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Summary

Comparative genomics is providing new opportuni-
ties to address the diversity and distributions of
genes encoding the biosynthesis of specialized
metabolites. An analysis of 119 genome sequences
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representing three closely related species of the
marine actinomycete genus Salinispora reveals
extraordinary biosynthetic diversity in the form of 176
distinct biosynthetic gene clusters (BGCs) of which
only 24 have been linked to their products. Remark-
ably, more than half of the BGCs were observed in
only one or two strains, suggesting they were
acquired relatively recently in the evolutionary his-
tory of the genus. These acquired gene clusters are
concentrated in specific genomic islands, which rep-
resent hot spots for BGC acquisition. While most
BGCs are stable in terms of their chromosomal posi-
tion, others migrated to different locations or were
exchanged with unrelated gene clusters suggesting a
plug and play type model of evolution that provides a
mechanism to test the relative fithess effects of spe-
cialized metabolites. Transcriptome analyses were
used to address the relationships between BGC
abundance, chromosomal position and product dis-
covery. The results indicate that recently acquired
BGCs can be functional and that complex evolution-
ary processes shape the micro-diversity of
specialized metabolism observed in closely related
environmental bacteria.

Introduction

Microorganisms produce small organic compounds called
secondary or specialized metabolites. These compounds
have been the source of or inspiration for many of today’s
most important medicines (Berdy, 2005; Newman and
Cragg, 2012) and represent a fundamental mechanism by
which microorganisms interact with each other and the
environment. While the ecological functions of most spe-
cialized metabolites remain unknown, they mediate
important processes such as quorum sensing (Waters and
Bassler, 2005), metal acquisition (Sandy and Butler, 2009)
and allelopathy (Wietz et al, 2013). Once considered
non-essential for survival, it is now known that specialized
metabolites are involved in fundamental physiological pro-
cesses such as electron transport, raising questions about
their ‘secondary’ nature (Price-Whelan et al., 2006).
Advances in our understanding of the molecular genet-
ics of natural product biosynthesis, coupled with increased



access to genome sequence data, are providing unique
opportunities to identify the biosynthetic gene clusters
(BGCs) that encode the production of specialized metabo-
lites (Fischbach and Walsh, 2006; Hertweck, 2009). In
addition to encoding the enzymes needed for biosynthesis,
these gene collectives can also include regulatory ele-
ments, transporters and mechanisms of resistance
(Cimermancic et al., 2014). BGCs account for > 10% of
some bacterial genomes (Nett ef al., 2009; Cimermancic
et al., 2014), indicating the fundamental importance of this
type of metabolism for certain bacteria. The analysis of
bacterial genome sequences has led to the surprising
observation that even well studied strains can maintain
many more BGCs than the compounds discovered from
them would suggest (Bentley et al., 2002; Udwary et al.,
2007). BGCs that have not been linked to their products
have been termed ‘orphan’ (Gross, 2007) and are often
thought to be transcriptionally inactive or ‘silent’ under nor-
mal laboratory conditions (Seyedsayamdost, 2014;
Abdelmohsen et al., 2015). Efforts to identify the products
of these orphan BGCs is driving a resurgence of interest in
natural product research (Winter et al., 2011; Kim et al.,
2015) and the development of techniques such as genome
mining (Challis, 2008; Ziemert et al., 2016), which take a
sequence first approach to natural product discovery. With
the increasing availability of online tools (Boddy, 2013;
Weber, 2014) and data repositories (Medema et al., 2015),
BGCs can now be readily identified from sequence data
without specific expertise in this form of metabolism.

The BGCs encoding specialized metabolites are said to
be among the most rapidly evolving genetic elements
known (Fischbach et al, 2008). Access to genome
sequences from large numbers of closely related strains
creates opportunities to compare similar BGCs in different
strains and begin to infer the evolutionary processes that
create chemical diversity in nature (Freel et al, 2011).
There is substantial evidence that BGCs are horizontally
exchanged among bacteria (Egan et al, 1998; Metsa-
Ketela et al., 2002; Ziemert et al., 2014), although the fre-
quency at which this occurs and the mechanisms driving
these events remain poorly understood. Nonetheless, hori-
zontal gene transfer is widely recognized as a driving force
in bacterial evolution (Ochman et al., 2000) and the acqui-
sition of a gene cluster encoding the production of a
specialized metabolite provides immediate opportunities to
test the effects of the encoded compound on fitness.

The marine actinomycete genus Salinispora has proven
to be a useful model to address questions related to spe-
cialized metabolism and BGC evolution (Jensen et al.,
2015; Jensen, 2016). The genus is currently comprised of
three named species: S. tropica, S. arenicola and S. pacif-
ica (Maldonado et al., 2005; Ahmed et al. 2013), which
share 99% 16S rRNA sequence identity. They are broadly
distributed in ocean sediments and the source of
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salinosporamide A, a potent proteasome inhibitor that has
completed a series of phase | clinical trials for the treat-
ment of cancer (Harrison et al., 2016). Evidence that most
BGCs were observed infrequently among Salinispora
strains was used to infer relatively recent acquisition in the
evolutionary history of the genus (Ziemert et al., 2014).
These BGCs were concentrated in genomic islands (Penn
et al,, 2009), flexible regions of the genome enriched in
acquired genes that generally encode adaptive traits
(Juhas et al., 2009). While the integration of BCGs into Gls
minimizes the risk of disrupting important cellular pathways
(Dobrindt et al, 2004), it remains unknown if recently
acquired BGCs are drawn to certain genomic islands or if
their frequency of occurrence in the population or location
on the chromosome affects the likelihood they will be
expressed. Furthermore, population genomics provides
opportunities to address BGC chromosomal stability,
exchange events, and the possibility that some BGCs are
degraded over time in addition to simply being gained or
lost. To address these questions, we analysed 119 high
quality Salinispora genome sequences for BGCs associ-
ated with specialized metabolism. The goals were to
assess BGC diversity and distributions in the context of
species-level ‘pan-chromosomes’ (Chan et al.,, 2015) and
to gain new insight into the dynamic nature of BGC
evolution.

Results and discussion
BGC diversity, distributions and product discovery

High quality draft genome sequences generated from
119 strains of the marine actinomycete genus Salinispora
were analysed for BGCs associated with specialized
metabolism (Supporting Information Table S1). These
strains were largely cultured from marine sediment sam-
ples collected from global locations over a 25-year time
frame and represent a subset of a larger culture collec-
tion that has yielded a wide range of structurally diverse
specialized metabolites (Jensen et al., 2015). The aver-
age number of BGCs identified per genome was
significantly greater in S. arenicola (25) than in the other
two species (Supporting Information Fig. S1, ANOVA,
p=0.00), providing genetic support for the observation
that this species preferentially invests in interference
competition (Patin et al., 2015). Further distinguishing the
species, we confirmed that S. tropica strains consistently
maintain four BGCs predicted to encode siderophores
(des, sid1, sid3 and sid4) relative to two on average in S.
arenicola (Roberts et al., 2012). The specialized metabo-
lites discovered to date from the genus are enriched in
compounds of PKS, NRPS and PKS/NRPS hybrid origins
(78%) relative to their occurrence in the genomes (48%—
60%) (Supporting Information Fig. S1), indicating a bias

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 3660-3673
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Table 1. Compounds and their associated BGCs detected in Salinispora strains (numbering as defined in Fig. 1).

No. Compound BGC Linkage References

16 Arenicolide PKS28 B (Williams et al., 2007)
20 Arenimycin arn B (Kersten et al., 2013b)
24 BE-43547 (APD-CLD) PKS58 B (Villadsen et al., 2016)
8 Cyanosporaside cya G (Lane et al., 2013)

19 Cyclomarin/cyclomarazine cym G (Schultz et al., 2008)

3 Desferrioxamine des G (Roberts et al. 2012)
17 Enterocin ent H (Bonet et al., 2014)

12 Ikarugamycin ika B (Greunke et al., 2017)
8 Lomaiviticin lom G (Kersten et al., 2013a)
2 Lymphostin lym G (Miyanaga et al. 2011)
14 Pacificanone/salinipyrone spr G (Awakawa et al., 2015)
23 Retimycin rtm B (Duncan et al., 2015)

5 Rifamycin/saliniketal rif G (Wilson et al., 2010)

11 Salinichelin slc B (Unpublished)

9 Salinilactam slm B (Udwary et al. 2007)
22 Saliniquinone PKS65 B (Unpublished)

10 Salinosporamide sal G (Eustaquio et al., 2011)
1 Sioxanthin sio G (Richter et al., 2015)
13 Sporolide spo H (McGilinchey et al., 2008)
4 Staurosporine sta B (Freel et al., 2011)

21 Tambromycin tor B (Goering et al., 2016)
6 Isopimara-8,15-dien-19-ol terp1 H (Xu et al., 2014)

15 Thiolactomycin tim H (Tang et al., 2015)

18 Tirandalydigin tdy B (Castro-Falcén et al., 2016)
25 Mevinolin NI - (Bose et al., 2014)

26 Salinipostin NI - (Schulze et al., 2015)
27 Arenamide NI - (Asolkar et al., 2009)

In the case of BE-43547, the biosynthetic gene cluster (BGC) was detected in Salinispora but the compound originally reported from another
taxon. Compounds for which the BGCs are unknown are listed as not identified (NI). The method by which compounds and BGCs were linked
is reported as bioinformatic (B), gene inactivation (G), or heterologous expression (H).

Note: The pseudopeptide ketomemicin C and its associated BGC was recently identified following heterologous expression from S. tropica
strain CNB-440 (Ogasawara et al., 2016) but not included in these analyses.

towards the isolation of compounds produced by these
biosynthetic mechanisms.

Despite sharing 99% 16S rRNA gene sequence identity,
we observed extensive diversity in the 119 genomes in the
form of 176 distinct BGCs. Of these, it was possible to link
14 to the small molecules they encode based on prior
experimental evidence and 10 more based on bioinfor-
matic analysis (Table 1). Thus, as has been observed in
other actinomycete genomes, a majority of the BGCs
detected (80% in this case) have not been linked their
products. Despite extensive chemical analysis of this
genus (Jensen et al, 2015), only three additional com-
pounds have been isolated yet not connected to their
BGCs (Asolkar et al, 2009; Bose et al, 2014; Schulze
et al., 2015) indicating that a large majority of the biosyn-
thetic potential of the strains sequenced has yet to be
realized. Salinispora spp. devote a large percentage of
their genomes to specialized metabolism (> 10%) (Udwary
et al., 2007) supporting the importance of these small mol-
ecules to their biology.

We next assessed the relative abundance of each BGC
in the three Salinispora species (Supporting Information

Fig. S2). Surprisingly, only four BGCs are conserved at the
genus level (Fig. 1A). Of these, only the sio BGC has been
linked to its biosynthetic product, the carotenoid pigment
sioxanthin, which gives these bacteria their characteristic
orange pigmentation (Richter et al., 2015). At the species
level, S. arenicola possesses a relatively large number of
BGCs that were observed among all strains including six
that were not observed in the other two species. This level
of conservation among 62 strains isolated from global loca-
tions over 25 years provides evidence they are maintained
due to strong selective pressures. The products of the
BGCs conserved in all S. arenicola strains encompass
diverse biosynthetic types and include potent antibiotics
(rifamycins), cytotoxins (staurosporines) and a diterpene of
unknown function discovered via heterologous expression
(Fig. 1B) (Jensen et al., 2015).

While relatively few BGCs are fixed at the genus or spe-
cies level, 54% were observed in only one or two strains.
More specifically, 61 BGCs were observed in one strain
(singletons) while an additional 34 were observed in only
two of the 119 strains (Fig. 1, Supporting Information Fig.
S3). It can be inferred that these 95 BGCs were acquired

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 3660-3673
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Fig. 1. Salinispora specialized metabolism.

A. Outer three circular bar graphs show the relative abundance of each BGC in the three Salinispora species arranged counter-clockwise in
decreasing order by genus (scale = 0%—100% of strains, lines at 25% intervals, SA = S. arenicola, SP = S. pacifica, ST = S. tropica).

Bar colours indicate BGC type (see legend). Only the first four BGCs occur in all 176 strains.

B. Inner circle shows the BGCs for which the products are confirmed (black) or predicted (grey) with the corresponding chemical structures
numbered and named: 1 sioxanthin, 2 lymphostin, 3 desferrioxamine B, 4 staurosporine, 5 rifamycin S, 6 diterpene, 7 lomaiviticin A,

8 cyanosporaside A, 9 salinilactam, 10 salinosporamide A, 11 salinichelin A, 12 ikarugamycin, 13 sporolide A, 14 rosamicin A, 15
thiolactomycin, 16 arenicolide B, 17 enterocin, 18 tirandalydigin, 19 cyclomarin D, 20 arenimycin A, 21 tambromycin, 22 saliniquinone A,
23 retimycin A, 24 BE43547A1.

C. Species phylogeny based on 876 concatenated genes (Millan-Aguinaga et al., 2017).

D. Location from which the strain was isolated (see legend).

E. Histogram shows number of BGCs per strain (scale = 10-30).

F. Plot linking strains on the right with BGCs on left. Coloured links show ‘singletons’ with the corresponding species (orange = S. tropica,
blue = S. pacifica, green = S. arenicola).

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 3660-3673
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by horizontal gene transfer relatively recently in the evolu-
tionary history of the genus thus providing support for the
concept that BGCs represent highly mobile genetic ele-
ments (Fischbach et al., 2008). The singletons are broadly
distributed throughout the phylogeny (Fig. 1C and F) indi-
cating that BGC acquisition is not limited to any specific
clades and thus appears to be a common feature of the
genus. The remarkable BGC diversity observed among a
group of closely related strains represents a major compo-
nent of the flexible genome and creates a theoretical
mechanism by which bacteria can respond to new selec-
tive pressures or exploit new environments (Jensen, 2016;
Rodriguez-Valera et al., 2016).

The numbers of shared BGCs did not decrease with
increasing geographic distance at either the genus or spe-
cies levels (Supporting Information Fig. S4 and Table S2),
as would be expected if there were biogeographic barriers
to dispersal. Nonetheless, there are examples of clade-
specific BGCs that were only observed at a single location
(Supporting Information Fig. S2), suggesting that ende-
mism plays a role in BGC distributions. There is also
evidence that BGCs such as PKS9 were acquired inde-
pendently by different strains, in this case on three
occasions by five strains from Fiji (Supporting Information
Fig. S5). While these observations are likely affected by
sample size, they provide evidence of the complex evolu-
tionary histories of BGCs relative to the strains in which
they reside.

Islands of innovation

We next asked if there was conservation in the chromo-
somal positions of BGCs and if this varied depending on
their frequency of occurrence among the strains. To
address these questions, we generated pseudo-
chromosomes for each strain by mapping sequence con-
tigs onto the closed genomes of a closely related strain
and then mapping the position of each BGC onto the
assembly. The positions of ca. 75% of the BGCs could be
assigned using this approach. We then generated a single
pan-chromosome for each species and determined the
positional conservation for each BGC (Fig. 2A-C). Surpris-
ingly, the 21 genomic islands originally identified in a
comparison of two Salinispora genome sequences (Penn
et al., 2009) were highly conserved among all 119 strains.
Depending on species, these genomic islands housed
72%—89% of the mapped BGCs.

While BGCs are commonly observed in genomic islands
(Dobrindt et al., 2004), we asked if acquisition events are
targeted to specific genomic islands. In S. pacifica, the
pan-chromosome clearly reveals that GI10 and Gl15 are
enriched in BGCs, with 54% of those observed in only one
or two strains located in these two islands. Similarly, in S.
arenicola, GI5, GI15 and GI20 account for 83% of the

mapped BGCs observed in only one or two strains. These
islands appear to be specialized sites for BGC entry and
are located in regions comparable to the chromosomal
arms identified in Streptomyces linear genomes, which are
enriched in BGCs (Bentley et al., 2002; Nett et al., 2009).
While the mechanisms directing BGCs to specific Gls
remain unknown, these regions contain 79% of the mobile
genetic elements that could be mapped onto the pseudo-
chromosomes. In particular, GI10 and GI15 are enriched
in transposases in all three species, which mirrors the
abundance of BGCs in these Gls (Supporting Information
Fig. S6). These findings contrast with the location of BGCs
in the fungal genus Penicilium were they are mainly
encoded in the core genome (Nielsen et al., 2017).

Given that numerous specialized metabolites have been
reported from Salinispora strains, we next asked if the
position of the BGC affected the likelihood that the
encoded secondary metabolites have been discovered. Of
the 24 BGCs that have been experimentally or bioinfor-
matically linked to their products, 18 could be mapped onto
the three pan-chromosomes. The positions of these BGCs
ranged from highly conserved core regions (e.g., lym
between Gl16-Gl17 and des between Gl14-Gl15) to geno-
mic islands such as GI10 and GI15, which are among the
most active sites of BGC acquisition (Fig. 2A-C). Products
have also been identified from BGCs that are both highly
conserved (e.g., sio, observed in all 119 genomes) and
rare (e.g., rtm and arn, each observed in one genome).
These results provide evidence that recently acquired
BGCs can be functional and suggest that location does not
affect the likelihood of product discovery. To further explore
the effects of genome location on BGC functionality, we
asked if certain Gls were hot spots for BGC expression
(Fig. 2D—F). For Gls that contain more than one BGC, they
were differentially expressed 53% of the time, suggesting
that most BGCs are under different regulatory control.
Examples include GI10 in S. pacifica where STPKS1 was
highly expressed relative to /an3B. There were also exam-
ples where BGCs located in the same Gils in different
species were differentially expressed (e.g., sio and
NRPS4). These observations suggest that genomic posi-
tion is not a good predictor of BGC expression.
Nonetheless, a majority of BGCs (79%) in GI10 and GI15,
the major sites of BGC acquisition, were expressed at low
levels in the one cultivation condition tested.

BGC migration

The positions of BGCs are largely stable among the strains
sequenced, with 92% of those observed in more than one
strain found in the same chromosomal position in all
strains (Fig. 2A—C). However, the remaining 8% of BGCs
could be mapped to more than one position in different
strains, providing insight into the complex evolutionary

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 3660-3673
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histories of some BGCs within the genus. In all cases,
these positional changes were associated with different
islands, suggesting the BGCs were either independently
acquired or migrated from island to island. The island
migration hypothesis is supported by likelihood and phylo-
genetic analyses in NRPS42 and NRPS4 in S. pacifica
(Supporting Information Figs S7 and S8) and amc and

PKS2in S. arenicola (Supporting Information Figs S9 and
S10). In all four cases, the likelihood and phylogenetic
analyses predict that the BGCs were acquired once and
migrated to different chromosomal positions. In the seven
remaining cases where a BGC was observed in different
chromosomal positions in different strains (sal, STPKST,
NRPS10, lani, lan8, terp6 and butf), the most

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 3660-3673
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Fig. 3. Exchange of sal and lym BGCs in S. pacifica.

A. Mirrored likelihood analyses of sal (left) and lym (right) BGCs in S. pacifica. These analyses predict that lym was present in the common
ancestor of the genus while sal was acquired more recently in at least four separate events. Grey shaded boxes indicate strains in which the
lym BGC was replaced by sal. Black un-shaded boxes indicate four strains that have both BGCs (CNR-942, CNT-569, CNY-646 and CNS-
237), whereas the light grey box indicates the only strain lacking both BGCs (DSM 45549).

B. For strains containing either sal or lym, the BGCs are located in the same inter-island region between Gl16 and Gl17 as exemplified here
by sal in strains CNT-045 and lym in CNT-569. For strains containing both sal and lym, lym is located in the normal conserved position (GI16/
Gl17) while sal is located in the inter-island region between Gl15 and GI16 as exemplified by strain CNT-569. SC: Sea of Cortez, PV: Puerto
Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Palmyra, GU: Guam, PL: Palau, MD: Madeira archipelago).

parsimonious explanation is that it was acquired more than
once (Supporting Information Figs S11-S21, Fig. 4A). In
total, 11 BGCs varied in their genomic positions. Sixty-four
percent of these could be linked to independent acquisition
events and 36% to intragenomic migration events. It
remains unknown if BGCs observed in core regions of the
genome originally entered via genomic islands and subse-
quently migrated to these conserved regions where they
are less likely to be lost or disrupted by subsequent acqui-
sition events (Dobrindt et al., 2004).

BGC exchange

As previously reported for enediyne BGCs (Ziemert et al.,
2014), we observed clear examples of BGC exchange
between the highly conserved lymphostin (lym) BGC (Miya-
naga et al, 2011), which was observed in 110 of 119
genomes and the salinosporamide K version of the sal BGC
(Supporting Information Fig. S21) (Eustaquio et al., 2011),

which was observed in eight of the nine S. pacifica strains
that lacked the lym BGC (Fig. 3A). Likelihood analyses pre-
dict that lym was vertically inherited from an S. pacifica
ancestor and subsequently maintained in a majority of
strains while sal was acquired more recently in at least four
independent events. In all eight cases where sal replaces
lym, the BGCs occur in the same chromosomal position
(Fig. 3B) supporting the concept that these BGCs were
exchanged. Interestingly, four strains maintain both the sal
and lym BGCs and in all cases, lym is observed in its con-
served genomic position while sal has been inserted in the
core region between GlI15 and 16. Unlike previous observa-
tions of enediyne BGC exchange, genes within sal and lym
do not share high levels of sequence identity suggesting
that homologous recombination is not involved. There is
also evidence for the exchange of Salinispora BGCs that
encode siderophores (Ziemert et al., accepted). It would be
interesting to know if the products of sal and lym were func-
tionally equivalent in the strains that possess them.
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Fig. 4. NRPS10 degradation in S. pacifica.
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A. Likelihood analysis for the conserved regulatory gene predicts six independent acquisition events (arrows). Abbreviations after strain
number indicate isolation site of the strain (PL: Palau, FJ: Fiji, RS: Red Sea, HI: Hawaii, MD: Madeira archipelago, SC: Sea of Cortez, PV:

Puerto Vallarta, GU: Guam).

B. NRPS10 gene cluster organization. The ‘complete’ BGC is observed in CNT-003 and CNR-909. The conserved regulator gene is shown in
black, NRPS related genes in dark grey, tailoring enzymes in light grey and flanking genes in white. Position of BGC in genome shown next to
cluster. Gl: genomic island, NA: Gl could not be assigned, *annotated as pseudogene.

BGC degradation

In addition to BGCs being observed in different chromo-
somal positions, there is evidence that some are
degraded. We searched for BGC remnants by extracting
all Salinispora genes annotated as ‘pseudogenes’ from the
IMG/ER database and screening this pool for annotations
related to secondary metabolism. This led to the detection
of pseudogene salpac 2984 in S. pacifica strain DSM
45543, which was also annotated as a ‘condensation-
domain containing protein’. This 139-amino acid pseudo-
gene shares 94% sequence identity with a region of the
1420 amino acid NRPS protein from NRPS10, a BGC
identified in S. pacifica strains CNT-003 and CNR-909.
Using this gene as a BLASTP query in IMG/ER, proteins
with > 90% sequence identity to salpac_2984 were identi-
fied in 14 additional Salinispora genomes. In addition to
this NRPS fragment, a putative regulator gene also
associated with NRPS10 was linked to the Salpac_2984
pseudogene. Using the regulator gene as a BLASTP
template, three additional strains containing portions of
NRPS10 but lacking the Salpac_2984 pseudogene could
also be identified. Detailed analyses of the strains that only
retained the regulator gene showed that parts of the NRPS
could also be detected; however, they were not annotated

as an open reading frame. Similar patterns were observed
for the fungal BGC encoding bikaverin, which showed dif-
ferent stages of BGC decay and preservation of functional
regulatory genes (Campbell et al., 2012).

Maximum likelihood analysis supports the independent
acquisition of NRPS10 at six points in the evolutionary his-
tory of S. pacifica (Fig. 4A). The ‘complete’ and partial
versions of NRPS10 showed similar GC-content (69.0%—
69.6%), which closely matched the average genome con-
tent (69.7%—69.9%), suggesting the acquisition events
occurred among closely related strains. Only two strains
contained the complete BGC (Fig. 4B) while 14 strains
contained partial BGCs. Phylogenetic analysis of the regu-
latory gene revealed that the sequences observed in CNR-
909 and CNT-003 (complete BGC) are most closely related
to those detected in the partial BGCs observed in CNT-584
and CNT-124 (Supporting Information Fig. S20). These
strains are distantly related in the species phylogeny, sug-
gesting that the partial versions of NRPS10 were
exchanged among these strains or their close relatives.

Genome sequences derived from large numbers of
closely related bacteria are providing unique opportunities
to infer the complex evolutionary processes that contribute
to the flexible genome (Rodriguez-Valera et al., 2016). The
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genus Salinispora invests heavily in specialized metabo-
lism, with most BGCs acquired relatively recently in the
evolutionary history of the genus. Acquired BGCs are tar-
geted to specific genomic islands and can replace each
other using what appears to be a plug and play type model
of evolution that provides a mechanism to test the effects
of specialized metabolites on fitness. Gaining a better
understanding of the ecological functions of these com-
pounds will provide insight into the selective pressures that
maintain BGCs within specific lineages and how acquisi-
tion events shape population structure.

Experimental procedures

Genome sequencing, assembly and pathway
identification

The strains used in this study are listed in Supporting Informa-
tion Table S1. The genome sequences can be accessed via
the IMG Genome ID number on the Joint Genome Institute’s
Integrated Microbial Genomes website (IMG/ER, https://img.
jgi.doe.gov). Genome sequencing and assembly were carried
out as previously described (Ziemert et al., 2014) as part of
three independent JGI sequencing projects using the standard
approaches employed at the time. AntiSMASH 2.0 (Blin et al.,
2013) was used for terpene, RiPP, and ‘other BGC identifica-
tion while PKS and NRPS BGCs were detected using
NaPDoS with default settings (Ziemert et al., 2012). Pathways
were grouped into OBUs as described previously (Ziemert
et al., 2014) and further investigated using BLAST (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) and IMG/ER.

Pan-chromosome assembly

Pseudo-chromosomes were generated for each strain and Gl
boundaries defined as previously described (Ziemert et al.,
2014). Approximately 25% of the BGCs could not be mapped
to the pseudo-chromosomes because the flanking regions did
not extend into the genomic core. The average size of the Gls
and conserved core regions were used to generate figurative
representations of the chromosome for each species, which
we termed ‘pan-chromosomes’ (Chan et al., 2015). BGCs
were mapped onto the pan-chromosomes according their
position in the assemblies. The positions of BGCs that were
present within the same Gl or core region in more than one
strain were averaged. Pan-chromosomes and Fig. 1 were
visualized using ‘circos’ (Krzywinski et al., 2009) and iTOL
(Letunic and Bork, 2016). Genes encoding mobile genetic ele-
ments (MGEs) were extracted from the IMG/ER database via
gene searches using keywords ‘transposase’, ‘integrase’ and
‘recombinase’. The positions of MGEs in the assemblies were
assigned in the same manner as the BGCs.

Phylogeny, ancestral state reconstruction and statistics

The species phylogeny (Fig. 1) and the ancestral state recon-
structions were based on 876 concatenated genes common
to all 119 genome sequences (Millan-Aguinaga et al., 2017).
Maximum likelihood trees for core biosynthetic genes derived

from individual BGCs were constructed with default settings in
FastTree (Price et al., 2010) using a protein alignment (MUS-
CLE) generated by Geneious Pro v5.5.9. Three outgroups
were chosen from the top ten BLASTP hits in NCBI. Ancestral
state reconstruction was carried out with Mesquite as previ-
ously described (Maddison and Maddison, 2011; Ziemert
et al., 2014). T-test and ANOVA analyses were carried out in
R using default settings.

BGC migration and biogeography

Mesquite was used to determine if BGCs observed at different
chromosomal positions in different strains could be attributed
to single or multiple acquisition events. If a single acquisition
event was predicted, phylogenies of core biosynthetic genes
derived from those BGCs were generated. If the phylogenies
were congruent, it was inferred that the BGC had moved posi-
tions subsequent to the acquisition event. Distances between
collection sites were calculated using GPS coordinates (Sup-
porting Information Table S1) of sites (http://www8.nau.edu/
cvm/latlongdist.html). Numbers of shared BGCs were deter-
mined by comparing all collections sites with each other. The
following BGCs were excluded: Genus-specific BGCs (sio,
PKS4, bac2, amc), butyrolactone 1 (salinipostin), butyrolac-
tone 2a and b, S. arenicola specific BCGs (rif, terp1, PKS1A,
PKS3A, PKS3B, PKS1B) and NRPS2 (conserved in 61/62 S.
arenicola).

BGC expression

Transcriptome analyses were performed using established
methods. In brief, RNA was sent to the US Department of
Energy Joint Genome Institute (JGI) for sequencing, quality
control and read mapping. Libraries for RNA-Seq were pre-
pared using the TruSeq RNA Sample Prep Kit V2 (lllumina)
with sequencing performed on an lllumina HISEQ 2500 instru-
ment. The sequencing effort generated >3 X 107 paired end
reads (100 bp) per replicate, which provided over 100X cover-
age of each Salinispora genome. Raw reads were evaluated
for artifact sequences using BBDuk by kmer matching
(kmer = 25) (https://sourceforge.net/projects/bbmap/). Quality
trimming was performed using the phred trimming method set
at Q10 (Ewing et al, 1998) and reads under 45 bases
removed. Raw reads from each library were aligned to their
respective reference genome using BWA (Li and Durbin,
2010). If a read mapped to more than one location, it was
ignored. FeatureCounts was used to generate raw gene
counts (Liao et al., 2014). Mapped reads were visualized using
BamView in Artemis (Rutherford et al., 2000). The number of
reads per kilobase of transcript per million mapped reads
(RPKM) was used to normalize raw data in Artemis (Mortazavi
et al., 2008). BGC expression levels were derived from aver-
age values calculated for key biosynthetic genes. These
included PKS, NRPS, terpene synthase, precursor peptide
(bacteriocin) and LanM (lantibiotic) genes. Additional genes
associated with key biosynthetic operons were checked to
confirm the expression levels.
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Supporting information
Additional Supporting Information may be found in the
online version of this article at the publisher's web-site:

Table S1. Strain information including 16S sequence types
(Freel et al., 2012; Vidgen et al, 2012; Millan-Aguinaga
et al., 2017) and location of origin (CB: Caribbean, SC: Sea
of Cortez, PV: Puerto Vallarta, RS: Red Sea, FJ: Fiji, HI:
Hawaii, PM: Palmyra, GU: Guam, PL: Palau, MD: Madeira
archipelago, *sponge isolates).

Table S2. GPS coordinates for calculation of distances
between collection sites.

Fig. S1. Salinispora specialized metabolism. A. Boxplot of
BGCs per genome (median in red): boxes indicate upper
and lower quartile, lines indicate minimum and maximum
number of BGCs per genome, circles indicate outliers. B.
Species-level BGC distributions (red = polyketide synthase
(PKS), orange = non-ribosomal peptide synthetase (NRPS),
brown = PKS-NRPS hybrid, purple = ribosomally synthe-
sized and post-translationally modified peptide (RiPP),
green = terpene, yellow = siderophore, grey = other). C.
Genus-level BGC distributions determined bioinformatically
(top) and based on isolated compounds (bottom).

Fig. S2. Presence-absence matrix of BGCs in Salinispora
spp. The species phylogeny is based on core genes with no
evidence of recombination (Millan-Aguinaga et al, 2017).
The perpendicular axis lists the 176 BGCs detected in these
strains. Coloured boxes indicate the presence of a BGC in a
genome. BGCs are listed in decreasing order of abundance.
Colours correspond to the location from which the strain was
isolated (purple = Caribbean, orange = Fiji, green = Palau,
blue = Guam, vyellow = Hawaii, pink = Palmyra, light blue-
=Sea of Cortez, light pink=Puerto Vallarta, brown=
Madeira archipelago, red=Red Sea). Location specific
BGCs highlighted with a black box.

Fig. S3. Rank-abundance curve of BGCs in Salinispora
(176 BGCs in total including 61 singletons and 34 that were
observed in only two strains).

Fig. S4. Pairwise comparison of shared BGCs (y-axis) and
geographic distance (km) between collection locations (x-
axis). All species include S. arenicola, S. pacifica and S.
tropica. Only S. arenicola and S. pacifica are shown as indi-
vidual species as S. tropica is only present at one location.

Fig. S5. A likelihood analysis reveals the distribution of the
PKS9 BGC (black circles) within the S. pacifica lineage.
From this analysis, it can be inferred that PKS9 was
acquired independently on three occasions by strains CNT-
403, DSM45548, and by the common ancestor of strains
CNT-609 and CNT-084, and CNT-133. All of these strains
were isolated from samples collected in Fiji (FJ).

Fig. S6. Distribution of MGEs (in percent) within Gls and
core regions. NA = percentage of MGEs that could not be
mapped to a specific location. Colours indicate species
(red = S. tropica, yellow = S. pacifica, blue = S. arenicola)
(A) Transposase distribution per Gl, (B) Integrase distribu-
tion per Gl, (C) Recombinase distribution per Gl.
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Fig. S7. (A) Likelihood analysis provides evidence that
NRPS42 was acquired once in the Salinispora phylogeny.
This BGC occurs in genomic island GlI1 in S. pacifica
strains CNS-996 and CNT-045 and GI20 in strains CNS-
860 and DSM 45543 suggesting it has changed position
(migrated). Strain names are followed by the location from
which they were isolated (CB: Caribbean, SC: Sea of Cor-
tez, PV: Puerto Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii,
PM: Palmyra, GU: Guam, PL: Palau, MD: Madeira archipel-
ago). (B) The maximum likelihood phylogeny of the non-
ribosomal peptide synthetase gene in NRPS42 is congruent
with the species phylogeny, supporting vertical inheritance
following acquisition. Light-grey boxes indicate strains with
the BGC in Gl1, dark-grey boxes indicate strains with the
BGC in Gl20.

Fig. S8. (A) Likelihood analysis predicts the presence of
NRPS4 in the common ancestor of the genus. This BGC is
observed in GlI21 in all strains except CNS-237, where it is
observed in GI10, and CNS-860 and CNS-133, where it is
observed in the conserved region between Gl21 and GI1.
(B) The maximum likelihood phylogeny of the non-
ribosomal peptide synthetase gene in NRPS4 is congruent
with the species phylogeny, supporting vertical inheritance
and the subsequent migration of this BGC in the highlighted
strains. S. fropica and S. arenicola clades are collapsed.
Light-grey-shaded box indicates strain CNS-237, where
NRPS4 was located in GI10. Dark shaded box indicates
strains CNS-860 and CNT-133, where NRPS was located in
the conserved region between Gl21 and Gl1. Strain names
are followed by the location from which they were isolated
(CB: Caribbean, SC: Sea of Cortez, PV: Puerto Vallarta,
RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Palmyra, GU: Guam,
PL: Palau, MD: Madeira archipelago).

Fig. S9. (A) Likelihood analysis of strains possessing amc
between Gl12 and GI13 predicts that this BGC was present
in the common ancestor of the genus (right side). A similar
analysis of the five strains possessing amc in GI6 (left side)
predicts that it was acquired (i.e., migrated to) this new
location independently on five occasions. (B) The maximum
likelihood phylogeny of amcB (3-dehydroquinate synthase,
Sare_2489) in S. arenicola is congruent with the species
phylogeny with the exception of one strain, which supports
BGC migration in the five strains as opposed to indepen-
dent acquisition events. Light-grey-shaded boxes indicate
those strains in which the BGC has migrated to Gl6. Strain
names are followed by the location from which they were
isolated (CB: Caribbean, SC: Sea of Cortez, PV: Puerto
Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Palmyra,
GU: Guam, PL: Palau, MD: Madeira archipelago).

Fig. S$10. (A) Likelihood analysis of the PKS2 BGC predicts
it was present in a common ancestor of the genus, main-
tained in S. arenicola, lost in the other two species, and
subsequently re-acquired in four S. pacifica strains. The
BGC is located in GlI6 in most S. arenicola strains but
shows evidence of migration to GI13 and other positions.
Strain names are followed by the location from which they
were isolated (CB: Caribbean, SC: Sea of Cortez, PV:
Puerto Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Pal-
myra, GU: Guam, PL: Palau, MD: Madeira archipelago). (B)
Maximum likelihood phylogeny of the keto-acyl-ACP

synthase amino acid sequence from PKS2. Grey-shaded
boxes indicate S. arenicola strains in which the BGC is
located outside of Gl6.

Fig. S11. (A) Likelihood analysis predicts multiple acquisi-
tion events for lan1. Many of these are associated with dif-
ferent regions of the chromosome. (B) Maximum likelihood
phylogeny of the lan1 lantibiotic dehydratase amino acid
sequence is incongruent with the species phylogeny sup-
porting multiple acquisition events. Grey-shaded boxes indi-
cate strains (SA=S. arenicola, SP=S. pacifica) with
differing genomic position of the /an1 BGC. Genomic
islands (Gls) shown next to box. Strain names are followed
by the location from which they were isolated (CB: Carib-
bean, SC: Sea of Cortez, PV: Puerto Vallarta, RS: Red
Sea, FJ: Fiji, HI: Hawaii, PM: Palmyra, GU: Guam, PL:
Palau, MD: Madeira archipelago).

Fig. S12. Maximum likelihood analysis of the but? BGC
provides evidence that it was present in a common ances-
tor of the genus. The location of the BGC in different chro-
mosomal position supports migration. Chromosomal
location of the BGC is shown next to the strains. Strain
names are followed by the location from which they were
isolated (CB: Caribbean, SC: Sea of Cortez, PV: Puerto
Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Palmyra,
GU: Guam, PL: Palau, MD: Madeira archipelago).

Fig. S13. Maximum likelihood phylogeny of the A-factor
amino acid sequence of from but1 BGC. S. tropica and S.
arenicola clades are collapsed. Grey-shaded boxes indicate
S. pacifica strains with differing genomic positions for but1
(G0 instead of Gl15). Genomic islands (Gls) shown next
to box. For strains encircled with a black box, the chromo-
somal position could not be assigned.

Fig. S14. Maximum likelihood analysis of terp6 BGC sup-
ports independent acquisition events instead of intrage-
nomic movement. Chromosomal location of the BGC is
shown next to strains. Strain names are followed by the
location from which they were isolated (CB: Caribbean, SC:
Sea of Cortez, PV: Puerto Vallarta, RS: Red Sea, FJ: Fiji,
HI: Hawaii, PM: Palmyra, GU: Guam, PL: Palau, MD:
Madeira archipelago).

Fig. $15. Maximum likelihood phylogeny of polyprenyl dis-
phosphate synthase amino acid sequences from the terp6
BGC in S. pacifica. Light-grey-shaded boxes indicate S.
pacifica strains in which the gene is located in a different
chromosomal position (Genomic island 17 vs. GI5).

Fig. S16. Likelihood analysis of the STPKS1 BGC shows
evidence for independent acquisition events. Chromosomal
location of the BGC (Genomic island) is shown next to the
strains. Strain names are followed by the location from which
they were isolated (CB: Caribbean, SC: Sea of Cortez, PV:
Puerto Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Pal-
myra, GU: Guam, PL: Palau, MD: Madeira archipelago).

Fig. S17. Maximum likelihood phylogeny of beta-keto acyl
synthase amino acid sequence from the STPKS1 BGC in
S. pacifica and S. tropica. Light-grey-shaded box indicates
the S. pacifica strain with the BGC in GI15 while dark grey
indicates GI10.

Fig. S18. Likelihood analysis of the /an8 BGC shows evi-
dence for multiple acquisition events (black circles). Strain
names are followed by the location from which they were
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isolated (CB: Caribbean, SC: Sea of Cortez, PV: Puerto
Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Palmyra,
GU: Guam, PL: Palau, MD: Madeira archipelago).

Fig. $19. Maximum likelihood phylogeny of the two genes
from the lan8 BGC. Grey boxes indicate strains where the
genomic position of the BGC could be assigned. Genomic
islands (Gls) shown next to box. A. Phylogeny of the puta-
tive precursor peptide. B. Phylogeny of the thiopeptide mod-
ifying enzyme.
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Fig. S20. Maximum likelihood phylogeny of a regulatory
gene from NRPS10. Different shaded boxes represent dif-
ferent Gls (shown next to box). NA: genomic position could
not be determined.

Fig. S21. Likelihood analysis of the sal and lym BGCs.
Strain names are followed by the location from which they
were isolated (CB: Caribbean, SC: Sea of Cortez, PV:
Puerto Vallarta, RS: Red Sea, FJ: Fiji, HI: Hawaii, PM: Pal-
myra, GU: Guam, PL: Palau, MD: Madeira archipelago).
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