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Polyketide Synthase Gene Diversity within the Microbiome of the
Sponge Arenosclera brasiliensis, Endemic to the Southern Adantic
Ocean
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Microbes associated with marine sponges are considered important producers of bicactive, structurally unique polyketides. The
symthesis of such secondary metabalites involves type | polyketide synthases (PKSs), which are énzymes that reach a maximum
complexity degree in hacteriz. The Haplosclerida sponge Arenosclera brasiliensis hosts a complex microbiota and is the souree of
arenosclerins, alkaloids with cytotoxic and antibacterial activity. In the present investigation, we performed high-throughput
sequencing of the ketosynthase (KS) amplicon o investigate the diversity of PKS genes present in the metagenome of A. brasil-
iensis. Almost 4,000 ketosynthase reads were recovered, with about 90% annotated automatically as bacterial, A totul of 235 bac-
terial K5 contigs was rigorously assembled from this sequence poal and submitted to phylogenetic analysis. A great diversity of
six type 1 PKS groups has been consistently detected in our phylogenetic reconstructions, including a novel and A, brasiliensis-

exclusive group. Our study is the first to reveal the diversity of type I PKS genes in A. brasiliensis as well as the potential of its

microbiome to serve as a source of new polyketides,

M any maring sponges are known as bacteriosponges because
they host dense miceobial communities {1, 2}. The advent of
massively parallel 165 rRINA gence tag pyrosequencing (3-5} led to
the discovery that the bacterial communitics in marine sponges
are highly diverse, almost exclusively found in sponges, and
mostly (approximately 72%) species specific (3, 6).

The synihests and/or accumulation of secondary metabolites
by marine¢ sponges or their symbionts may provide chemical de-
fenses against pathogens, predators, and competitors (7). These
secondary metabolites may aleo act as chemical mediatorsand can
therefore he considered key factors in the coevolution of sponges
and their symbiotic microbiome {8, 9). Sponges from the order
Haplosclerida, for example, are a source of a varicty of bloactive
polycyclic alkaloids (10). The prototypical sponge-derived alka-
loid manzamine A, which has potent antimalarial activity (11),
was found in several geographically and taxonomically unrelated
haplosclerid sponges; these observations strongly supgested that
marnzamine A has a symbiotic origin, A patent has reported the
production of manzamine A by an actinobacterinm (Micromona-
sprora sp. strain M42} isolated from the sponge Acanthostrongylo-
phora sp.; however, no biosynthetic gene clustes hos yet been re-
ported for this actinebacterium (12}, The synthesis ol structurally
complex Haplosclerida alkaloids is pulatively derived from the
head-to-tail addition of 3-atkylpiridine (or 3-alkylpiperidine)
precursors that originate from a modular polyketide synthase
(13~15). Untl now, these enzymes have been found exclusively in
Microorpanisms.

Polyketide synthase (PKS)-derived secondary metabolites, such as
the Haplosclerida alkaloids, are products from the successive conden-
sation of acyl coenzyme A (acyl-CoA) thioesters (16). Inbacieria, type
T PK3s demangtrate higher complexity as multifunctional and mod-
ular cozymes that work in an assembly line fashion to perform the
synthesis of complex polyketides, Bacterial imodular PKSs can belong
ta 1w phylogenetically unrelated groups, which diverge mainly by
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the presence (cis) or absence (frans) of the acyl-transferase (AT) do-
main In the cxtender modudes {17).

Phylogenetic analysis of ketosynthase (KS) domains has re-
vealed that modular type I PESs evolved by duplication but diver-
sified mainly by recombination reprogratnming of these and other
funclionalities (18), K5 phylogenetic analysis also showed that the
unconventional frans-A’l subtype evolved independentiy of the
cis-AT type T PK3s, which possibly implicates horizontal gene
Lesns(er and recombination events (19). KS phylogenies have been
used to effectively cstimate diversity and to precisely dissect type 1
PKSs from complex metagenome backgrounds (20-24). In a sys-
tematic investigation, 150 K§ sequences from metagenomic DNA
of 20 different demosponges were analyzed, and a sponge-specilic
PKS group, which is termed symhiont ubigquitons type T PKS
(Sup) and is involved in the synthesis of methyl-branched farty
acids, represcoted 88% of the cloned sequences (23). In addition,
modular cis- and trans-AT PESs, which are typically refated to the
production of bivactive compounds, were detected at low fre-
quencies, Similarly, both the PKSs in hybrid nonribosomal pep-
lide synihetase (NRPS)-PES systemns and the FAS-like type I PKSs
(RkpA and WcbR) related to the synthesis of capsular lipopoly-
saccharide were detected at fow frequencies (23). Orthologs of the
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FIG 1T MG-RAST annatation, (A) Taxonamic chssification of contigs and reads bused on GenBank annotation; (B) function annotation of contigs and reads
based on Subsystems annotation. *I'he number of reads was 172,629, and the number of contigs was 3,936,

RkpA gene and those of rifamycin synthages were alzo detected by
phylogenetic analysis of K58 recovered from alphaproteabacterial
(25} and actinomycete (Sulinnspora) sponge isalates (21).

Efforts to estimate the diversity of PKS systems in sponge
holobionts have relicd mainly on plasmid cloning stralegics,
which may lead to underestimalions as a resull of the ¢loning
process. An cxeeption $ (the study of the large-scale scquenced
PKS amplicons from Cacospongia-associaled Portbacteria (26),
Maorcover, there 1$ a lack of studics on the PKS diversity in sponge
species endemic to the southern Atantic Ocean. One example of
an undemstudied sponge species is Aremosclera brasiliensis, which is
the source of cytotoxic and antibacterial complex allaloid arcno-
sclerins A to C (27, 28). Here, we report an analysiz of PES gene
diversity in the A. brasiliensis microbiome conducted by means of
massive parallel pyrosequencing and a comprehensive phyloge-
neticanalysis of K& amplicons, Wealso determined the taxonomic
sigrature of the recovered KS contigs.

MATERIALS AND METHODS

Samiple collection and DNA izolation. Specimens of A. brasiliensis were
collected at Joao Fernandirho's Deach, which is located in the Dizios
peninsuia in the gtate of Rio de Janeiro (22°44°497'/41°52"54" "W, during
two expeditions in May 2010 and January 201 1. Sponige specimens were
transported under controlled temperature (24°C) in acrated seawater for
approximitety 3 h and then washed and processed for total DNA extrac-
tion exactly as previously described (29). Hriefly, samples were sel on
sterile sgawater [or 5 w 10 i, dissecied with o steride scalpel, dried by
gently pressing om sterile paper lowels, and ground m liguid nilrogen.
Approximately | g of ground tissue was used for DNA extraction abd
purification with 4 M guaniding hydrochloride buffer followed by phe-
nol-chloroform.

K5 PCR amplification and pyrosequencing, ‘Lhe ketosynthase (K5)
gene fragment was amplified from three samples of A, brasiliensis meta-
genomic TNA (Abl, Ab2, and Ab5). Reactions were performed as previ-
ously described (20, 30). We used 0.1 pg of the template DNA and the
degenerated primer paits KSDPQOQF (5'-MGN GAR GCN NWN SMN
ATGGAY CCN CAR CAN MG-3")WEKSHGTGR (5" -GGR TCN CUN ARN
SWNGTN CCN GTN CCRTG-3), KSE2.1 (5'-GCTLATG GAY CCI CAR.
CAR MGI VT-¥yYK55R.1 (5'-GT1 CCI GTI CCR TGI 5CY TCI AC-3'),
and K8F2 g (5'-GC8 ATG GAY CC8 CAR CAR CGSE VT-3")/KS5R.gc
(3'-01 CCS GTS CCR TGS 5CY T'CS AC-3"). The products from 10
PCRs with cach I3NA template were then combined and gel purified using
Lthe QlAquick pel extraction kit (Chagen). Finally, ~500 oy of the purnitied
K5 amplicons (~750 bp in length) were sequenced by the 454 pyrose-
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quencing methodology {31) using GS-FLX TITANTUM chemistry with
the GS<FLX instturnent (Rovhe Applied Science).

KS sequence assembling and comparisons. The sequences obtained
were assembled with Newhler (software package for de novie IDNA se-
quence assembly) using highly siringent conditions, incduding a mini-
mum alignment length of 130 nucleotides and at least 99% similarity. For
querying K3 sequences, we built a hidden Markoy model (1IMM) single
profile by aligning 80 K5 sequences trom type I PKS enzymes that had
been ratrieved from the Uniprot database (32) using the MEGAS software
(33) and HMMER version 3 sofiware (34), In parallel, A, brasiliensis con-
tigs and the rernaining singletors were tanslated in all six reading frames
using the Transeq soltware available in the Eurofrean Modecular Biology
Open Source Suit (Bmboss) (35). Finally, the translated database was
quericd for the KS HMM profile with an E value of 107 We used the
special blast toal in order to search for conserved domains (httpd//www
nchi.nlm.nih.gov/Structure/cdd/wipsh.cgi). The recovered sequences
were gueried agaitist the NCBInr (honredundant) protein database of the
WCBI using the BLASTp for confirmation of K5 identity. Additionally,
more (han 200 Mb ol A. brasiiensis=denived sholgan pyrosequencing duty
{29) was screened for K5 sequences. To access the rare K5 sequence, we
assembled all of the sequencing data (samples Ab] to Ab7) with Mewbler
{version 2.6) using stringent parameters, including a minimum alipnment
of 50 nucleotides and at least 95% similarity. The generated contigs and
singletons were then screened using the designed K3 single profile
HMMER, as described above. K35 sequences before and after assembiing
were submitted 1o MG-RAST (36). The porentiat of these sequences to be
assaciated with known metabolic functions was tested using the Uniprot -
TrEMEL databasc with a maximum E value of 10 ~*. The functional an-
notation results were then compared.

Phylogenetic reconstruction and taxonomic assignment. K3 se-
quences were aligned in MEGAS (33). The resulting alignment was used
for neighbor-joining (MNJ} and maximum likelihood {ML) grouping with
1,000 and 100 boolstrap ceplicates, vespectively. All K3 sequences were
tueried gsing BLASTp (E value of 1077) against the GenBank Microbe
Genomes dalabase (22 September 2011 version) and nonredundant
GenBatk database, The identity values of the best scores were retained for
euch b terial phylum/class,

Nucleotide sequence accession numbers, The raw inpuot and the as-
sembled sequences of KS wmplwon pyrosequenciug dala are available s
the MG-RAST server under project “Archosclera brasiliersis_PES diver-
sity." The sequence dota af A brasdliends metagenomes is also available
under project “Arenosclera brosiliensis_Metagenome” (29). The sequences
of K8 conligs were deposiled into GenBank under accesgion numbers
IX012425 to JX012657 {(contigs from amplicon pyrosequencing) and
TX94%644 (contig from sponge metagenome shotgun pyrosequencing).
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FIG 2 Maximum likelihood tree of partial PK3 sequences (approximately 229 amino acids). Ketosynthase sequences from (i) the metagenome of sponge A,
Hravitienyis (gray kabelz), (1i) other sponge metaganames (black labels), (iii) reference sequences of type FPES subtypes (labeled in the color of the respective PKS
subtype), and {iv} ather specific taxonomic groups to help with the identification of the K5 subtypes amplitied from the A. brastiiensis metagenomes. Boolstmp
values greater than 40% are shown at the nodes. The sequences marked in salmon are Mycobocterium fotty-acid synthascs (FAS). The subtypes of TKE: arc
indicated. The internal bars indicate taxonomic clades. 1, 2. 3. and 5. Achnobacteria: 4. 6. and 7. Cyanobacterio: 8 and 9. Dellaproteobacteria; 10,

Alphaproteolucteria.

RESULTS AND DISCUSSION

To estimate the diversity of PKS genes, ketosynthase genes were
amplificd fram metagenomic DNA of three A, brasiliensis speci-
mens, Thereafter, the amplified products were pyrosequenced.
generating approximately 40 Mb of sequence data. The reads from
each K3 metagenome (MG_KS1-3) had an average length of 269
bp and were assembled (o form contigs wilth a maximom size
equal to that of the purified amplicon bands (600 to 800 bp) (scc
Table 51 in the supplemental material). The number of contigs
formed, the amount of reads assembled, and the humber of cons
tigs from cach metagenome used in phylogenctic analysis are de-
tailed in Table 51 in the supplemental material, Both Lhe assem-
bled and vnassembled K5 metagenomes were taxonomically and
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fimctinnally annatated using the MG-RAST server {Fig. 1). The
taxonromic annotation assipned more than 90Y% of data as bacte-
rial sequences, and functional annotation generated a vast major-
ity of hits for the ketosynthase domain or associated nomenclature
(i.e., polyketide synthase, f-ketoacyl synthase) (Fig. 1A and B).
These resuits conflizmed Lhe specificity of our PCRs and the high
quality of the assemblage.

PKS diversity. In parallel to the MG-RAST annotation, we
screened the metagenomic data for the generated HMM K3
profile and recovered a total of 5,936 K5 contigs, Of the 314
contigs signed as eukaryote at MG-BAST (Fig. 1A), only a sub-
set of 262 sequences was validated as ketosynthase gene frap-
ments. Interestingly, a blast search of these K8 sequences
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a5 Lhe best hit,

against the nr dalabase revealed that more than 60% of the tap
10 best hits abtained were assigned to bacteria (see Fig. 51A in
the supplemental material). The prevailing classes were Proteo-
bacteria (61%), Actinobacteria (16%), and Cyanobacterin
(149%) (see Fig, 518 in the supplemental material). The differ-
ing annotation results of our blast searches might reflect the
wcak laxonomic signal of the query K8 sequences, as well as the
bias intrinsically associated with both the MG-RAST and
GenBunk's nr datubases. However, considering that the nr da-
tabaze is bigger, our results supgest that these K8 scquences
might be derived from bacteria. Navertheless, such PES se-
qjuences might also he acquired by enkaryotes via lateral gene
transfer cvents with bacteria as the donor. BLAST searches of
eukaryotic sequences from A. brasiliensis melagenomics re-
sulted in automatically annolated hits of alvecolata and fungi
genomes ot K5 genes of unknown pathways (37).

Only the scquences annotated as bacteria were included in
our phylogenetic analysis. A total of 235 of these K8 contigs
encoded uninterrupted protein sequences of at deast 150 aming
acids; these results demonstrated that the guality of the data
was high and sullicient fur further phylogenetic analysis, These
contigs also revenled the presence of conserved <ysteine and
histidine residues in the catalytic triad (CHH) of active KS
domains from type | FKSs (33, 39) as well as the primer-atiach-
ing conserved motifs DPQOR and HGTGT (40, 41) (see Fig, 52
in the supplemental material). The 235 K5 contigs were aligned
with 47 K domains from reference PES systems as well as 226
ather K§ sequences previously recovered from sponge-microbe
assoclation studies (see Table 82 in the supplemenial material),
The total alignment of 508 sequences was then wsed {or neigh-
hor-joining ()} and maximum likelihood (ML) phylogenetic
reconstruction. Both methods generaled wopologically simitar
trees, although the ML topology was more robust and pue-
sented higher bootstrap values {Fig. 2}, Based on the reference
K5 sequences, we detected that our amplicons fell within all six
K5 groups in the phylogenetic (ML) reconstruction (Eig. 2; the
PKS type 11 outgroup is in black). This result demonstrates the
large variety of type | PKS ¢nzymes present in these samples
(Fig. 2; sequences rom A, brasiliensis are labeled in gray).

In order to determine the closest taxonomic neighbors of
the bacterial KS contigs recovered, each aligned K5 sequence
was blasted against GenBank’s microbial penome dalabase. The
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values of identity that were obtained varied hetwsen 46 and
96%, and a high level of sinilarity was obtained (8249) for the
A. brasiliensis K3 contig (meta_2_contigD0168 4, meta 2
conligD0109_1) 1oward Mycebacterivm marinum and Agrobac-
terium vitis (see l'able 52 in the supplemental material). The
average best-identily scores were approximatcly 60% (sce Ta-
ble 52), which cnabled identification at the level of family or a
higher taxonomic rank.

Sup group. Approximately 54% of the publicly available sponge-
derived K8 amplicons (122 sequences) are grouped into the symbiont
ublquitous PKS group (Sup) {Fig. 2, marked in yellow). Only two
{0.8%) ol the KS sequences {meta_ 2 contigd0100_1 and meta_}_
contiglf196) araphified from the A. brasiliensis metagenomes fell
within this clade, These observations were in opposition to the previ-
ously observed dominance of Sup-like PKS clones (84%), which was
reported for the metagenomes of 20 different sponge species (23).
Such discrepancics may reflect the relative abundance of the micro-
bial community containing the Sup PKS genes. Once we excluded
plasmid-cloning artifacts and performed our analyses mn triphcate
(pyroscquencing K3 amplicons from three A, rasiliensis specimens),
the possibility that any KS amplicon fad been lavored durhsg our
sequencing protocol was low, Therefore, a more convineing explana-
tion would be that A_ brasiliensis belongs to a group of Demospongiae
in which the Sup PKS-containing microbes, such as Poribacteria (42,
43). arc not as abundant. Finally, taxonomic assignment of the se-
quences revealed that three internal geoups of Sup contained K5 do-
mains that showed higher similarities to regions within Mycobacte-
rium genomes (Fig, 2, internal bars 1o 3.

Cis-AT-PKS grovp. Following the ML topology counterclock-
wise, we found that 26 (11%) of the A, brasiliensis KS sequences
grouped within the K5 domains from the typical as-AT type ]
PESs (Fig. 2, marked in dark green). Additionally, 46 recovered
K5 (19.5%) formed minor clades with other sponge-derived KSs
(20, 23} that were also phylogenetically relaled to the ¢s-AT PES
systems (Fig, 2, clades in light preen; see also Table 82 in the sup-
plerental material).

Approximately 19.6% of such A, brasiliensis-derived K35
contigs were closely related to actinobacterial K5 sequences
(Fig. 2, internal bar 5; see Table 82 in the supplemental mate-
rial). Actinebacteria, particularly the species belonging to the
order Actinomycetaley, are known o be a source of ¢is-AT PES
systerns, including those involved in the synthesis of clinically
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validated antibiotics as well as of several ¢is-AT PKS systems
that remain unexplored (44). The production of manzamine A,
an alkaloid found in several haplosclerid sponges, has been
assigned to an Actinpimycetales strain ot the genus Microipono-
spora (12}, Furthermore, our previous melagenomic analysis
indicated that Actinobacteria was one of the most abundant
bacterial phyla in the microbiome asseciated with A_ brasilien-
iz (29}, Therefore, it is reasonable to suggest that A. brasilien-
sis=associnted Actinobacteria communities might be respongi-
hle for the praduction of sccondary metabolites as well as of
bivactive polyketides.

A subgroup of A, brasiiensis-derived K5 contigs showed the
greatest similanty to deltaprotecbacteria genomes (Fig, 2, internal
bar 9). This subgroup also formed a well-supported (bootstrap of
989) monophyletic group with KS domains from the myxobac-
terial NRPS-PKY hybrid routes, which have specificities tor un-
wsual starter uning (Fig, 2, highlighted in gray, and Fig. 3), Three
additional internal clusters were related to Cyanobacteria (Fig. 2,
internal bars 4, 6, and 7); together, a total of five clusters were
assigned to a specific bacterial phylurn,

Naovel PKS duster. Our phylogenetic reconstructions also
consistenily grouped 59 of the recovered KSs from A, brasiliensis
{25%) into a monophyletic group {Fig. 2, group colored in pink).
This group, consisting only of A, brasiliensis KSs, was maintained
in spite of the inclusion of KSs from other known cis- and
trans-A'T PKS and NRPS-PKS hybrid systems, as well as the FAS-
like PK3s involved in the biosynthesis of polyunsaturated fatty
acids {(FUBA) (45), cncdiynes (46), and cyanobacterial heterocysts
(17) {see Fig. 53 in the supplemental matcrial}.

A substantial portion (69%) of the K5 contigs it locmed this
novel PKS cluster showed greal similarily Lo dellaproleobacteria,
parGcularty the fourth KS domain encoded by the pene phsNI
(YP_005369384) from the myxobacteria Corallococcus coralloides
DSM 2259 (Fig. 2, internal bar 8; see also Table 52 in the supple-
mental material) {48). The pksNT encodes an vnusual MEPS-PES
hybrid protein with at least 15 identifiable catalytic domains that
could be organized into four active modules (Fig. 3). The fourth
K3 (K54} domain of the putative PksN! megasynthase stands
alone at the profein’s carboxyl terminus {Fig. 3, K3 in gray).
Dowwngtrearn of pksNI, the gene ppsE2 encodes a PES-learing
protein that contains four catalytic domains and hypothetically
creates a modole with PksN1 K54 (Fig, 3, hypothetical module in
gray). In silico analysis suggested that the PlsN1 NMRPS maodule
loads and cyclizes a cysteine residue, leading to a thiazoline-bear-
ing hypothetical metabolite that has yet 10 be isolated from any
Haplosclerida sponge.

FAS-like type 1 PKS cluster. Another 6% of the recovered K5
contigs were closely related to either the KS domain in the RkpA
and WebR reference PKSs or Lo the RkpA-orthologous environ-
mental KS sequences previowsly discovered (23, 25, 43) (Fig. 2,
dark blue cluster; see Table 52 in the supplemental material), In
fact, cight K5 contigs that were morc similar to the alphaproteo-
bacterial genomes grouped corroboratively with RkpA-like se-
quences from Psewdovibrio sp, with a bootstrap support value of
89 (Fig- 2, internal bar 14 scc also Table 52).

The capsular polysaccharide (KPS} synthesized by the
rkpARCDE aperon has been shown to he a determining factor
in both symbiotic (49) and pathogenic (50) bacteria-host in-
teractions. The repetitive isolation of rkpA homologues from
sponge melagenomes supports the long-standing hypothesis
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that capsule production may function as a critical factor for
sponge-associated bactetia to escape recognition and phagocy-
tosis by host cells (51).

Trans-AT PKS group. A total of 58 contigs recovered (Tom A,
brasifiensis (approximately 24%) grouped with the K domains
from characterized trans-AT type 1 PKS routes as well as other
sponge-derived sequences that had previcusly becn related to
these PES systemns (Fig. 2, group marked in red; see Table 52 in the
supplemental material), Twenty-four of such contigs (20%)
formed robust clusters (hootstrap values above 60) with the K3
domaing from Burkhelderia, including RhiK54 and Taik52;
RhiK%4 and TaikK52 are known to be involved in the production of
the anticancer compound rhizoxin (52) and the synthesis of thai-
fandamides (19}, respectively (Fig, 2). Interestingly, we previously
showed that A, brasiliensis mctagenomes are enriched for se-
quences that are taxonomically assigned to Burkholderiales (29).
Muost of the taxonomic assignments for the rans-AT type 1 FKS
cluster were assigned to the Firmticutes (14%) and hetaproteolsac-
teria (24%) groups (sce Table 52). However, even the internal,
robust clusters within this group covld notbe assigned (o a specific
bacierial taxon.

K35 domainy from the trans=-AT PESs have been shown Lo group
aceording to their substrate type, independently of being a mem-
hership helonging to a specific baclerial taxn (19). Therefore, the
contigs forming the trans-A'l' PKS cluster were realigned with
additional reference KSs of knows substrate specificity (Fig. 4).
The new phylogenies revealed the putative specificily of several
contigs for different substrates, including double-bonded, re-
duced B-mcthylated and pyran moictics {Fig. 4}, Although the
characterization of an entire trans-AT PKS route would be neces-
sary for an aceurate prediction of the chemistry of these com-
pounds, this is another indication that A. brasiliensis microbiome
might produce complex polyketides.

NRPS-PKS group, The remaining 21 KS contigs that were re-
covered (9%) grouped with K5 domains that recognized amindg
e id substrales o the typical NRPS-PES Liybsid systems (Fig. 2,
light-tluc cluster), Ne internal rabust clade of this group could be
assigned to a particubar bacterial phylum,

Finally, a uniquc K5 contig was recovered from approxirmately
150 Mb of data from the A, Brasifiensis shotgun pyrosequencing,
This K5-like region clustered with a type I PKS outgroup (Fig. 2,
serquence in omange). In agreement with these observations, the
sequence of this putative protein returned greater BLAST hits for
fatty-acid biosynthesis-related beta-ketoacyl-acyl-carner-protein
synthase (KAS).

Concluding remarks. The microbiome of Lhe marine sponge
Arenosclera brasiliensis harbors a large diversity of type I PKS sub-
types. Actinobacieria, Cyanobacleria, Alphaproleobucteria, and
Deltaproteobacteria (Burkhalderia) were related 1o subgroups of
the FK3 subtypes, which implies that these bacteria exchange PK3
genes in the sponge holobiont. We also identified a novel type 1
PKS group containing K3 sequences homologous to a K5 domain
from a pulative PKS-MNRPS hybrid enzyme in the myxobacterial
strain [DSM 2259, Therefore, our results enabled the study of a
promising hiosynihetic gene group from this strain. Our findings
coatribute to the discovery ol new genes lor drug production, and
they may open new avenues for polyketide production via fermen-
tation processes using culturable strains along with heterclogous
expression of specific PKS gene cassettes,
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