rather than iron (Ilbert and 

Bonnefoy, 2013; Pierella Karlusich et al., 2014; Goñi et al., 2008).  

Apart from being used as a model for protein folding and binding (Sancho, 2006), 

flavodoxins are used to determine low iron environments which are critical in organisms such 
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as phytoplankton (Inda and Luisa Peleato, 2003) and they can be used as potential drug 

targets in pathogenic bacteria (Cremades et al., 2005). 

The transfer of electrons from electron carrier proteins/redox partners to a P450 is a 

key step in the P450 catalytic cycle (Sevrioukova et al., 1999). As mentioned above, few 

ferredoxins have been isolated from species belonging to the bacterial phylum Firmicutes 

Apart from these studies, ferredoxin profiles in Firmicutes species have not been reported. 

This study is aimed to address this research gap by performing genome data mining, 

annotation and phylogenetic analysis of ferredoxins in Firmicutes species. In addition to this, 

comparative analysis of Firmicutes species ferredoxins with species belonging to other 

domains of life was also carried out.    

4.2 Materials and methods  

4.2.1 Species and database 

In this study, 227 Firmicutes species genomes that are available for public use at Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa et al., 2019) were used. 

These species are known to have P450s in their genome (Padayachee et al., 2020) and thus 

selected for ferredoxins analysis considering P450s need ferredoxins for their function and so 

as one can expect the presence of a greater number of ferredoxins in these species.  

4.2.2 Genome data mining and annotation of ferredoxins 

Ferredoxins belonging to different Fe-S cluster types reported in the literature (Table 4.1) 

were used as reference proteins. Protein BLAST (Altschul et al., 1990) was performed using 

these reference proteins against each of the bacterial species genomes at KEGG (Kanehisa et 

al., 2019). The hit proteins were manually checked for the presence of ferredoxin Fe-S cluster 

type canonical motifs and the proteins that had the Fe-S binding motifs were selected. The 

selected proteins were then subjected to protein BLAST (Altschul et al., 1990) at National 

Center for Biotechnology and Information (NCBI) (Sayers et al., 2021) against Protein Data 

Bank (PDB) database (consortium, 2019) and analyzed for the presence of ferredoxins 

characteristic motif at Pfam database (El-Gebali et al., 2019), InterPro database (Mitchell et 

al., 2019) and NCBI Conserved Domains Database (CDD) (Lu et al., 2020). Proteins that had 

a hit against ferredoxins at PDB database and had the ferredoxin motifs as indicated by 

different databases were selected for further analysis. The rationale for using the PDB 

database as the priority to sort hit proteins is that the BLAST against this database not only 

helped in identifying ferredoxin proteins but also helped in accurately identifying Fe-atom 
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binding cysteine amino acids based on the alignment of hit protein sequences with 

crystallized ferredoxin sequences. In addition to this, in some cases, BLAST against PDB 

database also helped to sort proteins accurately whether they are 3Fe-4S or 4Fe-4S cluster 

proteins and 7Fe-8S or 2[4Fe-4S] cluster proteins. Hit proteins that were found to be 

dehydrogenases, oxidases or reductases with Fe-S binding motif was not considered as 

ferredoxins as the Fe-S clusters in these proteins exceeded more than two and they belong to 

a different protein family. Furthermore, sequences that had hits to ferredoxins but not in full-

length were also not considered for further analysis. I also noted that manual sorting of Fe-S 

cluster proteins into different types by consulting as many databases as possible such as PDB 

database (consortium, 2019), Pfam database (El-Gebali et al., 2019), InterPro database 

(Mitchell et al., 2019) and NCBI CDD (Lu et al., 2020) is as important for accurate assigning 

of Fe-S proteins to different types and also accurately identifying the Fe-atom binding 

cysteine amino acids. In this study, utmost care has been taken to select only ferredoxins for 

further analysis.
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Table 4.1. Information on ferredoxins that are used as reference proteins in the study 

2Fe-2S   

GenBank accession number or PDB 

code 

Species name Reference 

NP_004100.1 (Adrenodoxin) Homo sapiens (Cai et al., 2017) 

1PDX (Putidaredoxin) Pseudomonas putida (Pochapsky et al., 

1999) 

ABB56370.1 Synechococcus elongatus 

PCC 7942 = FACHB-805 

(Koksharova et al., 

2006) 

ABB56928.1 Synechococcus elongatus 

PCC 7942 = FACHB-805 

(Koksharova et al., 

2006) 

WP_013424358.1 (FraEuI1c_3227) Frankia sp. EuI1c (Frankia 

inefficax sp.) 

(Lau et al., 2019) 

WP_012394830.1 (mmi:MMAR_3155) Mycobacterium marinum (Child et al., 2018) 

3Fe-4S/4Fe-4S   

CAB59502.1 Streptomyces coelicolor 

A3(2) 

(Bentley et al., 2002) 

WP_013425251.1 (FraEuI1c_4132)  Frankia sp. EuI1c (Frankia 

inefficax sp.) 

(Lau et al., 2019) 

WP_013426476.1 (FraEuI1c_5370) Frankia sp. EuI1c (Frankia 

inefficax sp.) 

(Lau et al., 2019) 

WP_011740769.1 (Mmar_2879)  Mycobacterium marinum (Child et al., 2018) 

WP_012395565.1 (Mmar_3973)
 

Mycobacterium marinum (Child et al., 2018) 

WP_012396301.1 (Mmar_4763)
 

Mycobacterium marinum (Child et al., 2018) 
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NP_215277.1 (FdX-Rv0763c) Mycobacterium tuberculosis 

H37Rv 

(Ortega Ugalde et al., 

2018, McLean et al., 

2006) 

NP_216302.1 (FdxE-Rv1786) Mycobacterium tuberculosis 

H37Rv 

(Ortega Ugalde et al., 

2018, McLean et al., 

2006) 

ABB57779.1 Synechococcus elongatus 

PCC 7942 = FACHB-805 

(Koksharova et al., 

2006) 

7Fe-8S   

NP_215693 (FdxC-Rv1177),  Mycobacterium tuberculosis 

H37Rv 

(Ortega Ugalde et al., 

2018) 

NP_216523.1 (FdxA-Rv2007c) Mycobacterium tuberculosis 

H37Rv 

(Ortega Ugalde et al., 

2018) 

2VKR Acidianus ambivalens (Frazão et al., 2008) 

1H98 Thermus thermophilus (Macedo-Ribeiro et 

al., 2001) 

ABB56846.1 Synechococcus elongatus 

PCC 7942 = FACHB-805 

(Koksharova et al., 

2006) 

2[4Fe-4S]   

2ZVS Escherichia coli K-12 (Saridakis et al., 2009) 

2FDN Clostridium acidurici (Dauter et al., 1997) 

WP_013068980.1 (FDI) Rhodobacter capsulatus (Saeki et al., 1991) 

2[4Fe-4S]Alv   

1BLU Allochromatium vinosum (Moulis et al., 1996) 

2FGO Pseudomonas aeruginosa (Dauter et al., 1997) 

WP_023923722.1 (FDIII) Rhodobacter capsulatus (Saeki et al., 1991) 
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1RGV Thauera aromatica K172 (Unciuleac et al., 

2004) 
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4.2.3 Ferredoxins subtype classification and nomenclature 

Ferredoxins selected under different Fe-S cluster types were then subjected to multiple 

sequence alignment (MSA) at Clustal Omega database (Madeira et al., 2019). Based on the 

MSA patterns proteins were seperated into different groups to such an extent where there will 

be no amino acid gaps between the cysteine amino acids of the Fe-S cluster binding motif. 

Ferredoxins that are not aligned with other proteins were then subjected to analysis of spacing 

between cysteine amino acids of the Fe-S cluster binding motif individually. Then the 

spacing patterns between cysteine amino acids of the Fe-S cluster binding motif was 

presented as the characteristic signature of a subtype. Analysis of ferredoxins revealed that a 

proline amino acid is not always conserved in 2[4Fe-4S] ferredoxins and thus is not included 

in the Fe-S binding motif signature for this type of ferredoxins. Although proline is included 

for 7Fe-8S cluster proteins, only cysteine residues and the amino acid spacing between these 

residues can be taken as a signature as non-conservation of proline will be expected when a 

greater number of ferredoxins are analyzed. To represent different subtypes in a type, a 

nomenclature system was developed such that each protein starts with its Fe-S cluster type 

followed by abbreviation “ST” for “subtype” and then a numerical value indicating its 

subtype number in a type (Fig. 4.3). Subtype numbers are assigned following the occurrence 

of new ferredoxins along the study. Ferredoxins identified in the bacterial species of 

Firmicutes is represented in Supplementary dataset 2. 

 

 

  

 

 

 

 

Figure 4.3. Ferredoxin nomenclature based on the spacing between the cysteine amino acids 

of Fe-S cluster binding motif. Ferredoxins start with their Fe-S cluster type, followed by ST 

indicating subtype and then a numeric indicating its subtype number in that type. Proteins 
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grouped into different subtypes have the same characteristic spacing between the cysteine 

amino acids of the Fe-S cluster binding motif 

4.2.4 Assigning Fe-S cluster subtypes to the ferredoxins retrieved from literature 

Ferredoxins that are reported in the literature were collected by going through the published 

articles and also data mining at PDB database (consortium, 2019). Most of the ferredoxins 

belonging to the species of Archaea and some Eukarya is retrieved from articles published by 

Campbell and co-workers. The search at PDB database was carried out using Fe-S cluster 

type names and the ferredoxin sequences were collected after manually looking at the Fe-S 

clusters of the ferredoxin. These ferredoxins were then subjected to subtype nomenclature as 

described in the section 4.2.3. Ferredoxins retrieved from literature and data mined at PDB 

database were presented along with their nomenclature in Supplementary dataset 3. 

4.2.5 Phylogenetic analysis of ferredoxins 

Phylogenetic analysis of ferredoxins was carried out following the procedure described 

recently by our laboratory (Khumalo et al., 2020, Padayachee et al., 2020). The phylogenetic 

tree of ferredoxins was constructed using protein sequences. Firstly, the MAFFT v6.864 

program (Katoh et al., 2005) was used to align the protein sequences that are part of the Trex 

web server (Boc et al., 2012). The alignments were then subjected to interpret the best tree by 

the Trex web server (Boc et al., 2012). Lastly, a web-based tool, iTOL, was used to create, 

visualize and colour the tree (Letunic and Bork, 2016). 

4.2.6 Generation of ferredoxin subtype profile heat maps 

Ferredoxin subtype profile heat maps were generated following the procedure described 

recently by our laboratory (Khumalo et al., 2020, Padayachee et al., 2020). The heat map was 

generated using the ferredoxin subtype data to show the presence or absence of ferredoxin 

subtypes in three domains of life, Archaea, Bacteria and Eukarya. The data was represented 

as (−3) for subtype absence (green) and (3) for subtype presence (red). A tab-delimited file 

was imported into MeV (Multi-experiment viewer) (Howe et al., 2011). Hierarchical 

clustering using a Euclidean distance metric was used to cluster the data. Ferredoxin subtypes 

formed the horizontal axis, and three domains of life formed the vertical axis. 

4.3 Results and discussion  

4.3.1 Firmicutes species have different Fe-S cluster type ferredoxins in their genomes 

Genome data mining of 227 Firmicutes species revealed the presence of 281 ferredoxins in 

their genomes (Figure 4.4). Among the Firmicutes species Kyrpidia spormannii have the 
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highest number of six ferredoxins. Four Fe-S cluster type ferredoxins were found in 

Firmicutes species (Fig. 4.4). The 3Fe-4S and 2[4Fe-4S]Alv cluster type ferredoxins are not 

identified in the Firmicutes species analyzed in this study.    

 

 

 

 

 

 

 

 

 

Figure 4.4. Comparative analysis of ferredoxins iron-sulfur (Fe-S) cluster in Firmicutes 

species. The number on top of the bar indicates the count for that ferredoxin type 

Analysis of ferredoxins Fe-S cluster types in Firmicutes species revealed that 4Fe-4S 

was the most abundant ferredoxin type with 140 ferredoxins followed by 2Fe-2S with 97 

ferredoxins, 7Fe-8S with 32 ferredoxins and 2[4Fe-4S] with 12 ferredoxins (Fig. 4.4). A 

point to be noted is that this studies results on the presence of a large number of 4Fe-4S 

cluster type ferredoxins in Firmicutes species corroborate with a previous study where only 

2Fe-2S and 4Fe-4S cluster types were analyzed as part of global protein electron carrier 

proteins analysis across the domain of life (Campbell et al., 2019). 

4.3.2. Ferredoxins diversity analysis in Firmicutes species 

In this study, the amino acid spacing pattern between the cysteine amino acids of Fe-S cluster 

binding motif as a signature for ferredoxins subtype classification has been tested to 

understand the diversity of ferredoxins using Firmicutes species as model organisms. 

Analysis of ferredoxin Fe-S cluster subtypes revealed that Firmicutes species have highly 

diverse ferredoxins in their genomes especially 2Fe-2S and 4Fe-4S types. This suggests that 

the subtype classification clarifies the diversity of ferredoxins within a cluster type. A 

detailed analysis on ferredoxin Fe-S cluster subtypes in Firmicutes species is presented 

below:    
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4.3.2.1 2Fe-2S 

Based on the amino acid spacing pattern between the cysteine amino acids of the Fe-S cluster 

binding motif, 97 2Fe-2S ferredoxins of Firmicutes species can be grouped into 11 subtypes 

(Table 4.2). Firmicutes species have the highest number of subtype 20 ferredoxins in their 

genomes followed by subtype 18 (Table 4.2).  2Fe-2S proteins are less oxygen sensitive 

compared to 4Fe-4S redox proteins (Imlay, 2006, Jagannathan and Golbeck, 2009). 4Fe-4S 

redox proteins are more susceptible to destruction due to an exposed sulfido atom, however 

2Fe-2S proteins contain a hydrophobic patch that covers the metallocluster and are protected 

from degradation (Pierella Karlusich et al., 2014). Therefore, 2Fe-2S redox proteins are 

highly favoured. This may explain the large number of 2Fe-2S proteins found in Firmicutes.  

Table 4.2. Subtype classification of ferredoxins across the domains of life. Ferredoxins 

collected from species belonging to different biological kingdoms that are reported in the 

literature and data mined at PDB are also presented in the table as per their subtypes under 

the domains: Archaea, Bacteria and Eukarya 

Subtype

s 

Cysteine spacing signature No

. 

AA 

No of ferredoxins 

 

   Firmicute

s 

From literature 

    Archae

a 

Bacteri

a 

Eukary

a 

2Fe-2S 

Subtype 

1 

CX5CX2CX36C 47   2 64 

Subtype 

2 

CX5CX2CX37C 48 1  4 22 

Subtype 

3 

CX4CX2CX29C 39 1 7 11 55 

Subtype 

4 

CX5CX2CX35C 46 3  2  

Subtype 

5 

CX5CX2CX38C 49 1    

Subtype 

6 

CX4CX2CX34C 44 11 7 1  

Subtype 

7 

CX4CX2CX51C 61   1  

Subtype 

8 

CX4CX2CX31C 41 6 1 1  

Subtype 

9 

CX4CX2CX33C 43 3 19  2 

Subtype CX5CX2CX39C 50   1  
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10 

Subtype 

18 

CX5CX2CX34C 45 20 2 1 1 

Subtype 

20 

CX5CX2CX32C 43 44  1 5 

Subtype 

21 

CX4CX31CX3C 42 5    

Subtype 

22 

CX2CX41CX3C 50 2    

Subtype 

23 

CX7CX38CX3C 52   1  

Subtype 

24 

CX4CX2CX30C 40  70  1 

Subtype 

25 

CX5CX2CX30C 41    1 

Subtype 

31 

CX4CX36CX3C 47  1   

Subtype 

36 

CX3CX1CX38C 46   1  

Subtype 

37 

CX12CX32CX3C 51   1  

Subtype 

38 

CX4CX2CX28C 38  40  3 

Subtype 

39 

CX4CX2CX46C 56  2   

Subtype 

40 

CX4CX2CX49C 59  3   

Subtype 

41 

CX4CX2CX45C 55  2   

Subtype 

42 

CX4CX2CX65C 75  1   

Subtype 

43 

CX4CX2CX50C 60  2   

Subtype 

44 

CX4CX2CX47C 57  2   

Subtype 

45 

CX4CX2CX48C 58  1   

Subtype 

46 

CX5CX2CX52C 63  2   

Subtype 

47 

CX5CX2CX31C 42  1   

Subtype 

48 

CX5CX2CX28C 39  2   

Subtype 

49 

CX5CX2CX27C 38  10   

Subtype 

50 

CX5CX2CX82C 93  2   

Subtype 

51 

CX5CX2CX29C 40  1   
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Subtype 

52 

CX4CX2CX32C 42  1   

Subtype 

53 

CX5CX2CX42C 53    1 

Subtype 

54 

CX4CX2CX22C 32    2 

Subtype 

55 

CX4CX2CX29C 39  2   

4Fe-4S 

Subtype 

2 

CX2CX2CX43CP 52 107    

Subtype 

3 

CX2CX2CX45CP 54 24  1  

Subtype 

4 

CX2CX2CX37CP 46 6    

Subtype 

5 

CX2CX2CX44CP 53 2    

Subtype 

6 

CX2CX2CX39CP 48 1    

Subtype 

7 

CX2CX2CX36CP 45   2  

Subtype 

8 

CX2CX2CX34CP 43   1  

Subtype 

9 

CX2CX2CX38CP 46  1  1 

Subtype 

10 

CX5CX3CX32CP 45  1   

Subtype 

11 

CX5CX3CX30CP 43  12   

Subtype 

12 

CX5CX3CX31CP 44  2   

7Fe-8S 

Subtype 

1 

CX7CX3CPX17CX2CX2CX3CP
*
 43 32  13  

Subtype 

5 

CX5CX3CPX26CX2CX2CX3CP 50  1   

Subtype 

6 

CX5CX3CPX24CX2CX2CX3CP 48   1 1 

Subtype 

7 

CX10CX3CPX17CX2CX2CX3CP 46   1  

Subtype 

8 

CX5CX3CPX22CX2CX2CX3CP 46  9   

Subtype 

9 

CX5CX3CPX18CX2CX2CX3C 42  1   

Subtype 

10 

CX3CX3CPX22CX2CX2CX3CP 44  2   

2[4Fe-4S] 

Subtype 

2 

CX2CX2CX3CX18CX2CX8CX3

C 

46   4  
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Subtype 

3 

CX2CX2CX3CX20CX2CX2CX3

C 

42 2 52 1  

Subtype 

8 

CX2CX2CX3CX24CX2CX2CX3

C 

46  2   

Subtype 

9 

CX2CX2CX3CX18CX2CX2CX3

C 

40 6 78 3 1 

Subtype 

10 

CX2CX2CX3CX21CX2CX2CX3

C 

43  2   

Subtype 

11 

CX2CX2CX3CX18CX3CX2CX3

C 

41  2   

Subtype 

12 

CX2CX2CX3CX28CX2CX2CX3

C 

50  1  2 

Subtype 

15 

CX2CX2CX3CX19CX2CX2CX3

C 

41 4 58   

Subtype 

17 

CX2CX2CX3CX29CX2CX2CX3

C 

51    2 

Subtype 

18 

CX4CX2CX3CX18CX2CX2CX3

C 

42  1 1  

Subtype 

19 

CX3CX2CX3CX20CX2CX2CX3

C 

43   2  

Subtype 

20 

CX2CX2CX3CX17CX2CX2CX3

C 

39  24 1  

Subtype 

21 

CX3CX3CX3CX37CX1CX3CX3

C 

61   1  

Subtype 

22 

CX2CX2CX3CX26CX2CX2CX3

C 

48    6 

Subtype 

23 

CX2CX2CX3CX30CX2CX2CX3

C 

52    1 

Subtype 

24 

CX2CX2CX3CX33CX2CX2CX3

C 

55  22   

Subtype 

25 

CX2CX2CX3CX32CX2CX2CX3

C 

54  23   

Subtype 

26 

CX2CX2CX3CX23CX2CX2CX3

C 

45  2   

Subtype 

27 

CX2CX2CX3CX34CX2CX2CX3

C 

56  1   

Subtype 

28 

CX2CX2CX3CX14CX2CX2CX3

C 

36  2   

Subtype 

29 

CX2CX2CX3CX22CX2CX2CX3

C 

44  2   

Subtype 

30 

CX2CX2CX2CX38CX2CX2CX3

C 

59  1   

Subtype 

31 

CX4CX2CX3CX19CX2CX2CX3

C 

43  24   

Subtype 

32 

CX5CX2CX3CX19CX2CX2CX3

C 

44  3   

Subtype 

33 

CX2CX2CX3CX16CX2CX2CX3

C 

38  16   
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4.3.2.2 4Fe-4S 

The 140 4Fe-4S ferredoxins found in Firmicutes species can be grouped into five different 

subtypes (Table 4.2). Of the five subtypes, subtype 2 ferredoxins were the dominant subtype 

in Firmicutes species indicating their preference by these species (Table 4.2). Literature 

suggests that 4Fe-4S was the first ferredoxin found in organisms (Sousa et al., 2013, 

Campbell et al., 2019). These ferredoxins were found in ancestral anaerobic species such as 

prokaryotes (Major et al., 2004). Clostridia species are known to harbor large amounts of 

4Fe-4S proteins as they are anaerobic species and therefore the 4Fe-4S is not susceptible to 

damage (Campbell et al., 2019), a fair amount of Clostridia species was used in this study 

and can explain the large quantity of these ferredoxins in this phylum.  

4.3.2.3 7Fe-8S  

All the 32 Firmicutes species ferredoxins belongs to the subtype 1 (Table 4.2). This shows 

that this specific subtype is favoured in these species. 

4.3.2.4 2[4Fe-4S] 

12 2[4Fe-4S] ferredoxins of Firmicutes species can be grouped into three different subtypes 

(Table 4.2). With the most dominant subtype being subtype 6 followed by subtype 15 and 3 

respectively. As previously mentioned, many ferredoxins are substituted with flavodoxins in 

iron poor environments. Clostridia species are known to possess 2[4Fe-4S] proteins (Guerrini 

et al., 2008). However, in glycolytic Clostridia species these proteins are substituted and 

could explain the low number (Schönheit et al., 1979, Elsen et al., 2010).  

4.4 Evolutionary linkage of ferredoxins subtype classification 

The subtype classification of ferredoxins proposed in this study is solely based on the 

arrangement of cysteine amino acids in the Fe-S cluster binding motif and to use this subtype 

classification as a criterion for assessing other aspects of ferredoxins one should evaluate the 

evolutionary linkage of subtypes, if any. Thus, here evolutionary analysis of ferredoxins was 

performed (Fig. 4.5). As shown in the Figure 4.5, except for some ferredoxins, most of the 

ferredoxins were grouped as per their types and as per their subtypes suggesting the subtype 

classification criteria certainly followed the evolutionary trend. This indicates that the amino 

acid spacing pattern between the cysteine amino acids of Fe-S cluster binding motif is 

evolutionarily conserved. Some interesting aspects that can be drawn from the evolutionary 

analysis is that, although 4Fe-4S ferredoxins aligned independently on the tree, their 

placement with 2[4Fe-4S] suggests the domains of 4Fe-4S ferredoxins certainly passed to 
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2[4Fe-4S] ferredoxins. This observation also strongly supports the hypothesis proposed by 

Eck and Dayhoff that all proteins emerged through the duplication of an even shorter and 

simpler ancestral peptide (Eck and Dayhoff, 1966). Some of the ferredoxin Fe-S cluster types 

branched on the tree and aligned with other Fe-S cluster types indicating they are 

evolutionarily linked to each other by sharing high sequence similarity in certain parts of the 

Fe-S cluster domain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Phylogenetic analysis of ferredoxins. Ferredoxins belonging to different Fe-S 

cluster types were highlighted in different colours and indicated in the figure 

4.5 Common ancestral linkage and lateral gene transfer of ferredoxins between 

Firmicutes and other domains of life 

The current genomic era resulted in genome sequencing of many organisms and thus the 

availability of ferredoxin sequences from all domains of life. This has given us an 

opportunity to investigate common ancestral linkage and lateral gene transfer (LGT) of 

ferredoxins. Ferredoxins that are common to the Firmicutes species and other bacterial 

species will be a good indication of their common ancestral origin and ferredoxins that are 

common between prokaryotes (Archaea/Bacteria) and eukaryotes are a good indication of 

LGT. The subtype classification of ferredoxins as proposed in this study certainly helped in 

understanding these two aspects on ferredoxins. To understand the evolutionary linkage and 
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LGT of ferredoxins across the living organisms, 538, 95 and 171 ferredoxins from Archaea, 

Bacteria (excluding ferredoxins from Firmicutes) and Eukarya were collected and annotated, 

respectively (Table 4.2). Comparative analysis of ferredoxin subtypes revealed common 

ferredoxins between Firmicutes and other domains of life (Fig. 4.6). Amongst the 2Fe-2S 

subtypes, subtypes 3 and 18 were found in all categories and subtype 9 was found in all 

categories for 2[4Fe-4S] ferredoxins indicating their common ancestral origin (between 

Archaea and Bacteria) and LGT from prokaryotes (Archaea and Bacteria) to eukaryotes (Fig. 

4.6). Common subtypes were found amongst Firmicutes and Archaea in 2[4Fe-2S] subtype 3 

and 15 and 2Fe-2S subtype 6, 8 and 9, indicating their common ancestral origin (Fig. 4.6).  

 

Figure 4.6. Heat map figure representing the presence (red) and absence (green) of ferredoxin 

subtypes in Firmicutes, Archaea, Bacteria and Eukarya. Ferredoxin subtypes form the 

horizontal axis and Firmicutes and other domains of life forms the vertical axis 
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CHAPTER 5: Conclusions and future perspectives 

Cytochrome P450 monooxygenases (CYPs/P450s) have been well known to biologists for 

nearly six decades. These enzymes perform enzymatic reactions in stereo- and regio-specific 

manners and have thus gained attention in the production of chemicals valuable to human 

beings. Studies indicated that P450s performing such enzymatic reactions help organisms to 

adapt to specific ecological niches. This includes loss of P450s if an organism adapts to a 

lifestyle where abundant simple carbon sources are present. In this study, we examined such a 

phenomenon where Firmicutes species that are pathogens and adapted to simple lifestyles 

lost P450s in their genomes. This strongly supports the earlier hypothesis put forward by our 

laboratory that the impact of lifestyle shapes P450 content in an organism. Analysis of P450s 

in Firmicutes species revealed the presence of the lowest number of P450s and the lowest 

P450 diversity in these species compared to bacterial species belonging to the genera 

Streptomyces and Mycobacterium and from the phylum Cyanobacteria. The lowest P450 

diversity is due to the P450 family blooming/expansion, especially in P450 families such as 

CYP107, CYP102, CYP152, CYP109 and CYP106. Firmicutes species were found to have 

the second highest number of BGCs in their genomes after Streptomyces. Most of the P450s 

belonging to the expanded families were found to be part of BGCs indicating that these 

P450s were favored by these species, possibly to gain some advantage, as observed in other 

organisms. Interestingly, the preference of certain P450 subfamilies for being part of BGCs 

was found in Firmicutes species despite these P450 subfamilies not being expanded. Based 

on the presence of ortholog P450s in Firmicutes species and the highest percentage of 

sequence identity with characterized BGCs, in this study we successfully predicted 89 P450s’ 

function in the synthesis of different secondary metabolites. Interestingly, most of these 

P450s are involved in the synthesis of bacillaene and difficidin (polyketides) and fengycin 

(lipopeptide). Based on the P450 profiles among species belonging to the same phylum and 

their lifestyles, one can connect P450 profiles to their lifestyles and this concept has been 

successfully demonstrated in eukaryotes and in some prokaryotes. It is worth mentioning that 

the phylogenetic age of bacteria from old to young is Firmicutes, Streptomyces, 

Cyanobacteria and Mycobacterium (Battistuzzi et al., 2004), indicating that there is no link 

with the number and diversity of P450s and the age of the bacteria and thus P450 profiles 

may be more strongly related to the lifestyle. Studies are in progress to determine the impact 

of lifestyle on other bacterial species. 
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Iron-sulfur (Fe-S) cluster proteins such as ferredoxins are the simplest known electron 

transfer proteins in biology and they evolved in such a way that they tune both reduction 

potential and partner binding abilities (Campbell et al., 2019; Mutter et al., 2019; 

Hosseinzadeh and Lu, 2016; Kim et al., 2016). A total of 281 ferredoxins were found in 227 

Firmicutes species. 4Fe-4S was the dominant ferredoxin found in this phylum. This is the 

earliest ferredoxin found in anaerobic species such as Clostridia species which was used in 

this study. In this study, for the first time, ferredoxins subtype classification has been 

proposed based on the amino acid spacing pattern between the cysteine amino acids of the 

Fe-S cluster binding motif as a subtype signature to understand the diversity and lateral (or 

horizontal) gene transfer of ferredoxins across the domains of life. Ferredoxins subtype 

classification helped in understanding their common ancestral origin between Archean and 

Bacteria and LGT from prokaryotes (Archaea/Bacteria) to eukaryotes. In this study, for easy 

identification of ferredoxins belonging to different subtypes, a nomenclature system was also 

developed. This study results serves as a reference on ferredoxin subtype classification and 

nomenclature. A complete analysis of ferredoxins of the entire Firmicutes phylum could be 

done to get a broader picture on the various types of ferredoxins. Further studies could be 

done in determining the criteria that P450s use to identify their preferred ferredoxin and 

P450s role in the generation of secondary metabolites.  
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ANNEXURE 

 

Supplementary dataset 1: List of P450s identified in different Firmicutes species. Each 

P450 is presented with its given name followed by protein ID in parenthesis and species 

name. 

Data can be found at: https://www.nature.com/articles/s41598-020-70686-8 

 

Supplementary dataset 2: Ferredoxin protein sequences identified in 227 Firmicutes 

species. Ferredoxins were sorted as per their Fe-S cluster type and subtypes. Name of 

the ferredoxins were followed as mentioned in methodology. Name of the ferredoxins 

includes their nomenclature name followed by protein ID from KEGG database and 

species name. 

Data can be found at: https://www.mdpi.com/1467-3045/43/3/98/htm 

 

Supplementary dataset 3: Ferredoxin protein sequences identified by datamining of 

published articles and Protein Data Bank (PDB). Ferredoxins were sorted as per their 

Fe-S cluster type and subtypes. Name of the ferredoxins includes their nomenclature 

name as described in the methodology followed by protein ID (either GenBank 

accession number or PDB ID) database and species name.  

Data can be found at: https://www.mdpi.com/1467-3045/43/3/98/htm 
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