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Abstract
Epulopiscium sp. type B (Lachnospiraceae) is an exceptionally large, highly polyploid, intestinal symbiont of the coral reef
dwelling surgeonfish Naso tonganus. These obligate anaerobes do not form mature endospores and reproduce solely through
the production of multiple intracellular offspring. This likely makes them dependent on immediate transfer to a receptive
host for dispersal. During reproduction, only a small proportion of Epulopiscium mother-cell DNA is inherited. To explore
the impact of this unusual viviparous lifestyle on symbiont population dynamics, we investigated Epulopiscium sp. type B
and their fish hosts collected over the course of two decades, at island and reef habitats near Lizard Island, Australia. Using
multi-locus sequence analysis, we found that recombination plays an important role in maintaining diversity of these
symbionts and yet populations exhibit linkage disequilibrium (LD). Symbiont populations showed spatial but not temporal
partitioning. Surgeonfish are long-lived and capable of traveling long distances, yet the population structures of
Epulopiscium suggest that adult fish tend to not roam beyond a limited locale. Codiversification analyses and traits of this
partnership suggest that while symbionts are obligately dependent on their host, the host has a facultative association with
Epulopiscium. We suggest that congression of unlinked markers contributes to LD estimates in this and other recombinant
populations of bacteria. The findings here inform our understanding of evolutionary processes within intestinal
Lachnospiraceae populations.

Introduction

Epulopiscium spp. and related bacteria, known as epulos,
are a morphologically diverse group of intestinal symbionts
renowned for their large size and disparate reproductive
strategies [1–4]. Phylogenetically, this group is affiliated

with the Lachnospiraceae, a family that comprises func-
tionally crucial intestinal symbionts of vertebrates [5, 6].
Abundant populations of epulos are found in surgeonfish
species that regularly consume algae or detritus [2]. Epulos
likely contribute to the breakdown of refractory algal
polysaccharides ingested by their hosts and serve
as important mediators of carbon flow in coral reef systems
[7–9]. The model for these unusual bacteria is referred to as
Epulopiscium sp. type B, which displays many useful
traits that have facilitated studies of Epulopiscium biology
[10–14]. In addition to their distinct morphology, Epulo-
piscium sp. type B is often the only epulo located in adult
Naso tonganus [15, 16]. Other hosts harbor multiple
morphologically and phylogenetically distinct epulo linea-
ges [2, 4, 17]. On the basis of draft metagenome sequences
from Epulopiscium sp. type B populations [14] (NZ_A-
BEQ01000000), these heterotrophic symbionts are pre-
dicted to be obligate fermenters, as neither genes for
cytochromes nor genes for enzymes to relieve oxidative
stress (e.g. catalase or superoxide dismutase) have been
found. Thus far, no free-living Epulopiscium sp. type B
have been detected in environmental surveys. These
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observations along with its affilation with Clostridium
cluster XIVb [18] suggest that the intestinal symbiont
Epulopiscium sp. type B requires a host that regularly
consumes algae for a stable anoxic environment rich in
nutrients.

Many epulos produce endospores that might aid in dis-
persal and maintenance of populations in their surgeonfish
host [4]. However, Epulopiscium sp. type B has lost the
ability to produce mature endospores and no longer uses
binary fission for reproduction [14]. Instead, these bacteria
produce multiple intracellular offspring using a derived
form of endosporulation (Fig. 1). The ecological and evo-
lutionary processes leading to this unique form of bacterial
viviparity are not well understood, but may have been
determined in part by the symbiotic association of
Epulopiscium sp. type B with its particular surgeonfish host,
Naso tonganus. In a previous study, we suggested that the
manner in which symbionts enter a host intestinal tract can
influence the reproductive biology of endospore forming
symbionts [19]. Metabacterium polyspora, a close relative
of Epulopiscium spp., uses the production of multiple
endospores as its primary means of reproduction in its
guinea pig host. This pivot away from binary fission and
toward multiple endospore formation likely reinforces the
symbiotic association, as these bacteria regularly cycle out
of and back into the host intestinal tract. Guinea pigs are
coprophagous and reproduction by sporulation allows the
offspring of M. polyspora to survive the oxic environment
outside of the host, as well as transit through the mouth and
stomach of the host. In epulos associated with fish, codi-
versification studies suggest specific relationships between
distinct epulo clades and particular surgeonfish species that

correlate with host feeding preference [17]. We hypothesize
that these associations impact symbiont reproductive stra-
tegies as well. Most surgeonfish that host epulos contain
multiple morphotypes and multiple phylotypes [2, 4, 17].
Adult N. tonganus are often observed to harbor only one
large epulo, Epulopiscium sp. type B [15, 16]. This simple
system provides a unique opportunity to explore how the
symbiotic alliance impacts the population structure and
reproductive strategy of epulos and other gut-associated
Lachnospiraceae.

Epulos, like most gut microbiota of vertebrates, are likely
acquired from the environment. However, surveys of near-
complete 16S rRNA gene sequences of Epulopiscium sp.
type B cells from many host individuals recovered minimal
genetic diversity (>99% sequence identity), suggesting that
these symbiont populations may be clonal and experience
dispersal limitation [15, 20]. Yet, given the dynamic life
history of surgeonfish (e.g. aggregate spawning, dispersal of
eggs and larvae, and pulses of juvenile settlement on a reef
[21]), direct transmission of epulos from a parent to its
offspring seems unlikely. A recent phylogeographic study
of a broadly distributed surgeonfish species suggested that
larval fish are dispersed widely [22]. Furthermore, surveys
of gut symbionts in fish at different life stages revealed no
epulos in newly settled juvenile surgeonfish and distinct
epulo communities between juveniles and adults [23].
Surgeonfish most likely acquire epulos through conspecific
coprophagy [23]. Unlike vertically transmitted insect
endosymbionts [24], populations of horizontally transmitted
obligate symbionts do not appear to be as genetically con-
strained by dispersal bottlenecks [25, 26]. The apparent
clonality of Epulopiscium sp. type B suggests that other

Fig. 1 Epulopiscium sp. type B daily life cycle. These populations are
maintained by an unusual reproductive strategy, which employs the
formation of multiple intracellular offspring. Binary fission has never
been observed in Epulopiscium sp. type B. a Accumulation of DNA
(in blue) at the poles of intracellular daughter cells marks the begin-
ning of formation of the next generation (granddaughter cells).

b Bipolar division often occurs just prior to emergence of daughter
cells from their mother cell. Note the DNA in the mother cell is less
pronounced at this stage and mother cells do not survive daughter-cell
release. c Polar cells are (d) fully engulfed by their mother cell.
e Internal offspring cells continue to grow until (a) they nearly fill the
mother-cell cytoplasm. Figure modified from [20]
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factors peculiar to the symbiont (e.g., physiology and cell
cycle) or its host (e.g., N. tonganus genetics, anatomy, diet
or behavior) may be influencing Epulopiscium sp. type B
diversity.

Epulopiscium sp. type B display several remarkable
features. These large cigar-shaped cells range from ~100 –

300 µm in length. They are extremely polyploid and harbor
tens of thousands of genome copies [11, 13]. Genomes
within Epulopiscium sp. type B cells are hypothesized to be
nearly identical [13], although some variation may exist.
The daily reproductive cycle of Epulopiscium sp. type B
(Fig. 1) is synchronized within an individual host fish
[11, 12]. Normally, two offspring are produced each day per
mother cell but as many as 12 intracellular offspring have
been observed [27]. Importantly, it has been estimated that
during reproduction, ~1% of Epulopiscium sp. type B
mother-cell DNA is passed on to daughter cells [12]. Yet,
even at late stages of offspring development, mother-cell
chromosomes continue to replicate [10]. Consequently,
genome copies take on either somatic or germline
roles [10]; some intact copies are inherited by the next
generation but most of the DNA appears to be required only
to support mother-cell metabolism. Eventually, the somatic
copies are dismantled or released into the environment by
lysis of the dying mother cell (Fig. 1).

The limited inheritance of mother-cell DNA could
restrict genetic diversity of the Epulopiscium sp. type B
population by loss of novel genes or mutations accrued in
somatic but not germline genome copies. Additionally,
retention of daughter cells within a mother cell during much
of the offspring growth cycle, which occurs separately from
other developing cells, poses a physical obstacle to
acquiring new genetic material through horizontal
gene transfer (HGT). Furthermore, host-dependent trans-
mission may limit the genetic material available
for exchange in a confined population within an
individual host. As a consequence, the overall fitness of the
symbiont population is expected to decline due to clonal
interference; a process where competition between indivi-
dual clones with different beneficial mutations slows down
the accumulation of beneficial mutations for the population
as a whole [28].

We hypothesize that host-dependent interactions and the
unusual reproductive biology of the symbionts are driving
the evolution of Epulopiscium sp. type B by limiting the
diversity of the symbiont populations. Epulos have not yet
been cultivated in the lab and surgeonfish lose these
symbionts when held in captivity [1]. Therefore, we used
cultivation-independent techniques to explore the popula-
tion structure of Epulopiscium sp. type B collected from
wild-caught hosts. Taking advantage of the large size,
polyploid genome and distinct morphology of the sym-
bionts, we collected individual cells from archived

N. tonganus gut contents and subjected each to single-cell,
whole-genome amplification. We used a multi-locus
sequence analysis (MLSA) approach for the first fine
scale population survey of Epulopiscium sp. type B, which
allowed us to identify genetic differences between indivi-
dual cells. We also investigated the N. tonganus population
using MLSA and analyzed codiversification between
partners of this host-symbiont association. Our findings
reveal the importance of recombination for maintaining
population diversity in this gut symbiont. We predict that
the patterns of inheritance and genotype mixing we
observed are driven by mechanisms that likely impact the
population structure of other intestinal Lachnospiraceae.
Furthermore, we suggest that population analyses of
intestinal symbionts like these can provide insight into the
distribution, movement and life histories of long-lived reef
fish.

Methods

Sample collection

Naso tonganus were collected by spear from island or outer
barrier reef habitats around Lizard Island, Australia, at three
different 10-year intervals: circa 1990, 2003, and 2013
(Fig. 2). Surgeonfish that regularly consume algae have a
long, coiled intestinal tract [2]. Other than the coiling pat-
tern, the intestine of N. tonganus has no distinct morpho-
logical features. To collect samples containing
Epulopiscium sp. type B, the N. tonganus intestinal tract
was removed and uncoiled. The unraveled intestine was laid
out in 4 equal-length segments, as previously described [7].
In this scheme, the stomach is defined as segment I, and
from anterior to posterior, the intestinal segments are
referred to as segments II – V. Samples of Epulopiscium sp.
type B were taken from segment IV, where large numbers
of symbionts are located. Intestinal contents from each indi-
vidual fish were fixed in 80% ethanol and stored at −20 °C.
Sample information, a description of Epulopiscium cells
present, and demographic data for each host were recorded
(Table 1).

Single-cell, whole-genome amplification and MLSA
of Epulopiscium sp. type B

Briefly, individual Epulopiscium cells were manually col-
lected from fixed intestinal contents and subjected to whole-
genome amplification (WGA) using the REPLI-g Kit
(Qiagen) for 16 h at 30 °C, following the manufacturer’s
protocol. Seven housekeeping genes (dnaC, ftsZ, mreB,
radA, recA, rpoB, and secA) and the 16S rRNA gene were
PCR amplified using primers and conditions described in
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Supplementary Table S1. See Supplementary Information
for details of single-cell processing, WGA, MLSA scheme
design, and sequence analysis.

DNA extraction and MLSA of Naso tonganus

Host DNA was extracted from fixed intestinal contents. Fish
haplotypes were based on mitochondrial (cox1 and Cytb)
and nuclear genes (ENC1, plagl2, and zic1). See Supple-
mentary Information for details of DNA extraction and
sequence analysis. Primer sets and amplification conditions
are described in Supplementary Table S1. Haplotypes were
reconstructed from the unphased sequence data using the
phase option in DnaSP version 5.10 [29].

Phylogenetic analyses

Concatenated sequences were joined head-to-tail in-frame
and trimmed for seven Epulopiscium loci and five N. ton-
ganus loci (unphased). 16S rRNA gene sequences were not
included because Epulopiscium has multiple rRNA operons
[13]. Bayesian and maximum likelihood (ML) phylogenies
were constructed in MrBayes version 3.2.4 [30] and PhyML
version 3.0 [31], respectively, each using the generalized
Time Reversible nucleotide substitution model [32] plus
invariant sites (I) and Γ rate heterogeneity. Markov chain
Monte Carlo was run for one million generations, sampling
every 1000 generations. The first 25% of trees were dis-
carded as burnin. A total of 1000 bootstrap replicates were
performed for ML phylogenies.

Nucleotide diversity, recombination and gene flow
analyses

For both Epulopiscium and host data sets, statistics for
single genes and populations were calculated using DnaSP
[29]. These tests included the number of polymorphic sites,
nucleotide diversity (π) corrected using the Jukes Cantor
method [33], haplotype diversity (Hd), and neutrality tests
(Tajima’s D [34], Fu and Li’s D* [35], and Fu’s F [36]).
Individual markers were analyzed for signatures of selection
by calculating the ratios of nonsynonymous to synonymous
substitutions (dN/dS) using the default NG86 nucleotide
substitution model [37] in START2 (version 2) [38]. Mar-
kers were further analyzed with PAML 4.9 h [39], using
multiple codon frequency models as described in the Sup-
plementary Information.

For the Epulopiscium sp. type B data set, recombination
breakpoints were identified using the Genetic Algorithm for
Recombination Detection (GARD) [40] available through
the Datamonkey webserver [41]. Results were visualized
using R [42] and package “ggplot2” [43]. Population
structure was modelled using STRUCTURE 2.3.4 [44], as
described in Supplementary Information, to examine
population subdivisions and presence of admixture.
Admixture within and between subpopulations is indicative
of recombination. Additionally, a pairwise homoplasy index
test (ΦW) [45] was performed using SplitsTree 4.13 [46] to
detect recombination by examining the genealogical history
of pairs of sites. This approach is useful for data with
complex population structure and demographic histories,

Fig. 2 Collection sites for each
Naso tonganus used in this
study, located on a map of
Lizard Island and nearby outer
barrier reef. Arrow in the inset
indicates location of
the sampling area off the
northeast coast of Australia.
Islands (including Lizard Is.,
Bird Is. and South Is.) are
shaded dark grey while dashed
lines outline reefs. Approximate
sampling locations for each
N. tonganus individual are
indicated by a unique color and
sample ID. Details are provided
in Table 1. Sampling time is
indicated by either a circle,
square, or triangle for year
intervals circa 1990, 2003 and
2013, respectively
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differentiating between population growth and recombina-
tion. Estimates for linkage disequilibrium were performed
using the standardized index of association (ISA) [47] from
START2.

To determine the level of gene flow between symbiont
groups at different subdivisions, an analysis of molecular
variance (AMOVA) [48] was implemented and tested for
significance against 1000 permutations with Arlequin 3.5
[49]. A Mantel test was performed to examine whether
genetic distance correlated with geographic distance and
those results were plotted using the R package “ade4” [50].
Two distinct hierarchical subdivisions were tested inde-
pendently: time intervals and habitat location (reef vs.
island). Variability was assessed among Epulopiscium
individuals within time intervals (ΦGT), among
Epulopiscium populations within each host (ΦST), and
among populations within time intervals (ΦSG). Multiple
linear regressions were performed in R to examine whether
π or Hd are correlated with demographic parameters listed
in Table 1.

Codiversification analysis of N. tonganus and
Epulopiscium sp. type B

The global signal of codiversification and contribution of
individual host-symbiont associations were analyzed using
Parafit [51] and PACo [52], implemented in R packages
“ape” [53] and “vegan” [54]. The null hypothesis differs
between the two tests; Parafit tests independent host and
symbiont evolution whereas PACo explicitly tests inde-
pendence of symbiont phylogeny on host phylogeny. The
input for both analyses were aligned concatenated sequen-
ces from individual hosts and symbiont sequence types
(sSTs), converted to distance matrices using the K80 model
[55]. The significance of both tests were established from
100,000 permutations. The P-value was determined for
each host-symbiont pair by ParaFitLink1 tests. A tangle-
gram was generated with iTol version 4.2 [56].

Results

MLSA of Epulopiscium sp. type B cells revealed high
variability

This study examined symbiont diversity and distribution
among and within individual hosts collected over the course
of ~20 years (1990–2014) in a sampling area that covers
discontinuous island and reef habitats within a 17 km radius
circle (Fig. 2). Comparisons of Epulopiscium populations
collected over time were used to improve the detection of
population structure. A total of 113 individual Epulopiscium
sp. type B cells were collected and analyzed from 12Ta
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different N. tonganus (~10 cells/fish) (Supplementary
Table S2). Cells were subjected to WGA and genes were
PCR amplified from these DNA samples. The sequence of
each PCR product was determined using the Sanger
method. Amplified 16S rRNA gene sequences were
99-100% identical to published 16S rRNA gene sequences
from Epulopiscium sp. type B (Supplementary Fig. S1).
This supported previous observations of low population
diversity. However, using a higher resolution approach with
additional markers (dnaC, ftsZ, mreB, radA, recA, rpoB,
and secA), we observed high sequence variability and
identified 88 symbiont sequence types (sSTs) (Fig. 3,
Supplementary Fig. S2). All housekeeping gene sequences
shared 99-100% sequence identity with genes in the Epu-
lopiscium sp. type B draft genome (Supplementary
Table S3). Comparison of the concatenated sequences
revealed 64 polymorphic sites across the 4005-base length
alignment (Supplementary Table S4). For the entire data set,

nucleotide diversity (π) was 0.00287 and was similar across
time and space (ranging 0.00217-0.00287) (Table 2).
Nucleotide diversity varied across individual markers
(0.00543–0.00109), except secA had no polymorphisms
(Supplementary Table S4).

Neutrality tests predict either a recent symbiont
population expansion or recombination

Next, neutral processes were explored to determine whether
stochastic processes of dispersal and genetic drift explained
the level of diversity observed in the symbiont population.
Subpopulations within different habitats as well as the entire
population sampled across space and time were examined;
Class I neutrality tests (Tajima’s D and Fu and Li’s D*)
were not significant and the Class II neutrality test (Fu’s F)
was significantly negative (Table 2). Genes that likely
contribute to the significant Fu’s F were dnaC, radA, and

Fig. 3 Bayesian phylogenetic tree of Epulopiscium sp. type B cells.
Tree was constructed using concatenated sequences of seven house-
keeping markers (dnaC, ftsZ, mreB, radA, recA, rpoB, and secA).
Nodes with Bayesian posterior probabilities ≥ 0.70 are indicated by
solid circles and nodes with ML bootstrap values ≥ 50% from 1,000
replicates are indicated. Each symbiont subtype (sST) is color coded

by host source as in Fig. 2, and sSTs found in multiple hosts are
indicated by red asterisks. Colored branches represent habitat type
(green= island; blue= reef) and sSTs found in both island and outer
barrier reef habitats are indicated with a crossed branch. Scale repre-
sents nucleotide changes per position

Recombination contributes to population diversification in the polyploid intestinal symbiont. . . 1089



recA (Supplementary Table S4). Although a significantly
negative Fu’s F would suggest an excess number of alleles
due to a recent population expansion or genetic hitchhiking,
this test is strongly affected by recombination which may
produce a false positive result [57]. Therefore, the con-
tribution of recombination was analyzed to determine which
demographic parameters were influencing the diversity of
the symbiont populations.

Host and location influence symbiont population
structure

Deviations from the neutrality model prompted the
exploration of parameters that might be influencing sym-
biont allele frequencies. Most sSTs were unique, but sST65
was more frequently encountered and observed in hosts
collected at the Lizard Island sites (Fig. 3, Supplementary
Fig. S2). Epulopiscium populations showed high haplotype
diversity, averaging 0.991 across all samples (Table 2).
Generally, individual hosts harbored diverse symbiont
populations (Supplementary Table S2). However, host
Nt_050613 had the least diverse population (Hd 0.667). No
host demographic information (fish size, and location col-
lected) correlated with low symbiont Hd.

Time and location were discernible despite the notable
location bias in the samples used here, in which fish col-
lected prior to 2011 were predominantly from the outer
barrier reef and after 2011 most were taken near Lizard

Island (Fig. 2, Table 1). AMOVA indicated time intervals
contributed ~8% of the variation (P= 0.0499), whereas
habitat location (reef vs. island) contributed 16% (P <
0.0001) (Supplementary Table S5). In both subdivisions,
the majority of the contribution was found within popula-
tions (P < 0.0001). Thus, factors within hosts had the
greatest influence on the diversity of symbiont populations.
These may include host genotype, social behavior or dietary
differences.

Despite the statistical noise contributed by variation
within host populations, there was a significant correlation
between geographic distance and pairwise FST (Mantel test:
R2= 0.136, P= 0.0014) (Supplementary Fig. S3). A Prin-
ciple Coordinate Analysis (PCoA) of pairwise FST values
further supported clustering based on location (Fig. 4).
Island populations clustered tightly together with the
exception of Nt_050913 from Research Station Beach,
which grouped with Nt_031411 from North Day Reef.
Other reef populations clustered together with the exception
of the two populations from the southernmost outer reef
collection location within our study area, Detached Reef.
Both of these divergent symbiont samples were collected in
the same location and year. These observations of popula-
tion subdivisions and admixture were confirmed by simu-
lations using STRUCTURE (Supplementary Information)
(Supplementary Fig. S6). Altogether, these data suggest that
symbiont diversity within an individual fish is dependent on
host feeding and location.

Table 2 Epulopiscium sp. type B population parameters compared across time and habitats for concatenated MLSA sequences

Populations Na Sb sSTc Hdd πe Tajima’s Df Fu an Li’s D*g Fu’s F h ISA
i Mean ΦW

j

Reef 75 61 65 0.995 0.00276 −0.422 −0.024 −34.323** 0.0804** 0.4140**

Island 38 33 26 0.942 0.00217 0.257 0.503 −9.314** 0.2391** 0.4558**

2003 57 52 49 0.993 0.00268 −0.230 −0.574 −38.182** 0.1098** 0.4880**

2013 47 37 33 0.960 0.00247 0.501 1.029 −13.867** 0.2516** 0.4091**

Total 113 64 88 0.991 0.00287 −0.206 0.070 −86.602** 0.1023** 0.4246**

Total no dnaC 113 48 81 0.988 0.00239 −0.352 −0.446 −88.585** 0.8170** 0.3649**

**Significant values bolded: P < 0.05
aNumber of individual Epulopiscium cells
bNumber of total polymorphic sites
cSymbiont sequence type identifies a unique set of alleles for all seven loci
dHaplotype diversity represents the uniqueness of a haplotype in the population
eNucleotide diversity corrected using the Jukes Cantor method [33]. Measures the degree of polymorphism per site within a population
fClass I statistical test for neutral evolution based on frequency of polymorphic sites [34]
gClass I statistical test for neutrality based on intraspecies diversity [35]
hClass II statistical test against population growth and genetic hitchhiking [36]
iStandardized index of association [47] calculated using START2 [38]. Freely recombining populations are predicted to have independent
assortment of alleles (linkage equilibrium) and contain an ISA value of zero. Whereas values significant from zero reflect clonal populations that
harbor a high abundance of alleles with linked loci (linkage disequilibrium)
jPairwise homoplasy index test [45] examines genealogic histories and measures whether pairs of sites were a result from direct inheritance of an
ancestor through mutation rather than homoplasy (convergence). Populations with an excess of homoplasies are significantly different from zero
and reflect a history of recombination. Calculations were performed using SplitsTree [46]
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Recombination contributes to diversity in
Epulopiscium sp. type B populations

Symbiont population structure and a significantly negative
Fu’s F suggested symbiont gene flow between hosts. There-
fore we investigated whether recombination or spontaneous
mutation was the mechanism contributing to the variation
observed. Multiple tests found evidence of recombination
among the Epulopiscium sp. type B populations. GARD
identified at least one recombination breakpoint at position
615 of the concatenated sequences (Supplementary Fig. S4).
Topological incongruence was supported by the KH test (P<
0.001) (Supplementary Fig. S5). The homoplasy index test
(ΦW) had a significant level of convergence/recombination
among the total population, within habitats, and even within
certain hosts (Nt_101203, Nt_101803, Nt_031905,
Nt_031411) (Table 2, Supplementary Table S2). These data
suggest that HGT among Epulopiscium sp. type B cells helps
maintain allelic diversity in the symbiont population and may
diminish clonal interference.

Preliminary MLSA of Naso tonganus suggests
deviation from neutrality

To examine the possible contribution of host genetics to
symbiont population structure, host allelic frequencies were
characterized. Previously reported acanthurid markers and
four new loci that have not been reported for N. tonganus
were used (Supplementary Table S1). Five loci were suc-
cessfully amplified and analyzed from 11 out of 12 fish used
in this study (Supplementary Table S6). Analysis of the
concatenated sequences revealed 19 polymorphic sites
across 4,125 bp, with π ranging from 0.00041 to 0.00211
per locus. All markers were under stabilizing or neutral
selection. Neutrality tests for individual markers were not

significant. However, Fu and Li’s D* were significantly
positive (1.593, P < 0.05) across the length of the con-
catenated sequences, reflecting an excess of intermediate-
frequency alleles which can result from population bottle-
necks, structure and/or balancing selection.

Fourteen haplotypes were identified, in which 7 indivi-
duals were homozygous (hap1–3, hap6, hap13–14) and 4
were heterozygous (Supplementary Fig. S7). Since the
heterozygous haplotypes clustered tightly within each
individual, the multilocus phylogeny was constructed using
unphased sequences and each host is referred herein per
their sample ID (Supplementary Fig. S8). Although the
genealogy is not well resolved, two main clades are dis-
tinguishable. One clade contains 3 out of the 4 Lizard Island
samples and one host collected from the outer barrier reef.
The other clade contains mostly hosts from the outer barrier
reef and the other Lizard Island associated host.

Codiversification analysis reveals symbiont
dependence on host phylogeny

Significant global codiversification links between sSTs and
individual hosts were detected from both Parafit (3.268 × 10-9,
P= 0.0002) and PACo (m2= 8.644 × 10−5, P < 0.00001).
However, only a few significant ParaFit1 links (P < 0.05)
contributed to the codiversification signal (Fig. 5). Yet, the
significant PACo results indicate that the symbiont phylogeny
is dependent on the host. The Procrustean superimposition
plot confirmed the influence of some host individuals
(Nt_050913, Nt_120714, Nt_050613, Nt_102990, and
Nt2_101203) on the symbiont phylogeny (Supplementary
Fig. S9). Host Nt_050913 had the greatest number of sig-
nificant links (9 links) with its symbionts. Including margin-
ally significant links (P < 0.1), better resolved the symbionts/
host relationship. These data suggest that Epulopiscium sp.
type B and their surgeonfish host share a facultative rela-
tionship where symbionts are more dependent on their host
than vice versa. This model is further supported by our
observations of apparently healthy adult N. tonganus which
were collected within our study area but appeared to harbor no
Epulopiscium sp. type B. Notably, sSTs that occur in multiple
hosts (asterisks, Fig. 5) often had significant links with hosts
that were more phylogenetically related and collected in
proximal locations, thus suggesting that host genetics or
habitat sharing influences symbiont populations. For example,
sST65 occurred in three hosts and was significantly linked to
Nt_120714 and Nt_050913 but marginally linked to
Nt_050613. Host Nt_050613 was more distantly related to the
sister pair Nt_120714 and Nt_050913 but all three were col-
lected from Island locations. sST51 occurred in hosts
Nt_120714 and Nt_010212, but had a significant link with
only Nt_120714. Likewise, sST8 was significantly linked with
host Nt_050913 and not Nt_031411.

Fig. 4 PCoA of the genetic differentiation (FST) of Epulopiscium sp.
type B populations. The 95% confidence interval for each habitat type
(island or outer barrier reef) is indicated by ellipses. Sampling time is
indicated by either a circle, square, or triangle for year intervals circa
1990, 2003 and 2013, respectively
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Discussion

The Lachnospiraceae are recognized as influential mem-
bers of the gastrointestinal tract microbiota of terrestrial
vertebrates and some marine vertebrates, including sur-
geonfish. One member of the Lachnospiraceae family,
Epulopiscium sp. type B, can form a specific relationship
with the surgeonfish N. tonganus. Moreover, these
intestinal symbionts display an unusual daily reproductive
cycle. Both traits likely impact the evolutionary trajectory
of the bacteria. Using a fine scale population survey of
this intestinal symbiont and its host, we explored their
codiversification and identified factors that contribute to
the evolution of Epulopiscium sp. type B. Remarkably,
we discovered high genetic diversity among Epulo-
piscium sp. type B populations within individual fish as
well as evidence of extensive symbiont genotype mixing
between fish. Despite this, widespread linkage

disequilibrium (LD) in the symbiont population and the
identification of one host-associated subpopulation with
low haplotype diversity support the hypothesis that
transmission bottlenecks are occurring. These data sug-
gest that recombination contributes to Epulopiscium sp.
type B genetic diversity and compensates for deleterious
effects imposed by its lifestyle. Furthermore, our analyses
suggest that Epulopiscium sp. type B is not only depen-
dent on its host for transmission, but horizontal trans-
mission of the symbiont is also necessary for the incursion
of new genetic material.

Evolution of horizontally acquired symbionts
depends on host

The limited number of significant codiversification links
and structure of symbiont populations support the model
that Epulopiscium sp. type B cells are horizontally

Fig. 5 Tanglegram of host N.
tonganus (left) and symbiont
Epulopiscium sp. type B sSTs
(right). Parafit Global test=
3.268 × 10-9, P= 0.0002 (10,000
permutations). 85 host-sST links
were detected and are indicated
by matching colors. sSTs found
in multiple hosts are indicated
with an asterisk; an outlined box
specifies two hosts while a
shaded box specifies three hosts
(e.g., sST65). Significant
ParaFitLink1 tests are shown by
red dashed lines (P < 0.1) and
red solid lines (P < 0.05). Host
collection habitats are indicated
with green (island) or blue (outer
barrier reef) cladogram branches
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transmitted. Samples collected over the course of more
than two decades were used in the study to try to improve
the likelihood of detecting changes in symbiont population
structure over time. Notably, acanthurids collected from
the Great Barrier Reef can live 30–45 years [58]. This
suggests that sampling beyond the life span of N. tonganus
may be needed to illuminate time as a more significant
contributor to symbiont population variation. However, the
presence of identical alleles and similar population struc-
tures between fish collected at different time points implies
that the introduction of new symbionts to an established
population may occur throughout the life span of an
individual host. Since Epulopiscium populations are easily
lost when surgeonfish are brought into captivity, we assert
that in the wild, dietary changes or stress may alter sym-
biont populations leading to sweeps or facilitating
introgression.

Codiversification analyses suggest that host genetics
contributes to Epulopiscium sp. type B population structure.
There is evidence that host genetics refines the composition
of microbiota associated with animals, including some
fish [59, 60]. Interactions between gut microbiota and the
host immune system likely contribute to observed varia-
tion [61, 62]. A study of the threespine stickleback
(Gasterosteus aculeatus) found that the composition of gut
microbiota depended more on host genotype than on any
other transient environmental factors [63], suggesting that
the fish host filters through countless environmental
microorganisms to establish its gut microbiome.

Selection of symbionts may also arise through host
ecology (e.g., diet) and/or composition of the resident
microbiota. In herbivorous acanthurids, Epulopiscium spp.
can be the most dominant taxa in the hindgut [2, 60].
Compared to zooplanktivores, these fish have longer
intestinal tracts, which contain higher levels of fermentation
products (e.g., acetate) [7, 8]. Although N. tonganus has
been referred to as an herbivore [64, 65], it is generally
considered an omnivore [9]. Thus, individual feeding pre-
ferences or the availability of suitable food may be wide-
ranging and may impose a strong selection for particular
microbiota and compatible Epulopiscium strains. Evidence
of codiversification of gut symbionts with their surgeonfish
hosts suggests that there is pressure to retain specific phy-
lotypes [4, 17]. Here we have increased the resolution of
codiversification and extend it to the population level for
Epulopiscium sp. type B.

The phylogenetic diversity of the Epulopiscium sp. type
B parallels gut symbiont profiles described for social bees
and mammals [66–68]. In these systems, communities tend
to have low species richness, and specific lineages exhibit
shallow fan-like branching patterns which suggests that
hosts are inoculated with a few founder species that later
diversify in situ. Diversification from founder species may

enable niche partitioning among strains in a nutrient-rich
gut environment. Recent studies in an experimental model
using gut inoculations with an auxotrophic E. coli strain
demonstrated that niche partitioning reduced clonal inter-
ference within a mouse host [69]. Epulopiscium sp. type B
likely plays a major role in host nutrition and our data
suggest niche partitioning may also be occurring here. The
functional significance of these diversified populations is
worth further study.

Gut microbiota footprint reveals limited patterns of
movement of N. tonganus

Some coral reef fish, including some acanthurids, exhibit
high genetic connectivity across large oceanic distances
[70, 71]. This may involve dispersal of pelagic larvae over
distances exceeding 10,000 km [72], whereas small ranging
fish exhibit spatial structure influenced by suitable reef
habitats and seascape discontinuity [73]. Recent studies of
large, coral reef associated fish species have revealed high
levels of larval retention to parental habitats [74], suggest-
ing that larval dispersal is not as extensive as previously
proposed. The small sample size and markers used in this
study were insufficient to address genetic connectivity.
However, the divergence of host-specific symbiont popu-
lations suggests host foraging and movement patterns are
governed in part by seascape discontinuity. This observa-
tion is further supported by the host’s positive Fu and Li’s
D* that suggest these fish may have experienced a popu-
lation bottleneck or more likely have undergone population
subdivision.

Spatial structuring at our study site was surprising given
that the large N. tonganus would be expected to easily
traverse this distance. However, traveling from Lizard
Island to the outer reef would require a fish to cross 25 km
of open water up to 50 m deep. Surgeonfish may be
reluctant to venture far from a reef due to increased vul-
nerability to predators. With a few notable exceptions,
symbionts from fish collected near Lizard Island were
more closely related to one another than to symbionts of
hosts from outer barrier reef, and vice versa. For example,
host Nt_050913 is genetically more similar to Nt_120714
from Bird Island but its Epulopiscium population is more
closely related to symbionts of Nt_031411 from North Day
reef. Another form of symbiont population discontinuity
was observed at the southern end of the outer barrier reef
within our study area. Both symbiont populations from fish
collected near Detached Reef are unique and suggest that
these fish came from a more distant location, perhaps south
of our sampling area. Clearly, more detailed surveys are
needed to test the hypothesis, but data collected in this
study indicate that Epulopiscium sp. type B populations
provide a record of movement of individual fish among
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groups of fish associated with the Great Barrier Reef.
These suggested patterns of movement are consistent with
the ‘commuting’ and ‘foraying’ patterns observed in
Naso unicornis studies using radio telemetry-based track-
ing [75, 76].

Genetic exchange within the Epulopiscium sp. type B
populations

The results provided here support the hypothesis that
Epulopiscium sp. type B populations depend on envir-
onmentally acquired alleles to conserve genetic diversity.
Based on the draft genome, Epulopiscium sp. type B has the
recombination and DNA maintenance genes needed to
support this mechanism [11].

Adaptive rate studies highlight the advantage that
recombination has over spontaneous mutations, especially
in systems where population structures exist. Experimental
studies of E. coli and Saccharomyces cerevisiae demon-
strated that beneficial mutations became fixed sooner in
strains with high recombination rates than in strains
with high mutation rates [77, 78]. Model simulations
have shown that higher rates of HGT in small, structured
populations made these populations more resistant to
Muller’s ratchet than larger, mixed populations [79].
This suggests that “cross-referencing” between subdivided
populations, facilitated by HGT, enhances genetic
diversity. The gut ecosystem provides a structural frame-
work in which recombination could be highly
impactful as we observed in Epulopiscium sp. type B
populations.

Despite strong evidence for recombination, the
Epulopiscium populations studied exhibited LD, suggesting
that there is not enough recombination occurring to observe
random assortment of markers. Previous reports estimated
that at least a 20-fold relative contribution of recombination
per point mutation (r/m) is needed for loci to assort inde-
pendently [47, 80]. However, Spratt et al.[81] cautions
against using LD as a proxy for relative recombination
rates, recognizing that highly recombinant bacterial popu-
lations may still appear to be in LD. We suggest that LD
may be common in naturally competent populations of
bacteria. The ability to take up DNA from the environment
and stably integrate that DNA into the genome is wide-
spread in the bacteria and the archaea [82]. Congression, the
phenomenon by which competent cells are co-transformed
with unlinked DNA molecules at high frequencies [83, 84],
has been used by geneticists for decades to introduce spe-
cific genetic changes without the need for selection of
both markers. However, the frequency at which multiple
unlinked pieces of DNA are incorporated in a single
competent cell has only recently been analyzed system-
atically [85]. For both Vibrio cholerae and Streptococcus

mutans, competent cells can take up two unlinked markers
at surprisingly high co-transformation frequencies of 50–
60%. This tendency for some members of a naturally
competent population to be transformed by numerous
unlinked, unselected genes would contribute to LD in nat-
ural populations.

The detection of at least one recombination site, statis-
tical support of topology incongruence, and admixture
within and between subpopulations provide additional
support for recombination in Epulopiscium sp. type B.
Evidence of a transmission bottleneck (low Epulopiscium
Hd in host Nt_050613) suggests that the detected recom-
bination events were relatively recent in Epulopiscium
evolutionary history. Even in the obligate symbiosis
between the bivalve Solemya velum and its bacterial gill
endosymbionts, mixed infections and recombination occurs
at a high enough frequency to maintain symbiont diversity
[25]. This further suggests that symbiont allele frequencies
reflect a dynamic state in which populations may not reach
equilibrium. Therefore, we speculate that microbial popu-
lations in gut systems might be predominantly in a state of
flux.

The extreme polyploidy of Epulopiscium sp. type B
may be confounding the typically observed relationship
between LD and high recombination rate as well. Intra-
cellular genetic diversity appears to be low, suggesting a
strong pressure for gene conversion. Genome redundancy
may mask the effects of deleterious mutations by purifying
genes through gene conversion as observed in asexual
amoeba [86]. High conversion rates may also limit genetic
diversity and thus contribute to LD through clonal
interference.

Model for the genetic inheritance of externally
acquired DNA in Epulopiscium sp. type B

Multiple Firmicutes species coordinate DNA release with
competence, either by regulating cell lysis [87, 88] or
secretion of DNA [89]. The circadian cell cycle of Epu-
lopiscium sp. type B provides an opportunity to coordinate
competence induction with the daily release of genomic
DNA from the population. This scenario would allow a
newly independent offspring cell to take up and incorpo-
rate DNA from both its own mother cell and others in the
population (Fig. 6). We hypothesize that some somatic
genomic DNA is released when mother cells lyse (as in
Fig. 1 stage B). If competence complexes are located near
the poles of emerging daughter cells, where the next
generation (granddaughters) have been initiated but are not
yet fully engulfed (see Fig. 1 stages B & C), extracellular
DNA could be incorporated into pole-associated chromo-
somes, thus increasing the likelihood of vertical
transmission to future generations. Recombination would
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likely take place once replication begins in the offspring
(Fig. 1 stage D).

Conclusions

The size and extreme polyploidy of Epulopiscium sp. type
B make it an ideal model for using the single-cell genome-
amplification approaches which facilitated this population
study. We found that population bottlenecks imposed by
unusual life history strategies, which are closely tied to
maintaining a symbiotic association, can be overcome by
simple changes to widely available mechanisms: increasing
ploidy, and allele exchange using HGT and homologous
recombination. There is a growing appreciation for the
impact of polyploidy and recombination on the evolution of
bacterial populations [90]. Given the broad range of bac-
terial life histories of many gut microbes (including non-
endospore-forming Lachnospiraceae) [91], we suggest that
these populations may be under similar pressures as we
have observed for Epulopiscium sp. type B. Furthermore,
the close association of microbes in a densely populated gut
ecosystem is ideal for HGT-based mechanisms to develop
diverse populations.
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