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Streptomyces sp. NP10 was previously shown to synthesize large amounts of free fatty acids (FFAs). In this work, we report the first insights into the biosynthesis of these fatty acids (FAs) gained after genome sequencing and identification of the genes involved. Analysis of the Streptomyces sp. NP10 draft genome revealed that it is closely related to several strains of Streptomyces griseus. Comparative analyses of secondary metabolite biosynthetic gene clusters, as well as those presumably involved in FA biosynthesis, allowed identification of an unusual cluster C12-2, which could be identified in only one other S. griseus-related streptomycete. To prove the involvement of identified cluster in FFA biosynthesis, one of its three ketosynthase genes was insertionally inactivated to generate mutant strain mNP10. Accumulation of FFAs in mNP10 was almost completely abolished, reaching less than 0.01% compared to the wild-type strain. Cloning and transfer of the C12-2 cluster to the mNP10 mutant partially restored FFA production, albeit to a low level. The discovery of this rare FFA biosynthesis cluster opens possibilities for detailed characterization of the roles of individual genes and their products in the biosynthesis of FFAs in NP10.
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INTRODUCTION

Soil dwelling bacteria of the genus Streptomyces are well known for their ability to produce chemically diverse secondary metabolites (SMs). This genus, owing to its remarkable biosynthetic potential, is solely is responsible for originating about half of the antibiotics in today’s clinical use, not mentioning other bioactive molecules – anticancer agents, antifungals, biocontrol agents, and immunosuppressors (Chater, 2016). These compounds are SMs which, unlike components of the primary metabolism, such as amino acids, nucleotides, lipids, and carbohydrates, are not essential for the growth of Streptomyces bacteria. Nevertheless, SMs appear to be important for environmental adaptation, ensuring survival, and proliferation of the producing organism, for instance by inhibiting other microorganisms competing for nutritional sources (van der Meij et al., 2017). Recent advances in the genomics of Streptomyces bacteria, coupled with the development of bioinformatics tools revealed their enormous potential to biosynthesize various SMs, some of which have never been detected during cultivation in the laboratory (Baltz, 2017). New approaches are being developed for “genome mining," aimed at unlocking the hidden potential of these bacteria to produce SMs, which may be developed into new therapeutics (Kealey et al., 2017). At the same time, the ability of streptomycetes to produce compounds of interest other than those relevant for medicine, e.g., fatty acids (FAs), does not receive much attention. This is a clear shortcoming, since bacterial production of FA-based fuels (e.g., biodiesel) and commodity chemicals commonly produced from oil receives much attention (Handke et al., 2011). Although the pathway for the biosynthesis of common FAs in Streptomyces is rather well understood (Gago et al., 2011), details on the biosynthetic pathways for complex branched FAs are still missing.

Streptomycetes are known to synthesize saturated FAs using the FA synthase II complex consisting of FabD (malonyl-CoA:ACP transacylase), FabH (beta-ketoacyl-acyl carrier protein synthase III), AcpP (acyl carrier protein), and FabF (beta-ketoacyl-acyl carrier protein synthase II) (Revill et al., 2001). FabA, a 3-hydroxyacyl-ACP dehydratase, is likely to be part of the complex as well, catalyzing the dehydration step of chain elongation (Singh and Reynolds, 2016). FA profiles in Streptomyces are most likely determined by FabH protein, which has a broad substrate specificity for short-chain acyl CoA substrates, including branched starters such as isobutyryl, isovaleryl, and anti-isovaleryl CoAs. Thus, FabH can give rise to odd- and even-numbered FAs with a methyl branch at the ω-terminus, which represent the major component in the FA profile (Han et al., 1998). Nothing is known, however, on the biosynthesis of complex branched FAs, some of which have antibacterial activity (Zheng et al., 2010).

Streptomyces sp. NP10 (ISS613), an environmental isolate was previously shown to produce and excrete into the growth medium large amounts of free long-chain FAs (Ilic-Tomic et al., 2015). A large structural diversity of free fatty acids (FFAs) with over 50 different n- and branched-chain, (un)saturated, and cyclopropane FAs (C7–C30) has been demonstrated. There is a strong rationale behind elucidating mechanisms for overproduction of FFA and their export to medium, since it can be exploited in microbial biodiesel production. In the current study, we obtained draft genome sequence of Streptomyces sp. NP10 and analyzed it for genes that may potentially be involved in the biosynthesis of FAs and SMs. Using comparative genomics, a novel biosynthetic gene cluster (BGC) for FFA biosynthesis was identified and its functionality confirmed by gene disruption and complementation experiments. This work sets stage for a comprehensive investigation into the biosynthesis of unusual FFAs and determination of the roles of individual genes in this process.

MATERIALS AND METHODS

Streptomyces sp. NP10 Genome Sequencing, Annotation, and Analysis

Strain Streptomyces sp. NP10 was deposited at the Institute of Soil Science (Belgrade, Serbia) culture collection ISS WDCM375 under accession number ISS613 and the 16S rRNA gene sequence was deposited in GenBank under accession number JQ288108 (Ilic-Tomic et al., 2015). For sequencing, 1 μg of gDNA was used to create a WGS shotgun library using the TruSeq PCR-free library preparation kit (Illumina). The library was sequenced on a MiSeq sequencing platform using the 600 cycle sequencing kit to obtain 2× 300 bp paired end reads. After sequencing, the reads were assembled using the Newbler de novo assembler v.2.8 (454, Roche). Afterwards, the automatic assembly was inspected using CONSED (Gordon and Green, 2013), resulting in a final, high quality draft genome of 7,677,865 bp in 42 contigs at 73.5-fold coverage. The contigs were automatically annotated using the PROKKA pipeline (Seemann, 2014), which resulted in the identification of 6,851 CDS, 76 tRNAs, and 3 ncRNAs. The rDNA operon was found split over three contigs, indicating substantial variability in the 16S–23S intergenic region as well as in a region within the 23S rDNA. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession PDIQ00000000. The version described in this paper is version PDIQ01000000. Genome sequences of Streptomyces sp. NP10 and related streptomycetes were analyzed for the presence of SM biosynthesis gene clusters using antiSMASH 4.02 (Blin et al., 2017a). The antiSMASH results were manually curated by performing multiple analyses of cluster-associated genes and their products.

Generation of Recombinant Bacterial Strains, Plasmids, and General Growth Conditions

For genomic DNA isolation the Streptomyces strains were grown in 50 ml of 3% TSB medium (Oxoid, United Kingdom) in 250 ml baffled flasks at 28°C, 250 rpm. DNA was isolated using Wizard Genomic DNA Purification Kit (Promega, United States) as described before (Schaffert et al., 2016). All routine DNA standard techniques, cloning methods, and plasmid transformation into Escherichia coli were performed as described in Sambrook et al. (1989). PCR fragment amplifications were done with Q5® High-Fidelity DNA Polymerase (New England Biolabs) using oligonucleotides listed in Supplementary Table S1. Plasmids and bacterial strains used or constructed during this study are listed in Table 1.

TABLE 1. List of plasmids and bacterial strains used in this study.
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In order to inactivate the fasB gene, a fasC-fasB intergenic region of 550 bps was amplified with fasBkn_HindIII/ fasBkn_EcoRI primer pair from NP10 genomic DNA and cloned into the 3.1 kb EcoRI/HindIII fragment of the vector pSOK201 (Table 1). The generated plasmid pOSC12-2KN was transferred into the NP10 strain via conjugation and resulting fasB-disruption mutant mNP10 (NP10/pOSC12-2KN) was verified by PCR using fasB_fwd/fasC_rev primer pair.

To complement the inserted mutation in mNP10 (NP10/pOSC12-2KN) and to generate the recombinant strains for heterologous expression of cluster C12-2 in different Streptomyces, the pKC1218H-based plasmid pOSC12-2EX containing genes noted in Table 5 was constructed. The DNA fragments encompassing genes from BGC C12-2 were amplified with primers given in Supplementary Table S1, generating three fragments, which were cloned into the pKC1218H through HindIII/SpeI/EcoRV/EcoRI restriction sites.

Escherichia coli strains were grown in Luria–Bertani (LB) broth or on LB agar, supplemented with chloramphenicol (25 μg ml-1), apramycin (100 μg ml-1), kanamycin (25 μg ml-1), and hygromycin (100 μg ml-1) as appropriate. XL1-blue was used for general cloning, ET12567 (pUZ8002) was used for intergeneric conjugative transfer of plasmids to Streptomyces as described before (Flett et al., 1997).

Spore suspensions of all Streptomyces strains were prepared in glycerol (20 %, v/v) (Kieser et al., 2000), maintained at -80°C, and used for the inoculation of cultures for further experiments. Starter culture was grown by inoculating spores (20 μl) into 100 ml flasks containing 20 ml vegetative medium (maltose 15 g l-1, tryptic soy broth 8 g l-1, yeast extract 4 g l-1, CaCO3 2 g l-1) and incubated during 48 h in a shaking incubator set at 30°C and 180 rpm. These starter culture was used for the inoculation of different media (0.4%, v/v) in Erlenmeyer flasks containing coiled stainless steel wires for better aeration, and incubated in dark at 30°C and 180 rpm in shaking incubator. Mutant was also grown at 8°C.

Free Fatty Acids Extraction and Analysis

For culture extract preparations Streptomyces strains were grown in 400 ml of MSY medium (maltose 30 g l-1, tryptic soy broth 8 g l-1, yeast extract 4 g l-1, CaCO3 2 g l-1, NaNO3 3 g l-1, MnSO4x7H2O 0.6 g l-1, ZnSO4 0.005 g l-1, FeSO4x7H2O 0.3 g l-1, CoCl2x7H2O 5 mg l-1) complemented when needed with either apramycin (50 μg ml-1 for apramycin resistant constructs) or hygromycin (100 μg ml-1 for hygromycin resistant constructs) for 6 days at 30°C shaking at 180 rpm. Prior to extraction, 10% of the culture volume was taken out for dry cell mass (DCM) measurement. Total remaining cultures (mycelium and medium broth) were extracted with equal volume of hexane/chloroform mixture (4:1) for preparation of crude FFAs extracts. Organic phase was dried under reduced pressure and weighted.

The solvent (hexane:chloroform, 4:1, v/v) extracts of all Streptomyces strains listed in Table 1, were treated with an ethereal solution of CH2N2 in order to convert FFA to their corresponding methyl esters (FAMEs), thus allowing their quantitative and further qualitative analyses by GC-MS as described (Ilic-Tomic et al., 2015).

Identification of Free Fatty Acids

The free FAs from NP10, mNP10, and mNP10_C12-2, were identified by GC-MS analysis as the corresponding methyl esters obtained after derivatization with CH2N2, as previously described (Ilic-Tomic et al., 2015). All analyzed total ion chromatograms contained several series of FAMEs showing regularities in their GC retention behavior (constant retention index difference of ca. 100 units) and possessing analogous mass spectra. The identification of saturated normal chain and branched (iso- and anteiso-) FAMEs was based on a combination of data coming from their mass spectra and gas chromatographic retention behavior. In addition to the mentioned spectral and retention data, the structure of monounsaturated normal and branched FAMEs, more specifically the double bond position, was inferred from the MS fragmentation patterns of the corresponding DMDS adducts. The identification was corroborated wherever possible by a subsequent GC-MS analysis of authentic standards. In order to clearly corroborate the presence of the cyclopropyl group in detected FAME, its identity was undoubtedly verified by co-injection of authentic sample obtained by cyclopropanation of methyl ester of 16:1ω7c using CH2N2 in the presence of Pd(PhCN)2Cl2 as the catalyst, whereas the position of branching methyl group in i-17:0cy9-10 (RI = 1966) was inferred from the corresponding ΔRI values. Data were presented as an average of at least two independent experiments.

RESULTS AND DISCUSSION

General Features of the Streptomyces sp. NP10 Genome

A draft genome sequence of NP10 strain was obtained using Illumina MiSeq technology, yielding a genome of ca 7.7 Mb. The genome was annotated and some of the general data in comparison to the closely related S. griseus XylebKG-1 isolated from an ambrosia beetle (Grubbs et al., 2011), and Streptomyces sp. JS01 isolated from mangrove sediment and having inhibitory activity against algae Phaeocystis globose (Zhang et al., 2014) are given in Table 2. Using Joint Genomics Institute online tools, we compared the genomes of NP10 and XylebKG-1, and found them to have a high degree of synteny (Figure 1A). Considering this, and the high similarity of the housekeeping genes, it appears likely that strain NP10 belongs to the species Streptomyces griseus. Similarly, the synteny between NP10 and JS01 genomes was tested (Figure 1B), showing that the latter isolate is also closely related to S. griseus XylebKG-1 and NP10, but has larger genome rearrangements compared to the NP10. It is noteworthy that so far there have been no reports on high-level production of FAs by any S. griseus strain or Streptomyces sp. JS01.

TABLE 2. Comparison of genome data of Streptomyces sp. NP10, S. griseus XylebKG-1 and Streptomyces sp. JS01.
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FIGURE 1. Genome synteny dotplots of Streptomyces sp. NP10 and closely related Streptomyces griseus XylebKG1 (A) and Streptomyces sp. JS01 (B). The “blue” line represents the regions of similarities between the two genomes, and the discontinuities in this line represent regions of genomic variations at a given locus due to transposon insertions, deletions, or horizontal gene transfer. Red line and dots represent likely inversions.



BLAST search of six housekeeping genes (gap, glnA, gyrB, recA, rpoB, and rpoC) revealed high degree of identity (>95% on nucleotide level) to the homologous genes in S. griseus XylebKG-1 confirming that isolate NP10 indeed belongs to the species S. griseus. Similar analysis was done for Streptomyces sp. JS01, whose six housekeeping genes were extracted from the JGI database and compared to their homologues from NP10. Even higher degree of identity (up to 99.9%) between the housekeeping genes from these strains was observed (Supplementary Table S2). Draft genome of NP10 was then subjected to the analysis by antiSMASH 4.02 (Blin et al., 2017a,b), the online platform for detection of gene clusters presumably involved in the biosynthesis of SMs. An extended search was performed, that included detection of putative gene clusters for FA biosynthesis. The results of the search were manually curated, eliminating some of the clusters that could not be clearly associated with secondary metabolism and splitting the others into separate clusters. Identical search and curation was performed for the genome of S. griseus XylebKG-1, and combined results are presented in Table 3. From the total of 34 SM BGC identified in this way in NP10 genome, 27 were also present in the genome of XylebKG-1. Interestingly, four gene clusters predicted to be involved in the biosynthesis of FAs were found in the NP10 genome, while only three were predicted to be present in XylebKG-1 genome. It seemed thus logical to assume, that the unique FA biosynthesis gene cluster designated C12-2 present in NP10 is responsible for the high-level production of FFAs by this strain. In an attempt to identify similar cluster in the genomes of other streptomycetes BLAST search was performed using C12-2 as a query. The one true hit of high-level identity (98–100% on individual gene level) was with the genome of Streptomyces sp. JS01.

TABLE 3. Secondary metabolite biosynthetic gene clusters (BGC) identified in the genome of Streptomyces sp. NP10 and their presence in the genomes of closely related species S. griseus XyelbKG-1 and Streptomyces sp. JS01 using antiSMASH 4.0 software followed by manual curation.
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antiSMASH 4.02 BGC prediction was performed for Streptomyces sp. JS01 in a manner similar to those done for S. griseus XylebKG-1 (Table 3) showing that JS01 shares even more identical BGCs with NP10 than XylebKG-1. In particular, NP10 and JS01 shared 30 of the 34 SM biosynthesis gene clusters, including C12-2.

Characterization of the C12-2 Gene Cluster

Genes involved in the biosynthesis of FAs in Streptomyces are normally organized in two sub-clusters (Gago et al., 2011). The first one includes genes coding for acetyl-CoA carboxylase (FabD - forms common extender unit malonyl-CoA via carboxylation of acetyl-CoA), 3-oxoacyl-ACP synthase III (Fab H – catalyzes the initial condensation of two acetate units), acyl carrier protein (AcpP), and 3-oxoacyl-ACP synthase II (FabB – catalyzes elongation of the FA chain). The second sub-cluster codes for the enzymes involved in the reductive steps of FA biosynthesis, ketoreductase FabG, dehydratase FabA, and enoyl reductase FabI. Based on the analyses described in the previous section, C12-2 was the only BGC that we could presume to be responsible for production of high amounts of various, non-canonical FFAs accumulated by Streptomyces sp. NP10. Gene cluster organization in comparison with the conventional FAS type II clusters from NP10 and Streptomyces coelicolor A3(2) are shown on Figure 2, and its genes and putative functions of their products are given in Table 4. Closest homologues of orf1-3 were identified in S. griseus XylebKG1, while closest homologues of BGC fasA-K and downstream open reading frames orf4-5 were identified in Streptomyces sp. JS01. In addition, in silico analysis of the C12-2 cluster ORFs revealed presence of a rare leucine codon TTA in the fasI ORF that is characteristic for SMs biosynthetic pathways controlled by the bldA-encoded tRNA (Hackl and Bechthold, 2015).

TABLE 4. Features of the BGC C12-2 presumed to be involved in the biosynthesis of unusual fatty acids (FAs) by Streptomyces sp. NP10.
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FIGURE 2. Organization of the C12-2 gene cluster presumably responsible for the overproduction of unusual fatty acids (FAs) in Streptomyces sp. NP10 (see Table 5 for details on gene functions). Conventional FA biosynthesis sub-clusters featuring genes homologous to the ones present in C12-2, both from NP10 isolate (cluster C70-2) and Streptomyces coelicolor A3(2) are shown underneath. Homologous genes in the clusters are indicated with vertical dashed lines. Insertional inactivation of the cluster via disruption of fasB gene in the mNP10 mutant is indicated.



Judging from the genomic context, we assumed that the genes fasA-fasK, organized as an operon, might be responsible for the FFA biosynthesis. In order to verify this, intergenic region upstream of the fasB gene ORF encoding for 3-oxoacyl-ACP synthase II was amplified and cloned into the pSOK201-based suicide vector (Zotchev et al., 2000). The reason for choosing fasB for disruption was its presumed crucial role in the initiation steps in the FFA biosynthesis. The resulting plasmid pOSC12KN was introduced into NP10 by conjugation from E. coli, yielding several transconjugants. Three of these transconjugants were verified by PCR for correct integration of the construct into NP10 genome. All three were confirmed to be correct knock-out mutants, and one was chosen for further studies (Supplementary Figure S1). This mutant, designated mNP10 (Table 1), was subjected to fermentation along with the wild-type strain in the conditions typically resulting in high-level production of FFAs (Ilic-Tomic et al., 2015). The FFA content of the cultures and the results of the FFA identification analysis are presented in Figures 3, 4 and Table 5. Evidently, disruption of fasB led to almost complete abrogation of FFA production in the mutant mNP10, supporting our hypothesis regarding the function of this gene cluster. The growth of this mutant was comparable, but somewhat delayed compared to the wild-type NP10 (data not shown). Contrary to the wild-type NP10, the mutant was not able to sporulate on solid media at 8°C, while in the liquid culture it produced 30% more biomass compared to NP10. Therefore, impaired accumulation of FFA appeared to be beneficial for the biomass formation, while influencing negatively morphological differentiation at lower temperatures. The latter effect can be related to the disturbance of membrane lipid homeostasis, which has been shown to affect differentiation in S. coelicolor (Arabolaza et al., 2010).
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FIGURE 3. (A) Amounts of total, normal chained (N), iso-branched (I), anteiso-branched (A), and unsaturated (U) free fatty acids (FFAs), and (B) major classes of FFA produced by NP10 and their production in mNP10 and complemented mNP10 (mNP10_C12-2). Data is an average of two independent experiments.



The gene content in the C12-2 cluster is unique with regard to putative roles of their products in the FA biosynthesis, and to our knowledge similar gene clusters have not been reported before. Homologues of FabH, encoded by fasB and fasF, are likely to be involved in the initiation of FFA biosynthesis. Despite proposed similar function, these proteins share only 20% identity, suggesting disparate roles, possibly in the utilization of the starter unit. The role of FasD would be to extend the starter units appended on the ACP encoded by fasC. Two putative enoyl-ACP reductases FasE and FasG, with predicted function of double bond reduction during FFA biosynthesis are quite dissimilar (only 36% identity), implying that they may have different substrate specificities. This seems plausible, considering structural diversity of FFAs produced by NP10 (Ilic-Tomic et al., 2015). Additional modification of FAs may be afforded through the action of enzymes encoded by fasJ (encodes putative FAD-dependent oxidoreductase) and fasK (encodes pyridoxamine 5′-phosphate-like enzyme), but the nature of such alterations is not possible to predict. Although the role of FasK in the biosynthesis of FFAs cannot be suggested at the moment, it is possible that FasJ has a function of ketoreductase or dehydratase. Alternatively, enzymes having the latter activities, such as FabG and FabA, as well as acetyl-CoA carboxylase FabD may be recruited from primary metabolism.

Enigmatic remains the role of AfsA homologue encoded by the fasA gene, which may be responsible for the generation of FA esters together with the putative phosphatase encoded by fasH, in analogy with the A-factor biosynthesis pathway (Kato et al., 2007). No such esters have been identified, however. Alternatively, a true butyrolactone, which has so far not been detected, may be biosynthesized by a concerted action of fasA, fasH, and fasJ gene products.

Complementation of the mNP10 Mutant and Heterologous Expression of the C12-2 Cluster

The presumed complete C12-2 gene cluster was subsequently cloned into the pKC1218H vector, a modification of the low-copy autonomously replicating shuttle plasmid pKC1218 (Bierman et al., 1992) where the apramycin resistance marker was replaced with the hygromycin resistance gene (Sun et al., 2017). The cloning involved joining of three PCR-amplified parts of the C12-2 cluster, which were verified by DNA sequencing. The resulting plasmid designated pOSC12-2EX was introduced into the NP10 C12-2 mutant (mNP10), yielding recombinant strain mNP10_C12-2 (C12-2KN/pOSC12-2EX). Analysis of the FFA content of both strains revealed that insertional inactivation of the cluster resulted in almost complete abrogation of FFA accumulation in mNP10, while introduction of pOSC12-2EX into mNP10 restored FFA accumulation to ca 0.4% of the wild-type level (Table 5 and Figures 3, 4). The total amounts of free FAs produced by strains mNP10, mNP10_C12-2, and wtNP10 were 0.12 ng mg-1, 40.3 ng mg-1, and 10021 ng mg-1 of dry cell weight, respectively (Table 5). Although the production of FFAs in mNP10 was almost completely abolished, different classes of FFAs were affected to a different extent. The production of unsaturated FFA was diminished ca 7 × 103 fold, normal-chained FFAs were reduced ca 105 fold, and levels of branched FFAs decreased over 1.6 × 105 fold (Table 5).

TABLE 5. Total FFA profiles of the wild-type and the mutated strains of Streptomyces sp. NP10.
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Although low-level complementation is not uncommon in Streptomyces (Nedal et al., 2007), and may depend on whether and where the complementing genes are located, we decided to test a possibility of heterologous expression of the C12-2 gene cluster. For this purpose, Streptomyces lividans TK24, often used for heterologous gene expression was chosen. Plasmid pOSC12-2EX was introduced into S. lividans TK24 and production of FFAs by the recombinant strain TK24_C12-2 (Table 1) was investigated as compared with the controls (TK24wt and TK24_Hyg, strain carrying empty vector pKC1218H). No high-level production of FFAs was detected by any of these strains (Supplementary Figure S2), suggesting that the cloned gene cluster may be not expressed in S. lividans, or some other genes, possibly involved in regulation of precursor supply in NP10 are needed for proper functioning of this gene cluster. Another possibility is that the presence of TTA codon in the fasI gene hampers efficient translation, and thus impairs functional expression of the cluster. We have also observed very low segregational stability of the pKC1218H vector even in the presence of hygromycin. Most likely, hygromycin phosphotransferase encoded by the vector is efficiently expressed and inactivates antibiotic early during the growth, thereby eliminating selection pressure needed to maintain the vector during the fermentation.

Identification of FFAs Produced by the Recombinant Strains

Detailed characterization of the FFAs produced by mNP10 and C12-2-complemented mNP10 strains with respect to total FFA production per mg of dry mass mycelium, amount of normal-chain, branched and unsaturated FFAs as well as the amount of most abundant FFAs is presented on Figures 3A,B. Complete profile of FFAs produced by mNP10 and mNP10(C12-2) in comparison with the wild-type strain NP10 is presented in Table 5, and detailed analysis of individual FAs is given in Supplementary Table S3. Notably, not only the total amount of FFAs decreased drastically, but also the diversity of most abundant FFAs decreased from 40 different acids detected in the wild-type strain to 28 detected in mNP10 (Supplementary Table S3). Diversity of normal-chained FFAs was the most affected, while branched and unsaturated FFA diversity was less influenced in the knock-out mutant.

Comparison of mNP10 and complemented strain mNP10_C12-2 showed partial restoration of biosynthesis of all classes of FFAs (Figure 4), but the production of some of the saturated medium C-chain length (C8-12) FFAs, both normal and branched, failed to be restored even in traces (Supplementary Table S3). The largest contributors to the total FFA content of the mNP10(C12-2) were the saturated FAs, mainly the branched ones, with long iso- and anteiso- chain being predominant, with only a minor portion of unsaturated FA and cyclopropane FA detected (Table 5). When compared to mNP10, the increase of FFA levels in the complemented strain mNP10(C12-2) was approximately 700-fold for total branched-chain FFAs, and approximately 400-fold for normal-chain FFAs. Free FA profile of mNP10_C12-2 was dominated by saturated anteiso-FA with a-15:0 (9.26 ng mg-1), a-17:0 (2.47 ng ml-1), and iso-FA with i-16:0 (6.16 ng mg-1) as the most abundant ones. These branched chain FAs were followed by normal chain isomer 16:0 (4.26 ng mg-1). Interestingly, while the wild-type strain and the knock-out mutant produced only traces of some FA methyl esters, in particular methyl(Z)-9-octadecenoate, methyl-8-(2-(4-methylpentyl)cyclopropyl-octanoate, and methyl(Z)-14-methylhexadec-9-enoate, complemented mutant produced measurable amounts of these FAs. It seems likely, therefore, that enzymes encoded by the C12-2 gene cluster are particularly important for the production of such metabolites.
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FIGURE 4. Comparison of FAA production in mNP10 and complemented strain mNP10_C12-2 by FA classes (A), and regarding major FA products (B). Data is an average of two independent experiments.



CONCLUSION

Unprecedented ability of Streptomyces sp. NP10 to produce copious amounts of structurally diverse FAs (Ilic-Tomic et al., 2015) prompted us to gain a genome-based insight into this phenomenon. Although genome of NP10 proved to be very similar to those of several strains belonging to S. griseus clade, comparative analysis aimed at identification of possible FA synthases helped to identify a candidate gene cluster. Subsequent gene inactivation and complementation proved this cluster to be involved in the biosynthesis of various FFAs in NP10. The cluster appears to be unique, since such gene combination has never been reported for a FA biosynthesis gene cluster. This study provides a platform for detailed analyses of these genes and their products, which will allow identification for their roles in the biosynthesis of structurally diverse FFAs.
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