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ABSTRACT Pseudoalteromonas species produce a diverse range of biologically active
compounds, including those biosynthesized by nonribosomal peptide synthetases
(NRPSs) and polyketide synthases (PKSs). Here, we report the biochemical and genomic
analysis of Pseudoalteromonas sp. strain HM-SA03, isolated from the blue-ringed octopus,
Hapalochlaena sp. Genome mining for secondary metabolite pathways revealed seven
putative NRPS/PKS biosynthesis gene clusters, including those for the biosynthesis of
alterochromides, pseudoalterobactins, alteramides, and four novel compounds. Among
these was a novel siderophore biosynthesis gene cluster with unprecedented architecture
(NRPS-PKS-NRPS-PKS-NRPS-PKS-NRPS). Alterochromide production in HM-SA03 was also
confirmed by liquid chromatography-mass spectrometry. An investigation of the biosyn-
thetic potential of 42 publicly available Pseudoalteromonas genomes indicated that some
of these gene clusters are distributed throughout the genus. Through the phylogenetic
analysis, a particular subset of strains formed a clade with extraordinary biosynthetic
potential, with an average density of 10 biosynthesis gene clusters per genome. In con-
trast, the majority of Pseudoalteromonas strains outside this clade contained an average
of three clusters encoding complex biosynthesis. These results highlight the underex-
plored potential of Pseudoalteromonas as a source of new natural products.

IMPORTANCE This study demonstrates that the Pseudoalteromonas strain HM-SA03, iso-
lated from the venomous blue-ringed octopus, Hapalochalaena sp., is a biosynthetically
talented organism, capable of producing alterochromides and potentially six other spe-
cialized metabolites. We identified a pseudoalterobactin biosynthesis gene cluster and
proposed a pathway for the production of the associated siderophore. A novel sidero-
phore biosynthesis gene cluster with unprecedented architecture was also identified in
the HM-SA03 genome. Finally, we demonstrated that HM-SA03 belongs to a phyloge-
netic clade of strains with extraordinary biosynthetic potential. While our results do not
support a role of HM-SA03 in Hapalochalaena sp. venom (tetrodotoxin) production,
they emphasize the untapped potential of Pseudoalteromonas as a source of novel nat-
ural products.
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The genus Pseudoalteromonas, formerly classified as Alteromonas (1), encompasses a
group of Gram-negative Gammaproteobacteria commonly found in seawater and

marine sediments and in epiphytic associations with seaweed, sponges, and ascidians.
Pigmented species, in particular, produce a wide variety of bioactive compounds (spe-
cialized metabolites) of ecological and pharmaceutical significance, including numer-
ous broad-spectrum antibiotics and potent siderophores (2).

The vast majority (;46%) of antimicrobial compounds isolated from Pseudoalteromonas
thus far are alkaloids (3); however, recent genome mining studies suggest that this genus
may also be a rich source of nonribosomal peptides (NRPs), polyketides (PKs), and
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hybrid compounds (4–6). NRPs and PKs are a structurally diverse group of specialized
metabolites synthesized nonribosomally by large multimodular enzyme complexes
known as nonribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs)
(7). They are produced by numerous species of bacteria and filamentous fungi and have
a wide range of bioactivities, including antibiotic, immunosuppressant, anticancer, and
anticholesteremic activities.

The building blocks of NRPs (amino acids) and PKs (acyl-CoAs) are incorporated in
an assembly line fashion by NRPSs and PKSs, respectively. These enzyme complexes
are minimally comprised of an initiation domain, an extension domain, and a termina-
tion domain but may include various other tailoring domains (e.g., methyltransferase,
epimerase, reductase, etc.) (7). NRPSs and PKSs are usually encoded within large
operon-like gene clusters alongside additional stand-alone tailoring and transport
enzymes.

Surprisingly, very few NRPs/PKs from Pseudoalteromonas have been matched to their
corresponding biosynthesis gene clusters (BGCs). The best-characterized examples are
the alterochromides (4, 8), thiomarinols (9–11), indolmycin (12), and pentabromopseudilin
(13), which display broad-spectrum antibiotic activity, and pseudochelin (14), which has
siderophoric properties. Further genomic investigation of Pseudoalteromonas is likely to
uncover additional NRPS/PKS biosynthesis pathways, which could provide valuable
insight into the success of this genus in marine econiches and facilitate the discovery and
development of novel bioactive compounds.

The reduction in cost of genome sequencing coupled with faster and more power-
ful bioinformatic methods has expedited the unearthing of novel natural products and
their BGCs in numerous other microbial genera (15). In general, more BGCs exist in an
organism than the number of known compounds reported from that organism. This is
highlighted by the reports of the Salinispora tropica and Salinispora arenicola genomes
(16, 17), which revealed 49 natural product biosynthesis clusters and assisted in the
structure elucidation of the polyene macrolactam salinilactam A (16). Such genomic
approaches have also been used to great success in the actinobacterium Actinosynnema
mirum, where genome-guided approaches facilitated the discovery of an unusual sidero-
phore and the first reported BGC from that species (18).

In the present study, we use similar genome-based approaches to facilitate the dis-
covery of new specialized metabolite BGCs in a novel strain, Pseudoalteromonas sp.
HM-SA03, isolated from the venomous (tetrodotoxin-producing) blue-ringed octopus,
Hapalochalaena sp. Extracts of HM-SA03 were previously shown to inhibit the growth
of Staphylococcus aureus, and molecular screening revealed that the strain possesses
multiple NRPS and PKS genes, which could potentially be involved in tetrodotoxin bio-
synthesis (19). Given that Pseudoalteromonas spp. are known to produce bioactive nat-
ural products and that relatively few NRPS or PKS biosynthesis pathways have been
discovered in this genus, we sequenced the HM-SA03 genome with the aim of compre-
hensively assessing its potential for specialized metabolite production. Interrogation of
the HM-SA03 genome revealed numerous complex BGCs encoding NRPSs and PKSs
and enabled prediction of their corresponding natural products, including pseudoal-
terobactins, alterochromides, and several novel compounds. A phylogenomic analysis
of 42 publicly available Pseudoalteromonas genomes additionally revealed that HM-
SA03 belongs to a subclade of Pseudoalteromonas species with remarkable biosyn-
thetic potential.

RESULTS AND DISCUSSION
HM-SA03 genome annotation and complex biosynthesis pathway mining. The

HM-SA03 genome assembly produced using SOAPdenovo, using a k-mer value of 71,
resulted in a 5,248,267-bp assembly consisting of 119 scaffolds and 494 unscaffolded
contigs with an N50 value of 106,644 bp and a maximum contig length of 182,387 bp.
The GC content of the genome was estimated to be 43.1%. By comparison, the next
best assembly was performed with Velvet using a k-mer value of 63, producing a
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genome size of 5,218,927 bp consisting of 91 scaffolds and 298 unscaffolded contigs
with an N50 value of 101,219 bp and maximum contig length of 165,931 bp. The
SOAPdenovo assembly was chosen for further analyses because it resulted in more
and longer scaffolds than those generated using Velvet.

Gene detection and annotation were performed via the Rapid Annotation using
Subsystem Technology (RAST) Server, resulting in the prediction of 4,735 protein-
encoding genes and 90 RNAs. Through a combination of software-assisted (antiSMASH,
2metDB) and manual annotation, a total of nine BGCs were identified, namely, two bac-
teriocin clusters, one NRPS cluster, four NRPS-PKS hybrid clusters, one aryl polyene/
NRPS, and one lanthipeptide/NRPS cluster. Some of the NRPS/PKS genes from HM-SA03
and their associated BGCs share significant homology to those from published
Pseudoalteromonas genomes. However, structure prediction and biosynthetic path-
way analyses have not been performed on these gene clusters, which are thus still
considered “orphans.”

Because HM-SA03 was isolated from the venomous blue-ringed octopus, we
hypothesized that it could be a primary producer of tetrodotoxin (19). We therefore
carefully scrutinized the nine BGCs for amidinotransferases and NRPSs incorporating
arginine, two plausible mechanisms for the biosynthesis of the tetrodotoxin guanidi-
nium moiety (20). However, these genes were not detected. Our results concur with
the lack of tetrodotoxin production in HM-SA03 cultures (19). However, we cannot dis-
count the possibility that the genes for tetrodotoxin biosynthesis are unusual and
therefore beyond the detection and analysis capabilities of antiSMASH and 2metDB.

Characterized biosynthesis gene clusters in the Pseudoalteromonas HM-SA03
genome. Alterochromides. Mining of the HM-SA03 genome revealed an ;30 kb (14-
open reading frame [ORF]) gene cluster encoding fatty acid synthases, NRPSs and sev-
eral tailoring and transport enzymes (Fig. 1; see Table S1 in the supplemental material).
The gene cluster had an identical composition and arrangement to the alterochromide
(alt) gene cluster of Pseudoalteromonas piscicida JCM 20779 (4) and an overall inferred
amino acid sequence similarity of .97% (Table S1). It was thus concluded that the
newly identified HM-SA03 gene cluster encoded an alterochromide biosynthesis
pathway.

Amino acid substrate specificity predictions, based on analysis of the adenylation
domain substrate-binding pockets of the three encoded NRPSs (AltK, AltL, and AltM)
indicated that they were most likely to incorporate threonine, valine, two asparagines,
and a leucine moiety. The amino acid composition of their predicted product showed
similarities to the peptide-derived component of alterochromides from the sponge iso-
late Pseudoalteromonas maricaloris KMM 636T (8).

Mass spectrometry evidence confirmed the production of alterochromides A and B
in culture extracts of HM-SA03 (Fig. 2), and although no brominated alterochromides
were detected, this suggests that the alterochromide gene cluster (alt) in HM-SA03 is
indeed functional. While the cluster does encode a putative halogenase, AltN, the ab-
sence of brominated alterochromides in this study is likely due to the lack of bromide
supplementation in the fermentation medium. The biosynthetic pathway mirrors that

FIG 1 Alterochromide (alt) gene cluster from HM-SA03, ;30 kb. For MIBiG, BLASTp, and CD-Search
results, see Table S1.
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reported by Moore and coworkers (4) in which the assembly is colinear with respect to
gene architecture.

The assembly of the nonribosomal peptide portion of alterochromide, encoded by
altK, altL, and altM, appears to be straightforward; however, the lipoinitiation and NRPS
loading steps are less obvious (Fig. 3). The lipid precursor is putatively biosynthesized
by AltA to AltJ from tyrosine, which is deaminated to provide coumaric acid that then
undergoes chain extension and partial reduction to form the fatty acyl starter unit for
the NRPS pathway. We propose that the predicted centrally located type II thioester-
ase, AltJ, serves to police the chain length of the fatty acid-derived starter units prior to
uploading onto the NRPS complex (21). AltJ may also have relaxed substrate specificity,
thus accounting for various-length starters observed in the alterochromides.

The variability of the lipid chain length in alterochromides could also be due to the
promiscuity of the initiation C domain. The relaxed specificity of a starter C domain to-
ward fatty acyl-CoA substrates has also been observed in the biosynthesis of the lipo-
peptide antibiotic, calcium-dependent antibiotic (CDA) (22).

Pseudoalterobactin. A putative gene cluster for the biosynthesis of pseudoaltero-
bactin was identified in HM-SA03 (Fig. 4, Table S2). A biosynthetic gene cluster for ei-
ther pseudoalterobactin (23) or the structurally similar alterobactin (24) has never been
identified, let alone characterized. The proposed biosynthetic gene cluster for pseu-
doalterobactin (pab) spans 53 kb and contains seven genes encoding NRPSs and one
encoding a type I PKS. Two cassettes putatively encoding chorismate and 2-isopropyl-
malate biosynthesis flank the NRPS/PKS genes. Three genes, pabQOM, likely encoding
the biosynthesis of the 2,3-dihydroxybenzoate (DHB) starter unit are also present in
the gene cluster. Numerous siderophore and iron receptor, regulation, and transport
proteins, PabDEKLR, are also encoded within the proposed gene cluster. The presence
of an MbtH domain-containing protein reinforces the classification of this genomic
locus as an NRPS-dependent siderophore BGC. The MbtH domain-containing protein,

FIG 2 Positive mode electrospray ionization (ESI) mass spectra of HM-SA03 crude extract. Sodiated parent ions indicate the production of des-brominated
alterochromides A and B by Pseudoalteromonas HM-SA03. Similar fragmentation patterns are observed between alterochromide A and alterochromide B,
indicating a common structure.
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PabA, which is required in many NRPS-dependent siderophore biosynthesis pathways
(25) is thought to be essential for the correct biosynthesis of siderophores in vivo.

The starter unit DHB is presumably activated by a CoA-ligase domain located at the
N terminus of the NRPS protein PabB and subsequently condenses with L-lysine before
undergoing PKS and NRPS catalyzed chain extensions encoded by pabBCFGIJ. Finally,
the terminal PabJ thioesterase catalyzes the cyclization and release of the peptide
chain from the complex to yield the final pseudoalterobactin product (Fig. 5). A
consensus for the substrate specificity of the second adenylation domain of PabG
was unable to be achieved and is likely to result in broad substrate specificity.

Intriguingly, the activation of the DHB starter unit seems to be encoded by a redun-
dant set of proteins, PabP, PabO, and PabN, whose genes are adjacent to the DHB bio-
synthesis genes, downstream and in the reverse orientation to the NRPS and PKS
genes (Fig. 4). PabP is an adenylation domain-containing protein with substrate speci-
ficity for DHB. PabO encodes isochorismatase (2,3-dihydro-2,3-dihydroxybenzoate syn-
thetase) and also contains a thiolation domain. This domain may be involved in the
tethering of DHB to the NRPS. PabN encodes a condensation domain with homology
to starter-type domains. These starter condensation domains have substrate specificity
for unusual starter units, including benzoates and fatty acids. It is unknown at this
stage whether one or both of these alternative pathways for DHB incorporation are
functional.

FIG 3 Biosynthetic pathway for the production of alterochromide A in HM-SA03. Tyrosine is converted to coumaric acid by tyrosine ammonia lyase (TAL)
and undergoes malonyl extension and is reduced to form the starter unit (R) for further NRPS-mediated biosynthesis.
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Another unusual feature of this gene cluster is the proposed iteration of PabI,
which is responsible for the activation and tethering of aspartic acid onto the NRPS.
Unlike most NRPS modules, PabI does not contain a functional condensation do-
main. The PabI condensation domain is believed to be inactive, due to a mutation
in the second histidine of the conserved HHxxxDG motif, which is critical to the cor-
rect function of the catalytic domain. However, both PabF and PabG have terminal
condensation domains, which are proposed to replace the inactive condensation
functionality of PabI (Fig. 5). The adenylation domains preceding the terminal con-
densation domains are both selective for amino acids with carbonyl-containing
side chains. Such an iterated pathway adheres exactly with the backbone structure
of pseudoalterobactin.

The hydroxylation of the PabI-activated aspartate is proposed to be catalyzed by
PabH, a SyrP homologue. SyrP, has been shown to be responsible for the a-ketoglu-
tarate-dependent hydroxylation of aspartate in syringomycin biosynthesis (26).
Additionally, a set of four genes located upstream from NRPS genes, pabSTUV, are
responsible for the metabolism of 3-isopropylmalate, which is structurally similar to
hydroxyaspartic acid, with an isopropyl group substituting for an amine. These
enzymes may act upon the two hydroxy-aspartic acid residues to give rise to hith-
erto unknown analogues.

Though some reported pseudoalterobactins are sulfated at the para position of the
aromatic ring, there is no obvious enzyme encoded by the pab gene cluster in HM-
SA03 to catalyze this sulfur transfer tailoring reaction. A proposed cysteine desulfurase,
located 10 kb downstream from the last NRPS gene, may provide sulfur to the pseu-
doalterobactins, though the distance from the NRPS may render this unfeasible.
Alternatively, an enzyme acting in trans and, therefore, not clustered with the NRPS/
PKS genes, may be involved in the sulfonation of pseudoalterobactins.

Alteramide. One of the smallest BGCs in HM-SA03, alm, encodes a hybrid NRPS-
PKS (Fig. 6, Table S3). Genome mining identified a gene encoding an NRPS module
with ornithine adenylation specificity and a hybrid iterative type I PKS module. Manual
annotation of the genes flanking the hybrid NRPS-PKS revealed two FAD-depend-
ent oxidoreductases (phytoene dehydrogenase superfamily) and a hydroxylase (ste-
rol desaturase/sphingolipid hydroxylase, fatty acid hydroxylase superfamily). The
antiSMASH results indicated that these genes, including the hybrid NRPS-PKS were
homologous to those involved in the biosynthesis of polycyclic tetramate macrolac-
tams (27–29).

Intriguingly, the PKS modules of the hybrid NRPS-PKS involved in the biosynthesis
of these macrolactams were proposed to be a hybrid iterative type I PKS. These PKSs
differ from their modular counterparts because they assemble polyketide chains via a
cyclical process, similar to type II PKS systems. Iterative type I PKSs are common in

FIG 4 Pseudoalterobactin (pab) gene cluster from HM-SA03, ;53 kb. For MIBiG, BLASTp, and CD-Search results, see Table S2.
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fungal polyketide biosynthesis but relatively uncommon in bacteria. However, a study
by Clardy and coworkers (27) identified these gene clusters in multiple bacterial
genomes, including the frontalamide-producing Streptomyces. The architecture of the
alm gene cluster in HM-SA03 is similar to other gene clusters for frontalamide-like com-
pounds. All of these clusters consist of a hybrid NRPS-PKS gene encoding malonyl and
ornithine amino acid specificity, at least one phytoene dehydrogenase located down-
stream from the NRPS-PKS, and a hydroxylase. A key difference is the location of
the hydroxylase enzyme, which is usually found upstream of the hybrid NRPS-PKS

FIG 5 Proposed biosynthetic pathway of pseudoalterobactin in HM-SA03. PabI is proposed to function iteratively to incorporate two
hydroxyaspartic acid residues into the compound. A lack of hydroxylation enzymes and a presence of 2-isopropylmalate metabolism
enzymes indicate the intact incorporation of hydroxyaspartic acid, rather than a downstream (postincorporation) hydroxylation.

FIG 6 Alteramide (alm) gene cluster from HM-SA03, ;17 kb. For MIBiG, BLASTp and CD-Search
results, see Table S3.
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but is downstream from the hybrid NRPS-PKS in the alm cluster. Additionally, an
alcohol dehydrogenase and cytochrome P450 monooxygenase, which are present
in many gene clusters for frontalamide-like compounds, were absent from the alm
gene cluster.

A two-stage, iterative, polyketide biosynthesis pathway for frontalamide derived
from a fungal iterative type I PKS (ftl) has been proposed based on a combination of
gene cluster analysis and biosynthetic precedents (27). Due to the similarity of the ftl
and alm gene clusters, a similar pathway is proposed for alteramide A assembly in HM-
SA03 (Fig. 7). Successive rounds of PKS biosynthesis produce partially reduced polyketi-
des that are condensed onto the two amino groups of ornithine. The identification of
an iterative type I PKS module in HM-SA03 represents only one of a few iterative type I
PKS identified in gammaproteobacteria. The peptide-polyketide chain is then cyclized
internally and released. Further cyclizations between the polyketide chains produce
the 5-membered rings of alteramide.

Orphan and unknown biosynthesis pathways. An unusual hybrid NRPS-PKS. A
second siderophore biosynthesis pathway, encoded by the newly named sid gene
cluster (Fig. 8, Table S4) is proposed to produce a compound with no structural
homology to any known siderophores. Unusually, this gene cluster consists of alter-
nating NRPS and PKS modules. Such genetic architecture in hybrid NRPS-PKS bio-
synthesis is unprecedented.

The predicted siderophore is derived from a salicylic acid starter unit whose forma-
tion is catalyzed by an isochorismate synthase, SidH, which converts chorismate to iso-
chorismate, and SidR, which hydrolyzes the isochorismate side chain (Fig. 9). We pro-
pose that salicylic acid is activated by SidI, a putative NRPS. Though the substrate
specificity of the first adenylation domain of SidI was not predictable, its proximity to
salicylate biosynthesis genes suggests a role in the adenylation of salicylic acid.
Similarly, in Pseudomonas aeruginosa PAO1, phcBA encodes salicylate biosynthesis and
is clustered with genes involved in the initial steps of pyochelin biosynthesis (30).

sidJ-P encode alternating PKS and NRPS genes, which are predicted to successively
incorporate cysteine, acetate, threonine, acetate, cysteine, acetate, and threonine.
Numerous examples of mixed NRPS-PKS biosynthesis gene clusters are known; how-
ever, the occurrence of six alternating NRPS and PKS proteins, which are each encoded
by discrete genes, is unique. It is also plausible that the assembly of the sid product is
noncolinear with respect to the gene architecture in this case.
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FIG 7 Proposed biosynthesis pathway of alteramide A in HM-SA03. Successive rounds of PKS biosynthesis produce partially reduced polyketides that are
condensed onto the two amino groups of ornithine. The peptide-polyketide chain is cyclized internally and released. Further cyclizations between the
polyketide chains produce the 5-membered rings of alteramide A. Stereochemistry of alteramide A is from reference 56.
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The cysteine-incorporating SidI and SidM NRPS modules also possess cyclization (Cy)
domains which facilitate the formation of the thiazolines. SidM also possesses an oxidase
that likely oxidizes the thiazoline to its corresponding thiazole. The PKS SidL contains an
O-methyltransferase, which methylates threonine. While rare, O-methylated threonine resi-
dues have been reported in several other natural products, including depsipeptides (31,
32). The mature hybrid peptide-polyketide chain is released from the NRP via a thioester-
ase domain. The peptide-polyketide chain can be released as a linear acid or cyclized to
form a heterocyclic peptide. In the case of the sid cluster product, the predicted linear pep-
tide is shown (Fig. 9), as the cyclized product cannot be predicted with confidence.

Numerous examples of phenolate-containing siderophores with thiazoles exist,
including yersiniabactin (33) and pyochelin (30). Assuming collinearity, an assembled
compound as presented here is likely to be a novel scaffold.

Other gene clusters. The remaining three NRPS/PKS biosynthetic gene clusters
identified in the HM-SA03 genome appear to encode chemical structures that have no

FIG 8 Hybrid PKS-NRPS siderophore (sid) gene cluster from HM-SA03, ;44.9 kb. For MIBiG, BLASTp, and CD-Search results,
see Table S4.

FIG 9 Biosynthesis pathway for a putative siderophore encoded within a hybrid NRPS-PKS gene cluster in HM-SA03. The architecture of this gene cluster is
unusual due to the alternation between NRPS and PKS modules.
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similarity to previously identified compounds (Fig. S1). All three of these gene clusters
encode NRPS biosynthesis, putatively, a heptapeptide NRP, a hybrid NRP-PK, and a
hybrid lanthipeptide-NRP. MIBiG, BLASTp, and CD-Search results for the individual
genes comprising these BGCs are appended in Tables S5, S6, and S7; putative linear
peptides are appended in Table S8. The presence of numerous amino acid residues
with potential iron-coordinating groups in all three structures suggests their possible
roles as siderophores. However, the lack of siderophore and iron regulatory genes
offers no support to these predictions. Furthermore, many of these gene clusters con-
tain adenylation domains with unknown substrate specificities. This ambiguity in
adenylation domain substrate prediction arises due to difficulties differentiating similar
amino acid side chains (e.g., aspartate and asparagine) or if the adenylation domain
utilizes an unusual substrate that has no precedents in other NRPS biosynthesis path-
ways, such as a nonproteinogenic amino acid. These ambiguous amino acid specific-
ities challenge chemical structure predictions in these gene clusters. Lanthipeptide-
NRP hybrid gene clusters were previously reported within Actinobacteria; however,
their unique biosynthesis is yet to be elucidated. It is currently suggested that there
might be cross talk between ribosomally synthesized lanthipeptides and NRPSs to
form hybrid products (34). This is based on a similar process observed with phegano-
mycin biosynthesis, Streptomyces cerratus, where the linking of the two precursors is
catalyzed by the peptide ligase Pgm1 (35). Despite these observations, there are lim-
ited precedents within the literature to aid the elucidation of the aforementioned clus-
ter in HM-SA03 and whether it produces a hybrid product.

Pseudoalteromonas HM-SA03 is a member of a biosynthetically potent clade.
Several gene clusters identified in HM-SA03 were homologous to those found in other
Pseudoalteromonas strains. Large numbers of biosynthetic pathways have been
reported from actinobacteria, myxobacteria, and cyanobacteria; however, the biosyn-
thetic potential of gammaproteobacteria, including the genus Pseudoalteromonas, has
been largely overlooked. Therefore, mining and comparison of biosynthetic gene clus-
ters from 42 Pseudoalteromonas genomes archived in GenBank was performed.

Genome sizes range from 3.4 to 6.2 Mbp, and our survey suggests that genome size
is positively correlated with the number of specialized metabolite gene clusters (Fig.
10). Such correlation between genome size and biosynthetic potential has been docu-
mented for other biosynthetically potent taxa, including actinobacteria (36) and cyano-
bacteria (37).

Based on a phylogenetic reconstruction of 16S rRNA genes, a highly biosyntheti-
cally potent (HBP) clade was identified. Nineteen sequenced strains, each containing

FIG 10 Correlation between genome size and number of NRPS/PKS gene clusters in Pseudoalteromonas species.
Genomes represented by red circles are members of a highly biosynthetically potent (HBP) phylogenetic clade.
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an average of 9.84 specialized metabolite gene clusters grouped into this clade (Fig.
11). In contrast, members outside the HBP clade had an average of 2.78 BGCs. Three
Pseudoalteromonas members of the HBP clade, P. spongiae UST010723-006, P. piratica
OCN003, and P. spongiae SAO4-4, lacked genes encoding NRPS/PKS pathways.
Although the 16S rRNA gene phylogeny of these species supports their position within
the HBP clade, P. spongiae UST010723-006 has numerous morphological differences
compared to its nearest relatives, including an absence of flagella and motility (38).

Therefore, this may be an example where the observed phenotypic morphology is
contrary to the 16S rRNA phylogeny. No known natural products have been isolated
from these strains; however, experiments have shown that P. spongiae UST010723-006
biofilms have the ability to promote the attachment of sponge larvae (39), while P.
piratica OCN003 has been shown to be a coral pathogen causing Montipora white syn-
drome (40).

Scrutiny of the genetic architecture of NRPS/PKS gene clusters from members of
the HBP clade revealed that many were conserved, particularly within the inner clade
(Fig. 11). Out of a total of 36 unique biosynthetic pathways, 18 were observed to occur
in more than one strain within this inner clade. In particular, four pathways (alterochro-
mides, alteramide, and two unknown) were present in a majority of sequenced members
of this clade (Fig. 12). Interestingly, the HBP clade coincides exactly with pigmentation in
Pseudoalteromonas. It has long been known that pigmentation in this genus is an indicator
of the production of bioactive compounds. Therefore, it is likely that these biosynthetic
pathways may be responsible, in part, for the pigmentation observed.

A highly biosynthetically potent clade of Pseudoalteromonas, as identified in this
study, is supported by examples in the literature, including P. luteoviolacea, which is
known to produce thiomarinols, xenorhabdins, violacein, and various other secondary
metabolites (3). Furthermore, a recent study (5) investigated the biosynthetic potential
of Gram-negative bacteria, including Pseudoalteromonas spp. The genomes of pig-
mented species, P. luteoviolacea, P. piscicida, and P. rubra, which are related to mem-
bers of the HBP clade identified in this study, were observed to have between four and
eight NRPS/PKS gene clusters. Conversely, NRPS/PKS gene clusters were not detected
in P. agarivorans and P. ruthenica, which are unrelated to members of the HBP clade.
Additionally, an analysis of the pangenome of various Pseudoalteromonas species from
Antarctic regions found that they not only lacked pigmentation, but also had far fewer
BGCs in their genomes compared to pigmented strains, particularly those in the HBP
clade (41).

The identification of members from the proposed HBP clade assists in screening of
Pseudoalteromonas strains with a higher potential for NRPS/PKS pathways, as well as a
means of dereplicating strains for further chemical and bioassay investigations. Very
few of the Pseudoalteromonas species in this clade have been investigated for bioactive
natural products, and a majority of the BGCs are orphans. Therefore, members of this
clade represent a new source for the discovery of novel bioactive small molecules.

Conclusions. The results of this study highlight the significant biosynthetic poten-
tial of the genus Pseudoalteromonas for the production of specialized metabolites. The
identification of seven BGCs associated with the production of PKS and NRPS products
in the blue-ringed octopus isolate, HM-SA03, renders it a part of a group of sequenced
Pseudoalteromonas strains with rich biosynthetic potential. Bioinformatics-assisted
structure prediction of the products encoded by these gene clusters putatively charac-
terizes the biosynthesis of alterochromide (NRP)-, alteramide (NRP-PK, alkaloid)-, and
pseudoalterobactin (NRP-PK, siderophore)-like compounds. Furthermore, this study
identified four gene clusters with no known homology to characterized BGCs, and their
products could also therefore be novel. Unfortunately, no tetrodotoxin BGC was identi-
fied in the HM-SA03 genome, suggesting that this compound is produced by another
symbiotic microorganism or by the blue-ringed octopus itself. Nonetheless, a highly
biosynthetically potent clade of Pseudoalteromonas has been identified by this
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research. Members of this clade contain up to 10 NRPS/PKS per genome and represent
an excellent phylogenetic target for the isolation of bioactive compounds.

MATERIALS ANDMETHODS
Sample preparation and genome sequencing. Pseudoalteromonas sp. HM-SA03 (19) was grown in

0.5% peptone in filtered seawater at 23°C for 24 h. The cell culture was centrifuged at 4,200 � g, and a
subset of the biomass was used for DNA extraction as previously described (42).

Genome sequencing and comparative analyses were performed at the Ramaciotti Centre for
Genomics. Genomic DNA was sequenced using the Illumina HiSeq system following the manufacturer’s
standard protocol. The sample was prepared using the Illumina paired-end sample preparation kit, and
the library was purified using a QIAquick PCR purification kit (Qiagen). The sample was run at 8 pM of
paired-end 102-bp chemistry. The run was performed using the genome analyzer Sequencing Control
Software (SCS) v2.6 (Illumina).

HM-SA03 genome assembly. The SolexaQA package (43) was used to trim reads to the longest con-
tiguous read segment above a 0.05 P value. Quality-trimmed reads shorter than 50bp were discarded.
De novo genome assembly was performed with SOAPdenovo (44) using k-mer values between 21 and
91. These k-mer values represent the minimum read overlap during the assembly of contiguous DNA
sequences (contigs). Contigs shorter than 200bp were discarded from the final assembly. The final ge-
nome assembly was submitted to the NCBI database under accession number PRJNA400113.

Gene prediction and annotation. The HM-SA03 draft genome was submitted to Integrated
Microbial Genomes (IMG) for gene prediction and annotation (45). Additionally, secondary metabolite
biosynthesis clusters were identified using a combination of 2metDB (46) and antiSMASH v5.1.2 (47, 48).
Both software packages used profile hidden Markov models (pHMMs) of known biosynthesis gene
domains to identify secondary metabolite genes and their domain architecture in query sequences.
Substrates for PKS ketosynthase, NRPS adenylation (A), and CoA ligase domains were also predicted
using these programs. All secondary metabolite gene clusters retrieved were manually checked, and fur-
ther confirmation of domain architecture was performed using NCBI Conserved Domain Database (CDD)
search (CD-Search) (49, 50).

Phylogenetic tree reconstruction. A phylogenetic study of 16S rRNA gene sequences from 42
Pseudoalteromonas strains, including HM-SA03, was performed in order to investigate their evolution
and subsequently map their biosynthetic potential (based on antiSMASH results). Species were selected
based on genome completeness, and 16S rRNA nucleotide sequences were obtained from within ge-
nome sequences, where possible. For species where the complete 16S rRNA gene was not annotated in
the genome database, the GenBank nucleotide sequence was used. A total of 42 Pseudoalteromonas
sequences and two outgroup (Algicola spp.) sequences were aligned using ClustalW2 (51). Phylogenetic
trees were constructed using MrBayes v3.2.6 (52) with a GTR1I1G substitution model, as recommended
by jModelTest v2.1.3 (53). Two parallel chains were run for 1.25 million total generations, with a sample
frequency of 250, until the trees converged (standard deviation of split frequencies,,0.01).

Genus-wide comparison of Pseudoalteromonas biosynthesis gene clusters. A total of 42
Pseudoalteromonas genomes were analyzed for specialized metabolite BGCs using IMG Atlas of

FIG 12 Conserved NRPS/PKS biosynthetic pathways in inner HBP clade Pseudoalteromonas genome sequences.
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Biosynthetic Gene Clusters (ABC) (54). Those with BGCs were further analyzed using antiSMASH v5.1.2,
to determine their domain architecture and predict the products of these pathways. Each antiSMASH
result was manually assessed to determine if the pathway encoded a known compound, and all pre-
dicted clusters were then organized into sequence similarity networks using default settings in BiG-
SCAPE (55) to interrogate pathway conservation across all Pseudoalteromonas genomes in this study. To
avoid overestimation of BGCs, results describing single or orphan modules or domains, which may be a
result of fragmented genome assemblies, were not included in the final analysis.

Small molecule extraction of Pseudoalteromonas HM-SA03 cultures. HM-SA03 medium superna-
tant was extracted by adsorption onto 20 g/liter Amberlite XAD-7HP resin (Merck) for 1 h. The resin was
filtered and washed with 10ml MilliQ water to remove interfering medium components. Adsorbed com-
pounds were eluted twice with 10ml methanol, and the combined washes were evaporated to dryness
under reduced pressure. An uninoculated culture was extracted using the same methodology and used
as a control, for comparative purposes, during downstream analyses.

Analysis of Pseudoalteromonas HM-SA03 organic extracts by liquid chromatography-mass
spectrometry (LC-MS). Organic extracts of Pseudoalteromonas HM-SA03 cultures were analyzed using a
Thermo Fisher Scientific Quantum Access coupled with a Thermo Fisher Scientific Accela pump and an
HTC PAL autosampler. Separation was achieved using a BEH C18 2.1mmby 50mm 1.9-mm UHPLC col-
umn (Waters) using a gradient of 0.1% formic acid in MilliQ water against acetonitrile at 400 ml/min. The
gradient system was 0 to 5min 0% B, linearly ramped to 100% B at 25min, held for 1min, and returned
to 0% B for 3min. Column eluate was ionized using a positive mode electrospray source.

Data availability. The final HM-SA03 genome assembly is available from the NCBI database under
accession PRJNA400113.

SUPPLEMENTAL MATERIAL
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