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Phylogeny and fitness of Vibrio fischeri from the
light organs of Euprymna scolopes in two Oahu,
Hawaii populations

Michael S Wollenberg and Edward G Ruby
Department of Medical Microbiology and Immunology, University of Wisconsin-Madison, Madison, WI, USA

The evolutionary relationship among Vibrio fischeri isolates obtained from the light organs of
Euprymna scolopes collected around Oahu, Hawaii, were examined in this study. Phylogenetic
reconstructions based on a concatenation of fragments of four housekeeping loci (recA, mdh, katA,
pyrC) identified one monophyletic group (‘Group-A’) of V. fischeri from Oahu. Group-A V. fischeri
strains could also be identified by a single DNA fingerprint type. V. fischeri strains with this
fingerprint type had been observed to be at a significantly higher abundance than other strains in
the light organs of adult squid collected from Maunalua Bay, Oahu, in 2005. We hypothesized that
these previous observations might be related to a growth/survival advantage of the Group-A strains
in the Maunalua Bay environments. Competition experiments between Group-A strains and non-
Group-A strains demonstrated an advantage of the former in colonizing juvenile Maunalua Bay
hosts. Growth and survival assays in Maunalua Bay seawater microcosms revealed a reduced
fitness of Group-A strains relative to non-Group-A strains. From these results, we hypothesize that
there may exist trade-offs between growth in the light organ and in seawater environments for local
V. fischeri strains from Oahu. Alternatively, Group-A V. fischeri may represent an example of rapid,
evolutionarily significant, specialization of a horizontally transmitted symbiont to a local host
population.
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Introduction

The bioluminescent, heterotrophic marine bacter-
ium Vibrio fischeri (Gammaproteobacteria: Vibrio-
naceae) maintains a mutualistic, binary relationship
with bobtail squids of the genera Euprymna, Sepiola
and Rondeletiola (Cephalopoda: Sepiolidae), and
fishes of the genera Monocentris and Cleiodopus
(Actinopterygii: Beryciformes). The host animals are
hypothesized to receive a behavioral benefit from
bacterial bioluminescence, whereas the bacteria are
hypothesized to receive a metabolic benefit from the
host (Stabb and Millikan, 2009). The Hawaiian
bobtail squid, Euprymna scolopes, in particular,
has been used for more than two decades as a model
to study host–microbe interactions (McFall-Ngai
and Ruby, 1991; Visick and Ruby, 2006). One
characteristic of the squid/Vibrio model is the ease
of laboratory cultivation of the host. Adult
E. scolopes will mate in aquaria and lay clutches

of eggs that produce hundreds of hatchlings.
Another characteristic is the potential to manipulate
symbiosis initiation in these newly hatched
juveniles. V. fischeri are horizontally transmitted
between squid generations and juvenile squid
emerge from eggs uncolonized by V. fischeri
(Wei and Young, 1989). As a result of this mode of
transmission, V. fischeri populations are known to
exist both in a specific organ in the host (the light
organ) as well as the seawater environment (Lee and
Ruby, 1992).

We recently analyzed the population structure of
mutualistic V. fischeri collected from the light
organs of adult E. scolopes from two populations
on Oahu, Hawaii (Wollenberg and Ruby, 2009). Host
light organs were found to contain polyclonal
symbiont populations—population structure was
assessed with a combination of physiological and
genetic assays, including a novel V. fischeri DNA-
fingerprinting technique (VfRep-PCR). Interestingly,
strains identified by one fingerprint type (VfRep-
PCR type-I) were found to be significantly more
abundant than strains identified by other fingerprint
types in the light organs of hosts collected from a
specific environment (Maunalua Bay).

This former study was confined to describing
patterns of V. fischeri population structure in the
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light organs of particular host populations. Here, we
bridge the gap between the observation of a single,
highly abundant fingerprint type in the Maunalua
Bay host population and hypothesis testing of
ideas about both the evolutionary history and the
contemporary fitness of this group in different
niches. The study described below consisted of
two distinct, but complementary analyses. First, a
phylogenetic scheme was used to reconstruct the
evolutionary relationship among V. fischeri strains
with distinct VfRep-PCR types. Second, different
fitness assays were performed on representatives of
these types in two Maunalua Bay environments: the
squid host and natural seawater. The phylogenetic
scheme and fitness assays were used to test the
following hypotheses:

(i) Strains with distinct VfRep-PCR types also form
distinct (and/or monophyletic) clades within an
evolutionary reconstruction of V. fischeri, and

(ii) Strains identified as VfRep-PCR type-I are more
fit in both the Maunalua Bay host and seawater
environments than other VfRep-PCR types.

Materials and methods

V. fischeri strains
V. fischeri strains were selected for use in this study
to satisfy two goals: (1) The strains represent a
diverse group of VfRep-PCR types based on our
previous analysis (Wollenberg and Ruby, 2009) of
symbiont population diversity on Oahu; and (2) the
strains represent an ecologically, temporally and
geographically broad sampling of V. fischeri. A core
group of 45 V. fischeri strains was selected from our
laboratory collection (Figure 1 and Supplementary
Table S1). Two closely related outgroup strains,

V. salmonicida LFI1238 and V. logei SA6, were used
to root phylogenetic reconstructions and provide an
outgroup when required by common population
genetics statistics.

Molecular phylogenetic analyses
A multi-locus sequence analysis scheme was used to
organize the molecular data for the strains used in
this study. A previously published V. fischeri
scheme (Mandel et al., 2009) that included three
housekeeping loci (recA, mdh and katA) was
expanded by adding one additional locus (pyrC);
two loci involved with bioluminescence (ainS,
luxA) were analyzed for comparative purposes.
New sequences from this analysis have been
submitted to the GenBank database under accession
numbers JF509753–JF509942. Specific information
on the multi-locus sequence analysis scheme is
summarized in the Supplementary Information and
Supplementary Table S2.

Multiple sequence alignments for each collection
of locus fragments were generated by using the
MUSCLE (Edgar, 2004) algorithm as implemented in
SeaView 4.2.8 (Gouy et al., 2010). Similarly to
previous descriptions (Mandel et al., 2009; Bose
et al., 2011), phylogenetic reconstructions assuming
a tree-like topology were created by using three
common methods: maximum parsimony; maximum
likelihood (ML) and Bayesian inference (Bayes).
Specifics of these methods, as well as descriptive
analyses of molecular sequence data, are detailed in
the Supplementary Information and Supplementary
Table S3.

Phylogenetic reconstructions not assuming a tree-
like topology were conducted by using the programs
SplitsTree 4.10 (Huson and Bryant, 2006) to high-
light and clarify inconclusive recombination results,

Figure 1 Geographic distribution of the V. fischeri strains used in this study. The majority of these strains were sampled from locations
in the Pacific Ocean, specifically the Hawaiian Island of Oahu (inset). The shapes next to strain names denote the strains’ ecological
habitat: Filled black circle, planktonic (seawater); triangle or square or star, light-organ symbiont. The triangle, square and star fill colors
represent host organisms as follows: White triangle, C. gloriamarus; black triangle, M. japonicus; white square, E. scolopes; gray square,
E. tasmanica; black square, E. morsei; white star, S. affinis; black star, S. robusta. The bars in the main figure and inset represent 2000 and
20 km, respectively. The background continent and Oahu outlines were taken from maps made available freely at http://d-maps.com/.
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and ClonalFrame 1.1 (Didelot and Falush, 2007) to
address conflicting signals among the different gene
fragments. For each concatenated data set, three
independent runs of ClonalFrame were performed;
in each run, the 50% majority rule consensus
genealogy was estimated from the posterior distri-
bution of 200 000 generations (thinning interval of
100) following a burn-in of 100 000 generations.
Markov Chain Monte Carlo convergence was judged
to be satisfactory by using the Gelman-Rubin test
(Gelman and Rubin, 1992). The resulting posterior
distribution of 6000 samples (three runs of 2000
samples each) from each concatenated data set was
analyzed by using a consensus network (Holland
et al., 2004) with mean edge weights at a threshold
of 0.2 and an equal-angle splits transformation as
implemented in SplitsTree. Nodes with 95% poster-
ior probability (from the 6000 original ClonalFrame
samples) were identified in each network graph.

Juvenile squid experiments
Adult E. scolopes were collected from Maunalua
Bay (MB), Oahu, Hawaii, and transported to aquaria
in Madison, Wisconsin. Matings between MB adults
and subsequent egg laying, development and hatch-
ing took place in these same aquaria. Hatchlings
from MB adult matings were immediately moved
into bowls containing 50–200 ml of SFTW (0.2-mm
sterile-filtered tank water) taken from an aquarium.
All aquarium water was made from Instant Ocean
(Spectrum Brands, Madison, WI, USA). For each
experiment, approximately equal concentrations of
two V. fischeri strains from different VfRep-type
groups were inoculated into bowls containing
50–200 ml of SFTW; dilutions of this mixture were
spread on SWT (seawater–tryptone) agar plates
(Boettcher and Ruby, 1990) to assess the initial
concentrations of bacteria. Newly hatched juveniles
(n¼ 5–20) were added to a bowl; after either 3 or
18 h, the juveniles were moved to individual glass
vials containing 3 ml of fresh SFTW. The animals
were kept in these vials for an additional 30–45 h,
with a water change at approximately 20 h. Next,
juvenile squid were anesthetized on wet ice, frozen
at �80 1C and individually resuspended and homo-
genized in SFTW. Dilutions from this homogenate
were then spread on SWT agar plates for enumera-
tion of the relative proportions of the two strains
by using their distinctive yellow or white colony
pigmentations (Wollenberg and Ruby, 2009). Each
competition experiment was evaluated by using the
logarithm of the relative competitive index (RCI) to
the base 10 (Stabb and Ruby, 2003). If the expression
XY is defined as the concentration of bacterial strain
X after time Y, the RCI of Strain-A versus B after 48 h
in the host is defined by the following equation:
RCIAB¼ [(A48/B48)/(A0/B0)].

For each single-strain colonization experiment,
approximately 1000 colony-forming units (c.f.u.) ml�1

of a single V. fischeri strain were inoculated into a

bowl containing SFTW. Approximately 2.5 ml of this
SFTW/V. fischeri mixture were added to each of 45
separate glass scintillation vials. Forty-five newly
hatched juveniles were added individually to each
of the vials. The animals were kept in these vials
for an additional 24–72 h, with a water change at
approximately 24 h and 48 h. At 24 h, 48 h and
72 h after addition, 15 animals were anesthetized
on wet ice for 5 min, frozen, homogenized and
plated on SWT agar as described above. Data were
summarized by recording the c.f.u./squid for each
successful colonization event at each time point
(per 15 squid). Because we are more concerned
with the means of these data, and less with the
variation among the individual data points, we
report 95% confidence interval and s.e.m., rather
than standard deviation. Single-strain colonization
experiments were performed with six strains (ES213,
ES114, MB11B1, KB2B1, MB14A3 and MB15A4) repre-
senting the three major Hawaiian clades found in
phylogenetic reconstructions (Figure 2 and Supple-
mentary Figure S2).

For all squid experiments, aposymbiotic juveniles
were placed in SFTW as a negative control. Briefly,
5–10 newly hatched juvenile squid were placed in a

Figure 2 V. fischeri VfRep-PCR type-I strains form a monophy-
letic group within a phylogenetic reconstruction of global
V. fischeri. A consensus network inferred from 6000 phylograms
produced by ClonalFrame analyses of all taxa using a concatena-
tion of four loci: recA, mdh, katA and pyrC. ClonalFrame was
used to infer genealogical relationships from posterior distribu-
tions of 2000 samples from three independent runs
(3� 2000¼6000 total samples). This aggregate ClonalFrame
posterior distribution was used by SplitsTree to build a consensus
network. For this network, reticulate relationships found in at
least 20% of the sample may be visualized by parallel branches in
parallelograms; nodes supported by a posterior probability greater
than 95% (as summarized by ClonalFrame) are at the terminus of
red-colored branches. The root (dashed red branch with arrow)
has been truncated to expand the branches of the main V. fischeri
group; the root contains both outgroup taxa: V. salmonicida
LFI1238 and V. logei SA6. VfRep-PCR patterns have been mapped
onto E. scolopes symbionts with colors: identically colored strains
all share the same VfRep-PCR pattern (or type) (Supplementary
Table S1): Blue, type-I (boxed); orange, type-II; green, type-III. The
strains within the dotted box have been designated as ‘Group-A’.
The black bar is equivalent to a branch length of 0.1 substitutions
per site.
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bowl containing only SFTW immediately after
hatching. After 72 h, the squid were sacrificed as
above. In all experiments, none of these squid were
colonized by more than 28 c.f.u.s of V. fischeri per
squid (the lowest limit of detection assayed; data
not shown).

Hawaiian seawater experiments
Six V. fischeri strains carrying the kanamycin-
resistant (KanR), green fluorescent protein-expres-
sing plasmid pVSV102 were constructed by tri-
parental mating as described previously (Wollenberg
and Ruby, 2009). These six strains (ES213, ES114,
MB11B1, KB2B1, MB14A3 and MB15A4) repre-
sented the three major Hawaiian clades found in
phylogenetic reconstructions (Figure 2 and Supple-
mentary Figure S2). It was necessary to create KanR,
green fluorescent protein strains because of the high
background of naturally occurring, SWT-culturable
bacteria in fresh MB seawater (see Supplementary
Information for a more detailed description).

For growth experiments, the six labeled strains
constructed above were individually grown in fresh,
MB seawater-containing microcosms (Lee and Ruby,
1994). Briefly, a frozen stock culture of each strain
was streaked onto three separate SWT agar plates
containing 100mg ml�1 kanamycin and grown for
24 h at 22–24 1C. A colony scrape from each of these
plates was diluted in 0.22-mm-filtered fresh MB
seawater to a concentration of B103 c.f.u. ml�1.
These three (biological) replicates were performed
for statistical purposes. Each diluted seawater
culture was used as the primary inoculum of two
experimental microcosms containing 3 ml of either
0.22-mm-filtered or unfiltered MB seawater. The
microcosms were shaken at 28 1C in an enclosed
orbital shaker (New Brunswick Scientific, Edison,
NJ, USA) at 225 r.p.m. for 96 h with periodic
sampling and plating on SWT agar plates containing
100 mg ml�1 kanamycin. Colony abundance data
were transformed into concentration data and
analyzed by two-way, repeated-measures analysis
of variance. The two factors of interest were the
strains’ group membership and time in hours (and
their interaction). Correlation of repeated measures
over time was accounted for by using random effects
for strains (nested in groups) and for replicates
(nested in strains). Analyses were conducted by
using the statistical software R (R_Development_-
Core_Team, 2010) and the following statistical
model: CFU/ml¼Group*HoursþError (Strain/Re-
plicate). Statistical significance was evaluated with
F-tests.

Results

Estimation of evolutionary parameters and ML gene
phylogenies from individual locus fragments
We compared sequence alignment characteristics
and ML-estimated evolutionary parameters for each

of the six locus fragments from the 45 V. fischeri
strains analyzed in this study. The two locus
fragments associated with quorum signaling and/or
bioluminescence (ainS, luxA) contained nearly
twice the percentage of variable and parsimony-
informative sites, per locus, when compared with
the other four loci (Supplementary Table S3). For
each locus fragment, the substitution parameters
were complex, with four or more rate parameters as
estimated by hierarchical likelihood ratio tests.
Accounting for among-site rate variation signifi-
cantly improved the model fit for each locus
fragment (Po0.001) (Supplementary Table S3).

Single-locus, ML phylogenetic reconstructions of
all strains demonstrated that few general similarities
or statistically significant nodes were common
among tree topologies (Supplementary Figure S1).
Notably, the reconstruction based on the luxA
fragment contained nearly twice as many statisti-
cally supported nodes in comparison to each of the
reconstructions based on the other five locus
fragments. Upon inspection, this relatively high
resolution could be explained by two factors: (i) 23
different luxA alleles exist among the strains, the
second-lowest number of alleles among the six loci
analyzed; and (ii) among these 23 alleles, the luxA
fragments analyzed contain the lowest percentage of
constant sites of any of the six loci analyzed. In other
words, the luxA tree appears to have been
well-resolved relative to the other five loci because
its reconstruction was based on few alleles contain-
ing many nucleotide differences (Supplementary
Table S3).

To further understand patterns of nucleotide
polymorphism among these loci, more detailed test
statistics were calculated (Supplementary Table S4).
For all of these metrics, luxA stood out from the
other five loci. First, the luxA locus fragment has a
much larger number of total mutations than segre-
gating sites, meaning that this locus generally has
more than one polymorphism at each polymorphic
site. Next, the average number of pairwise difference
(k) and nucleotide diversity (p) metrics have their
highest values for luxA. Finally, estimations of both
recombination and mutation parameters by various
methods demonstrated that luxA has the lowest
ratio of recombination rate to mutation rate (c/m) of
all loci, reflecting both a low recombination para-
meter and a high mutation parameter relative to the
other five loci (Supplementary Table S4). Together,
these metrics indicate that, of the six locus frag-
ments analyzed for these V. fischeri strains, the luxA
fragment has accumulated a relatively large number
of polymorphisms through mutations, but has also
been simultaneously constrained to a small number
of absolute alleles. One hypothesis for this observa-
tion is that selection has been acting on luxA within
the V. fischeri metapopulation. To evaluate this
hypothesis, tests of the neutral equilibrium
model of molecular evolution (Kimura, 1983) were
conducted.
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When patterns of nucleotide substitutions for
these six loci were analyzed under a neutral
equilibrium model, this model was strongly rejected
for luxA and weakly rejected for ainS (Table 1,
Tajima’s D). Because both selection and/or popula-
tion demographics may explain statistically signifi-
cant rejections of the null model for any single test
(Tajima, 1989), multiple tests were employed to
arrive at a clearer idea of the underlying processes
responsible for the observed polymorphism in the
data. Test statistics of Tajima’s D were significantly
positive for both ainS and luxA, indicating an excess
of polymorphisms relative to polymorphic sites, as
implied by +p4+W (Table 1). A significantly
positive value of D is indicative of balancing
selection on a particular locus and/or a population
bottleneck. Tajima’s D was calculated for each
sequence by using both nucleotide and amino-acid
sequences—the latter, as noted (Vos and Velicer,
2006), may be more relevant in assessing evidence
for selection because only non-synonymous poly-
morphisms are considered.

Other test statistics, such as Fu and Li’s D and F,
Fu’s Fs and Ramos-Onsis and Rozas’s R2 are more
sensitive to population demographics than Tajima’s D,
and are often used to infer the role that demographic
processes may have had in a given data set’s null-
model rejection (Simonsen et al., 1995). Using these
tests, there was ample evidence that departure from
neutral expectations by luxA may be due to demo-
graphic event(s); that is, these significantly large,
positive test statistics imply that a population
bottleneck may be responsible for the infrequency
of polymorphic sites relative to the polymorphisms
in the luxA data set. Interestingly, in the ainS data
set, only Fu and Li’s F is significant, implying that
demography may have less of a role in any
significant violations of the neutral equilibrium
model for this locus (Table 1).

Intragenic and intergenic recombination within
and among loci
Evidence for intragenic recombination within each
locus was analyzed by using a suite of algorithms
included in the RDP software package; recombina-
tion events were only detected within the 783-bp
mdh locus fragments. This result was mitigated by
truncating the 30-end of this fragment to remove the
sequences showing evidence of intragenic recom-
bination, resulting in a 519-bp mdh locus fragment
(data not shown). In addition, although there were
no well-supported intragenic recombination events
characterized for katA and pyrC, these two frag-
ments had a relatively high ratio of recombination
rate to mutation rate (Supplementary Table S4),
suggesting the presence of conflicting evidence both
for and against the role of intragenic recombination
within these loci.

The possibility of intergenic recombination among
V. fischeri strains was qualitatively supported by
the lack of similarity among nodes for each single-
locus ML reconstruction (Supplementary Figure S1).
Topological incongruence among single-locus trees
is one of the proposed hallmarks of intergenic recom-
bination (Dykhuizen and Green, 1991). The hypothesis
of topological incongruence among individual locus-
fragment reconstructions was found to be statistically
well-supported and ubiquitous under both ML and
maximum parsimony frameworks (Supplementary
Table S5).

Another method for assessing evidence for inter-
genic recombination is the calculation of several
different summary statistics of recombination, the
most common being the standardized index of
association (IS

A) and the global ratio of recombination
rate to point mutation rate for all loci (r/m). For the
six loci studied, the START2 program calculated
IS
A¼ 0.3218 and rejected the null hypothesis of

linkage equilibrium (VO¼ 0.7096, Ve¼ 0.272,

Table 1 Selection and population growth test statistics from six loci of 45 different V. fischeri strains

Locus
fragment

oa Tajima’s Db,c Fu and Li’s Dc,d Fu and Li’s Fc,d Fu’s Fsc,d R2
e

S Z AAf

recA 0.0122 (0.0020, 0.0376) �0.744 �0.860 �1.475 �1.201 �1.311 �3.578 0.083
mdh 0.0115 (0.0036, 0.0268) 0.828 0.308 �0.955 0.219 0.561 �1.156 0.137
ainS 0.1799 (0.1488, 0.2152) 2.423 (0.005) 1.736 (0.044) 2.021 0.755 1.781 (0.022) �0.317 0.186
katA 0.0402 (0.0221, 0.0661) 0.701 0.410 0.530 0.021 0.363 �0.244 0.131
pyrC 0.0263 (0.0136, 0.0450) 0.004 �0.221 �1.476 0.267 0.228 �3.094 0.109
luxA 0.0642 (0.0525, 0.0776) 3.034 (o0.001) 1.706 (0.020) 2.890 (o0.001) 1.964 (o0.001) 2.979 (o0.001) 19.610 (o0.001) 0.207 (o0.001)

aKa/Ks or dN/dS: Ratio of the number of non-synonymous substitutions per non-synonymous site to the number of synonymous substitutions per
synonymous site, calculated using the SLAC method (95% confidence interval in parentheses).
bTajima’s D test statistic calculated using the nucleotide sequence and the total number of segregating sites (S), total mutations (Z) or the amino-
acid sequence and the total number of segregating sites (AA).
cStatistical significance of test statistic (given in parentheses if Po0.05) was calculated from 103 neutral coalescence simulations by using
segregating sites with an intermediate level of recombination.
dFu and Li’s D and F, and Fu’s Fs test statistics were calculated by using total segregating sites.
ePopulation growth test statistic of Ramos-Onsis and Rozas (Ramos-Onsins and Rozas, 2002); the test statistic distribution and statistical
significance were calculated from 103 neutral coalescence simulations by using segregating sites with an intermediate level of recombination. For
the luxA fragment, the test statistic is significantly larger than the distribution calculated by the coalescent at a level of Po0.001.
fStatistical significance of test statistic was estimated from the b distribution.
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Po0.001) implying a relatively clonal population
structure for the 45 V. fischeri strains analyzed. For a
concatenation of the six loci, r/m was calculated as
1.46 (95% confidence interval¼ 1.06–1.90); this
value is most likely an underestimation of the
summary statistic because the sequence collection
itself represents a global sample that may include
multiple local subpopulations. A value of 1.46 is
typical of a free-living bacterial species (Vos and
Didelot, 2009); both of these recombination metrics
support the hypothesis that recombination has an
important, yet moderate, role in the generation of
diversity among V. fischeri.

Phylogenetic reconstruction of concatenated loci and
comparison with VfRep-PCR data
To assess the evolutionary significance of the
V. fischeri-specific VfRep-PCR fingerprinting data,
a multi-locus sequence analysis approach was used
to analyze the phylogenetic relationships among
V. fischeri. Multi-locus analyses have the advantage
of combining the weak phylogenetic signal present
in multiple housekeeping (or other) loci into a
significantly well-resolved reconstruction through
the aggregation of phylogenetic signal using infor-
mative sites (Hanage et al., 2006). One important
caveat to this approach is that loci with a relatively
large number of polymorphisms have the potential
to contribute a disproportionate amount of informa-
tion to the final reconstruction. For the V. fischeri
data analyzed above, single-locus analyses demon-
strated that one of the locus fragments, luxA, had
both a disproportionate amount of variable sites and
strong violations of neutral theory relative to the
other five loci. Furthermore, the other biolumines-
cence-related locus, ainS, had similar, but slightly
less serious, shortcomings (Table 1 and Supplemen-
tary Table S4). Therefore, phylogenetic reconstruc-
tions of a concatenation made with only the four
‘housekeeping’ loci (recAmdhkatApyrC) (Figure 2
and Supplementary Figure S2) were overlaid with
VfRep-PCR type data (Supplementary Table S1).

For all reconstructions, E. scolopes symbionts
formed a well-supported, but polyphyletic clade.
Within this clade, VfRep-PCR type-I strains all formed
a well-supported, monophyletic clade, ‘Group-A’, that
was distal to all other V. fischeri taxa (Figure 2 and
Supplementary Figure S2). VfRep-PCR type-II and III
strains formed a well-supported, paraphyletic clade
(‘non-Group-A’) containing the more distal Group-A
clade. The Group-A clade contained not only con-
temporary symbionts isolated in 2005, but also two
strains (ES12, ES213) isolated from the light organs of
E. scolopes collected in Maunalua Bay nearly 20 years
earlier (Lee, 1994).

Fitness assays of Group-A strains compared with other
Hawaiian V. fischeri strains
In a previous study (Wollenberg and Ruby, 2009),
MLST Group-A (that is, VfRep-PCR type-I) strains

dominated the symbiont populations in the
E. scolopes hosts collected from Maunalua Bay,
Hawaii, in 2005. With the observations of the
relative homogeneity of the Group-A V. fischeri
strains, and their abundance relative to other
Hawaiian V. fischeri strains, we hypothesized that
these strains were more fit in both the free-living
and the host-associated environments encountered
in Maunalua Bay, Hawaii. To test these hypotheses,
growth and survival assays were performed both in
MB E. scolopes hosts and in fresh MB seawater.

Competition assays in juvenile MB hosts demon-
strated that V. fischeri MLST Group-A strains
showed a colonization advantage over the non-
Group-A strains (Figure 3). When different Group-
A strains were individually competed against one of
two different non-Group-A strains for 48 h, the
Group-A strains dominated the majority of competi-
tion experiments. In all experiments, Group-A
strains were also found to be colonizing as an
apparent monoculture in a disproportionately high
percentage of juveniles after 48 h of competition.
Variables such as time of initial inoculation, con-
centration of initial inoculant and strain identity did
not affect these results qualitatively (Figure 3).
Additionally, another non-Group-A strain, ES114,
showed similar competition results against Group-A
strains after both 3 and 18-h inoculation periods
(data not shown).

One possible explanation for this observation of
competitive advantage of Group-A strains over non-
Group-A strains in MB juveniles is an improved
ability of the Group-A strains to initiate symbiosis
with MB juveniles. To test this hypothesis, single-
strain colonization experiments of juvenile E. scolopes
from MB were performed (Figure 4). The results of
these experiments demonstrated that individual
strains varied in their abundance in MB juveniles at
24 h, 48 h and 72 h after infection, and that there was
no statistically significant difference between the
mean abundance of Group-A strains and non-Group-
A strains at these time points (F1,4¼ 0.258, P¼ 0.64).
These data are not surprising, as the ability to discern
patterns of difference in colonization fitness between
strains often requires co-colonization experiments
(Stabb and Ruby, 2003).

Incubation for 4 days in fresh, unfiltered MB
seawater revealed significantly different growth and
survival responses of Group-A V. fischeri relative to
non-Group-A V. fischeri (Figure 5). Seawater growth/
survival data from filtered seawater showed no
qualitative or quantitative difference between
Group-A and non-Group-A V. fischeri strains. For
all strains, abundance increased 2- to 10-fold for the
first 12 h, followed by a 10-fold decrease by 96 h. By
contrast, in unfiltered seawater, Group-A strains
showed a more rapid decrease in abundance after
12 h than non-Group-A V. fischeri strains. Results of
a two-way, repeated-measures analysis of variance
included a significant interaction term between
Group identity and time (F5,80¼ 10.368, Po0.001).
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This test result was interpreted as follows: a
significant difference exists between the mean
abundance profile of the Group-A strains and the
non-Group-A strains over the duration of the
experiment. Qualitatively, this difference appears
as a sharp decline after 48 h for the Group-A strains,
compared with a slow decline for the other strains.
In filtered MB seawater, results of two-way, re-
peated-measures analysis of variance included a
non-significant interaction term between Group
identity and time (F5,80¼ 1.497, P¼ 0.20).

Discussion

This and another recent study (Wollenberg and
Ruby, 2009) have focused on the population biology

of symbiotic V. fischeri from a particular ecological
and geographical setting: the Hawaiian bobtail squid
E. scolopes from the island of Oahu. In the previous
study, phenotypic assays and molecular fingerprint-
ing revealed that the symbiotic populations of adult
E. scolopes light organs are oligoclonal. Here, we
advance these ecological observations with a study
of these light-organ symbionts by using evolutionary
inference and experimental fitness assays. We show
here that a monophyletic group of V. fischeri
(Group-A) is found disproportionately in hosts from
Maunalua Bay, Oahu, Hawaii (MB). This new
observation led to an additional question: Do
members of Group-A, when compared with other
symbiotic V. fischeri not in this group, demon-
strate increased fitness in the Maunalua Bay
environments?

Figure 3 Dual-strain, juvenile E. scolopes experiments competing single V. fischeri ‘Group-A’ strains against either (a) MB14A3 or (b)
MB15A4. In both graphs, each row represents a single experiment, summarized by the box on the left as follows: First line, strains’
identities; second line, initial mean concentration of each strain in c.f.u./ml (the s.d. was less than 50% of this mean value for all
experiments); third line, duration of inoculation. All experiments were concluded at 48 h after hatching and involved 9–15 juvenile
squid born from mating adults collected from Maunalua Bay, Hawaii. The unfilled circles represent individual squid that were found
to contain only one of the strains (that is, the other strain was below the limit of detection—approximately 500 times less abundant than
the strain present). The unfilled circles are arbitrarily positioned at 1.25 and �1.25 units on each axis. Each filled circle represents
an individual squid that contained both strains, and is positioned on the graph as the logarithm of the RCI (logRCI) for the two strains.
Filled circles with a logRCI value greater than 1.25 or less than �1.25 are placed either to the right or to the left of these values
(and unfilled circles), respectively, because of graphical limitations.
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Experiments using the offspring of MB squid
suggest that V. fischeri strains from Group-A are
more fit in the MB E. scolopes light-organ niche than
the non-Group-A strains (Figure 3). These results
demonstrate the competitive advantage of a collec-
tion of closely related, symbiotic V. fischeri at a
previously unstudied scale: a local, intra-island
distance (o20 km) between bays on Oahu, Hawaii.
In the past, V. fischeri strains from squid popula-
tions separated by larger geographic distances
(42000 km) have been shown to exhibit a competi-
tive advantage colonizing juvenile hosts from the
strain’s local environment (Nishiguchi et al., 1998;
Nishiguchi, 2002). Although the molecular determi-
nants of host specificity are beginning to be reported
in V. fischeri (Mandel, 2010), and there exists
evidence to suggest that the response regulator rscS

may have some role in determining the host range
(that is, squid or fish) of V. fischeri symbionts
(Mandel et al., 2009), to date there has been no
work defining what molecule(s) might mediate the
competitive advantage of one strain of V. fischeri
over another in the same host species at such a local
geographic scale.

The Group-A and non-Group-A strains showed
equivalent growth and persistence in 0.2-mm-filtered
MB seawater (Figure 5a), suggesting that the innate
ability of different V. fischeri strains to survive
starvation is comparable. As shown previously (Lee
and Ruby, 1994), incubation of V. fischeri cells in
unfiltered, fresh seawater led to decreased (cultur-
able) cell counts (c.f.u.s) after the first 12–24 h of
initial growth. Interestingly, in contrast to their
competitive dominance in juvenile E. scolopes, the
Group-A strains were at a statistically significant
disadvantage in persisting in fresh, unfiltered MB
seawater after 12 h when compared with the non-
Group-A strains (Figure 5b). Taken together, results
from these studies suggest a link between (biotic or
abiotic) particulate factors in Maunalua Bay sea-
water and the abundance and survival of V. fischeri
cells in the planktonic environment.

How might future studies make sense of both the
phylogenetic and the contrasting growth/survival
characteristics of V. fischeri strains from Oahu? One
attractive conceptual framework for the evolution of
the Group-A strains involves the hypothesis that
host population biogeography has driven local
symbiont evolution—in other words, V. fischeri
evolution in response to selection by the local host
population. Another (possibly mutually exclusive)
working hypothesis consistent with these results is
that the evolution of the Group-A strains has
involved a more general trade-off between growth
in the light-organ environment and survival in the
seawater environment.

Limited evidence exists in support of the former
hypothesis that host biogeography drives microbial
symbiont evolution at an intra-island scale. First,
molecular and phenotypic data suggest that the

Figure 4 Single-strain V. fischeri inoculations of juvenile squid
demonstrated no clear difference between the levels of symbiosis
initiation by Group-A and non-Group-A V. fischeri. Each bar
represents the mean c.f.u./squid of 10–15 squid inoculated with
a single isolate of V. fischeri and sacrificed at 24, 48 or 72 h
after inoculation. The error bars represent 95% confidence
intervals. The histogram bars relate to V. fischeri strains as
follows: Non-’Group-A’ V. fischeri strains are represented by the
three black bars (left, ES114; center, MB14A3; right, MB15A4),
whereas ‘Group-A’ V. fischeri strains are represented by the three
white bars (left, ES213; center, MB11B1; right, KB2B1).

Figure 5 Single-strain V. fischeri growth experiments in microcosms filled with either (a) 0.22-mm-filtered or (b) unfiltered fresh
seawater from Maunalua Bay, Hawaii. In both graphs, each bar represents the mean c.f.u./ml of three biological replicates of a single
strain, with error bars indicating the s.e.m. The histogram bars relate to V. fischeri strains as follows: Non-’Group-A’ V. fischeri are
represented by the three black bars at each time point (left, ES114; center, MB14A3; right, MB15A4), whereas ‘Group-A’ V. fischeri are
represented by the white bars at each time point (left, ES213; center, MB11B1; right, KB2B1). In the unfiltered seawater data (b), the mean
abundance values that are indicated at 3 c.f.u. ml�1 for the 48- to 96-h time points were below this limit of detection.
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E. scolopes population on Oahu shows a local
structure between Maunalua and Kaneohe Bays
(Kimbell et al., 2002). Second, the total number of
V. fischeri cells in the planktonic environment has
been estimated to be several (Jones et al., 2007) to
many (Lee and Ruby, 1995) orders of magnitude
lower than in the host light organs, suggesting that
the seawater niche may have a relatively minor role
in V. fischeri evolution. Finally, recent studies of
V. fischeri populations in E. scolopes have demon-
strated that the light-organ environment can show
strong selective pressure on the physiology of
V. fischeri (Schuster et al., 2010). Taken together,
this evidence suggests many key features related to
the host E. scolopes (that is, local population
structure; strong, selective environment; high sym-
biont population density) that might potentiate the
evolution of local V. fischeri strains. Studies of other
horizontal, ‘binary’ symbioses have argued that local
host populations may have some influence on the
local symbiont population structure and evolution
(see, for example, Santos et al., 2003; Sicard et al.,
2004; Cafaro et al., 2010; Maneesakorn et al., 2011),
although other arguments also exist (for example,
Martı́nez-Romero, 2009; Mueller et al., 2010), even
within the squid/Vibrio symbiosis (Nishiguchi et al.,
1998; Dunlap et al., 2007). For instance, using
different phylogenetic markers and approaches, the
latter two citations arrive at opposing conclusions
concerning the evidence for parallel cladogenesis
between species of squid and their light-organ
symbionts.

Alternatively, our results might best be addressed
by the second hypothesis that general trade-offs exist
between V. fischeri growth/survival in the two
environments studied (seawater and the squid host).
Phenotypic and/or genotypic trade-offs have been
hypothesized to explain the life-history differences
observed among or within evolutionary lineage(s) in
two or more ecological niches (Stearns, 1992).
Contemporary microbial ecology research has some-
times focused on the trade-offs microorganisms
experience when grown in environments either
sufficient or lacking in metabolites (Velicer and
Lenski, 1999). In the case of V. fischeri, the
E. scolopes light organ is thought to provide a
dynamic, nutrient-rich habitat (Ruby et al., 2005;
Wier et al., 2010) in contrast to the relatively
oligotrophic planktonic environment (Giovannoni
and Stingl, 2007). In ecological terms, then, symbiotic
V. fischeri around Oahu might inhabit a heteroge-
neous environment composed of two physiologically
distinct habitats: seawater and the host light organ.

Additional experiments, both in juvenile E. scolopes
and in the Hawaiian planktonic environment, will
be needed to evaluate the relative robustness of
the local host specificity and the host/seawater
trade-off hypotheses. For instance, experimental
evolution from a single parental genotype has
provided a highly rigorous approach to measur-
ing differences in bacterial traits associated with

environmental trade-offs (Bennett and Lenski, 2007).
Because experimental evolution can be performed
in the squid host (Schuster et al., 2010), similar
studies in E. scolopes from a certain Oahu popu-
lation (for example, MB), using a known squid
symbiont (for example, the non-Group-A strain
V. fischeri ES114), could examine trade-offs between
the light-organ and seawater habitats. Similarly, it
will be important to determine whether the plank-
tonic habitat represents an important non-symbiotic
reservoir for V. fischeri proliferation, or simply a
carbon-poor environment that must be survived
on the way to a more nutritive niche (for example,
the squid light organ).

In summary, the evolutionary concepts of trade-
offs and local-host/symbiont co-evolution and spe-
cificity will provide useful frameworks for further
study of sympatric V. fischeri collected from Oahu,
Hawaii. With the help of additional observational
and experimental work both in the host and in
Hawaiian seawater, the squid/Vibrio association will
continue to be a model system in which the study of
an inter-kingdom mutualism enriches knowledge of
bacterial ecology and evolution.
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Supplementary Materials and Methods 
 5 
Molecular Biology 

For the multi‐locus sequence analysis (MLSA) scheme used here, a given locus was 

amplified, using the two ‘outer’ primers and GoTaq (Promega, Madison, WI), with 

conditions similar to those previously described (Mandel et al 2009).  The ainS locus 

from V. logei SA6 was not amplifiable with listed V. fischeri primer pairs, therefore 10 
alternate primer pairs were designed for amplification and sequencing as follows: 

Outer forward, 5’‐TGTCGCCTTCACAGGCGTC‐3’; Outer reverse, 5’‐

GCAATATAGTTGCACTGGTTAGT ‐3’; Inner foward, 5’‐

CTCAAACCGCTCAAGACATTATAGG‐3’;  Inner reverse, 5’‐

GTGCGCTAGTGAAAAGATAAGG‐3’.  The luxA locus from V. logei SA6 was not 15 
amplifiable with the outer V. fischeri primer pair, therefore the inner primers were 

used to both amplify and sequence luxA from this strain.  Amplified products were 

isolated using a PCR purification kit (Qiagen Inc., Valencia, CA) and were sequenced 

with each of the single ‘inner’ primers listed in Table S2, at the University of 

Wisconsin Biotechnology Center’s Sequencing Facility according to in‐house 20 
protocols.  Briefly, typical sequencing reactions consisted of 2 μl of BigDye 

Terminator v. 3.1 mix (Applied Biosystems, Carlsbad, CA), 3 μl of dilution buffer, 5‐

20 pmol of primer, and 0.2 μg of template DNA in a final reaction volume of 20 

μl.  Cycle conditions: initial denaturation at 96°C for 3 min., then 50 cycles of 96°C for 

10 sec., 50°C for 15 sec., 60°C for 3 min., followed by 7 min. at 72°C.  Excess dye 25 
terminators were removed using CleanSeq magnetic bead sequencing reaction clean‐

up kit (Beckman Coulter Inc., Brea, CA).  Samples were resuspended in 50 μl of H2O; 

10 μl of each sample was loaded into a 96‐well PCR plate, an additional 10 μl of H2O 

was added to each well, and the plate loaded onto the sequencers according to the 

manufacturerʹs instructions.   Samples were electrophoresed on an Applied 30 
Biosystems 3730xl automated DNA‐sequencing instrument, using 50 cm capillary 

arrays and POP‐7 polymer.  Resulting electropherograms were analyzed, trimmed, 

and checked for sequencing errors using a combination of in‐house custom perl 

scripts (Mandel et al 2009), FinchTV 1.4.0 (Geospiza Inc., Seattle, WA), and Mega 4.0 

(Tamura et al 2007). 35 
 

Descriptive Analyses of Sequence Data 

DnaSP 5.10.01 (Librado and Rozas 2009) was used to analyze sequence 

polymorphisms among sequence collections from each locus fragment via the 

calculation of both common population genetics metrics and common neutrality and 40 
population demographic test statistics (e.g., Tajima’s D, etc.).  Values of the former 
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metrics were corrected for haploid genotypes, where appropriate; the significance of 

the latter test statistics was assessed using the coalescent (103 replicates).  The ratio 

between the nonsynonymous substitutions per nonsynonymous site and the 

synonymous substitutions per synonymous site was calculated using the SLAC 45 
method (Pond and Frost 2005a) as implemented at http://www.datamonkey.org/ 

(Pond and Frost 2005b).  Population recombination rate estimates were made using 

both DnaSP and SITES 1.1 (Hey and Wakeley 1997), again with a haploid correction 

as necessary.  ISA, the standardized index of association (Haubold and Hudson 2000), 

was calculated using the program START2 (Jolley et al 2001).   50 
 

Phylogenetic Analyses 

The possibility of intrafragment recombination was analyzed via the six major 

algorithms offered in RDP3.34 (Martin et al 2010) – RDP (Martin and Rybicki 2000), 

GENECONV (Padidam et al 1999), MaxChi (Maynard Smith 1992), Chimaera 55 
(Posada and Crandall 2001), SiScan (Gibbs et al 2000), and 3Seq (Boni et al 2007).  

Using the originally published (Mandel et al 2009), 783 bp, mdh‐fragment length, 

several significant (P < 0.01) intrafragment recombination events were detected in 

this locus for multiple strains in a plurality of the algorithms (data not shown).  The 

mdh fragment length was reduced to 519 bp (i.e., bp 520‐783 discarded) to address 60 
this issue of intragenic recombination.   

 

Phylogenetic reconstructions assuming a tree‐like topology were created using three 

common methods: maximum parsimony (MP); maximum likelihood (ML); and 

Bayesian inference (Bayes).  MP reconstructions were performed by treating gaps as 65 
missing, searching heuristically using random addition, tree‐bisection reconnection 

for swaps, and swapping on best only with 1000 repetitions.  For ML and Bayes 

analyses, likelihood scores of 56 potential evolutionary models were evaluated using 

the Akaike Information Criteria (AIC) as implemented in MODELTEST 3.7 (Posada 

and Buckley 2004) and PAUP*4.0b10 (Sinauer Associates Inc., Sunderland, MA); for 70 
each locus fragment or concatenation product, the model with the best AIC score was 

selected.  In order to curb model overparameterization by MODELTEST (Vinuesa et 

al 2005), simpler and more restrictive models were evaluated by manual LRTs 

(likelihood‐ratio tests), as previously described (Swofford and Sullivan 2009); simpler 

models were used for single‐gene ML analyses (Table S3).  For all concatenated data 75 
sets, the general time‐reversible model with gamma distribution of rate heterogeneity 

and a proportion of invariable sites (GTR+Г+I) was found to be the best model via the 

AIC (data not shown).  Indices of substitution saturation (ISS and ISSC) were estimated 

with the program DAMBE (Xia and Xie 2001) as described (Xia et al 2003), using best‐

fit (ML) model parameter estimates as calculated above.  For all gene fragments, no 80 
significant third‐codon position saturation was found (ISS < ISSC; P < 0.001 for all locus 

fragments, data not shown); all sites in each fragment were therefore considered in 

subsequent analyses of each locus fragment.   
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ML reconstructions were performed by treating gaps as missing, searching 85 
heuristically using random addition, tree‐bisection reconnection for swaps, and 

swapping on best only with 1000 repetitions as implemented by PAUP*.  Bayesian 

inference was done by invoking the appropriate ‘nst’ and ‘rates’ settings in the 

software package MrBayes3.1.2 according to the closest ML model found in the 

above analysis (Table S3).  The Metropolis‐coupled Markov chain Monte Carlo 90 
(MCMCMC) algorithm was used to estimate the posterior probability distribution for 

each collection of sequences using one incrementally ‘heated’ chain with three ‘cold’ 

chains; these four chains were replicated two times per analysis and each total 

analysis was replicated three times to insure convergence of the Markov chains (i.e., 

‘stationarity’; see below).  Statistical confidence in the topology of each reconstruction 95 
was assessed either using 1000 bootstrap replicates with the above search parameters 

(ML and MP) or sampling an appropriately stationary posterior probability 

distribution every 100‐250 generations (Bayes) where ‘stationarity’ was defined as an 

average standard deviation of split frequencies between two chains in a MCMCMC 

run < 0.01 and/or approximately equal for ~70‐90% of samples (Ronquist et al 2009).  100 
The 50% majority‐rule consensus trees were constructed from the sample distribution 

generated by MCMCMC and used to assess clades’ posterior probabilities.  All 

reconstructions were visualized with FigTree 1.3.1 

(http://tree.bio.ed.ac.uk/software/figtree) and edited for publication with Inkscape 

0.48 (http://inkscape.org/) and GIMP 2.6 (http://www.gimp.org/). 105 
 

Data partition (in)congruence among loci was assessed under both MP and ML 

frameworks.  Under an MP framework, partition homogeneity was evaluated using 

the incongruence length difference (ILD) test (Farris et al 1994), using 100 random 

partition replicates of informative sites only.  All tests were performed with tree‐110 
bisection‐reconnection (heuristic) searches using random‐sequence addition and 10 

replicates in all cases, as implemented in PAUP*.  Topological incongruence was 

evaluated in a ML framework using the Shimodaira‐Hasegawa (SH) test (Shimodaira 

and Hasegawa 1999) with topological and parameter values as estimated under the 

best‐fit model (Table S3).  SH tests were implemented in PAUP*, using 1000 fully‐115 
optimized bootstrap replicates. 

 

Hawaiian Seawater Experiments – Control Experiments 

   To test the hypothesis that there is a survival advantage of Group A V. fischeri 

in fresh, Maunalua Bay seawater, two pilot experiments were performed.  All 120 
seawater used in the experiments below was collected from MB less than 12 h before 

experimental use.  Limited seawater storage exposed V. fischeri strains to the most 

‘natural’ seawater environment possible by minimizing the change within the 

seawater microbial community that is known to occur upon more prolonged (>24 h) 

seawater storage (ZoBell and Anderson 1936). 125 
  First, aliquots of fresh, unfiltered and 0.2 μm‐filtered seawater from Maunalua 

Bay were spread on SWT agar with and without either kanamycin or 
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chloramphenicol to measure the concentration of total and antibiotic‐resistant, SWT‐

culturable marine bacteria present in each sample.  The SWT‐culturable bacterial 

concentration was approximately 103 CFU/mL, and this number was reduced 130 
approximately three orders of magnitude by the addition of 100 μg/mL kanamycin; 

addition of 2.5 μg/mL chloramphenicol reduced this number (103 CFU/mL) two 

orders of magnitude (data not shown).  Zero CFUs were detected on plates spread 

with undiluted, 0.2 μm‐filtered seawater.  From this experiment, it was concluded 

that testing the survival of V. fischeri in natural seawater would require marking the 135 
bacterial strains so they could be enumerated against a high background of SWT‐

culturable marine bacteria.  Because kanamycin was more effective at eliminating the 

background of SWT‐culturable bacteria, six V. fischeri strains carrying the kanamycin‐

resistant (KanR), green‐fluorescent protein (GFP) expressing plasmid pVSV102 were 

constructed via tri‐parental mating as previously described (Wollenberg and Ruby 140 
2009).  As above, these six strains (ES213, ES114, MB11B1, KB2B1, MB14A3, and 

MB15A4) represented the three major Hawaiian clades found in phylogenetic 

reconstructions (Fig. 2, S2).   

  It was then necessary to determine whether marked strains had similar 

growth/survival patterns as compared to wild‐type (WT) strains when cultured on 145 
SWT agar plates.  Ten biological replicates of both WT and pVSV102‐marked strains 

were grown overnight in microcosms containing 1 mL of 0.2 μm‐filtered seawater.  

After 24 h growth, strains were diluted and spread on SWT‐agar and SWT‐agar 

containing 100 μg/mL kanamycin.  Raw colony counts from each plate were used to 

perform a two‐tailed t‐test with unequal variance in three comparisons: WT and 150 
marked strains; WT spread on either kanamycin‐containing or free SWT; the marked 

strain on either kanamycin‐containing or free SWT.  For all comparisons, the null 

hypothesis of no significant difference between mean abundance could not be 

rejected (P > 0.05). 

 155 
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FIGURE  S1.  Maximum  likelihood  gene  phylograms  under  best‐fit  substitution  models  (Table  S3) 

inferred from (A) recA, (B) mdh, (C) ainS, (D) katA, (E) pyrC, and (F) luxA sequence data for 45 V. fischeri 

strains and outgroups (Table S1).   In all reconstructions, the outgroup taxa V. salmonicida LFI1238 and V. 

logei SA6 have been removed and are represented by a truncated root node – the one exception is (B), in 

which SA6 appears internally.  Nodes marked with dots have statistical support (the proportion of 1000 

bootstrap pseudo‐replicates supporting a node) greater than 70%, as listed at each node.  Strains sharing 

identical sequences for a given locus fragment are all listed at a leaf – except in (F), where numbers of 

groups  (e.g.,  i,  ii,  etc.)  of  sequences  are  used.    For  each  tree,  black  bars  represent  the  number  of 

substitutions/site listed above each bar. 
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FIGURE S2.  50% majority‐rule  consensus Bayesian phylogram  inferred with  a GTR+I+Г model of 

evolution (nst=6 rates=invgamma) for the concatenated gene fragments recA, mdh, katA, and pyrC.  In 

this reconstruction, the node containing the outgroup taxa (V. salmonicida LFI1238 and V. logei SA6) 

is  represented by  the  root.   Statistical  support  is  represented at each node by  the  following  three 

numbers:  upper  left,  percentage  of  1000  bootstrap  ML  pseudo‐replicates;  upper  right,  posterior 

probability (of approximately 100,000‐2,000,000 non‐discarded samples); middle center, percentage of 

1000 bootstrap MP pseudo‐replicates.  Statistical support values are listed only at nodes where more 

than 2 methods gave support values ≥ 70% or 0.70; support values < 70% or 0.70 are  listed as  ‘‐‐‘.  

Strains sharing identical sequences for a given locus fragment are all listed at that leaf; because of a 

lack  of  space,  some  support  values  have  been  listed  either  immediately  to  the  right  of  their 

associated  nodes  and/or  are  marked  with  italicized  lower‐case  roman  numerals.    VfRep‐PCR 

patterns have been mapped onto the E. scolopes symbionts using colors – identically‐colored strains 

all share  the same VfRep‐PCR pattern (or  type) (Table S1): blue =  type  I (boxed); orange =  type II; 

green = type III.  Black bar represents 0.1 substitutions/site. 
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TABLE S1. General information about Vibrionaceae strains used in this study. 1 

Strain1 

Collection Description 
Source or 

Reference 

VfRep‐

PCR 

type 

GenBank Accession Numbers 

Geography  Ecology  recA  mdh4  ainS  katA  pyrC  luxA 

ATCC 

7744; 

B398 

n.i.2  Planktonic 
(Hendrie et 

al 1970) 
n.i.3  JF509753  EU907965  JF509797  EU907989  JF509855  JF509899 

CG101  Australia 

Cleidopus 

gloriamaris 

(fish light 

organ) 

(Lee 1994)  n.i.  HQ595306  EU907966  JF509798  EU907990  JF509856  JF509900 

CG103  “”  “”  (Lee 1994)  n.i.  HQ595307  HQ595322  JF509799  HQ595331  JF509855  JF509901 

EM17;  

ATCC 

700602 

Japan  

(Seto Sea) 

Euprymna 

morsei 

(squid light 

organ) 

(Lee 1994)  n.i.  HQ595308  EU907967  JF509800  EU907991  JF509855  JF509902 

EM18  “”  “”  (Lee 1994) n.i. JF509754  EU907968 JF509801 EU907992 JF509855 JF509903 

EM24  “”  “”  (Lee 1994)  n.i.  JF509755  EU907969  JF509802  EU907993  JF509860  JF509904 

EM30  “”  “”  (Lee 1994)  n.i.  JF509756  EU907970  JF509803  EU907994  JF509861  JF509905 

ES12 

Oahu, HI, 

USA 

(Kaneohe 

Bay) 

Euprymna 

scolopes 

(squid light 

organ) 

(Boettcher 

and Ruby 

1994) 

n.i.  HQ595309  HQ595323  JF509804  HQ595332  JF509862  JF509906 

ES114;  

ATCC 

700601 

“”  “” 

(Boettcher 

and Ruby 

1990) 

III  VF_05355  VF_02765  VF_10375  VF_A00095  VF_A04125  VF_A09215 

ES213 

Oahu, HI, 

USA 

(Maunalua 

Bay) 

“” 

(Boettcher 

and Ruby 

1994) 

I  HQ595310  EU907971  JF509805  EU907995  JF509863  JF509907 

ES401  “”  “”  (Lee 1994)  n.i.  HQ595311  HQ595324  JF509806  HQ595333  JF509864  JF509908 
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ET101 

Victoria, 

Australia 

(Crib Point) 

Euprymna 

tasmanica 

(squid light 

organ) 

(Nishiguchi 

2002) 
n.i.  HQ595312  HQ595325  JF509807  HQ595334  JF509865  JF509909 

ET401 

Townsville, 

Australia 

(Magnetic 

Island) 

“” 
(Nishiguchi 

2002) 
n.i.  HQ595313  HQ595326  JF509808  HQ595335  JF509866  JF509910 

H905 

Oahu, HI, 

USA 

(Kaneohe 

Bay) 

Planktonic 
(Lee and 

Ruby 1992) 
n.i.  HQ595314  EU907972  JF509809  EU907996  JF509867  JF509911 

KB1A97  “” 

E. scolopes 

(squid light 

organ) 

(Wollenberg 

and Ruby 

2009) 

III  JF509757 EU907973 JF509810  EU907997  JF509868  JF509912 

KB1A98  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509758  JF509783  JF509811  JF509841  JF509869  JF509913 

KB2A1  “”  “” 

(Wollenberg 

and Ruby 

2009) 

II  JF509759  JF509784  JF509812  JF509842  JF509870  JF509914 

KB2B1  “”  “” 

(Wollenberg 

and Ruby 

2009) 

I  JF509760  JF509785  JF509813  JF509843  JF509871  JF509915 

KB3B2  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509761  JF509786  JF509814  JF509844  JF509872  JF509916 

KB4B5  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509762  JF509787  JF509815  JF509845  JF509873  JF509917 

KB5A1  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509763  EU907974  JF509816  EU907998  JF509874  JF509918 
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LFI1238 

(V. 

salmonicida) 

Hammerfest, 

Norway 

Gadus 

morhua 

(cod head 

kidney) 

(Hjerde et al 

2008) 
n.i.  VSAL_I06345  VSAL_I03595  VSAL_I11585  VSAL_II02155  VSAL_II04685  VSAL_II09625 

MB11A3 

Oahu, HI, 

USA 

(Maunalua 

Bay) 

“” 

(Wollenberg 

and Ruby 

2009) 

I  JF509764  JF509788  JF509817  JF509846  JF509875  JF509919 

MB11B1  “”  “” 

(Wollenberg 

and Ruby 

2009) 

I  JF509765  JF509789  JF509818  JF509847  JF509876  JF509920 

MB13B1  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509766  JF509790  JF509819  JF509848  JF509877  JF509921 

MB13B2  “”  “” 

(Wollenberg 

and Ruby 

2009) 

I  JF509767  JF509791  JF509820  JF509849  JF509878  JF509922 

MB13B3  “”  “” 

(Wollenberg 

and Ruby 

2009) 

I  JF509768  JF509792  JF509821  JF509850  JF509879  JF509923 

MB14A3  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509769  EU907975  JF509822  EU907999  JF509880  JF509924 

MB14A5  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509770  EU907976  JF509823  EU907800  JF509881  JF509925 

MB15A4  “”  “” 

(Wollenberg 

and Ruby 

2009) 

II  JF509771  JF509793  JF509824  JF509851  JF509882  JF509926 

MB15A5  “”  “” 

(Wollenberg 

and Ruby 

2009) 

III  JF509772  JF509794  JF509825  JF509852  JF509883  JF509927 

MJ11  Japan  Monocentris  (Ruby and  n.i.  VFMJ11_05385  VFMJ11_02645  VFMJ11_11195  VFMJ11_A00235  VFMJ11_A04525  VFMJ11_A10395 
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japonicus 

(fish light 

organ) 

Nealson 

1976) 

mjapo.2.1  Wagu, Japan  “” 
(Ast et al 

2009) 
n.i.  JF509773  EU907978  JF509826  EU907802  JF509884  JF509928 

mjapo.3.1  “”  “” 
(Ast et al 

2009) 
n.i.  JF509774  EU907979  JF509827  EU907803  JF509885  JF509929 

mjapo.4.1  “”  “” 
(Ast et al 

2009) 
n.i.  JF509775  EU907980  JF509828  EU907804  JF509886  JF509930 

mjapo.5.1  “”  “” 
(Ast et al 

2009) 
n.i.  JF509776  EU907981  JF509829  EU907805  JF509887  JF509931 

mjapo.6.1  “”  “” 
(Ast et al 

2009) 
n.i.  JF509777  EU907982  JF509830  EU907806  JF509888  JF509932 

mjapo.7.1  “”  “” 
(Dunlap et 

al 2007) 
n.i.  JF509778  EU907983  JF509831  EU907807  JF509889  JF509933 

mjapo.8.1  “”  “” 
(Mandel et 

al 2009) 
n.i.  JF509779  EU907984  JF509832  EU907808  JF509890  JF509934 

mjapo.9.1  “”  “” 
(Mandel et 

al 2009) 
n.i.  JF509780  EU907985  JF509833  EU907809  JF509891  JF509935 

NZ08_080 

N. Island, 

New 

Zealand 

(O’Neill 

Bay) 

Planktonic  this study  n.i.  JF509781  JF509795  JF509834  JF509853  JF509892  JF509936 

PP3 

Oahu, HI, 

USA 

(Kaneohe 

Bay) 

Planktonic 
(Lee and 

Ruby 1992) 
n.i.  HQ595317  HQ595329  JF509835  HQ595338  JF509893  JF509937 

SA1 
Banyuls sur 

Mer, France 

Sepiola 

affinis 

(squid light 

organ) 

(Fidopiastis 

et al 1998) 
n.i.  HQ595318  EU907986  JF509836  EU908010  JF509894  JF509938 

SA6  “”  “”  (Fidopiastis  n.i.  JF509782  JF509796  JF509837  JF509854  JF509895  JF509939 
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(V. logei)  et al 1998)

SR5 
Banyuls sur 

Mer, France 

Sepiola 

robusta 

(squid light 

organ) 

(Fidopiastis 

et al 1998) 
n.i.  HQ595319  EU907987  JF509838  EU908011  JF509896  JF509940 

VLS2 

Oahu, HI, 

USA 

(Kaneohe 

Bay) 

E. scolopes 

(squid light 

organ) 

(Lee 1994)  n.i.  HQ595320  HQ595330  JF509839  HQ595339  JF509897  JF509941 

WH1 
Woods Hole, 

MA, USA 
Planktonic  (Lee 1994)  n.i.  HQ595321  EU907988  JF509840  EU908012  JF509898  JF509942 

1 All strains are V. fischeri unless otherwise noted. 2 
2 n.i. – Collection location undocumented. 3 
3 n.i. – VfRep‐PCR fingerprint not previously determined by Wollenberg and Ruby (Wollenberg and Ruby 2009). 4 
4 Locus tag of the longer mdh fragment given in table; however, a partial sequence was used for alignment (as described in 5 
Materials and Methods section, and listed in Table S2). 6 
5 Locus tag of the full gene from the entire genome sequence given in table; however, only partial sequence (Table S2) was used for 7 
alignment.8 
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TABLE S2. Loci and primers utilized in V. fischeri multi‐locus sequence analysis scheme. 9 

Gene and  

Product 

Chromosome 

and Position  
(V. fischeri ES114;  
V. fischeri MJ11) 

Gene 

Length 

Fragment 

Position1 

Fragment 

Length 
Coverage

Outer Primer – Forward 

Outer Primer – Reverse 

Inner Primer – Forward 

Inner Primer – Reverse 

recA 

recombinase A 

Large 
(577,808 – 578,854;  

566,266 – 567,312) 

1047  64‐753  690  66% 

5’‐GACGATAACAAGAAAAAAGCACTGG‐3’ 

5’‐CGTTTTCTTCAATTTCWGGAGC‐3’ 

5’‐TGARAARCARTTYGGTAAAGG‐3’ 

5’‐GGAGCRGCATCAGTCTCTGG‐3’ 

mdh 

malate 

dehydrogenase 

Large 
(288,534 – 289,469;  

272,693 – 273,628) 

936  85‐603  519  55% 

5’‐AAGTAGCTGTTATTGGTGC‐3’

5’‐ CTTCGCCAATTTTGATATCG‐3’ 

5’‐ GGCATTGGACAAGCGTTAGC‐3’ 

5’‐CGCCTCTTAGCGTATCTAGC‐3’

ainS 

autoinducer 

synthase 

Large 
(1,142,800 – 1,143,942; 

1,177,251 – 1,178,438) 

1143  184‐963  780  58% 

5’‐GGCGGAACKATTGGAAATTTGG‐3’

5’‐ATTGATTGAAAGCAGATGATGC‐3’ 

5’‐CTTATTTTCAACATCAGAAGC‐3’ 

5’‐TTTACATCTTGCTCACTTGTG‐3’ 

katA 

catalase 

Small 
(10,816 – 12,264;  

30,031 – 31,479) 

1449  580‐1368  789  54% 

5’‐TGTCCTGTTGCACATAACC‐3’ 

5’‐CGCTTACATCAATATCAAG‐3’ 

5’‐CGTGGTATTCCTGCAACATAC‐3’ 

5’‐CCGATACCTTCACCATAAGC‐3’ 

pyrC 

dihydroorotase 

Small 
(465,591 – 466,619; 

513,315 – 514,343) 

1029  94‐975  882  86% 

5’‐CTGATGATTGGCATTTACAC‐3’

5’‐GCCACTCAACAGCTTCACC‐3’ 

5’‐CACTTACGTGATGGTGATGTG‐3’ 

5’‐ GCCACTCAACAGCTTCACC‐3’

luxA 

luciferase alpha 

subunit 

Small 
(1,047,714 – 1,046,650; 

1,158,285 – 1,159,349) 

1068  91‐960  870  81% 

5’‐ACAAGTAYWACWGTTAARGAGCG‐3’ 

5’‐AAGTGRTGTTCAYWWACAAARGCAG‐3’ 

5’‐CGTATCARCCACCAGGYGAAACTC‐3’ 

5’‐TTCWTCTTCAGTKCCATTAGC‐3’ 

1Position relative to full‐locus lengths from the ES114 genome. 10 
11 
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TABLE S3. Sequence characteristics and maximum‐likelihood estimates of frequency and rate parameter values for each gene 12 
fragment considered for use in the V. fischeri MLSA scheme1 13 

Locus 

fragment(s) 

Fragment 

length  

(in bp) 

No. nt 

alleles/ 

Hd2 

No. aa 

alleles 

No. C

sites 

(%)3 

No. V

sites 

(%)4 

No. PI

sites 

(%)5 

π 

(A,C, 

   G, T)6 
Rate matrix7  I8  α9  Best Fit model10 

recA  690 
22/ 

0.909 
3 

644 

(93) 

46 

(7) 

29 

(4) 

 0.2985, 

0.1774, 

0.2319, 

0.2922  

Ra = 0.374, Rb = 2.353 

Rc = 1.000, Rd = 0.374 

Re = 4.433, Rf = 1.000 

NA  0.263
Custom:  

4 sub. types + Γ 
‐lnL = 1860.1488 

mdh  519 
28/ 

0.966 
5 

437 

(84) 

82 

(16) 

70 

(13) 

0.2787, 

0.1723, 

0.2396, 

0.3094 

Ra = 1.000, Rb = 3.366 

Rc = 3.366, Rd = 0.396 

Re = 8.021, Rf = 1.000 

NA  0.157
Custom: 

4 sub. types + Γ 
‐lnL = 1629.4243 

ainS  780 
37 

0.990 
28 

569 

(73) 

211 

(27) 

187 

(24) 

0.3654, 

0.1978, 

0.1311, 

0.3056 

Ra = 2.607, Rb = 9.857 

Rc = 1.000, Rd = 2.607 

Re = 9.857, Rf = 1.000 
0.229 0.652

Custom 

3 sub. types + I + Γ 
‐lnL = 4130.2858 

katA  789 
26 

0.948 
12 

707 

(90) 

82 

(10) 

61 

(8) 

0.3138, 

0.2097, 

0.2060, 

0.2705 

Ra = 0.334, Rb = 2.744 

Rc = 1.000, Rd = 0.334 

Re = 5.813, Rf = 1.000 

0.524 0.716
Custom 

4 sub. types + I + Γ 
‐lnL = 2655.4157 

pyrC  882 
30 

0.963 
9 

792 

(90) 

90 

(10) 

66 

(7) 

0.3374, 

0.2058, 

0.1608, 

0.2960 

Ra = 0.320, Rb = 3.037 

Rc = 1.000, Rd = 0.320 

Re = 5.000, Rf = 1.000 

0.501 0.680
Custom 

4 sub. types + I + Γ 
‐lnL = 3170.2015 

luxA  870 
23 

0.934 
14 

584 

(67) 

286 

(33) 

279 

(32) 

0.3214, 

0.1496, 

0.2186, 

0.3104 

Ra = 4.176, Rb = 7.150 

Rc = 2.285, Rd = 4.176 

Re = 19.791, Rf = 

1.000 

NA  0.298
Custom:  

5 sub. types + Γ 
‐lnL = 3821.3710 
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1ML parameters estimated from the 45 V. fischeri isolates listed, plus the outgroup taxa V. salmonicida LFI1238 and V. logei SA6 14 
(with redundant sequences removed); all other parameters in the table were calculated using only the 45 V. fischeri isolates. 15 

  2Haplotype diversity. 16 
  3Number and percentage of constant sites (for nt data). 17 
  4Number and percentage of variable sites (for nt data). 18 
  5Number and percentage of parsimony informative sites (for nt data). 19 

6Nucleotide equilibrium frequencies. 20 
7 Substitution rates: Ra= [A‐C], Rb= [A‐G], Rc= [A‐T], Rd= [C‐G], Re= [C‐T], Rf= [G‐T]. 21 
8 Proportion of invariant sites; NA=variable not used in model. 22 
9 Shape parameter of the gamma‐distributed across‐sites rate variation (approximated by four discrete rate categories). 23 
10 Best‐fit model and associated –ln likelihood value.24 
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TABLE S4. Nucleotide polymorphism summary statistics, including mutation and recombination parameters, for  25 
molecular sequence data from 45 different V. fischeri strains. 26 
Locus 

Fragment 
S1  η 2  k3  π4  ØW 5  ØΠ 6  CHW7  CH 8  c/μ 9 

recA  46  48  8.27  0.012 0.0076  0.0060 0.0068 0.0007 0.89 

mdh  82  93  23.09  0.044 0.0180  0.0222 0.0074 0.0000 0.41 

ainS  211  238  80.20  0.103 0.0310  0.0520 0.0153 0.0000 0.49 

katA  82  88  22.42  0.028 0.0119  0.0142 0.0141 0.0049 1.19 

pyrC  90  96  20.61  0.023 0.0117  0.0117 0.0236 0.0107 2.02 

luxA  286  357  119.48  0.137 0.0376  0.0687 0.0063 0.0005 0.17 
1 Number of segregating sites. 27 
2 Total number of mutations.  28 
3 Average number of pairwise nucleotide differences. 29 
4 Nucleotide diversity per nucleotide site. 30 
5 Population mutation parameter (Ø), per site, as estimated by Watterson’s (Watterson 1975) method using S. 31 
6 Population mutation parameter (Ø), per site, as estimated by Tajima’s (Tajima 1983) method using k. 32 
7 Population recombination parameter (C), per site, as estimated by Hey and Wakeley’s (Hey and Wakeley 1997) method. 33 
8 Population recombination parameter (C), per site, as estimated by Hudson’s (Hudson 1987) method. 34 
9 Recombination/mutation rate ratio; calculated using CHW and ØW.35 



Wollenberg and Ruby | Phylogeny and Fitness of V. fischeri | Supplementary Tables 

 10

TABLE S5. Results of the incongruence length difference (ILD) test, and Shimodaira‐Hasegawa (SH) tests for topological 36 
incongruence among data partitions. 37 

Locus 

Fragment 
recA  mdh  ainS  katA  pyrC  luxA 

recA  ‐ 
2431 

2622 
618 

409 

324 

365 

359 

317 

661 

274 

mdh  285b  ‐ 
659 

568 

365 

806 

400 

462 

702 

521 

ainS  1352  900  ‐ 
740 

1490 

775 

981 

1077 

1106 

katA  430  681  650  ‐ 
481 

490 

783 

555 

pyrC  308  549  660  653  ‐ 
818 

681 

luxA  1816  2514  2402  2774  1991  ‐ 

1 Value of the tree length of the original partition; for all ILD comparisons, the original partition was significantly smaller 38 
than all simulated partitions (i.e., P = 0.01), indicating significant incongruence.  39 
2 Natural log likelihood difference between ML tree topology for each locus (row), and that same locus constrained by ML 40 
topologies of the other five loci (columns); for all comparisons P < 0.01, indicating significant incongruence.41 
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