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a b s t r a c t 

Cytochrome P450 enzymes (CYPs or P450s) and ferredoxins (Fdxs) are ubiquitously distributed in all domains 

of life. Bacterial P450s are capable of catalyzing various oxidative reactions with two electrons usually donated 

by Fdxs. Particularly in Streptomyces , there are abundant P450s that have exhibited outstanding biosynthetic 

capacity of bioactive metabolites and great potential for xenobiotic metabolisms. However, no systematic study 

has been conducted on physiological functions of the whole cytochrome P450 complement (CYPome) and ferre- 

doxin complement (Fdxome) of any Streptomyces strain to date , leaving a significant knowledge gap in microbial 

functional genomics. Herein, we functionally analyze the whole CYPome and Fdxome of Streptomyces venezuelae 

ATCC 15439 by investigating groups of single and sequential P450 deletion mutants, single P450 overexpres- 

sion mutants, and Fdx gene deletion or repression mutants. Construction of an unprecedented P450-null mutant 

strain indicates that none of P450 genes are essential for S. venezuelae in maintaining its survival and normal 

morphology. The non-housekeeping Fdx1 and housekeeping Fdx3 not only jointly support the cellular activity 

of the prototypic P450 enzyme PikC, but also play significant regulatory functions. These findings significantly 

advance the understandings of the native functionality of P450s and Fdxs as well as their cellular interactions. 
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. Introduction 

Streptomyces are Gram-positive filamentous bacteria and constitute

he largest genus of actinobacteria [ 1 ]. These microorganisms are among

he richest sources of natural products with diverse biological and phar-

aceutical activities, including many applied antibiotics, antifungals,

ntitumor agents, immunosuppressants, herbicides, and insecticides [ 2 ].

n particular, > 60 % of antibiotics in clinical use, such as streptomycin,

rythromycin, tetracycline and vancomycin, are originated from Strep-

omyces [ 3 , 4 ]. 

Cytochrome P450 enzymes (CYPs or P450s) are heme-containing

onooxygenases that are widely distributed in all kingdoms of life [ 5 ].

his superfamily of catalytically versatile metalloenzymes are exten-

ively involved in xenobiotics metabolism and natural product biosyn-

hesis [ 6–8 ]. Due to differences in ecological niche and adapted evo-

ution, microbial P450s exhibit great functional diversity. In mycobac-

erial species, P450s facilitate the utilization of host lipids or synthe-

is of new lipids to adapt to the living environment, whereas in fungi

450s play a crucial role in the biosynthesis of ergosterol [ 9 , 10 ]. As

he genius natural product producers, Streptomyces spp. are particularly

450-rich microorganisms partially because the P450-introduced func-
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ional groups ( e.g. , hydroxyl and epoxide groups) not only increase the

tructural diversity of natural products, but also enhance the water sol-

bility, biological activity, and bioavailability of the resulting products

 8 ]. For example, Streptomyces coelicolor A3(2), Streptomyces avermitilis

A-4680, and Streptomyces venezuelae ATCC 15439 have 18 [ 11 ] (with

hree P450 genes located within a biosynthetic gene cluster, BGC), 33

 12 ] (four), and 25 [ 13 ] (three) P450 genes on their genomes, respec-

ively. Each cytochrome P450 complement (CYPome or P450ome) ac-

ounts for approximately 0.2 ∼0.4 % of the corresponding whole genome

equence. 

Despite the diversity and abundance of Streptomyces P450 enzymes,

nly 184 species (with a majority of them being natural product biosyn-

hetic P450s) have been functionally identified until 2017, only ac-

ounting for about 2.4 % of the total number of Streptomyces CYPs [ 6 ].

lthough many Streptomyces -derived P450s have been investigated for

heir activities to modify exogenous compounds for practical application

urposes [ 14–17 ], the physiological functions of a majority of Strepto-

yces P450s remain largely unknown. A fundamental question has yet

o be answered is whether there exists any housekeeping P450 gene in

treptomyces . To the best of our knowledge, there has no systematic func-

ional analysis of a whole Streptomyces CYPome so far, leading to the lack
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Fig. 1. The physiological reactions catalyzed 

by PikC. PikC hydroxylates the C-10 and 

C-12 positions of YC-17 almost equally to 

produce methymycin and neomethymycin, 

respectively, as well as the C-12 position 

of narbomycin predominantly to generate 

pikromycin. 
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f comprehensive understanding of the native functions of Streptomyces

450ome. 

The three-component class I P450 system is prevalent in Strepto-

yces , in which an FAD-containing ferredoxin reductase (FdR), a small

ron–sulfur protein ferredoxin (Fdx), and a P450 enzyme form a typical

lectron transfer pathway: NAD(P)H→FdR→Fdx→P450. With the dis-

overy of the first Fdx from Clostridium pasteurianum in 1960s [ 18 ], the

unction of Fdx in utilizing Fe–S cluster to shuttle electrons from FdR

o P450 has been well studied [ 19–21 ]. Moreover, Fdxs are involved in

arious cellular processes that are essential for cell growth and devel-

pment. For instance, Fdx can respond to photooxidative stress by regu-

ating the expression of photosynthesis related genes in cyanobacterium

ynechocystis sp. PCC 6803 [ 22 ]. Escherichia coli employs Fdx to assem-

le Fe–S clusters [ 23 ]. In Pseudomonas aeruginosa , Fdx was reported to

e an essential housekeeping gene [ 24 ]. 

According to our genomic analysis, S. coelicolor A3(2), S. avermitilis

A-4680, and S. venezuelae ATCC 15439 have 6 [ 25 ], 9 [ 12 ], and 7

 13 ] fdx genes, respectively. Our previous studies have determined the

ptimal electron transport pathways for PikC from S. venezuelae ATCC

5439 in vitro and revealed some empirical rules for redox partner se-

ectivity of bacterial P450s [ 26 , 27 ]. Notably, the prototypic P450 en-

yme PikC is responsible for catalyzing the C-10 and C-12 hydroxyla-

ion (almost equally) of the 12-membered ring macrolide YC-17 to pro-

uce methymycin and neomethymycin, respectively, as well as the C-12

ydroxylation of the 14-membered ring macrolide narbomycin to gen-

rate pikromycin [ 28 ] ( Fig. 1 ). However, it remains unclear how PikC

nteracts with Fdxs inside cells and whether the above-mentioned rules

ould be different in vivo due to multiplicity/complexity of P450s and

dxs as well as dynamic cellular environments. 

To address these important questions, herein, we systematically

nvestigated the in vivo functions of the whole CYPome (25 P450

enes) and Fdxome (7 fdx genes) of S. venezuelae ATCC 15439 by

ioinformatics analysis of the complete genomes, transcriptome-guided

RISPR/Cas9 gene knockout [ 29 ] and CRISPR/dCas9-based gene inter-

erence (CRISPRi) [ 30 ] (Fig. S1). Genotyping and phenotyping of 25 sin-

le P450 knockout mutants, 21 multi-P450 sequential deletion mutants,

 P450-free mutant, and 25 single P450 overexpression mutants, and of

 single fdx knockout mutants, 5 multi- fdx sequential deletion mutants,

nd 3 fdx knockdown mutants showed that no P450 gene is essential

or the survival of S. venezuelae ATCC 15439, and Fdx1 and Fdx3 are

esponsible for supporting the cellular activity of PikC. The regulatory

unctions of these two Fdx-encoding genes were also revealed. 
2

. Materials and methods 

.1. Materials 

The chemicals and antibiotics used in this study were purchased from

olarbio (Beijing, China), Sinopharm Chemical Reagent (Beijing, China),

nd Sangon (Shanghai, China) unless otherwise specified. All restric-

ion enzymes were purchased from Thermo Scientific (Waltham, USA)

nd Takara (Dalian, China). The ClonExpress Ultra One Step Cloning

it was obtained from Vazyme (Nanjing, China). PrimeSTAR Max DNA

olymerase (Dalian, China) was used to amplify DNA fragments by PCR

eactions. The TRIzol reagent for RNA extraction was bought from Am-

ion (Waltham, USA). The recombinant DNase I (RNase-free) used to

egrade genomic DNA was obtained from Takara (Dalian, China). The

rimeScriptTM RT reagent for cDNA preparation and TB Green®Premix

x TaqTM II (Tli RNaseH Plus) for qRT-PCR were purchased from Takara

Dalian, China). Primers were synthesized by Sangon (Qingdao, China).

NA sequencing was performed by TsingKe (Qingdao, China). The BGCs

ere analyzed by antiSMASH bacterial version [ 31 ]. DNAman 7.0 was

sed for DNA sequence alignment. Protein sequences were aligned by

lustalW and the results were output by ESPript 3.0 [ 32 ]. 

.2. Strains and culture conditions 

All strains used in this study are listed in Table S1. E. coli strains

ere cultured at 37 °C on LB (10 g tryptone, 5 g yeast extract, and 10 g

aCl per liter) agar or in LB liquid media. S. venezuelae ATCC 15439

nd their derivatives were grown at 30 °C on mannitol soya flour (MS)

gar (20 g soy flour, 20 g mannitol, 20 g agar per liter) for sporula-

ion and conjugation. E. coli ET12567/pUZ8002 was employed for in-

ergeneric conjugation with S. venezuelae in MS medium supplemented

ith 50 mM CaCl2 and MgCl2 [ 33 ]. 2 × YT liquid medium (16 g tryp-

one, 10 g yeast extract, and 5 g NaCl per liter) was used to culture S.

enezuelae liquid seed and for genomic DNA (gDNA) preparation. The

ermentation media SCM (15 g soluble starch, 20 g soytone, 0.1 g CaCl2 ,

.5 g yeast extract, and 10.5 g MOPS per liter, pH 7.2) and ISP4 (10 g

oluble starch, 1 g K2 HPO4 , 1 g MgSO4 ·7H2 O, 1 g NaCl, 2 g (NH4 )2 SO4 ,

 g CaCO3 , and 1 mL trace salts solution per liter, pH 7.2) were used

or production of secondary metabolites in S. venezuelae strains. For

dentification of S. venezuelae morphological characteristics, MYM agar

ontaining 4 g/L maltose, 4 g/L yeast extract, 10 g/L malt extract and

0 g/L agar was used. MYM liquid medium was used to analyze the
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iomass of Streptomyces . Antibiotics including apramycin (50 mg mL-1 ),

anamycin (50 mg mL-1 ), chloramphenicol (25 mg mL-1 ), hygromycin

100 mg mL-1 ), and nalidixic acid (20 mg mL-1 ) were added when nec-

ssary. 

.3. Construction of gene deletion plasmids 

All primers used for plasmid construction and clone screening are

isted in Table S2. The CRISPR/Cas9 editing template plasmid pKC-

as9dO was kindly provided by Prof. Yinhua Lu at Shanghai Nor-

al University. All gene knockout plasmids were derived from the

odifications of the CRISPR/Cas9 genome editing plasmid pKCcas9dO

 29 ]. Taking PikC-knockout plasmid construction as an example, the

ikC gene-specific sgRNA cassette was amplified from pKCcas9dO us-

ng primers PikCgRNA-F and PikCgRNA-R. The upstream and down-

tream homologous arms flanking pikC were amplified separately from

. venezuelae genomic DNA using primer pairs PikCLA-F/PikCLA-R and

ikCRA-F/PikCRA-R. The three amplicons were then joined into the

pe I/ Hin dIII-linearized pKCcas9dO vector using the ClonExpress Ul-

ra One Step Cloning Kit to obtain pKCcas9dOPikC. The correct plas-

id was confirmed by PCR and DNA sequencing. All other P450 and

dx gene deletion plasmids in this study were constructed similarly

y changing the gene-specific sgRNA cassettes and two homologous

ragments. 

.4. Construction of gene overexpression plasmids 

For gene overexpression in S. venezuelae , the target genes were am-

lified from the genome of S. venezuelae using specific primer pairs

hown in Table S2 (The CYP183AR1 and CYP183AS1 overexpression

lasmids were constructed in our previous study [ 34 ]). Next, the tar-

et fragments were homologously recombined and inserted into the lin-

ar integrative vector pDR4- kasO p∗ (provided by Prof. Weishan Wang

t Institute of Microbiology, Chinese Academy of Sciences) digested by

pe I/ Kpn I using ClonExpress Ultra One Step Cloning Kit, resulting in

he overexpression plasmids under the strong promoter kasO p∗ . All the

onstructed plasmids were confirmed by PCR and DNA sequencing using

rimer pairs M13F-47/M13R-48. 

.5. Construction of gene repression plasmids 

CRISPRi plasmids containing sgRNA targeting the specific fdx genes

ere assembled based on the plasmid pSET-dCas9-actII4-NT-S1 [ 30 ].

o generate repression plasmids for fdx2, fdx3 , and fdx5 ( i.e. , pSET-

Cas9-fdx2, pSET-dCas9-fdx3, and pSET-dCas9-fdx5), the fdx gene spe-

ific sgRNA cassettes were amplified from pSET-dCas9-actII4-NT-S1

sing the forward primers gRNA-dx2 (containing 20 bp specific tar-

et sequence of fdx2 ), gRNA-dx3 (containing 20 bp specific target se-

uence of fdx3 ), gRNA-dx5 (containing 20 bp specific target sequence

f fdx5 ), and the reverse primer HA-dCas9-gRNA-R, respectively. Sub-

equently, each individual PCR product was separately ligated to the

pe I/ Eco RI linearized pSET-dCas9-actII4-NT-S1 vector using ClonEx-

ress Ultra One Step Cloning Kit. The constructed plasmids were con-

rmed by PCR and DNA sequencing using primer pairs dCas9-YZ-F/

Cas9-YZ-R. 

.6. Construction and genotypic confirmation of S. venezuelae mutants 

The primers for PCR confirmation of S. venezuelae mutants are

isted in Table S2. For constructing gene deletion mutant strains, the

RISPR/Cas9 plasmid was transformed from E. coli ET12567/pUZ8002

o S. venezuelae strain via interspecies conjugation according to stan-

ard Streptomyces protocols [ 33 ]. Then, the conjugants were treated

ith nalidixic acid and apramycin on MS plates after incubation for 14–

6 h at 30 °C and incubated for another 3–5 d at 30 °C. Exoconjugants

ere then picked up for genomic DNA preparation and confirmation by
3

CR and DNA sequencing. Finally, correct S. venezuelae gene deletion

utants lost the knockout plasmids after multiple rounds of cultivation

t 37 °C. 

For constructing gene overexpression or gene repression mutant

trains, the pDR4- kasO p∗ integrative vector carrying target gene or

RISPRi plasmid were transformed from E. coli ET12567/pUZ8002 to

. venezuelae via interspecies conjugation. Next, the target conjugants

ere treated with nalidixic acid and hygromycin (for screening gene

verexpression mutants) or apramycin (for screening gene repression

utants) on MS plates after incubation for 14–16 h at 30 °C and in-

ubated for another 3–5 d at 30 °C. The colonies were picked up for

onfirmation via PCR, DNA sequencing, or qRT-PCR experiments. 

.7. Whole genome sequencing and assembly 

Sv -WT and Sv -Del23 strain were cultured on MS agar plates at 30 °C

or 3 d. Colonies were then transferred to 2 × YT liquid seed media and

noculated in 30 mL volume using 250 mL flasks at 30 °C and 220 rpm.

fter 24 h cultivation, 30 mL cell pellets were centrifuged for 10 min at

,000 × g at 4 °C, washed three times with an equal volume of sterile

ater in 50 mL conical tubes, flash-frozen with liquid nitrogen, and

elivered with dry ice to BGI Genomics Co., Ltd for DNA extraction,

hole genome sequencing, and assembly. 

.8. Biomass measurement 

For biomass measurement of the wild-type and mutant S. venezuelae

trains, a single colony of each strain was inoculated into 30 mL 2 × YT

iquid medium. After 24 h, the seed culture was transferred into fresh

0 mL MYM liquid medium in 250 mL flasks at a 100-fold dilution ratio

nd cultured at 220 rpm, 30 °C. After 3-d cultivation, 10 mL of each

ample was harvested in a pre-dried and pre-weighed 50 mL tube by

entrifugation at 8,000 × g for 5 min. The supernatant was removed

nd the cell pellet was dried at 75 °C for 24 h to a constant weight. The

ry weight of each sample was then measured by calculating the weight

ifference before and after sample addition. 

.9. Morphological observation and scanning electron microscopy analysis 

A single colony of wild-type or P450-inactivated mutants of S.

enezuelae was cultured in 2 × YT seed medium at 30 °C and 220 rpm for

4 h. The OD600 of the seed liquid was then measured using a microplate

eader and the initial OD600 was normalized to 50. Next, the normalized

eed culture was inoculated onto an MYM agar plate for morphological

bservation and the phenotypes were photographed every 24 h for three

onsecutive days. 

To compare the morphological differentiation of mycelia, field emis-

ion scanning electron microscopy (FESEM) was used to take cell im-

ges. The collected aerial mycelia or liquid cultured cells (washed once

ith PBS buffer) grown for 72 h were fixed with 2.5 % glutaralde-

yde for 1 h, and then washed twice with PBS buffer. Next, a se-

ies of concentrations of ethanol were used to dehydrate the sample,

ith each dehydration lasting for 15 min. After the sample was fully

ried, it was coated with platinum, and the images were taken with

ESEM. 

.10. Transcriptional analysis by qRT-PCR 

A single colony of Sv -WT, Sv - Δfdx2 -down, Sv - Δfdx3 -down, and Sv -

fdx5 -down was individually picked from MS agar plates and inocu-

ated into 30 mL 2 × YT media and cultured at 30 °C, 220 rpm. The

 mL of one-day culture was inoculated into 30 mL SCM medium and

haking-incubated for additional 24 and 36 h in triplicate. The RNA

amples of Sv - Δfdx2 -down, Sv - Δfdx3 -down, and Sv - Δfdx5 -down mu-

ants were extracted using Trizol (Ambion, USA) and digested with
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Nase I (Takara, Dalian, China) to remove genomic DNA contamina-

ion. The quality and quantity of RNAs were analyzed using UV spec-

roscopy and agarose gel electrophoresis. Then, purified RNA samples

ere reverse-transcribed using PrimeScriptTM RT reagent Kit (Takara,

alian, China). The primers were designed by Primer3Plus online ser-

ice ( Primer3Plus - Pick Primers ) and listed in Table S2. Quantitative

eal-time RT-PCR (qRT-PCR) was carried out using TB Green® Premix

x TagTM II (Takara, Dalian, China) in a CFX96 thermal cycler (Bio-Rad,

SA). The two-step qRT-PCR reaction program was as follows: 95 °C for

0 s, followed by 40 cycles of 95 °C for 5 s, and 60 °C for 30 s. qRT-PCR

nalyses were carried out in triplicate. The relative transcription levels

f target genes were normalized to hrdB (an internal control) and then

alculated using the 2− ΔΔCT method [ 35 ]. 

.11. Transcriptome analysis 

A single colony of Sv -WT and Sv- Δfdx1 deletion mutant was indi-

idually inoculated into 30 mL 2 × YT media, which were shaken at

0 °C and 220 rpm. After one-day culture, the seed culture was used to

noculate into 30 mL SCM media in triplicate at a ratio of 1:10. After a

4-h cultivation at 30 °C and 220 rpm, the cells from each individual

ask were harvested by centrifugation at 6,000 × g for 10 min at 4 °C

n RNase-free tubes. Finally, the cells were flash-frozen with liquid ni-

rogen and delivered with dry ice to Novogene for mRNA isolation and

ranscriptome sequencing and analysis. Gene transcript levels at various

tages were evaluated using fragments per kilobase (kb) of exon model

er million mapped reads (FPKM). Based on a large amount of gene ex-

ression data, we defined the expressed genes (FPKM > 1) and silent

enes (FPKM < 1). Analysis of differential expression was performed

sing R package DEseq2 to compare different genes, and a heat map

as generated using GraphPad Prism 9.5 with the log2 FoldChange. For

xpression analysis of P450 genes, transcriptomic sequencing data were

ollected from the previous work [ 34 ]. These data present the expres-

ion levels of 25 P450 genes during the transition (24 h) and stationary

48 h) phases of S. venezuelae development. 

.12. Analysis of metabolites 

A single colony of the wild-type and mutant S. venezuelae strains was

ndividually grown on an MS plate and inoculated into 30 mL 2 × YT

edia and shaking-incubated at 220 rpm and 30 °C for one day. After

hat, 3 mL seed culture was transferred to 30 mL SCM medium or ISP4

edium and cultured at 30 °C and 220 rpm for another seven days. For

he exogenous YC-17 feeding experiments of the fdx mutants, Sv - Δfdx 1

nd Sv - Δfdx3 -down were fed with 200 μM (final concentration) of YC-

7 in 30 mL SCM medium at the time of inoculation at 30 °C, 220 rpm

or 7-d biotransformation. 

For analysis of metabolite profiles of S. venezuelae strains, the culture

roth of each strain was extracted twice with an equal volume of ethyl

cetate. The extract was evaporated in vacuo , and re-dissolved in 1 mL of

ethanol. Then, the extract was analyzed using a reversed phase YMC

riart C-18 column (4.6 mm × 250 mm, 5 μm) on a Thermo UltiMate

000 instrument with a mobile phase of acetonitrile and deionized water

ontaining 0.1 % trifluoroacetic acid at the flow rate of 1 ml/min. The

radient elution program of acetonitrile in water was as follows: 10 %,

–1 min; 10–100 %, 1–26 min; 100 %, 26–30 min; 100 %− 10 %, 30–

1 min; 10 %, 31–33 min. The ultraviolet wavelength was set at 230 nm.

.13. Statistical analysis 

The statistical significance of all inter group differences in this

tudy was tested using two-tailed unpaired Student’s t -test. ∗ P < 0.05,
 ∗ P < 0.01, ∗ ∗ ∗ P < 0.001. P value < 0.05 was considered to be statis-

ically significant. GraphPad Prism 9.5 was used to perform statistical

nalyses. 
4

. Results 

.1. The CYPome and fdxome of S. venezuelae ATCC 15439 

S. venezuelae ATCC 15439 is not only a versatile producer of natu-

al products (especially bioactive macrolides), but also a model strain

or studying morphological and physiological differentiation [ 36 ]. De-

pite the reported complete genome sequence of this strain [ 13 ], we

e-sequenced the whole genome by combining BGISEQ data (904 M,

00 × coverage) and PacBio data (11,788 M, 1,306 × coverage) in order

o provide a better blueprint for our studies on CYPome and Fdxome. As

 result, the complete genome (9,022,698 bp, GenBank accession num-

er: CP140569) contains 8,422 genes with a GC content of 72.16 %,

hich is slightly different from the previous genome sequencing results

 13 ] (Table S3). This genome harbors 25 P450 genes, 7 Fdx genes, and

 FdR genes (Table S4). In S. venezuelae ATCC 15439, the P450 genes

ccount for ∼0.3 % of the whole genome sequence, which is relatively

igher than the corresponding percentage of 0.2 % in S. coelicolor A3(2)

 11 ]. 

The 25 P450s are classified into 14 P450 families (with amino

cid sequence homology of > 40 %, Table S4) by Prof. David Nel-

on [ 5 ]. The CYP107 family is the largest P450 family in S. venezue-

ae ATCC 15439 with 6 family members including CYP107L1 (the

rototypic bacterial P450 enzyme PikC), CYP107U11, CYP107P10,

YP107L47, CYP107CM1 and CYP107AE11. Other P450 families

ith more than one family member include CYP183 (CYP183AR1,

YP183AS1 and CYP183B3), CYP154 (CYP154D18, CYP154A41 and

YP154C15), CYP105 (CYP105AC40 and CYP105AC41), and CYP1047

CYP1047A6 and CYP1047B2). The linear chromosome also har-

ors nine P450 genes with each from distinct P450 families, encod-

ng CYP245A10, CYP184A13, CYP121A2, CYP125A21, CYP159A7P,

YP163B14, CYP180A24, CYP1251A1 and CYP157A27. Of note, the

oding genes of CYP183AR1 and CYP183AS1 neighbor and overlap with

ach other, as are those of CYP154C15 and CYP157A27. 

Next, we sought to map these CYP genes onto the antiSMASH-

redicted secondary metabolite BGCs of S. venezuelae . As a result, 11

ut of 25 P450 genes were found to be located in 8 BGCs (Table S5).

mong these P450s, CYP107L1 ( i.e. , PikC) is well-known for its hy-

roxylation activities in the pikromycin/(neo)methymycin biosynthetic

athway ( Fig. 1 ) [ 28 , 37 , 38 ]. In our previous study on biosynthesis of

enezuelaenes, CYP183AS1 ( i.e. , VenC) was characterized to catalyze

he four-electron oxidation of venezuelaene A into venezuelaene B,

hile CYP183AR1 ( i.e. , VenB) is inactive in this biosynthetic system

 34 , 39 ]. More recently, we characterized a type I polyketide BGC ved re-

ponsible for biosynthesis of venediols. However, CYP154A41 encoded

y a P450 gene neighboring ved (10.8 kb upstream) did not show any

ctivity towards venediols, thus becoming an orphan CYP [ 40 ]. For the

est seven putative biosynthetic P450 genes, their function elucidation

equires further studies. 

With regard to the Fdxome of S. venezuelae ATCC 15439, seven Fdx

roteins with three different types of Fe–S clusters were identified (Fig.

2, Tables S4 and S6). Based on the conserved amino acids in the Fe–S

luster binding motif(s) [ 26 ], we classified Fdx1, Fdx2, Fdx4 and Fdx7

s [3Fe–4S] type Fdxs since all four Fdxs contain the signature motif

f C(X)5 C(X)n CP. Putatively, the fdx5 and fdx6 genes encode two [7Fe–

S] type Fdxs with two Fe–S cluster binding motifs including C(X)n C and

(X)n C(X)2 C(X)3 CP, suggesting that these two Fdxs might have mixed

3Fe–4S] and [4Fe–4S] clusters. Fdx3 was predicted as a Rieske pro-

ein that contains a single [2Fe–2S] cluster with two histidine nitrogen

igands (CXHX16 CX2 H) [ 41 ]. 

.2. Construction of a library of S. venezuelae mutant strains with each 

ingle P450 gene deleted 

To investigate whether there is any housekeeping P450 gene in S.

enezuelae ATCC 15439, we individually knocked out each of 25 P450

https://www.primer3plus.com/index.html
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enes using CRISPR/Cas9-based gene editing technology (Table S1). The

nockout vectors were constructed using the pKCcas9dO plasmid as a

ackbone [ 29 ]. The in-frame deletions were confirmed by PCR ampli-

cation and DNA sequencing of the 25 mutation regions (Fig. S3). Evi-

ently, none of the single P450 gene deletions affected the viability of

ach mutant strain, indicating that no P450 gene is required for survival

f S. venezuelae ATCC 15439 under the tested conditions. 

.3. Construction of a S. venezuelae strain devoid of all P450 genes 

Since there is no housekeeping P450 gene in S. venezuelae ATCC

5439, we sought to construct a P450-minimal or even P450-free mutant

train by knocking out the 25 P450 genes stepwise. The transcriptome

nalysis (Fig. S4, Table S7) of the wild-type S. venezuelae ATCC 15439

hen cultured in SCM medium [ 34 ] indicated that most CYP genes were

oderately expressed with a FPKM value > 1. However, the transcrip-

ion levels of CYP183AS1, CYP105AC40, CYP245A10, CYP1047B2 and

YP157A27 genes decreased significantly at the stationary growth stage

48 h) to be silent (FPKM value < 1). Of note, the CYP transcriptional

evels were one of the key factors to determine the order of sequential

450 gene deletions ( see below ). 

To construct a strain with minimal P450ome, we performed multi-

le rounds of P450 gene knockout and monitored the cumulative effects

ue to the decreasing number of P450 genes. The order of P450 gene

eletions was determined according to the following principles: 1) the

YP families containing any P450 gene(s) involved in natural product

iosynthesis were knocked out firstly and successively; and 2) for the

est P450 genes, the ones with higher transcription levels were deleted

referentially. Despite availability of multi-gene knockout tools, we rea-

oned that a one-by-one gene deletion approach was more suitable for

racking the changes of growth and differentiation as well as secondary

etabolism resulted from the removal of each P450 gene. The only

wo exceptions were the two pairs of overlapping P450 genes, namely,

YP183AR1 and CYP183AS1 , and CYP157A27 and CYP154C15 , both of

hich were deleted simultaneously under the guidance of one gRNA.

otably, CYP107L1 ( i.e. , PikC) is the earliest and most studied P450

nzyme in S. venezuelae . Thus, the CYP107 family was selected as the

rst P450 family to be knocked out. Specifically, Sv -Del1 lacking the

YP107L47 gene was used as the starting point for further P450 gene

eletions. Multiple deletion cycles were applied in order to achieve the

inimal P450ome. As a result, 21 multi-P450 sequential deletion strains

 Sv -Del2 ∼22) and a P450-free strain Sv -Del23 were obtained ( Fig. 2 a,

able S1). These strains again indicate that there is no housekeeping

450 gene in S. venezuelae ATCC 15439 ( see below for more details). 

To confirm the genotype of the unprecedented P450-null Strepto-

yces strain, the complete genome of Sv -Del23 was sequenced and

ssembled (GenBank accession number: CP140665). As expected, the

5 P450 genes were confirmed to be completely deleted by compar-

ng the P450 loci of Sv -WT and Sv -Del23 based on PCR amplifica-

ion results (Fig. S5). Unexpectedly, according to genome sequence

lignment ( Fig. 2 b), Sv -Del23 chromosome lost approximately 0.6 Mbp

AQF52_0010–AQF52_0579, ∼6.7 % of the whole genome) of the left

enomic region. A large segment of genes (AQF52_5965–AQF52_8092)

nderwent inversion and translocation. The region of AQF52_5965–

QF52_5978 had an additional copy. In addition, the terminal in-

erted repeats (TIRs, AQF52_0001–AQF52_0008 and AQF52_8093–

QF52_8101) at both ends of the Sv -WT genome were missing in Sv -

el23. To determine the timing of these genomic changes, we ana-

yzed the key regions by PCR amplifications and DNA sequencing for

v -Del1 ∼23 (Figs. S6 and S7). Surprisingly, the same large-scale chromo-

omal rearrangements as Sv -Del23 were detected in the first CYP107L47

ene deletion mutant Sv -Del1. We reasoned that the introduction of

RISPR/Cas9 system might have caused chromosome instability, thus

riggering the unwanted off-target effects [ 42 ] during deletion of the

rst P450 gene. It is worth noting that these undesired genomic modifi-
5

ations would unlikely influence our data interpretation and conclusions

n this study. 

.4. P450s have no significant impacts on morphological differentiation of 

. venezuelae 

Previous studies have shown that in many cases the production of

econdary metabolites is closely related to the regulatory network of

hysiological and morphological differentiation in Streptomyces [ 43 , 44 ].

or example, the CYP107U1 gene of S. coelicolor plays key roles in aerial

yphae sporulation and heat shock response [ 45 ]. To understand the

otential functions of S. venezuelae P450s on mycelial growth and mor-

hological differentiation, we grew all the single P450-deficient mutants

n an MYM agar plate. The spore-bearing hyphae colors and mycelial

tates of each strain at three different time points (24, 48 and 72 h)

ere recorded and compared. During the dynamic culture process, the

pores of Sv -WT germinated and slowly grew upward from the substrate

ycelia on MYM agar, breaking through the solid medium to form aerial

yphae. With further development, the aerial hyphae gradually changed

rom white to gray and the spores were formed at this stage. Compared

ith the growth phenotype of Sv -WT, all single P450 gene knockout

utants grew normally, without apparent bald colony morphology and

bnormal spore differentiation ( Fig. 2 c). Furthermore, we cultured all

450 sequential deletion mutants on MYM agar. Similar to the results

f the single knockout mutants, the cumulative deletion of P450 genes

lso did not cause significant differences in colony phenotype ( Fig. 2 d).

lthough the mycelial growth rates and spore accumulation of individ-

al mutants varied, the differences appeared to be random in repeated

xperiments. Since none of the P450 gene deletions significantly influ-

nced the development of aerial hyphae and sporulation, we conclude

hat the 25 P450 genes unlikely participate in the regulation of the

rowth and development of S. venezuelae ATCC 15439. 

.5. Growth characteristics and metabolic profiles of the P450-deficient 

trains 

To evaluate the effects of P450 deletion(s) on cell mass of S. venezue-

ae , we measured the dry cell weights (DCWs) of Sv -WT, Sv -Del1, 21

ulti-P450 knockout strains ( Sv -Del2 ∼22), and the P450-null mutant

v -Del23 upon 3 days of cultivation in MYM liquid media. Unexpect-

dly, the biomasses of all tested P450 knockout mutants were similar to

ach other, but significantly higher than that of Sv -WT ( Fig. 3 a). Since

here was no obvious difference in the growth and morphological dif-

erentiation of P450 knockout strains on solid MYM media, we reasoned

hat the deletion of a large fragment and rearrangements on the genomes

f these P450-deficient strains might account for the enhanced accumu-

ation of their biomasses. 

Next, we investigated whether the P450 gene knockout(s) could

ause the changes in secondary metabolism. Experimentally, the 25 sin-

le P450 deletion mutants were cultured in two different liquid me-

ia (SCM and ISP4) and their metabolite profiles were comparatively

nalyzed by HPLC. In SCM medium, neomethymycin and methymycin

ere produced in high yields by Sv -WT, while pikromycin was not ob-

erved due to the known impact of fermentation media on product dis-

ribution [ 46 ]. Moreover, a small amount of 10-deoxymethynolide (10-

ml), the aglycone of YC-17 and (neo)methymycin as well as the sub-

trate of glycosyltransferase DesVII, was also detected (Fig. S8). As ex-

ected, the strain Sv - ΔpikC accumulated the two native substrates of

ikC, namely, YC-17 and narbomycin, and the hydroxylation products

neo)methymycin and pikromycin were not detected, consistent with

he previous report [ 28 ]. By contrast, the metabolic profiles of the rest

4 single P450 deletion mutants were basically the same as that of Sv -

T (Fig. S8). Unlike SCM medium, the wild-type strain cultured in ISP4

edium accumulate less 12-membered macrocyclic lactones (Fig. S9).

n addition, compared to the wild type strain, the non-PikC P450 single

eletion mutants did not synthesize different products in ISP4 media. 
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Fig. 2. Construction of single and multiple P450 deletion mutants of S. venezuelae ATCC 15439. (a) Genome maps of S. venezuelae ATCC 15439 wild type ( Sv -WT) and 

the P450-free mutant ( Sv -Del23). The locations of the targeted P450 and Fdx genes are marked with red lines and red dots, respectively. The order of sequential P450 

gene deletions and the corresponding multi-P450 deletion strain names (in bold) are displayed above the arrow. (b) Chromosomal alignment of Sv -Del23 and Sv -WT. 

The purple dashed boxes represent the deleted TIR regions (indicated by solid purple boxes). The blue dashed box denotes the large segment deletion. The solid red 

box represents the translocation and inversion region. The gray solid box demonstrates the unchanged sequences. The solid green box denotes the duplicated region 

of AQF52_5965–AQF52_5978. (c) Phenotypes of the single P450 deletion mutants. (d) Phenotypes of the sequential P450 deletion mutants. Strains were grown on 

MYM agar plates and photographed after one day at a 24 h interval. The locations of the wild-type strain and different P450 deletion mutants are marked on the 

MYM agar plates cultured for 72 h. 

6
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Fig. 3. Characterization of sequential P450 deletion mutant strains. (a) Dry cell weights (DCWs) of Sv -WT and sequential P450 deletion mutants cultured in MYM 

liquid media. Data are presented as mean values ± SD. Black hollow circles represent n = 3 individual biological samples. P values were determined by two-tailed 

unpaired t -test. ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001. (b, c) HPLC (230 nm) analysis of the fermentation extracts from Sv- ΔpikC and Sv -Del23 grown in SCM (b) and ISP4 (c) 

liquid media. 
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Finally, we analyzed the metabolic profiles of the P450-null mutant

v -Del23 in both SCM and ISP4 media ( Fig. 3 b, c). Compared with Sv-

pikC, Sv- Del23 did not produce any notable new products under the

ested culture conditions. These results indicate that, except for PikC,

ther P450 enzymes should have no direct relationship with secondary

etabolism of S. venezuelae during the fermentation in SCM and ISP4

edia. Supporting this, the metabolic profiles of non-PikC single P450

eletion mutants were consistent with that of Sv -WT (Figs. S8 and S9).

lthough some P450 genes are within or adjacent to BGCs, their expres-

ion was likely silent under these fermentation conditions. 

.6. The phenotypes of P450 overexpression strains 

Considering the facts that 1) some P450 expression levels were

ow or even silent under the tested conditions; and 2) the single and

ultiple P450 gene knockouts did not cause significant phenotypic

hanges, we hypothesized that increased P450 expression might trigger

ome detectable changes. Thus, we individually transformed 25 P450-

verexpression plasmids into S. venezuelae with each P450 expression

riven by the constitutive kasO p∗ promoter. The 25 single P450 over-

xpression mutants were constructed and validated through PCR ampli-

cation (Table S1, Fig. S10). As a result, overexpression of every sin-

le P450 gene did not lead to significant morphological or metabolic

hanges (Figs. S11 and S12), consolidating the above conclusions drawn

rom the P450 knockout results ( Fig. 2 , Figs. S8 and S9). 

.7. Construction of Fdx-deletion and Fdx-repression mutants 

Fdxs are single electron carriers that are important for many oxi-

oreductive processes, some of which are also responsible for sequen-

ially delivering two catalytically required electrons from FdRs to P450s.

o understand how P450s and Fdxs interact with each other inside S.

enezuelae cells, we attempted to individually disrupt seven fdx genes

sing CRISPR/Cas9-based gene editing technology. We successfully con-

tructed four single fdx deletion mutants including Sv - Δfdx1, Sv - Δfdx4,

v - Δfdx6 and Sv - Δfdx7 (Table S1, Fig. S13). However, the deletion of

dx2, fdx3 or fdx5 turned out to be unsuccessful despite our greatest

fforts, suggesting that the three fdx genes might be essential house-

eeping genes. To confirm this, we integrated an additional copy of

dx5 into the genome with its expression driven by the strong constitu-

ive promoter kasO p∗ , giving rise to the recombinant strain Sv - fdx5 × 2
7

Table S1, Fig. S14). When the original copy of fdx5 was deleted from

v - fdx5 × 2, the resulting strain Sv - kasO p∗ - fdx5 grew as normal, support-

ng that Fdx5 should be necessary for survival of S. venezuelae . Using the

imilar knockout strategy, unexpectedly, we were still unable to delete

he housekeeping genes fdx2 and fdx3 , likely because both genes are

ocated within a vital BGC (Figs. S15 and S16). 

Our previous study revealed that the seven heterologously expressed

nd purified Fdxs ( i.e. , Fdx1–7 of S. venezuelae ) were capable of sup-

orting the in vitro catalytic activity of PikC to different extents [ 26 ].

o further identify the major Fdx(s) to serve PikC in vivo , we sequen-

ially inactivated the four non-essential fdx genes according to their

n vitro PikC-supporting activities from low to high, giving rise to Sv -

fdx1, Sv - Δfdx16, Sv - Δfdx164 and Sv - Δfdx1647 (Table S1, Fig. S17a–

). Moreover, to assess the functional importance of the housekeeping

dx genes towards PikC, the CRISPR/dCas9-based interference system

CRISPRi) was used to individually repress the expression of fdx2, fdx3

nd fdx5 [ 30 ] , leading to the three recombinant strains Sv - Δfdx2 -down,

v - Δfdx3 -down and Sv - Δfdx5 -down (Table S1). The quantitative real-

ime PCR (qRT-PCR) clearly showed that the transcriptional levels of

hese three fdx genes were dramatically reduced (Fig. S18). Compared

ith Sv -WT, the mRNA levels of fdx2 in the Sv - Δfdx2 -down strain were

own-regulated by 97 % (24 h) and 93 % (36 h); and the corresponding

ercentage numbers for fdx3 and fdx5 were 97 % and 79 % (24 h) and

8 % and 72 % (36 h), respectively. 

.8. Evaluation of the PikC-supporting activity of Fdxs in vivo 

S. venezuelae can rapidly synthesize the 12-membered ring

acrolides neomethymycin, methymycin and YC-17 in SCM medium

 37 ]. Since the relative yields of YC-17 (substrate) and (neo)methymycin

products) can be used as an indicator for PikC’s activity in vivo , we se-

ected PikC as a representative P450 enzyme to elucidate the cellular

450-Fdx interactions. Thus, we analyzed the metabolic profiles of the

even fdx mutant strains ( Fig. 4 ). Specifically, Sv -WT produced abundant

eomethymycin and methymycin at a ∼1:1 ratio, and YC-17 was unde-

ectable in its metabolites ( Fig. 4 ), indicating that PikC was able to com-

letely hydroxylate YC-17 in the wild type strain. Sv - Δfdx6 and Sv - Δfdx7

enerated similar metabolic profiles as Sv -WT, suggesting that these two

dxs should not be the major electron donors for PikC catalysis. Interest-

ngly, Sv- Δfdx1 only produced very small amounts of methymycin and
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Fig. 4. Comparison of the yields of neomethymycin, methymycin, YC- 

17 and 10-dml. HPLC (230 nm) analysis of the fermentation extracts 

of S. venezuelae wild-type, Sv- ΔpikC , single and sequential fdx deletion 

mutants, fdx knockdown mutants, and Sv- ΔAQF52_5076 cultured in 

SCM liquid media. 

n  

a  

f  

u  

c  

e  

(  

1

 

m  

o  

q  

fi  

f  

S  

(  

F  

P  

p  

l  

m  

p  

i  

s  

u  

o  

p  

m  

I  

f  

s  

f  

s  

d  

t  

b

 

t  

s  

w  

n  

S  

F  

i  

t  

F  

i  

t  

T  

o

3

 

r  

S  

i  

8  

d  

g  

t  

i  

(  

u  

G  

w  

a  

r  

e  

b

 

o  

e  

d  

m  
eomethymycin and lost the ability to accumulate YC-17; while gener-

ted 4.8 times more 10-dml than Sv -WT. This result suggested that the

dx1 knockout might attenuate the glycosylation of 10-dml via some

nknown mechanism. The production of 10-dml by Sv - Δfdx4 also in-

reased 4-fold compared to Sv -WT ( Fig. 4 ), but this only led to a mod-

rate decrease in the production of neomethymycin and methymycin

 Fig. 4 ), suggesting that Fdx4 might have a weaker regulatory effect on

0-dml glycosylation than Fdx1. 

With regard to multiple fdx gene knockout mutants, all the three

ulti- fdx deletion mutants with fdx1 removed ( i.e. , the double knock-

ut mutant Sv - Δfdx16 , the triple knockout mutant Sv - Δfdx164 , and the

uadruple knockout mutant Sv - Δfdx1647 ) showed the metabolic pro-

les similar to that of Sv - Δfdx1 , indicative of the epistatic effect of

dx1 ( Fig. 4 ). Differently, the metabolic profiles of the double mutants

v - Δfdx64 and the triple mutant Sv - Δfdx647 mimicked that of Sv -WT

 Figs. 4 , S17d, e, Table S1). Taken together, these results confirmed that

dx4, Fdx6 and Fdx7 have minor or no electron-supplying ability for

ikC. Furthermore, down-regulation of fdx2 or fdx5 did not affect the

roduct profile, indicating that these two housekeeping fdx genes are un-

ikely related to PikC catalysis ( Fig. 4 ). By contrast, the fdx3 -suppressed

utant lost the ability to synthesize any products or intermediates of the

ikromycin/(neo)methymycin biosynthetic pathway ( Fig. 4 ), suggest-

ng that the synthesis of these antibiotics might be controlled by Fdx3

omehow. We speculated that fdx3 might play an important positive reg-

latory role in expression of the polyketide synthase genes pikA (some

r all of pikAI - AV ) of pikromycin cluster. To test this hypothesis, we

erformed qRT-PCR analysis on the pikA genes in the fdx3 -suppressed

utant (Figs. S19 and S20). As expected, the expression levels of pikAI-

II and pikAV genes were significantly reduced or even silenced due to

dx3 knockdown. Surprisingly, the expression level of pikAIV was not

ignificantly affected, indicating that Fdx3 has differential regulatory

unctions for pikAI - AV ( Fig. 5 ). With regard to the differences, more

tudies on regulatory mechanisms are required, which are currently un-

ergoing in this laboratory. Although pikAIV was actively expressed,

he down-regulation or silence of pikAI - AIII was enough to abolish the

iosynthesis of the polyketide backbone. 

Since Fdx1 and Fdx3 could impact the biosynthetic process prior

o YC-17, we further performed the YC-17 feeding experiments to
 B  

8

implify our analysis. Specifically, when Sv - Δfdx1 or Sv - Δfdx3 -down

as fed with 200 μM of YC-17, which was completely converted to

eomethymycin and methymycin by these two mutants (Figs. S21 and

22). These results strongly suggest that the PikC-supporting activities of

dx1 and Fdx3 could be complemented by each other ( Fig. 5 ). Interest-

ngly, Fdx1 and Fdx3 showed the lowest and highest PikC-supporting ac-

ivities respectively in our previous in vitro experiments [ 26 ]. Although

dx2, Fdx4, Fdx5, Fdx6 and Fdx7 were able to shuttle electrons for PikC

n vitro , our results in this study ( Fig. 4 , Figs. S21 and S22) indicated

hat these Fdxs have minor or no supporting activities for PikC in vivo .

hese inconsistencies may be due to complex intracellular environments

r some unknown metabolic regulation. 

.9. Transcriptome analysis of Sv- Δfdx1 

Since Sv - Δfdx1 showed the dramatically changed metabolic profile

elative to Sv -WT, we sought to understand the global effects of fdx1 on

. venezuelae by analyzing its transcriptome at the transition phase (24 h)

n SCM medium. The comparative transcriptomic analysis showed that

,078 genes were co-expressed in Sv - Δfdx1 and Sv -WT (Fig. S23). The

eletion of fdx1 triggered expression of 15 genes and silenced the two

enes AQF52_0061 and AQF52_5076 (Table S8). Additionally, compared

o Sv -WT, 878 and 411 genes were up- and down-regulated respectively

n Sv - Δfdx1 ( Fig. 6 a). Furthermore, the differentially expressed genes

DEGs) enrichment pathway was classified by analyzing the down- and

p-regulated DEGs in Gene Ontology (GO) and Kyoto Encyclopedia of

enes and Genomes (KEGG). We revealed that down-regulated DEGs

ere mainly associated with the methyltransferase activity, transporter

ctivity, the ABC transporter pathway, and primary metabolism. Up-

egulated DEGs were enriched in regulation of RNA metabolic and gene

xpression processes, DNA binding activity, nucleotide metabolism, and

iosynthesis of cofactors (Fig. S24). 

However, no apparent relationship was found between the deletion

f fdx1 and the reduced macrolide antibiotic production from DEGs

nrichment analysis. Of note, our analysis of Sv - Δfdx1 transcriptome

ata revealed that the silent gene AQF52_5076 , encoding an S -adenosyl-

ethionine synthase is located 1,478 bp downstream of the pikromycin

GC, which may potentially provide the necessary methyl group dur-
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Fig. 5. The putative regulatory effects of Fdxome on biosynthesis of the 12- 

membered ring macrolactone/macrolides. PikAI-III, the three modular polyke- 

tide synthases responsible for assembling the linear pentaketide. PikAIV, the 

fourth polyketide synthase (containing a thioesterase domain) responsible for 

assembling the linear hexaketide and for cyclizing the linear polyketides ( see 

Fig. S19 of Supplementary materials for details). PikAV, a type II thioesterase 

(TE II). AQF52_5076, an S -adenosyl-methionine synthase. Pink and blue circles 

represent the housekeeping and non-housekeeping fdx genes, respectively. Solid 

and dashed black arrows represent the major and minor/no electron transfer- 

ring activities for PikC in vivo . Red solid arrows represent the positive transcrip- 

tional regulatory functions. The cross indicates no regulatory effect. The red 

blunt arrow denotes the inhibitory effect of AQF52_5076 on 10-dml production 

via unknown mechanism. 
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ng the biosynthesis of desosamine deoxysugar in (neo)methymycin

nd pikromycin that contains a dimethylamino group [ 37 ]. Thus, we

onstructed the AQF52_5076 deletion mutant (Table S1, Fig. S25),

nd this mutant gave quite similar production of methymycin and

eomethymycin to Sv - Δfdx1 ( Fig. 4 ). However, it did not accumulate

0-dml at a detectable level. Therefore, we deduced that Fdx1 might

ave a transcriptional activation effect on AQF52_5076 ( Fig. 5 ). The de-

reased amounts of methymycin and neomethymycin by Sv - Δfdx1 were

ossibly caused by silenced AQF52_5076 , but the detailed regulatory

echanisms for 10-dml production require further studies. 

Transcriptomic analysis also showed ( Fig. 6 b) that the expression

evel of some genes related to pyruvate metabolism decreased in Sv -

fdx1 , indicating that fdx1 also plays some roles in primary metabolism.

owever, there was no significant reduction in biomass of Sv - Δfdx1

Fig. S26), suggesting that the impaired pyruvate pathway might be

omplemented by other metabolic pathway(s), thus maintaining the ro-

ust growth. Notably, the deletion of fdx1 led to up-regulation of aerial

ycelia formation genes and down-regulation of the genes involved in

porulation and spore cell wall formation ( Fig. 6 b). Supporting this, the

bservation by scanning electron microscope ( Fig. 6 c) showed that the

orphological phenotype of Sv - Δfdx1 was quite different from that of

v -WT, exhibiting a trend of accelerated senescence and slowed sporu-
9

ation. Meanwhile, the spore differentiation of Sv - Δfdx1 grown on MYM

gar exhibited shedding and lysis of hydrophobic sheaths; and the mu-

ant strain exhibited wrinkled cell morphology in 2 × YT liquid medium.

. Discussion 

The functions of P450s have been studied for more than 60 years

 47 ], but little attention has been paid to functional analysis of a whole

450ome in Streptomyces in vivo . Although the electron transfer medi-

ted by Fdx has been reported as the rate limiting step in P450-catalyzed

eactions [ 48 ] and the in vitro P450-Fdx interactions have intensively

een investigated in recent years [ 25–27 , 49–52 ], the cellular P450-Fdx

nteractions remains largely underexplored. To address these knowledge

aps, in this study, we systematically analyzed the physiological func-

ions of P450ome and Fdxome in S. venezuelae ATCC 15439. 

For the first time, we showed that all P450 genes are not essential

or the survival of a streptomycete strain. The P450 genes of S. venezue-

ae ATCC 15439 are also unrelated to growth and differentiation of

his bacterial strain under several tested conditions. These facts raise

n intriguing question about the evolutionary implication of the non-

ousekeeping nature of a CYPome, especially considering that P450 su-

erfamily is flourishing in Streptomyces . The non-housekeeping nature of

450 genes under relaxing conditions might have benefited the diver-

ent evolution of P450s in Streptomyces during the long evolutionary his-

ory. Notably, there have been a growing number of reports on the crit-

cal functions of P450s for host microbes in toxic environments or when

o-cultured with other organisms. For example, Bacillus thuringiensis ef-

ciently degrades benzo(a)pyrene via P450-catalyzed hydroxylation re-

ctions [ 53 ]. P450s in the fungus Scedosporium sp. participates in the

egradation of tetrahydrofuran when co-cultured with other microor-

anisms such as Pseudonocardia [ 54 ]. Rhodococcus sp. strain NI86/21

elies on a single P450 system to degrade multiple herbicides in the

iving environment through dealkylation [ 55 ]. Thus, the living condi-

ions and environmental factors of a microorganism could influence its

ependence on P450 genes. Under certain circumstances, P450 genes

ight become conditionally essential. With no doubt, these hypotheses

equire further studies on evolution, ecology, and environmental toxi-

ology of P450 enzymes. With regard to the effect of P450s on secondary

etabolism, except PikC involved in the biosynthesis of macrolide an-

ibiotics, the knockout of other P450 genes did not cause any signifi-

ant disturbance of metabolic profiles. We reason that most P450 genes

ight be either unrelated to secondary metabolite biosynthesis, or lo-

ated within a silent ( e.g. , CYP183AR1 and CYP183AS1) or even “dead ”

GC. 

In the genome of the P450-free mutant Sv -Del23 ( Fig. 2 b), its linear

hromosome contains large-scale DNA rearrangements including large

egment deletion, inversion, translocation, and amplification, which

ere resulted from common genetic instability of Streptomyces [ 56 ].

he 0.6 Mbp deletion region contains 570 genes, including many hy-

othetical proteins with unknown functions and enzymes with various

etabolic activities (Table S9). As reported, gene deletion often occurs

long with DNA amplification [ 57 , 58 ]. Notably, CRISPR/Cas9 poses a

eletion risk to the genes located in putatively unstable regions, thus

xacerbating the instability of linear chromosomes [ 59 ]. This finding

s well supported by our serial P450 gene knockout results. Moreover,

hromosomal rearrangement also resulted in some off-target effects on

YP121A2 and CYP159A7P gene loci during the continuous gene dele-

ions, which had already been resolved by screening for new gRNAs

Table S1). 

Based on lethality of gene deletion, we determined that fdx2, fdx3

nd fdx5 are housekeeping ferredoxin genes of S. venezuelae . Similarly,

revious studies have shown that a bacteria-specific 2[4Fe–4S] ferre-

oxin is essential in P . aeruginosa [ 24 ]. Ferredoxin Fd plays a central

ole in maintaining the function and stability of the apicoplast organelle

n malaria parasites [ 74 ]. These findings provide important targets and
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Fig. 6. Transcriptome and phenotype analyses of Sv- Δfdx1 . (a) Differentially transcribed genes in Sv- Δfdx1 and Sv -WT. (b) Transcriptome analysis of differentially 

expressed genes associated with growth, differentiation, and pyruvate metabolism in Sv- Δfdx1 compared with Sv -WT. Red and blue squares represent up- and down- 

regulated genes, respectively. (c) Field emission scanning electron micrographs (FESEM) of Sv -WT and Sv- Δfdx1 at × 20,000 magnification. The strains were grown 

on MYM agar plates and 2 × YT liquid medium at 30 °C for 3 days prior to electron microscopy observations. 
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irections for inhibition of pathogenic bacteria/parasites or competing

trains carrying a housekeeping fdx gene. 

In addition to the complementary PikC-supporting activities of Fdx1

nd Fdx3, interestingly, we discovered the regulatory functions of these

wo Fdxs. The disruption of fdx1 silenced the S -adenosyl-methionine

ynthase gene AQF52_5076 and altered expression of morphological

ifferentiation genes, demonstrating that Fdx1 is not only an electron
10
ransporter for P450s, but also an important transcription regulatory

actor, as FNR, IscR and SoxR [ 60–62 ]. Importantly, we revealed that

dx3 showed a direct regulatory activity on the three polyketide syn-

hases PikAI-AIII (but not the fourth PikAIV) and the type II thioesterase

ikAV. Xue et al . reported that in SCM medium PikAIV was expressed

s an N -terminal truncated form [ 63 , 64 ]. Taken together, we hypothe-

ized that pikAIV might have an alternative transcription start site, thus
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nabling this gene to escape the regulation of Fdx3. Supporting this, a

uspected promoter was previously reported to be located at 2 bp up-

tream of the coding region of pikAIV [ 65 ]. Of note, the unclear regu-

atory mechanisms of Fdx1 and Fdx3 will prompt us to use transcrip-

omics, proteomics, and metabonomics to elucidate the regulatory net-

orks of these ferredoxins in S. venezuelae in the future. The mechanistic

nderstandings may provide a new strategy for control of morpholog-

cal development and/or for titer improvement of bioactive secondary

etabolites via ferredoxin gene manipulation. 

The housekeeping fdx2 gene is located in a Pup-proteasome sys-

em (Fig. S15), which is reportedly involved in regulation of bacterial

rowth, differentiation, and bacterial stress response [ 66–68 ]. The dele-

ion of fdx2 would probably disrupt the Pupylation of iron storage pro-

ein ferritin downstream the proteasome of S. venezuelae , thereby result-

ng in host death. This is similar to how the absence of ferritin causes

evere growth defects in Corynebacterium glutamicum [ 69 ]. As for the

ousekeeping fdx3 , it is located in an iron-sulfur cluster biosynthetic

ystem, which provides intermediates and transporter for the assembly

f Fe–S cluster (Fig. S16), such as Isc, Nif, and Suf [ 23 , 70 , 71 ]. Thus,

e speculate that the knockout of fdx3 would disrupt the Fe–S cluster

iosynthesis, leading to cell death [ 72 ]. The housekeeping fdx5 gene

oes not belong to any gene cluster or protein complex. However, a

ousekeeping gene encoding an RNA polymerase 𝜎70 factor, is located

ownstream fdx5 , which plays an irreplaceable role in gene regulation,

ron uptake, and stress survival [ 73 ]. Although it cannot be proved that

he fdx5 knockout would cause loss of function of 𝜎70 factor, this is cer-

ainly an intriguing question to be addressed in the future. 

In summary, we conducted a comprehensive functional analysis of

he whole P450ome of S. venezuelae ATCC 15439 and provided signif-

cant insights into the PikC-Fdx interactions in vivo . A P450-free Strep-

omyces strain was constructed for the first time, which demonstrating

he non-housekeeping nature of P450 enzymes. In S. venezuelae , P450s

eem not to be relevant to cell growth and morphological differentia-

ion. Intriguingly, Fdx1 and Fdx3 can jointly support the cellular activ-

ty of PikC. In addition to electron transfer, Fdx1 and Fdx3 have impor-

ant regulatory functions in morphological development and secondary

etabolism of S. venezuelae . 
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