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CYP1530 2 0.1 

CYP1618 2 0.1 

CYP181 2 0.1 

CYP186 2 0.1 

CYP194 2 0.1 

CYP1995 2 0.1 

CYP199 2 0.1 

CYP2027 2 0.1 

CYP211 2 0.1 

CYP244 2 0.1 

CYP253 2 0.1 

CYP274 2 0.1 

CYP1039 1 0.1 

CYP1041 1 0.1 

CYP1042 1 0.1 

CYP1053 1 0.1 

CYP1054 1 0.1 

CYP1055 1 0.1 

CYP1056 1 0.1 

CYP1057 1 0.1 

CYP1058 1 0.1 

CYP1059 1 0.1 

CYP1063 1 0.1 

CYP1065 1 0.1 

CYP1066 1 0.1 

CYP1113 1 0.1 

CYP112 1 0.1 

CYP1151 1 0.1 

CYP1193 1 0.1 

CYP1194 1 0.1 

CYP1196 1 0.1 

CYP1207 1 0.1 

CYP1215 1 0.1 

CYP1222 1 0.1 

CYP1223 1 0.1 

CYP122 1 0.1 

CYP123 1 0.1 

CYP1248 1 0.1 

CYP1274 1 0.1 

CYP1339 1 0.1 

CYP1373 1 0.1 
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CYP1385 1 0.1 

CYP1392 1 0.1 

CYP1418 1 0.1 

CYP1422 1 0.1 

CYP1424 1 0.1 

CYP1457 1 0.1 

CYP1459 1 0.1 

CYP1469 1 0.1 

CYP146 1 0.1 

CYP1509 1 0.1 

CYP151 1 0.1 

CYP1694 1 0.1 

CYP1722 1 0.1 

CYP177 1 0.1 

CYP1813 1 0.1 

CYP2045 1 0.1 

CYP206 1 0.1 

CYP2108 1 0.1 

CYP2189 1 0.1 

CYP2238 1 0.1 

CYP2266 1 0.1 

CYP228 1 0.1 

CYP2340 1 0.1 

CYP246 1 0.1 

CYP268 1 0.1 

CYP282 1 0.1 

CYP283 1 0.1 

CYP298 1 0.1 

Comparative analysis of P450 family dynamics between the genera Streptomyces and 

Mycobacterium revealed the presence of the highest number of P450 families and P450 subfamilies 

in Streptomyces species (Fig. 4.4). Streptomyces species have 144 P450 families and 377 P450 

subfamilies compared to 77 P450 families and 132 P450 subfamilies identified in mycobacterial 

species (Fig. 4.4). Streptomyces species also have the highest number of new P450 families (66) and 

new P450 subfamilies (144) in their genomes compared to mycobacterial species (Fig. 4.4). 

© Central University of Technology, Free State



121 

Interestingly, only two P450 families (CYP107 and CYP157) conserved in Streptomyces compared 

to mycobacterial species where 10 P450 families, namely CYP51, CYP123, CYP125, CYP130, 

CYP135, CYP136, CYP138, CYP140, CYP144 and CYP1128, were conserved (Parvez et al., 2016). 

Figure 4. 4. Comparative analysis of key features of P450s between the genera Streptomyces and 

Mycobacterium. Y-axis indicates the count for each of the key features. 
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4.3 Streptomyces and Mycobacterium species show contrasting P450 profiles 

Comparative analysis of P450 profiles between the genera Streptomyces and Mycobacterium revealed 

that species belonging to these genera have different P450 profiles with few similarities (Fig. 4.5). 

Despite both genera belonging to the same phylum, Actinobacteria, only 21 P450 families were found 

to be common and quite a large number of P450 families were found to be unique to Streptomyces 

(123 P450 families) and Mycobacterium (56 P450 families) (Fig. 4.5). In the 21 P450 families 

commonly found between the two genera, an interesting feature was observed in terms of the number 

of member P450s (Fig. 4.6). A significant difference in the number of member P450s in the commonly 

shared P450 families was observed between Streptomyces and Mycobacterium (Fig. 4.6). The P450 

families CYP102, CYP105, CYP107, CYP147, CYP161 and CYP183 were highly populated in 

Streptomyces species, whereas the P450 families CYP108, CYP121, CYP123-CYP125, CYP130, 

CYP135, CYP136, CYP140, CYP143 and CYP268 were highly populated in mycobacterial species 

(Fig. 4.6). 
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Figure 4. 5. Comparative analysis of P450 families between Streptomyces and Mycobacterium. The 

numbers in parenthesis indicate the number of P450 families that are common and those that are 

unique to each genus. 
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Figure 4. 6. Comparative analysis of member P450s in P450 families common between the genera 

Streptomyces and Mycobacterium. The numbers next to bars represent the number of P450s in the 

P450 family. 
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Differences were also observed in the number of dominant P450 families in the two genera 

(Fig. 4.7A and B). Only seven P450 families, namely CYP107, CYP105, CYP157, CYP154, CYP156, 

CYP147 and CYP183, contributed 62% of all P450s in Streptomyces species, whereas 15 P450 

families, namely CYP125, CYP189, CYP150, CYP136, CYP135, CYP138, CYP140, CYP123, 

CYP143, CYP142, CYP144, CYP124, CYP108, CYP51 and CYP187, contributed 60% of all P450s 

in Mycobacterium (Fig. 4.7A and B). An interesting feature was that the percentage contribution of 

families was highest in Streptomyces, i.e. 23.4% by CYP107 and 13.8% by CYP105, compared to 

Mycobacterium P450 families, where the highest contribution was 6.4% by CYP125 (Fig. 4.7A and 

B). Furthermore, differences in P450 profiles between the two genera were observed in terms of type 

of dominant P450 families (Fig. 4.7A and B). A comparison of the dominant P450 families between 

the two genera revealed that none of the dominant P450 families was common between them (Figures 

4.5 and 4.7 A and B).    
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Figure 4. 7. Comparative analysis of dominant P450 families between the genera Streptomyces (A) 

and Mycobacterium (B). P450 families that are dominant in a genus are presented along with their 
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names and percentage contribution to the total number of P450s in a genus. A detailed analysis of the 

percentage contribution of each P450 family in Streptomyces species is presented in Table 4.5. 

4.4 Predicted functions of Streptomyces P450s 

Functional analysis of P450s based on characterised homolog P450s from other microorganisms and 

P450s from Streptomyces species (Rudolf et al., 2017) revealed that most of the Streptomyces P450s 

were involved in secondary metabolite production (Table 4.6). This strongly supports the concept that 

these Streptomyces P450s play a key role in the production of chemically diverse secondary 

metabolites, as a large number of P450 families were found in 48 Streptomyces species. Detailed 

analysis of P450 functions according to general functions and specific functions at P450 family and 

P450 subfamily level is presented in Tables 4.6 and Tables 4.7, respectively. The P450 family 

CYP180 was found to be part of a gene cluster that produces geosmin (Lamb et al., 2003). Among 

the P450 families involved in secondary metabolite production, 88 P450 families are uniquely present 

in Streptomyces species compared to mycobacterial species (Fig. 4.5 and Tables 4.6 and 47). P450 

families, namely CYP105, CYP107, CYP161, and CYP183, which are highly populated in 

Streptomyces species compared to mycobacterial species (Fig. 4.7), were found to be involved in 

secondary metabolite production (Tables 4.6 and 4.7). This strongly suggests that these P450 families 

have been populated in Streptomyces species owing to their importance and necessity in secondary 

metabolite production. Therefore, the diversity among these P450 families, judged by the large 

number of P450 subfamilies, presumably serves to increase the resultant chemical diversity further 

across different Streptomyces species. It is well established that P450s are one of the key enzymes 

contributing to the diversity of secondary metabolites in organisms (Greule et al., 2018). In contrast 

to the P450 families highly populated in Streptomyces species, P450 families that are highly populated 
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in mycobacterial species such as CYP125, CYP124, CYP108, CYP140 and CYP268 (Fig. 4.7B) are 

involved in steroid (cholesterol) and hydrocarbon (lipids, alkenes, long chain acetate and ketone) 

hydroxylation (Fig. 4.7B and Table 4.6), suggesting that these P450 families possibly help 

mycobacterial species to assimilate the host compounds. It is noteworthy that results from this study 

revealed that some of these P450 families are rarely (CYP125 and CYP140) or never (CYP268) part 

of secondary metabolite BGCs in mycobacterial species (Tables 4.6 and 4.7).  

Table 4. 6. Functional analysis of P450s. Functional analysis of P450s in Table 4.6 is presented at 

family level. Functional analysis of specific family members of the Streptomyces species is presented 

in Table 4.7. 

P450 family General function References 

Functional analysis of Streptomyces P450s 

CYP102 Fatty acid hydroxylation (Lamb et al., 2010) 

CYP105 Biotransformation or degradation of 

xenobiotics, and biosynthesis of secondary 

metabolites 

(Li et al., 2013, Moody and 

Loveridge, 2014) 

CYP107 Biosynthesis of secondary metabolites (Sherman et al., 2006) 

CYP113 Biosynthesis of secondary metabolites (Zhang et al., 2013) 

CYP122 Metabolism of terpenoids and polyketides (Chen et al., 2012) 

CYP158 Biosynthesis of secondary metabolites 

(flaviolin] 

(Zhao et al., 2012a, Zhao et al., 

2007) 
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CYP154 Production of secondary metabolites and 

hydroxylation of steroids 

(Cheng et al., 2010, Podust et 

al., 2004, Podust et al., 2003) 

CYP170 Biosynthesis of secondary metabolites (Moody et al., 2012, Takamatsu 

et al., 2011, Zhao et al., 2009) 

CYP1048 & 

CYP264 

Production of phytotoxins (Healy et al., 2000, Yu et al., 

2013) 

CYP161 Biosynthesis of secondary metabolites (Kelly et al., 2010) 

CYP151 & 

CYP248 

Biosynthesis of secondary metabolites (Zocher et al., 2011) 

CYP163 Biosynthesis of secondary metabolites (Haslinger et al., 2014) 

CYP129 & 

CYP131 

Biosynthesis of secondary metabolites (Dickens et al., 1997, Jaffrezou 

et al., 1996, Walczak et al., 

1999) 

CYP162 Biosynthesis of secondary metabolites (Xie et al., 2007) 

CYP245 & 

CYP244 

Biosynthesis of secondary metabolites (Huang, 2003, Molnár et al., 

1996) 

CYP183 Biosynthesis of secondary metabolites (Quaderer et al., 2006) 

Functional analysis of P450s from other microorganisms 

CYP121 Synthesis of mycocyclosin, a natural product (Belin et al., 2009) 

CYP125 Cholesterol oxidation (McLean et al., 2009, Ouellet et 

al., 2010) 

CYP124 Cholesterol and lipids hydroxylation (Johnston et al., 2009) 

CYP152 Alkene production (Belcher et al., 2014) 
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CYP108 Terpineol hydroxylation (Hasemann et al., 1994) 

CYP116 Degradation of toxic compounds (herbicides 

and alkyl aryl ethers) 

(Çelik et al., 2006, Warman et 

al., 2012) 

CYP140 Mycolactone toxin synthesis (Mve-Obiang et al., 2005) 

CYP165& 

CYP146 

Secondary metabolite production 

(vancomycin biosynthesis) 

(Cryle et al., 2010, Pylypenko et 

al., 2003) 

CYP199 Oxidation of benzoic acid derivatives (Bell et al., 2008, Bell et al., 

2012) 

CYP268 Hydroxylation of long chain branched 

acetate and ketone 

(Child et al., 2018) 

Table 4. 7. Functional analysis of P450s. Functional analysis of P450s was presented at P450 

subfamily level with respect to Streptomyces species.  

Species name CYP P450 Function References 

Streptomyces 

coelicolor A3(2) 

CYP170A1 Catalyses the oxidation of epi-

isozizaene to an epimeric mix of 

5-albaflavenol

(Zhao et al., 2009) 

CYP102B1 Fatty acid hydroxylase (Lamb et al., 

2010) 

CYP105N1 Oxidase in coelibactin siderophore 

biosynthesis 

Monooxygenase involved in 

coelibactin synthesis 

(Lim et al., 2012, 

Zhao et al., 2012a) 

CYP107U1 Putative steroid oxidase with role 

in sporulation and antibiotic 

synthesis 

(Tian et al., 2013) 

CYP154A1 Di-pentaenone cyclisation 

Involved in polyketide metabolism 

(Podust et al., 

2004, Cheng et al., 

2010) 
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CPY158A1 

CYP158A2 

C–C coupling in flaviolin 

polymerisation 

(Zhao et al., 2007, 

Zhao et al., 

2012b) 

CYP170A1 Two-step allylic oxidation of epi-

isozizaene to albaflavenone in 

albaflavenone biosynthesis 

(Zhao et al., 2009) 

CYP154C1 12- and 14-carbon macrolactone

monooxygenase

e.g., narbomycin hydroxylase

(Podust et al., 

2003) 

Streptomyces 

avermitilis 

CYP102D1 

C1-

CYP105D6 

C26-

CYP105P1 

Fatty acid hydroxylase (Choi et al., 2012, 

Xu et al., 2010) 

CYP107W1 Oligomycin (Han et al., 2015) 

CYP105D6 C1-hydroxylation of filipin (Xu et al., 2010) 

CYP105D7 Filipin hydroxylase 

1-deoxypentalenic acid

hydroxylase

(Takamatsu et al., 

2011) 

CYP105P1 Filipin hydroxylation (Xu et al., 2010) 

CYP170A2 Two-step allylic oxidation of epi-

isozizaene to albaflavenone 

(Takamatsu et al., 

2011) 

CYP171A1 C6 and C8a avermectin algycone 

hydroxylation 

(Lamb et al., 

2011) 

CYP183A Pentalene hydroxylase  (Quaderer et al., 

2006) 

Streptomyces scabiei CYP1048A1 Direct nitration of L-tryptophan 

with NO, O2, redox partners, and 

NADPH 

Plays a novel catalytic role in the 

biosynthesis of a cyclic dipeptide 

phytotoxin 

Involved in the production of the 

plant toxin thaxtomin, responsible 

for potato common scab 

(Challis et al., 

2012, Lawrence et 

al., 1990, Yu et 

al., 2013) 

CYP246A1 Thaxtomin phenylalanyl di-

hydroxylase in thaxtomin A 

biosynthesis 

(Healy et al., 

2002) 
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Streptomyces 

griseolus 

CYP105A1 Catalyses highly selective 

oxidations of diterpenoids 

Vitamin D3 hydroxylase involved 

in the conversion of vitamin D3 to 

its active form 1α,25-hydroxy 

vitamin D3 

(Hayashi et al., 

2008, Janocha et 

al., 2013, 

Sugimoto, 2008) 

CYP154C3 Catalyses monooxygenation 

reactions of a range of steroids 

(Makino et al., 

2014) 

Streptomyces 

venezuelae 

CYP107L1 Involved in ring decoration of 

macrolide antibiotics 

Catalyses regioselective C-12 

hydroxylation of narbomycin (the 

final step of pikromycin 

biosynthesis) 

12- and 14- carbon macrolactone,

e.g narbomycin and YC-17

hydroxylation

(Sherman et al., 

2006) 

Streptomyces 

natalensis 

CYP161A2 

(PimD) 

4,5-Desepoxypimaricin epoxidase 

in pimaricin biosynthesis 

(Kelly et al., 

2010) 

Streptomyces 

thioluteus 

CYP151A 

(AurH) 

Oxidation and ring formation to 

convert deoxyaureothin to 

aureothin 

(Zocher et al., 

2011) 

CYP248A1 Aureothin synthase (Zocher et al., 

2011) 

Streptomyces 

himastatinicus 

ATCC 53653 

CYP107B 

(HmtN) 

ʸ-Hydroxylation of an unusual 

pipera-zic acid (Pip) motif in 

himastatin biosynthesis 

(Zhang et al., 

2013) 

Streptomyces 

himastatinicus 

ATCC 53653 

HmtT Regio- and stereospecific C2/C3 

epoxidation of L-tryptophan 

indole ring and subsequent 

cyclisation forming 

hexahydropyrroloindole in 

himastatin biosynthesis 

(Zhang et al., 

2013) 

Streptomyces sp. 

Acta 2897 

CYP163B3 

(P450 Sky) 

Three successive β-hydroxylations 

of separate PCP-bound L-amino 

acid precursors in skyllamycin 

biosynthesis 

(Haslinger et al., 

2014, Uhlmann et 

al., 2013) 

Streptomyces 

nodosus 

CYP161A3 

(AmphL) 

CYP105H4 

(AmphN) 

Polyketide oxidative tailoring 

reactions 

(Agarwal, 2006, 

Caffrey et al., 

2001) 

© Central University of Technology, Free State



133 

Streptomyces 

thermotolerans 

CYP107C1 C12-C13 epoxidation of 

carbomycin B to make 

carbomycin C 

(Ashy et al., 1980) 

Streptomyces 

bikiniensis 

ChmH1 C20 methyl macrolide 

hydroxylation 

(Ward et al., 

2004) 

Streptomyces 

clavuligerus 

CYP105M1 

(orf10) 

Possible clavaminic acid 

derivative epoxidase 

(Reading and 

Cole, 1977) 

Streptomyces sp. 

strain C5 

CYP129A2 

(dox A) 

CYP131A2 

(dnrQ) 

C10,C13, C14 anthracycline 

glycine DNR precursor 

hydroxylations and likely 

aglycone core oxidation 

(Dickens et al., 

1997, Jaffrezou et 

al., 1996, Walczak 

et al., 1999) 

Streptomyces 

graminofaciens 

GfsF C8-9 macrolide epoxidation then 

C10 hydroxylation 

(Kataoka et al., 

2000, Kudo et al., 

2010) 

Streptomyces 

tsukubaensis 

CYP122A4 

(FkbD) 

Four-electron C-9 FK506 

precursor oxidation 

(Chen et al., 2012) 

Streptomyces 

pulveraceus 

FosK C18 fostriecin hydroxylation (Kong et al., 2013, 

Liu et al., 2013) 

Streptomyces 

himastatinicus 

CYP107B 

(HmtN) and 

HmtT and 

HmtS 

Piperazic acid (Pip) motif ʸ-

hydroxylation and C2/C3L-

tryptophan epoxidation cyclisation 

to hexahydropyrroloindole and 

biaryl aromatic coupling of 

depsipeptide monomers 

(LEET et al., 

1996, Ma et al., 

2011, Zheng et al., 

2013) 

Streptomyces tendae CYP162A1 Histidine β-hydroxyation to form 

nikkomycins X and I 

(Lauer et al., 

2001, Xie et al., 

2007) 

Streptomyces 

spheroids 

CYP163A1 

(NovI) 

PCP-loaded tyrosine β-

hydroxylation  

(Chen and Walsh, 

2001, Steffensky 

et al., 2000) 

Streptomyces 

peucetius 

CYP105F2 Oleandomycin tailoring 

hydroxylation 

(Rodriguez et al., 

1995, Shrestha et 

al., 2008) 

CYP107A1 Catalyses the H2O2-mediated 

dealkylation of 7-ethoxycoumarin 

(Niraula et al., 

2011) 
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Streptomyces 

hygroscopicus 

CYP107G1 

(rapN) 

CYP122A2 

(rapJ) 

CYP122A3 

C9, C26, C27 and C32 rapamycin 

macrolactone hydroxylation  

(Huang, 2003, 

Molnár et al., 

1996) 

Streptomyces sp. 

tp-a0274 

CYP245A1 

(StaP) and 

CYP244 A1 

(StaN) 

Aryl-aryl coupling of 

chromopyrrolic acid and C-N 

linkage of staurosporine aglycone  

(Huang, 2003, 

Molnár et al., 

1996) 

Streptomyces 

griseochromogenes 

TauI/TmcR C5 tautomycetin oxygenation D. Kim et al.,

2012; F. Wang et

al., 2012

Streptomyces 

fradiae 

CYP105L1 

(TylH1,orf7), 

CYP113B1 

(TylI), 

CYP154B1 

Likely C23 methyl lactone ring 

oxidase (CYP105L1) and C20 

methyl O-mycaminosyl-tylactone 

hydroxylation (CYP113B1) 

(Fouces et al., 

1999, Merson‐

Davies and 

Cundiiffe, 1994) 

Streptomyces sp. 

307-9

TamI C10 oxidation of tirandamycin C 

to E, then C11-12 epoxidation C18 

hydroxylation  

(Carlson et al., 

2010, Carlson et 

al., 2011) 

Streptomyces albus CYP170B1 Produces albaflavenone from epi-

isozizaene 

(Moody et al., 

2012) 
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CHAPTER 5 

CONCLUSION AND FUTURE PERSPECTIVES 

Adaptation is key for the survival of an organism. Organisms adapt to different ecological niches by 

changing their gene pool and thus changing their physiology to make them suitable for survival in the 

new environment. The effect of ecological niches or lifestyle on P450s’ evolution in organisms such 

as animals, plants, fungi and oomycetes has been observed. In this study, for the first time, the 

influence of lifestyle on the evolution of P450s in a bacterial population has been presented. Ample 

evidence of the impact of lifestyle on shaping the P450 profile in species belonging to the genera 

Streptomyces and Mycobacterium is identified in the study. It is clear that different lifestyles 

influenced the P450 profiles in Streptomyces and Mycobacterium, hence the differences observed 

between the two genera in terms of number of P450s, P450 family and subfamily diversity, type of 

dominant and unique P450 families and differences in number of P450s in common P450 families. 

Furthermore, functional analysis of P450s suggests that in Streptomyces, P450s are destined for 

secondary metabolite production, whereas in Mycobacterium they are destined for utilisation of host 

lipids or synthesis of novel lipids. Future works involves assessing the physiological function of P450s 

in order to identify their role, if any, in the adaptation of Streptomyces species or mycobacterial 

species to different ecological niches. 
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