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Multilocus Sequence Typing Reveals Evidence of Homologous
Recombination Linked to Antibiotic Resistance in the Genus

Salinispora

Kelle C. Freel, Natalie Millan-Aguifaga, Paul R. Jensen

Scripps Institution of Oceanography, Center for Marine Biotechnology and Biomedicine, University of California—San Diego, La Jolla, California, USA

The three closely related species that currently comprise the genus Salinispora were analyzed using a multilocus sequence
typing approach targeting 48 strains derived from four geographic locations. Phylogenetic congruence and a well-sup-
ported concatenated tree provide strong support for the delineation of the three species as currently described and the
basal relationship of Salinispora arenicola to the more recently diverged sister taxa S. tropica and S. pacifica. The phylog-
eny of the initial region of the rpoB gene sequenced was atypical, placing the related genera Micromonospora and Verruco-
sispora within the Salinispora clade. This phylogenetic incongruence was subsequently ascribed to a homologous-recombi-
nation event in a portion of the gene associated with resistance to compounds in the rifamycin class, which target RpoB.
All S. arenicola strains produced compounds in this class and possessed resistance-conferring amino acid changes in
RpoB. The phylogeny of a region of the rpoB gene that is not associated with rifamycin resistance was congruent with the
other housekeeping genes. The link between antibiotic resistance and homologous recombination suggests that incongru-
ent phylogenies provide opportunities to identify the molecular targets of secondary metabolites, an observation with po-
tential relevance for drug discovery efforts. Low ratios of interspecies recombination to mutation, even among cooccurring
strains, coupled with high levels of within-species recombination suggest that the three species have been described in ac-

cordance with natural barriers to recombination.

It has become clear that rates of homologous recombination
can be extensive within bacterial species (1-3). This process,
coupled with barriers to interspecies recombination (4), pro-
vides a mechanism of genetic cohesion that shares features with
the biological species concept (5). In comparison, the stable-
ecotype model suggests that genetic cohesion is maintained
within ecologically distinct populations largely by periodic se-
lection events and low rates of recombination relative to mu-
tation (6-8). These contrasting concepts of the evolutionary
processes that maintain species level units of diversity are
clouded by evidence of interspecies recombination (9, 10), the
rates of which vary widely among bacteria (11). Homologous
recombination between different bacterial species has not only
generated questions about our ability to resolve species using
sequence-based phylogenetic approaches, but also whether
bacteria merit species level designations (12, 13).

Multilocus sequence typing (MLST) is based on the sequenc-
ing of 5 to 7 housekeeping genes (450 to 500 bp each) that are
spread around the chromosome (14). The technique has been
used to aid in the classification of bacteria (15, 16) and to address
linkage equilibrium, gene exchange within and among species,
and the relative importance of recombination versus mutation in
the maintenance of population genetic structure (2,9, 17-19). The
analysis of MLST data is thus providing new opportunities to eval-
uate bacterial taxa using species concepts that are based on eco-
logical and evolutionary theory.

The marine actinomycete genus Salinispora falls within the
family Micromonosporaceae. It is comprised of the three closely
related species Salinispora arenicola, S. tropica, and S. pacifica (20,
21) and has been reported exclusively from marine environments
(22). Salinispora spp. represent an important source of biologi-
cally active secondary metabolites (23), including salinospora-
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mide A (24), which has entered clinical trials for the treatment of
cancer (25). The three Salinispora species share =99% 16S rRNA
gene sequence identity (26), were resolved using traditional poly-
phasic taxonomic approaches, and were further distinguished
based on individual gene phylogenies (27), secondary-metabolite
production (28), and comparative genomics (29). Members of the
genus have been cultured globally from tropical and subtropical
locations (22, 30-32), while culture-independent studies reveal a
broader distribution in marine sediments (33). There is both cul-
tured and culture-independent evidence that S. pacifica and S.
tropica are geographically isolated and that S. arenicola co-occurs
with both species (22, 26, 34), suggesting that geographic isolation
and ecological differences may be associated with diversification
within the genus. Nonetheless, the detection of clonal 16S rRNA
sequence types from global collection sites (22) provides evidence
that geographical barriers may not limit gene flow between co-
occurring species. This study describes the implementation of an
MLST scheme designed to test the current species level assign-
ments within the genus Salinispora and to address the evolution-
ary mechanisms that have influenced the genetic population
structure in this marine actinomycete lineage.
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FIG 1 The rpoB gene. Regions 1 to 3 were targeted for PCR amplification. Mutations in the N and I to III regions are known to be associated with resistance to

compounds in the rifamycin class (50).

MATERIALS AND METHODS

Bacterial strains. A total of 48 Salinispora strains were used in this study.
They were cultured from marine sediments collected off the Bahamas
(BA), Palau (PL), and Fiji (FJ) and from the Sea of Cortez, Mexico (SC), as
previously described (22, 26).

Nucleic acid extraction, PCR amplification, and sequencing. Strains
were cultured in medium Al with shaking at 230 rpm for 5 to 7 days.
Genomic DNA (gDNA) was extracted according to the DNeasy protocol
(Qiagen Inc., Valencia, CA) with previously described changes (35). Pu-
rified gDNA was used immediately or stored at —20°C prior to use.
The 16S rRNA gene and five housekeeping genes (atpD, trpB, recA,
rpoB, and gyrB) were targeted. Unless already available, 16S rRNA gene
sequences were PCR amplified as previously described (35). Primers
designed for this study were based on orthologous sequences derived
from the S. arenicola CNS-205 and S. tropica CNB-440 genomes and
four draft Salinispora genomes (PRJNA84391, PRJNAS84269,
PRJNA84389, and PRJNA84271) (see Table S1 in the supplemental ma-
terial). The PCR conditions are described in Table S1. Thirteen of the recA
sequences were available from a prior study (22), while the remainder
were obtained here using the same methods. Three regions of the rpoB
gene were targeted. rpoB 1 and 2 are associated with rifamycin resistance,
while rpoB 3 is not (Fig. 1). PCR products were electrophoresed on 1%
agarose gels, visualized with Sybr green, purified using a DNA Clean and
Concentrator kit (Zymo Research), quantified using a NanoDrop
(Thermo Scientific; ND-1000 V3.5.2), and submitted to SeqXcel, Inc., for
sequencing of the forward strand. Sequences containing unique single-nucle-
otide polymorphisms were checked for accuracy by resequencing with the
appropriate reverse primer. rpoB DNA sequences were translated and ana-
lyzed for resistance-conferring mutations using Geneious Pro 5.4.6.

Phylogenetic analyses. Sequences were checked for accuracy and
trimmed using Sequencher (version 4.5; Gene Codes Co., Ann Arbor, MI)
or Geneious Pro 5.4.6. A multiple alignment was created using Muscle
(v3.8.81) (36) and manually edited using MacClade (version 4.07; Sinauer
Associates, Inc., Sunderland, MA) and Mesquite (v2.75). jModeltest (37,
38) was run for each locus, and the best models were used in the phyloge-
netic analyses. Maximume-likelihood trees were created with PhyML (39)
and neighbor-joining trees with MEGA5 (40). Concatenated Bayesian
trees and posterior probabilities were created using MrBayes (41, 42). For
the Bayesian analyses, 1,000,000 generations were run. If the standard split
frequency was above 0.03, additional generations were run until the value
dropped below 0.03. The Neighbor-Net phylogenetic network was created
using SplitsTree4 (43).

Locus characteristics. The atpD, gyrB, recA, rpoB, and trpB loci were
mapped on the complete genomes of S. arenicola CNS-205 (GenBank
accession no. CP000850) and S. tropica CNB-440 (GenBank accession no.
CP000667) using CG View (44). An allelic profile was generated using the
nonredundant databases (NRDB) tool (http://pubmlst.org/). The percent
G+C content and the number of polymorphic sites were calculated using
Geneious Pro 5.3.6. Mesquite was used to quantify variable amino acid
positions.

Population parameters. LIAN 3.5 (45) was used to calculate the stan-
dardized index of association (I;) and mean genetic diversity from the
concatenated data set and to test the null hypothesis that populations are
in linkage equilibrium. Two runs of ClonalFrame (v1.2) were performed
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on the concatenated data (gyrB, recA, trpB, atpD, rpoB 2, and rpoB 3). Each
run consisted of 100,000 burn-in iterations followed by 100,000 more
updates (18). The average number of nucleotide differences per site (1)
was calculated using MEGA5 (40). Ratios of nonsynonymous to synony-
mous substitutions (dN/dS ratios) were calculated using DataMonkey
(46, 47). Recombination events were detected using the Recombination
Detection Program (RDP) v3.44 (48) with default settings. Complete rpoB
genes derived from existing genome sequences of S. tropica (CNB-440,
GenBank accession no. CP000667.1; CNB-536, JGI Genome ID
2517572212; CNS-197, JGI Genome ID 2515154163), S. arenicola (CNS-
205, GenBank accession no. ABW00107.1; CNS-991, GenBank accession
no. KB913036.1; CNH-962, GenBank accession no. KB900232.1), and S.
pacifica (CNS-863, GenBank accession no. KB913022.1; CNT-084, JGI
Genome ID 2515154202; CNT-150, JGI Genome ID 2517434008) were
analyzed, along with Verrucosispora maris (GenBank accession no.
NC_015434.1) as the reference sequence.

Rifamycin analysis. To test for the production of compounds in the
rifamycin class, all strains were cultured in 2.8-liter Fernbach flasks with
shaking at 230 rpm (27°C) in TCG medium (3 g tryptone, 5 g Casitone, 4
g glucose, 1 liter of seawater) for 7 to 10 days, and the whole culture was
extracted with 1 liter of ethyl acetate. The organic layer was separated and
dried under vacuum to obtain a crude extract, which was fractionated by
silica gel flash chromatography eluting with increasing amounts of meth-
anol (CH;OH) in dichloromethane (100% CH,CL,; 100:1, 50:1, 20:1,
10:1,5:1,and 100% CH;OH). The solvent was removed from all fractions,
and low-resolution mass data were obtained in the positive mode on a
Hewlett-Packard series 1100 LC/MS (reversed-phase C,; Phenomenex
Luna column; 4.6 mm by 100 mm; pore size, 5 um; solvent gradient from
5% to 100% CH;CN over 23 min; flow rate, 0.7 ml/min; UV detection).
Compounds were identified as belonging to the rifamycin class based on
UV properties, molecular weights, and retention times as previously de-
scribed (28). All strains were tested for resistance to rifampin (a synthetic
derivative of rifamycin) as previously described (22).

Nucleotide sequence accession numbers. All sequences were submit-
ted to GenBank except those that were deposited as part of previous stud-
ies (22, 26, 27) or that are available through the Joint Genome Institute.
The accession numbers generated as part of this study are JN999707 to
JN999724,TN999726 to JN999829, JX971651,JX971652, and JQ266751 to
JQ266886 (see Table S2 in the supplemental material).

RESULTS

Strain and locus characteristics. Twelve S. tropica, 19 S. arenicola,
and 17 S. pacifica strains derived from four distinct geographic
locations were analyzed (see Table S2 in the supplemental mate-
rial). The 48 strains include different species from the same col-
lection sites, the same species from different collection sites (see
Fig. S1 in the supplemental material), and many of the 16S rRNA
sequence types that have been observed to date within the three
species (22). The housekeeping genes occur as single copies that
are spread throughout the genomes of the two strains for which
complete genome sequences are available: S. arenicola CNS-205
(GenBank accession no. CP000850) and S. tropica CNB-440
(GenBank accession no. CP000667) (see Table S3 in the supple-
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mental material) and thus meet the MLST criterion of being un-
linked (14). The 16S rRNA gene occurs in three identical copies in
the genomes of these two strains.

Phylogenetic analyses. The genus Salinispora forms a well-
supported monophyletic clade in the majority of analyses per-
formed in this study. The 16S rRNA (see Fig. S2 in the supplemen-
tal material), atpD (see Fig. S3), gyrB (see Fig. S4), recA (see Fig.
S5), and trpB (see Fig. S6) phylogenies all reveal a well-supported
primary bifurcation within the Salinispora clade that delineates
S. arenicola from the more recently diverged sister taxa S.
tropica and S. pacifica. The nucleotide phylogeny of rpoB 2,
however, was poorly resolved in terms of the position of
Micromonospora and Verrucosispora spp. in relation to the
three Salinispora spp. (data not shown). We subsequently se-
quenced the rpoB 3 region of the gene (Fig. 1), and a phylogeny
congruent with the other trees was inferred (see Fig. S7 in the
supplemental material). To further explore the phylogeny of
rpoB 2, an amino acid tree was generated (Fig. 2). This tree
places Micromonospora and Verrucosispora spp. within the least
inclusive Salinispora node and is incongruent with the phylog-
enies obtained for the other loci. This result could be explained
by a recombination event with a closely related genus.

Visual inspection of the six congruent nucleotide trees reveals
no evidence of interspecies recombination. All of the trees support
the relatively high level of diversity reported for S. pacifica (22)
despite its sister relationship to S. tropica and recent divergence
relative to S. arenicola. While S. tropica forms a supported clade in
all of the trees, the S. pacifica lineage is paraphyletic in the atpD
and gyrB analyses (see Fig. S3 and S4 in the supplemental mate-
rial). A concatenated nucleotide tree generated from the six con-
gruent loci provides clear support for S. tropica and S. pacifica as
sister taxa and the monophyletic nature of the S. pacifica lineage
(Fig. 3). Surprisingly, the intraspecific 16S rRNA sequence types pre-
viously identified for S. pacifica (22) conform well to the clades ob-
served in the concatenated tree despite a lack of support for the in-
traspecies 16S phylogeny (see Fig. S2 in the supplemental material).

Rifamycin resistance. It has been shown that S. arenicola pro-
duces antibiotics in the rifamycin class while S. tropica and S.
pacifica do not (28, 49). Rifamycin production was confirmed for
all of the strains studied here (data not shown). It was also deter-
mined, using previously described methods (22), that the S. areni-
cola strains included in this study are resistant to 20 pg/ml rifam-
pin (a commercially available derivative of rifamycin) while the S.
tropica and S. pacifica strains are sensitive to this concentration.
Given that the molecular target of the rifamycins is RpoB, we
asked if resistance-conferring amino acid substitutions were asso-
ciated with the incongruent phylogeny observed for RpoB 2 and if
these changes could be attributed to point mutation or homolo-
gous recombination.

An amino acid alignment of regions within the RpoB protein
known to confer rifamycin resistance (50) revealed three substi-
tutions (Table 1), two of which occur in rpoB 2. These substitu-
tions were observed only in S. arenicola and are likely to be asso-
ciated with the rifamycin resistance observed in the species. An
amino acid phylogeny in which these two positions (531 and 574)
are masked does not result in a tree that is congruent with the
other loci (data not shown), suggesting that these substitutions
alone do not account for the incongruent phylogeny observed for
RpoB 2 (Fig. 2). To test for evidence of recombination in rpoB, 10
complete gene sequences (3,429 bp) derived from nine Salinispora
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and one Verrucosispora genome were aligned and analyzed using
the Recombination Detection Program v3.44 (48). The results re-
vealed clear evidence of a recombination event (P < 0.05) using
four of the seven methods employed by the program (Bootscan,
MaxChi, Chimaera, and 3seq), which is sufficient to be taken as
significant evidence that a recombination event has occurred (51).
The breakpoints were identified as positions 1190 and 1533, which
correspond well to the rpoB 2 region of the gene (Fig. 1). In addi-
tion to the RDP results and the incongruent phylogeny observed
for RpoB 2, further support for recombination comes from the
top BLAST matches for the S. arenicola sequences, which share on
average 92.74% (+0.12%) sequence identity with Micromono-
spora sp. strain L5 (GenBank accession no. CP002399) in compar-
ison to 90.85% (*0.16%) with the closest Salinispora spp. In con-
trast, the top BLAST match for the S. arenicola rpoB 3 sequences is
S. tropica (GenBank accession no. NC_009380), with an average
sequence identity of 94.97% (£0.2503%).

Population parameters. The number of alleles identified
among the sixloci ranged from 11 to 29 (Table 2). An allelic profile
revealed 44 distinct genotypes among the 48 strains (Fig. 3) with
little evidence that clonal complexes had been sampled (52). This
result suggests that the genetic diversity of the genus is far from
being sampled and supports additional diversity studies. In four
cases, two strains were clonal at all loci. All of these pairs were
isolated from independent sediment samples collected from the
same location. S. pacifica possessed the greatest allelic diversity
and the highest percentage of polymorphic sites across all loci
(Table 2), providing further support for the relatively high levels
of diversity in this species (22). This species also displayed the
highest  values (Table 2), which describe the average number of
nucleotide differences per site, and the highest mean genetic di-
versity (0.94 * 0.02) relative to S. arenicola (0.77 = 0.08) and S.
tropica (0.57 * 0.14), as calculated using LIAN 3.5 (45). As was
observed in the individual gene trees, the allelic profile revealed no
evidence of interspecies recombination (Fig. 3).

ClonalFrame was used to provide a more detailed assess-
ment of the relative effects of recombination and mutation on
population structure (11, 53). At the genus level, both the rates
(p/6) and effects (r/m) of recombination relative to mutation
are low (Table 3), indicating relatively little impact of recom-
bination on the evolution of the housekeeping genes analyzed.
As with the allelic profiles, these results provide evidence that
little interspecies recombination is occurring. At the species
level, however, r/m and p/6 values above 1 were detected for
both S. tropica and S. arenicola (Table 3), revealing a central
role for recombination in the evolution of these species. A phy-
logenetic network created using SplitsTree4 (43), where edges
represent phylogenetic incompatibilities, supports these re-
sults by revealing no incongruence among species yet numer-
ous examples of within-species splitting (Fig. 4). The evolu-
tionary effects of recombination were additionally addressed
by calculating the standardized index of association (I3), a
measure of linkage equilibrium in which a value of zero indi-
cates a freely recombining population that is in perfect linkage
equilibrium (45). The lowest value calculated (0.126) was for S.
tropica, which provides additional support for the importance
of recombination in the evolution of this lineage. The values
calculated for S. arenicola and S. pacifica were 0.154 and 0.526,
respectively. The null hypothesis of linkage equilibrium as cal-
culated using LIAN (45) was rejected for all three species (P <
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FIG 2 Neighbor-joining phylogenetic tree based on 188 amino acid positions derived from rpoB 2. Species names are followed by a capitalized letter indicating
the 16S sequence type (except for the first sequence type identified in each clade, which was not assigned a letter) and a strain identifier (starting with CN).
Bootstrap values are indicated for various ranges of support for maximum-likelihood, neighbor-joining, and Bayesian phylogenies.

0.05), indicating that the levels of recombination were insuffi-
cient to generate a random assortment of alleles. The interspe-
cies dN/dS ratios were <1 for all loci (range, 0.14 to 0.57),
indicating an overall selection against amino acid change (pu-
rifying selection).

DISCUSSION

Resolving the evolutionary processes that create and maintain
the groups of related bacteria that can be observed in nature is
of fundamental importance to our understanding of microbial
diversity and the development of meaningful species concepts
(54). The evolutionary events that shape this diversity are com-
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plex and include geographic isolation, niche partitioning, pe-
riodic selection, homologous recombination, and the acquisi-
tion of adaptive traits via horizontal gene transfer (HGT) (55—
57). While reconstructing these events remains a challenge,
MLST analyses provide opportunities to identify closely related
genotypic clusters and to examine population genetic parame-
ters that can help determine if these clusters maintain species-
like qualities.

A concatenated phylogeny of six independent loci from 48
globally derived Salinispora strains provides strong support for the
delineation of the three Salinispora species as currently described.
Multiple lines of evidence, including an allelic profile, individual
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FIG 3 Concatenated neighbor-joining phylogeny based on 3,330 nucleotide positions derived from the 16S rRNA, rpoB 3, atpD, gyrB, trpB, and recA loci. Species
names are followed by a capitalized letter indicating the 16S sequence type (except for the first sequence type identified in each clade, which was not assigned a
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TABLE 1 Regions 1 and 2 of the translated rpoB gene are associated with resistance to compounds in the rifamycin class

RpoB residue”

Region 1 Region 2, I
Species 143 144 145 146" 147 148 505 506 507 508 509 510 511 512 513 514 515 516 517 518 519 520 521 522 523
S. pacifica R VvV VvV V S Q F F G T Q L §S Q F M D Q T N P L A G
S. tropica R V VvV V S Q F F G T Q L § Q F M D Q T N P L A G
S. arenicola R vV VvV T S Q F F G T Q L S Q F M D Q T N P L A G
Micromonosporasp.L5 R~ V.V V S Q F F G T Q L S Q F M D Q T N P L A G
Verrucosispora maris R VvV VvV V S Q F F G T Q L S Q F M D Q T N P L A G

“ Resistance-conferring changes observed in S. arenicola are indicated in boldface and underlined.
b Direct interaction with rifamycin (50). Micromonospora sp. L5, GenBank accession no. CP002399.1; V. maris, GenBank accession no. CP002638.1.

¢ No direct interaction with rifamycin.

gene phylogenies, ClonalFrame analyses, and a phylogenetic net-
work, all reveal a lack of interspecies recombination and suggest
that the three species have been resolved in accordance with what
appear to be natural barriers to recombination (5). While there are
many mechanisms that can account for the genetic isolation of
bacteria (58), there are clues that geographic isolation (22) and
ecological divergence (28) have generated or helped to maintain
these barriers in Salinispora spp. The high levels of intraspecies

TABLE 2 Population parameters calculated using nucleotide sequences

recombination versus mutation observed for S. tropica and S.
arenicola suggest that recombination contributes to species level
cohesion without breaking down the independent evolutionary
trajectories of these lineages. The relatively low levels of recombi-
nation observed in S. pacifica might be an indication that the lin-
eage is in fact an amalgam of ecotypes or newly diverging species;
however, further research is required to explore this concept. It
should also be noted that sampling biases, including the number

No. of
No. of Allele No. of polymorphic % polymorphic
Taxon Locus strains length (bp)* alleles” sites? sites? ¢
Salinispora spp. 16S rRNA 48 636 11 15 2.36
atpD 48 732 29 93 12.70 0.03
gyrB 48 696 29 103 14.80 0.05
recA 48 708 29 80 11.30 0.03
trpB 48 558 32 91 16.31 0.05
rpoB 2 48 564 23 88 15.60 0.05
rpoB 3 48 722 29 89 12.30 0.04
S. pacifica 16S rRNA 17 636 7 5 0.79
atpD 17 732 13 46 6.28 0.02
grB 17 696 15 57 8.19 0.04
recA 17 708 12 44 6.21 0.02
trpB 17 558 14 60 10.75 0.03
rpoB 2 17 564 12 44 7.80 0.02
rpoB 3 17 722 13 59 8.20 0.02
S. arenicola 16S rRNA 19 636 3 2 0.31
atpD 19 732 8 18 2.46 0.01
gyrB 19 696 11 24 3.45 0.01
recA 19 708 8 15 2.12 0.00
trpB 19 558 9 13 2.33 0.00
rpoB 2 19 564 9 8 1.42 0.00
rpoB 3 19 722 9 18 2.50 0.01
S. tropica 16S rRNA 12 636 9 0 0.00
atpD 12 732 9 12 1.64 0.00
gyrB 12 696 9 2 0.29 0.00
recA 12 708 9 8 1.13 0.00
trpB 12 558 9 2 0.36 0.00
rpoB 2 12 564 9 1 0.18 0.00
rpoB 3 12 722 9 4 0.60 0.00

 Calculated using Geneious.
b Calculated using NRDB.
¢ Calculated using MEGAS5.
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TABLE 1 (Continued)

Salinispora MLST

RpoB residue”

Region 2, I Region 2, I

524 525 526 527 528 529 530 531° 532 533 534 535 536 562 563 564 565 566 567 568 569 570 571 572 573 574° 575
L T H R R R L S A L G P G E T P E G P N I G L I G A L

L T H R R R L S A L G P G E T P E G P N I G L I G A L

L T H R R R L N A L G P G E T P E G P N I G L I G N L

L T H R R R L S A L G P G E T P E G P N I G L I G A L

L T H K R R L S A L G P G E T P E G P N I G L I G A L

of strains analyzed from each site and barriers to across-site gene
flow, could contribute to the apparent genetic isolation of the
three species and lead to an underestimation of recombination
rates.

Incongruent phylogenies among housekeeping genes raise
questions about our ability to resolve species level units of
diversity (10). The phylogenetic and RDP analyses performed
here provide strong evidence that the incongruent phylogeny
observed for the RpoB 2 sequences (Fig. 2) is linked to a ho-
mologous-recombination event. The recombinogenic region
includes two amino acid changes that are known to be associ-
ated with resistance to rifamycins. This compound class is pro-
duced by all of the S. arenicola strains studied here, which also
showed a higher level of rifamycin resistance than the other two
Salinispora species. Thus, it appears that recombination, as op-
posed to point mutation, accounts for rifamycin resistance in S.
arenicola. These results present the intriguing possibility that
incongruent phylogenies among housekeeping genes provide
clues to the molecular targets of secondary metabolites. While
it is not clear how broadly this concept may apply to other
bacteria and secondary metabolites, phylogenetic screening of
housekeeping genes could present new opportunities for tar-
get-based drug discovery. This approach would be conceptu-
ally similar to scanning for accelerated dN/dS substitution val-
ues as an indicator of selection. The normal species level
phylogenetic relationships observed for rpoB 3 indicate that the
region of the housekeeping gene sequenced can influence the
relationships inferred among Salinispora strains.

The relatively high levels of diversity observed in S. pacifica,
given its sister relationship to S. tropica and the basal position of S.
arenicola in the clade, raise interesting questions about the evolution-
ary processes driving diversification among the three species. These
differences are supported by extensive culture-based and culture-in-
dependent studies conducted by multiple independent laboratories
(26,31, 32,34,59). While a small population size may account for the
lack of diversity in S. tropica, which has been observed relatively in-

TABLE 3 Population parameters calculated using nucleotide sequences

frequently and only from the Caribbean, this explanation does not
account for the reduced diversity in S. arenicola, which is more abun-
dant and broadly distributed than the other two species (22, 34).
Periodic selection provides one mechanism that could account for
this observation, in which case a more fit S. arenicola strain may have
outcompeted other members of the population and, in the absence of
recombination, reset diversity to zero (8). If periodic selection ac-
counts for the reduced diversity in S. arenicola, it appears to have
acted at the genomic level, as the observation is consistent for all loci.
Evidence for the horizontal acquisition and subsequent fixation of
pathways associated with secondary-metabolite biosynthesis in S.
arenicola (28) provides further support for periodic selection in this
species. Alternatively, different growth rates or DNA repair efficien-
cies among the three species could account for the different levels of
diversity observed. In support of this, preliminary evidence suggests
that S. pacifica has a higher growth rate than S. arenicola; however,
further studies are needed to address this hypothesis. The low dN/dS
values support purifying selection among the loci examined here and
suggest that the relatively large accumulation of nucleotide changes in
S. pacifica is due to neutral change as opposed to selective processes.
It is interesting that the evolutionary history of a marine actino-
mycete genus could be confidently inferred using relatively few phy-
logenetic markers. This contrasts with recent results for the related
actinomycete genus Streptomyces, where high levels of interspecies
homologous recombination led to the suggestion that a vertical
model of inheritance would be difficult to predict (9). It will be inter-
esting to resolve the genetic and ecological bases for these differences
and to test for links between secondary-metabolite production and
incongruent phylogenies in Streptomyces spp., the most prolific
source of microbial secondary metabolites discovered to date (60).
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Allele length  No. of polymorphic % polymorphic
Taxon No. of strains  (bp)* sites” sites” b rim¢  r° m© p/6c  p° 0°
Salinispora spp. 48 3,980 544 13.39 0.04 0.17 542 32.05 0.05 0.54 120.33
S. pacifica 17 3,980 310 7.76 0.02 0.02 0.35 16.05 0.00 0.35 91.70
S. arenicola 19 3,980 96 2.41 0.01 3.26 61.37 18.84 2.23 61.38 27.47
S. tropica 12 3,980 29 0.72 0.00 2.56 51.40 20.09 5.35 51.40 9.60

 Calculated using Geneious.
b Calculated using MEGAS.
¢ Calculated using ClonalFrame.
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FIG 4 Neighbor-Net phylogenetic network created using SplitsTree4. The three Salinispora species are color coded.
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