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Planktonic cells of the luminous marine bacterium Vibrio fischeri establish themselves
in the light-emitting organ of each generation of newly hatched Euprymna scolopes
bobtail squid. A symbiont population is maintained within the 6 separated crypts of
the organ for the ∼9-month life of the host. In the wild, the initial colonization step is
typically accomplished by a handful of planktonic V. fischeri cells, leading to a species-
specific, but often multi-strain, symbiont population. Within a few hours, the inoculating
cells proliferate within the organ’s individual crypts, after which there is evidently no
supernumerary colonization. Nevertheless, every day at dawn, the majority of the
symbionts is expelled, and the regrowth of the remaining ∼5% of cells provides a daily
opportunity for the population to evolve and diverge, thereby increasing its genomic
diversity. To begin to understand the extent of this diversification, we characterized the
light-organ population of an adult animal. First, we used 16S sequencing to determine
that species in the V. fischeri clade were essentially the only ones detectable within
a field-caught E. scolopes. Efforts to colonize the host with a minor species that
appeared to be identified, V. litoralis, revealed that, although some cells could be
imaged within the organ, they were <0.1% of the typical V. fischeri population, and
did not persist. Next, we determined the genome sequences of seventy-two isolates
from one side of the organ. While all these isolates were associated with one of three
clusters of V. fischeri strains, there was considerable genomic diversity within this natural
symbiotic population. Comparative analyses revealed a significant difference in both
the number and the presence/absence of genes within each cluster; in contrast, there
was little accumulation of single-nucleotide polymorphisms. These data suggest that,
in nature, the light organ is colonized by a small number of V. fischeri strains that can
undergo significant genetic diversification, including by horizontal-gene transfer, over the
course of ∼1500 generations of growth in the organ. When the resulting population
of symbionts is expelled into seawater, its genomic mix provides the genetic basis
for selection during the subsequent environmental dispersal, and transmission to the
next host.
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INTRODUCTION

Vibrio (Aliivibrio) fischeri is a marine gram-negative bacterium
that can establish a symbiosis within the light-emitting organ
of the Hawaiian bobtail squid Euprymna scolopes, providing
bioluminescence to its partner each night in exchange for
nutrients. When the aposymbiotic (i.e., symbiont-free) juvenile
squid hatches from its egg, it specifically harvests V. fischeri cells
from the ambient seawater (Nawroth et al., 2017; Visick et al.,
2021). These bacteria enter and migrate through different tissue
environments to finally reach and colonize the epithelium-lined
crypts of the host’s nascent light organ. Each lobe of the bilobed
organ bears three pores, each leading to a separate crypt (McFall-
Ngai, 2014), increasing the chance for a multi-strain inoculation,
and reducing the opportunity for strain-strain competition. Every
day at dawn, ∼95% of the symbiont population is expelled, and
the remaining∼5% regrow, repopulating the crypts within hours
(Lee and Ruby, 1994). Therefore, the diversity of strains present
in the light organ can arise from (i) the diversity of inoculating
V. fischeri strains present in the local environment (Wollenberg
and Ruby, 2009), (ii) the stochasticity of the initial colonization
events (Bongrand and Ruby, 2018), and (iii) the subsequent
evolution of those strains as they go through many daily cycles
of population depletion and regrowth within the crypts. The
genomic divergence resulting from this latter dynamic makes
it of interest to determine the number of genomically distinct
strains present in the light organ of a fully grown (i.e., >3 month-
old) squid.

The presence of multiple, co-occurring strains of a symbiont
species within a host, as well as the nature of their strain-
level genetic differences, have become of increasing interest as
a means to better understand the dynamics of host health and
metabolism (Ansorge et al., 2019; Hinzke et al., 2021). The
monospecificity of the E. scolopes/V. fischeri system simplifies
the investigation of genomic differences between co-occurring
strains in a natural association (Bongrand et al., 2016, 2020),
as well as of the potential for behavioral interactions between
these strains (Speare et al., 2018). In particular, because the
differences between genomes are small due to the short periods of
diversification, they may be difficult to determine using a purely
metagenomic approach.

Previously, we have shown that the genome synteny of V.
fischeri is surprisingly well conserved among E. scolopes light-
organ symbionts collected across different geographic areas, and
over a span of more than a decade (Bongrand et al., 2016). In
addition, two colonization behaviors have been described during
experimental inoculations of juvenile squid: (i) a dominant (D-
type) behavior, in which one strain eclipses another during a
co-infection of the host, and (ii) a sharing (S-type) behavior,
in which both strains persist after a co-inoculation (Bongrand
et al., 2016, 2020). One characteristic of D-type behavior is
that such strains appear to reach and colonize the light-organ
crypts more quickly than S-type strains (Bongrand and Ruby,
2018). Interestingly, both D-type and S-type strains can be
found in field-caught animals (Wollenberg and Ruby, 2009), an
unexpected outcome that may result from a sequential exposure
of the newly hatched host to different V. fischeri strains in the

environment (Bongrand and Ruby, 2018). Taken together, these
characteristics of the squid-vibrio system make it a good model
with which to study both colonization dynamics, and intra-
species diversification within the symbiotic population of a host
(Yawata et al., 2014; Duar et al., 2017; McLean et al., 2018;
Bongrand and Ruby, 2019).

A previous rep-PCR study estimated that at least 6 to 8
strains were present in the light organ of a field-caught adult
squid (Wollenberg and Ruby, 2009). However, under laboratory
inoculation procedures, a single light organ can reportedly be
colonized by as many as a hundred distinct mutant derivatives
of the same strain (Brooks et al., 2014), indicating the potential
for multi-strain populations in the symbiosis. In our study, we
used culture-dependent and independent approaches to confirm
that V. fischeri is essentially the only species detectable in the light
organ of E. scolopes. In addition, we estimated the number of co-
occurring strains of this species by whole-genome sequencing,
using Illumina platform MiSeq (2∗300bp), of around 80 isolates,
obtained as colony-forming units (CFU) from one lobe (i.e., 3
crypts) of the light organ of a field-caught adult squid, collected
off the island of Oahu, Hawaii, United States. All of the individual
strains analyzed were identified as V. fischeri, and were closely
associated with one of three genomic clusters of strains. While
there was a substantial level of diversity in the total number and
presence/absence of individual genes between and among these
clusters, we found little evidence of significant evolutionary drift,
as indicated by single nucleotide polymorphisms (SNP).

RESULTS AND DISCUSSION

Analysis of the Specificity of Light-Organ
Occupancy
Vibrio fischeri has been described as the only bacterial species
present in the light organ of the squid E. scolopes, based on
the phenotypic identification of hundreds of CFU isolated from
dozens of animals (Boettcher and Ruby, 1990; Ruby and Lee,
1998). The only reported exception to this specificity is that
some isolates of the closely related (i.e., 97% 16S sequence
identity) species Vibrio logei (Bang et al., 1978), subsequently
proposed for renaming (Ast et al., 2009), can stably colonize
E. scolopes juveniles, and are found co-occurring with V. fischeri
as light-organ symbionts in other species of sepiolid squids
(Fidopiastis et al., 1998). Here, a metagenomic approach using
an Illumina platform MiSeq (2∗300bp) intended to identify the
symbionts present in the light organs of field-caught specimens
of E. scolopes. Specifically, we sequenced the V3-V4 region of
the 16S RNA genes of members of the bacterial population
present in one of the two symbiont-containing core tissues,
representing half of the bilaterally symmetrical light organ. Two
adult squids from Maunalua Bay, Oahu, HI were sampled; one
was collected in 2005 (Wollenberg and Ruby, 2009) and the
other was obtained in 2019. Analyses of both produced the same
outcome. Limiting the analysis to bacterial families identified in
more than 1000 of the 176,118 total reads (i.e., >0.5%), only two
categories were detected: “Vibrionaceae” (99%) and “unclassified
at a family level” (1%) (Figure 1). V. fischeri strain ES114
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FIGURE 1 | Identification of the bacterial population within a symbiotic light organ at the family (left) and species (right) levels, based on the sequence of the V3-V4
regions of the 16S ribosomal RNA gene. Of the 176,118 total reads, 173,915 (99%) and 152,745 (87%) could be assigned to a family or species, respectively.

(Boettcher and Ruby, 1990) has been used as a genome reference
for the species because of its complete, closed (Ruby et al., 2005),
and subsequently updated (Mandel et al., 2008) sequence. This
strain encodes twelve copies of the 16S DNA, comprising two
distinguishable sequences that are 98% identical. In the available
genomes of another 42 V. fischeri strains, including those draft
genomes providing only one 16S sequence, there were a total
of 4 versions of the typically analyzed hypervariable V3-V4
region (Wang and Qian, 2009), all of which share >98% identity.
Therefore, we considered that, conservatively, strains with 98%
or more identity with these V. fischeri sequences over this region
belonged to this species. This assumption is consistent with the
sequence similarity threshold for species differentiation described
in the literature (Kim et al., 2014).

Within this context, 79%, 13%, and 5% of the 16S rRNA
sequencing reads corresponded to, respectively: (i) V. fischeri,
(ii) “unclassified at species level” and (iii) V. litoralis (Figure 1).
V. litoralis is currently represented by two draft genome
sequences in the database. The V3-V4 region for these two are
identical to each other, and 96% identical to V. fischeri. Only two
isolates of V. litoralis have been described (Nam et al., 2007), and
essentially nothing else has been published about this species.
It is difficult to distinguish with certainty two species with V3-
V4 region sequences with >96% identity (Mysara et al., 2017),
especially if the read-quality for accurate taxonomy assignment
is taken into account (Bokulich et al., 2013). It has also been
reported that there can be a limitation in the use of 16S-gene
sequence comparisons for species-level taxonomy; for example,
sequences belonging to the same species can be as little as 94%
identical, while sequences from different species can be up to
97% identical (Lan et al., 2016). Thus, it is not unlikely that the
5% of 16S reads, indicated as V. litoralis (Figure 1), recovered
from the light organ might, in fact, represent strains of V. fischeri.
This result is consistent with an absence of V. litoralis among the
80 symbiont CFU sequenced in this study (see below), although
this species is easily cultured (Nam et al., 2007). In addition,
V. litoralis does not encode bacterial luciferase, and produces
no luminescence (data not shown), and luminescence has been
shown to be a strict requirement for persistence of V. fischeri in

the light organ (Koch et al., 2014). Taken together, these data
support the view that it is unlikely that members of this species
are a resident population in the light organ. Overall these results
confirm the specificity of the E. scolopes/V. fischeri association,
consistent with the reported selective pressure in this niche for
the symbiont (Nyholm et al., 2000).

To determine whether other bacterial species can enter the
light organ transiently, especially when the juvenile is being
initially colonized, we inoculated aposymbiotic squids with
V. fischeri and one of three environmental marine isolates
(Figure 2A). Because of the possibility that this species might
be present in an adult light organ (Figure 1), we chose a strain
of V. litoralis, as well as another Gram-negative bacterium that
associates with marine larvae, Pseudoalteromonas luteoviolacea,
and a Gram-positive marine bacterium Bacillus aquimaris
(Figure 2A). Twenty-four hours after exposure to the inoculum,
each animal was rinsed and homogenized, and the homogenate
plated for CFU. While B. aquimaris was not detected, CFU of
the other species were often found; however, in those squids
inoculated with these species, there were only 0.01–0.5% as
many CFU as in a colonization by V. fischeri. Nyholm et al.
described a 2-h “permissive window” post initial exposure, during
which < 2 µm-diameter beads or bacteria that were not V.
fischeri could be found present in the newly hatched juvenile’s
light organ (Nyholm et al., 2002). Here we describe the presence
of such non-symbiotic bacteria in the crypts after 24 h of initial
exposure. Both results suggest that other bacterial species, while
present for a short period of time during the juvenile stage,
don’t go on to colonize the squids; i.e., they are not capable of
symbiosis, or of competing with V. fischeri. Our results further
suggest that such non-symbiotic strains can remain longer than
a few hours in the light organ. To determine where V. litoralis
cells were within the light organ, we GFP-labeled a strain
of this species and visualized co-inoculated squid by confocal
microscopy (Figures 2B,C), and confirmed that a few dozen
GFP-labeled V. litoralis cells were dispersed sporadically within
the crypts of the light organ (Supplementary Video 1). To ask
whether the presence of the natural symbiont had an impact
on colonization by these strains, we performed both single- and
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FIGURE 2 | Colonization of newly hatched E. scolopes by environmental bacteria. Juvenile squid were inoculated with pairs of strains consisting of V. fischeri and
either V. litoralis (n = 29), P. luteoviolacea (n = 30) or B. aquimaris (n = 30) in three replicates (n = total number of animals in each condition). (A) The average number
of colony-forming units (CFU) present in co-colonized light organs after 24 h. The number above each bar indicates the proportion of animals in which each strain
was found; except for the B. aquimaris experiment, in which all the squids were only colonized with ES114; only animals in which both strains were detected were
used to calculate the average. (B) Schematic of the interior of one side of a juvenile light organ, indicating the position of the three crypts. (C) One slice of a confocal
microscope image of a crypt (tissue nuclei stained blue with TOPRO) in which 8-10 GFP-labeled V. litoralis cells (green) can be seen (arrow). A z-stack movie of the
entire crypt can be found in Supplementary Video 1.

co-inoculations of juvenile squid with V. fischeri and one of
the three other strains, and analyzed their success after 24 and
48 h (Supplementary Figure 1). Generally, the quantity of each
strain, with or without the presence of V. fischeri, was similar,
suggesting there was no evidence of either a strong competition
or complementation by the presence of the natural symbiont on
these environmental strains. However, a few squid harbored a
very low number of B. aquimaris when V. fischeri was absent,
compared to none when V. fischeri was present. This finding may
suggest that newly hatched squid are more permissive to other
bacteria when they don’t encounter their symbiont. Indeed, the
symbiont aggregates and concentrates at the pores of the light
organ, giving itself an advantage compare to other species present
in the environment (Nyholm et al., 2000), being absent will give
a stochastic opportunity for other bacteria to reach and enter the
pores of the light organ. In addition, we realize the inoculum used
in these assays are also much higher than the one found in the
environment which can increase the number of CFU present in
the light organ for the non-symbiotic strains. We also wondered
whether the non-V. fischeri species persisted in the light organ
of the squid, and found that there were fewer of these bacteria
at 48 h than at 24 h (Supplementary Figure 1B), suggesting
that while they can enter, non-symbiotic environmental strains
are just transient in the light organ of the squid. Nevertheless,
they may indicate that other species can transiently provide
new genetic material for the V. fischeri population that can take
up and incorporate exogenous DNA by natural transformation
(Pollack-Berti et al., 2010).

Overall, one aim in this study was to determine whether
there is evidence for a significant number of an unrecognized
species in the squid light organ, one that had been overlooked
because it was not culturable by the methods used for isolating

V. fischeri. However, no species other than V. fischeri appeared to
be persistently present among the symbiont population.

Genomic Diversification Within the
Symbiont Population
In nature, a juvenile E. scolopes typically becomes colonized by
only a few cells of V. fischeri (Wollenberg and Ruby, 2012),
drawn from an environmental pool of genomicly distinct strains
(Bongrand et al., 2016). For the subsequent ∼9 months that
the host lives, the symbiont population undergoes a daily
cycle of expulsion and proliferate each morning (Schwartzman
and Ruby, 2016). Thus, we predicted that an analysis of the
population of a field-caught adult host light organ would
reveal: (i) how many strains had initiated the population, (ii)
what was their relative success, and (iii) whether there was
evidence that the progeny had diverged from their ancestral
genome. While studies selecting for better colonization have
been performed in experimentally colonized animals, to date
they have been initiated by inoculation with a single strain
(Schuster et al., 2010; Soto and Nishiguchi, 2014; Pankey et al.,
2017). Our interest was in examining the outcome of a multiple-
strain colonization; however, arranging such a colonization
experimentally can be challenging, even with as few as three
strains (Bongrand and Ruby, 2018). Therefore, we decided to
examine a snapshot in time of a naturally colonized adult light
organ (i.e., >3 months after colonization) by genome-sequencing
80 CFU obtained from one side of the bilobed light organ of
a 23-mm mantle-length, field-caught female (Wollenberg and
Ruby, 2009). Of the initial 80 sequenced strains, 8 yielded DNA
sequences that were of poor quality, so we excluded them from
further analysis.
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FIGURE 3 | (A) Total number of genes (left) and number of unique genes (right) for each MB13B isolate compared to all other 74 isolates. (B) Venn diagram
indicating the number of total, shared and unique genes in a comparison between strains MB13B1, MB13B2 and MB13B3.

The number of predicted genes in each isolate’s genome
spanned from 3623 to 4153, with a mean of 3858 (Figure 3A),
which is within the published range for V. fischeri (Bongrand
et al., 2016). The number of unique genes in a given genome was
calculated to be between 0 and 34 among the 72 isolates; however,
because the data are from draft genomes, the actual number of
unique genes may be different. Thus, the relatively low numbers
of unique encoded proteins may be due to (i) limitations in the
process of sequence assembly, and/or (ii) horizontal gene transfer
(HGT) events experienced by members of the population, as well
as gene loss amongst these strains during symbiosis. Indeed, the
possibility of extensive HGT in the dense symbiont population is
supported by the facts that (i) V. fischeri is naturally competent
under conditions found in the symbiosis (Pollack-Berti et al.,
2010) and (ii) HGT, such as plasmid transfer, has been reported
between strains in the host (Dunn et al., 2005). The three
previously characterized strains (Wollenberg and Ruby, 2009)
isolated from this same light-organ lobe – MB13B1, MB13B2 and
MB13B3 – encode 3915, 3979 and 4150 proteins, including 553,
90 and 263 unique proteins, respectively, when compared to each
other (Figure 3B); strains MB13B2 and MB13B3 are more closely
related to each other than either is to MB13B1 (Bongrand et al.,
2016). Interestingly, the number of unique proteins decreased to
34 when the additional 72 available sequenced V. fischeri genomes

were considered, a result that is consistent with a small number
of ancestral/parent strains in the inoculum.

The core genome of V. fischeri consists of 2308 genes and,
on a phylogenetic tree based on these core genes, all the
sequenced isolates grouped with one of the three previously
sequenced strains (Figure 4). This finding is confirmed by a
pairwise gene-distance analysis of the genes belonging to the core
genome. Interestingly only 30 of the 2308 core genes showed
a pairwise distance between 0.1 and 0.5, suggesting that there
was a low rate of evolutionary divergence in the light organ
over the several months that the symbiosis had replicated in
the crypts (estimated at approximately 500 generations). Because
the intrinsic mutation rate of V. fischeri is reported to be low
(Dillon et al., 2017), we predicted that there would be a low
level of divergence among the progeny of the initial colonizers
of this portion of the light-organ, unless these symbionts also
experienced a significant degree of selection pressure.

The groups represented by strains MB13B1, MB13B2, and
MB13B3 account for 93%, 4%, and 3% (respectively) of the total
isolates sequenced, suggesting that strain MB13B1 is more highly
represented in this half of the organ. One possible explanation
for this disproportional representation is the available space and,
thus, potential for growth, a strain has when proliferating within
a crypt (Essock-Burns et al., 2020). A recent study showed that
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FIGURE 4 | Phylogenetic tree based on the core genome sequence of 72 V. fischeri isolates from one lobe of an adult E. scolopes light organ. The tree is rooted
using V. fischeri strain ES114; the locations of the 3 previously sequenced strains (colored) are indicated.

in a polyclonal population present in the tubeworm symbiosis,
the relative proportion of strains was more a result of their
growth in the host (Polzin et al., 2019), a hypothesis that may
hold here as well. Such a scenario would also help explain
strain MB13B1’s numerical advantage when strains MB13B2 and
MB13B3 have been described as more effective at initiating a
colonization (Bongrand and Ruby, 2018). This proportion could
also be unintentionally biased during the picking of the colonies
from the plate. A more accurate identification of the proportion

of each strain may well be obtained by using a metagenomic
approach, rather than one based on CFU selection.

Finally, an examination of the presence and absence of
genes among the different isolates (Figure 5) suggested that
considerable divergence within the initial inoculating strains
had occurred post-colonization. The core genome among the
72 sequenced isolates consists of 2308 genes, which is low
when compared to the 3170 genes found for 14 strains that
were significantly more biologically and ecologically diverse
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FIGURE 5 | Roary matrix indicating the presence or absence of genes in 6246 clusters among 75 light-organ isolates from lobe MB13B within clusters #1-3. Strain
ES114, isolated from another light organ, is included for comparison (black dot). The positions of previously sequenced strains are indicated by blue (MB13B1),
green (MB13B2), and brown (MB13B3) dots.

(Bongrand et al., 2016). This result will be an underestimate
since some genes will be considered missing because of the
technology used (short read) and the quality of the assembly.
However, this could also result from frequent HGT occurring
between the bacteria residing, or transiently occurring, in the
light organ, and is consistent with the reported large number of
gene loss and gain events that Vibrio spp. typically have during
their evolution (Lin et al., 2018). Taken together, the data here
support the conclusion that 3 strains initially colonized one lobe
of squid MB13, and that their progeny have evolved into pseudo-
clones harboring highly related, yet unique, genes sets. In a study
of V. cholerae strains, the population in an individual patient
was reported to experience more HGT than point mutations,
which led the authors to conclude that strain divergence is due
primarily to gene exchange within the V. cholerae population
(Levade et al., 2017). The work presented here suggests that
V. cholerae and V. fischeri may evolve in a similar manner
within their respective hosts; however, while the cholera infection
occupies the gut (a single communicating lumen) and is often
clonal (Levade et al., 2017) the V. fischeri light-organ population
typically derives from a few strains, likely corresponding to
the several distinct crypt spaces it occupies (McFall-Ngai, 2014;
Essock-Burns et al., 2020). It has also been shown in the gut
microbiota that strains recovered from the same individual
were more similar to each other than to strains from other
individuals, and that the diversity within an individual host came
principally from changes in gene content rather than from SNPs
(Vatanen et al., 2018).

In our study, we confirmed that one side of the squid’s
bilobed light organ can become colonized by three strains.
Because the frequency of co-colonization of a crypt by two
different strains can be as low as ∼1% (Bongrand and Ruby,
2018), it seems likely that, in the ocean, the light organs
of newly hatched squid are generally colonized by around 6
strains (Wollenberg and Ruby, 2009). Over the subsequent
several months, the progeny of each strain within a crypt can
diverge into many pseudo-clones characterized by a number of
unique genes, but a low level of SNPs. Overall this genomic

analysis suggests that V. fischeri may begin to go through an
elimination of non-functional sequences after associating with its
host (Bobay and Ochman, 2017).

Overall, this study aimed to begin to understand the
mechanisms underlying the population diversity that can
result from the association between a host and its horizontally
transmitted symbiont. We used an amplicon-sequencing
approach to confirm the single-species specificity of this
symbiosis, and then used an Illumina platform MiSeq
(2∗300bp) to sequence cultured isolates to infer the genomic
diversity of this population. Using these conclusions as
a foundation, future studies will first examine additional
symbiont populations in multiple adult light organs to
establish hypotheses that describe the dynamics of population
diversity in nature. Second, analyses of both the genomes
of bacterial isolates and population metagenomes should
determine the proportion of the different strains present
in the light organs. Finally, studies should use the non-
intrusive sampling afforded by the daily expulsion event to
track the nature of the symbiont population of individual
light organs over time, to determine whether there are age-
specific dynamics of population diversification in a natural
symbiotic relationship.

MATERIALS AND METHODS

Bacterial Strains
We performed this study on bacteria isolated from the
crypt-containing central-core tissue of a single light-organ
lobe of an adult specimen of E. scolopes (MB13) caught
in Maunalua Bay, Oahu, HI and frozen in glycerol in
2005 (Wollenberg and Ruby, 2009). The internal tissue sample
was dissected out, rinsed with sterile seawater, and frozen
at −80◦C. This sample was chosen because draft genomes
were already available for three strains (MB13B1, MB13B2, and
MB13B3) isolated from it, and included two phenotypically
distinct groups (Bongrand et al., 2016). Three isolates of other
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species of marine bacteria, identified as Vibrio litoralis strain
DSM17657 (Nam et al., 2007), Pseudoalteromonas luteoviolacea
strain HI1 (Huang et al., 2012) and Bacillus aquimaris strain
TF-12 (Yoon et al., 2003) were also used in the study.
Colonies of the latter two species could be easily distinguished
from the Vibrio species by their purple and yellow-orange
pigmentation, respectively.

16S RNA Gene Analyses
The symbiont-containing light-organ lobe tissue designated
MB13B (Wollenberg and Ruby, 2009) was shipped to Omega
Bioservices (Norcross, GA, United States) in ethanol, and
processed to identify 16S gene sequences (Bioproject ID:
PRJNA796326; BioSample accession number SAMN24847873).
DNA was extracted using the Mag-Bind Universal Pathogen
DNA kit (Omega), the library prepared with the KAPA
HIFI PCR for 16S kit (KAPABIOSYSTEMS), and the
16S V3-V4 regions were sequenced using the Illumina
primers (IlluminaF: CCTACGGGNGGCWGCAG; IlluminaR:
GACTACHVGGGTATCTAATCC) on a Illumina MiSeq. The
coverage per sample was ∼50K reads, with a paired-end
read format of 2∗300. Omega Bioservices also performed
sequence classification using the Illumina’s BaseSpace
16S rRNA application module, Illumina-curated version
(May 2013) using the Greengenes taxonomic database in
parallel with the Ribosomal Database Project (RDP) (Wang
et al., 2007). The accuracy for species classification was
estimated to be 98%.

Next Generation Sequencing
An aliquot of the −80◦C frozen glycerol stock containing an
homogenate of the right-side central core of the light organ
of squid MB13 was spread onto Luria-Bertani Salt (LBS) agar
medium containing (per liter) 20 g NaCl, 50 ml of 1 M Tris–
HCl (pH 7.5), 10 g Bacto-Tryptone, 5 g yeast extract, and
12 g agar, and left overnight at 28◦C. The following day, 80
colonies were picked at random, and cultured in LBS broth.
After shaking overnight at 28◦C, 500 µL of culture (OD600nm
between 1 and 2) was centrifuged, and the pellet resuspended
in 400 µL lysis buffer containing 40 mM EDTA, 50 mM Tris–
HCl (pH 8.3) and 0.75 M sucrose, and frozen at –80◦C. The
suspension was thawed, and incubated with 1 mg lysozyme
(Sigma Aldrich, St. Louis, MO, United States) per ml for 30 min
at 37◦C. Then, proteinase K (Roche, Basel, Switzerland) and
SDS were added to 0.8 mg/ml and 1% final concentrations,
respectively, and incubated for 2 h at 55◦C. The released DNA
was purified with a chemagic Magnetic Separation Module I
(Perkin Elmer, Waltham, MA, United States), and quantified
with the Quant-iT Picogreen dsDAN kit (Invitrogen). These
genomic DNA samples were normalized, and libraries were
prepared with the Nextera XT 96 DNA Library preparation
kit (Illumina, San Diego, CA, United States). The sequencing
was performed with a MiSeq V3 (Illumina) for 600 cycles,
providing 22–25 million paired-end reads (2∗300 bp) per
run (sequence information can be found at Bioproject ID:
PRJNA796703; BioSample accession numbers can be found in
Supplementary Table 1).

Bioinformatic Analysis of the Genomic
DNA
Genome assemblies were performed with SPAdes (Nurk et al.,
2013), and annotated with prokka (Seemann, 2014). CheckM
(Parks et al., 2015) was used to evaluate the completeness
and potential contamination of the genomes, and genomes
below 90% completeness were excluded. All genomes showed
contamination estimates below 5%. High quality assemblies as
well as publicly available genomes of V. fischeri strains MB13B1,
MB13B2, MB13B3, and ES114 were used as input for a Roary
pangenome analysis (Page et al., 2015). Roary was run using
default parameters. FastTree2 (Price et al., 2010) was used to
calculate a core genome tree using the concatenated alignment
provided by Roary.

Colonization of the Squid Light Organ
The GFP-encoding plasmid pVSV102 (Dunn et al., 2006) was
inserted into V. litoralis strain DSM17657 by conjugation as
previously described (Stabb and Ruby, 2002). Overnight cultures
of V. litoralis and V. fischeri were started in LBS medium,
supplemented with kanamycin (50 µg per ml) when necessary to
maintain pVSV102. Otherwise, bacteria were grown in seawater
tryptone (SWT) media (Boettcher and Ruby, 1990). Bacteria were
grown with shaking at 28◦C until mid-exponential phase (∼0.5
OD600nm), and diluted to a targeted concentration of 5000 cells
per ml in 50 ml of filter-sterilized ocean water (FSOW) into
which newly hatched juvenile squids were transferred. Squid were
inoculated at room temperature with either one or both bacterial
species, and maintained for 24 or 48 h. When the experiment
lasted 48 h, the water was changed with fresh FSOW after 24 h.
At the end of the experiment, the squid were rinsed individually
twice for 1 min, and once for 5 min, in vials containing 4 ml
FSOW, before being either frozen at –80◦C, or anesthetized in
2% ethanol and fixed in 4% paraformaldehyde in mPBS (50 mM
sodium phosphate buffer with 0.45 M NaCl, pH 7.4). The frozen
animals were homogenized and aliquots plated on SWT agar
plates, and the number of CFU that arose was used to calculate
the symbiont population size in the light organ. Colonies of the
GFP-labeled V. litoralis were differentiated from V. fischeri under
a fluorescence dissecting scope, and colonies of P. luteoviolacea
and B. aquimaris were identified by their distinct pigmentation.
The fixed animals were rinsed four times for 30 min each in
mPBS, and dissected. They were counterstained with TOPRO-
3 (1:1000) in 1% TRITON-X100 mPBS, then rinsed four times
for 15 min in mPBS. Light organs were mounted on a slide using
Vectashield mounting medium, and imaged on a Zeiss LSM710
laser-scanning confocal microscope.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/, SAMN24847873; https://www.ncbi.nlm.nih.gov/,
SAMN24907221–SAMN24907300.

Frontiers in Microbiology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 854355

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-854355 February 23, 2022 Time: 15:47 # 9

Bongrand et al. Genomic Diversification of Symbionts in the Host

ETHICS STATEMENT

The University of Hawaii Institutional and Animal Care and Use
Committee (IACUC) is only allowed to review research using
vertebrate animals. The communicating author has a letter from
the University veterinarian that states the use of cephalopods
in the research conducted in this study would pass IACUC
standards if they were allowed to formally review it.

AUTHOR CONTRIBUTIONS

CB, EK, ER, and MM-N contributed to conception and design
of the study. DM performed the bioinformatic analysis. CB and
SL performed the animal colonizations. AR and CB performed
the experimental sequencing. AR and ED provided training and
facilities. CB wrote the first draft of the manuscript. CB, DM, and
ER wrote sections of the manuscript. All authors contributed to
manuscript revision, read, and approved the submitted version.

FUNDING

This work was supported by the National Institutes of Health
(United States), grants R37 AI50661 (MM-N and ER), R01
OD11024 (ER and MM-N), and R01 GM135254 (ER and MM-N)

as well as the Simons Foundation (SCOPE awards 329108 and
721223 to ED), and the Gordon and Betty Moore Foundation
(award #3777 to ED).

ACKNOWLEDGMENTS

We thank the ER and MM-N lab members, especially Silvia
Moriano-Gutierrez, for their helpful discussions, and Byron
Pedler Sherwood for his assistance. We are thankful to Jon
Caldwell for his contribution to the work, and to Frank Aylward
for his help and comments on the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.854355/full#supplementary-material

Supplementary Video 1 | Colonization of newly hatched E. scolopes by
V. fischeri and V. litoralis (GFP-labeled). A z-stack of the left side of a juvenile light
organ (tissue nuclei stained blue with TOPRO) in which many GFP-labeled
V. litoralis cells can be seen. No such fluorescent structures were observed in
videos of light organs that were either uncolonized or exposed to bacteria
without GFP labels.

REFERENCES
Ansorge, R., Romano, S., Sayavedra, L., Porras, M. ÁG., Kupczok, A., Tegetmeyer,

H. E., et al. (2019). Functional diversity enables multiple symbiont strains to
coexist in deep-sea mussels. Nat. Microbiol. 4, 2487–2497. doi: 10.1038/s41564-
019-0572-9

Ast, J. C., Urbanczyk, H., and Dunlap, P. V. (2009). Multi-gene analysis
reveals previously unrecognized phylogenetic diversity in Aliivibrio. Syst. Appl.
Microbiol. 32, 379–386. doi: 10.1016/j.syapm.2009.04.005

Bang, S. S., Baumann, P., and Nealson, K. H. (1978). Phenotypic characterization of
Photobacterium logei (sp. nov.), a species related to P. fischeri. Curr. Microbiol.
1, 285–288.

Bobay, L. M., and Ochman, H. (2017). The evolution of bacterial genome
architecture. Front. Genet. 8:72. doi: 10.3389/fgene.2017.00072

Boettcher, K. J., and Ruby, E. G. (1990). Depressed light emission by symbiotic
Vibrio fischeri of the sepiolid squid Euprymna scolopes. J. Bacteriol. 172, 3701–
3706. doi: 10.1128/jb.172.7.3701-3706.1990

Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I., Knight,
R., et al. (2013). Quality-filtering vastly improves diversity estimates from
Illumina amplicon sequencing. Nat. Methods 10, 57–59. doi: 10.1038/nmeth.
2276

Bongrand, C., Koch, E. J., Moriano-Gutierrez, S., Cordero, O. X., McFall-Ngai, M.,
Polz, M. F., et al. (2016). A genomic comparison of 13 symbiotic Vibrio fischeri
isolates from the perspective of their host source and colonization behavior.
ISME J. 10, 2907–2917. doi: 10.1038/ismej.2016.69

Bongrand, C., Moriano-Gutierrez, S., Arevalo, P., McFall-Ngai, M., Ruby, E. G.,
Visick, K. L., et al. (2020). Using colonization assays and comparative genomics
to discover symbiosis behaviors and factors in Vibrio fischeri. mBio 11, 3407–
3419. doi: 10.1128/mBio.03407-19

Bongrand, C., and Ruby, E. G. (2018). Achieving a multi-strain symbiosis: strain
behavior and infection dynamics. ISME J. 13, 698–706.

Bongrand, C., and Ruby, E. G. (2019). The impact of Vibrio fischeri strain variation
on host colonization. Curr. Opin. Microbiol. 50, 15–19.

Brooks, J. F., Gyllborg, M. C., Cronin, D. C., Quillin, S. J., Mallama, C. A., Foxall,
R., et al. (2014). Global discovery of colonization determinants in the squid

symbiont Vibrio fischeri. Proc. Natl. Acad. Sci. 111, 17284–17289. doi: 10.1073/
pnas.1415957111

Dillon, M. M., Sung, W., Sebra, R., Lynch, M., and Cooper, V. S. (2017). Genome-
wide biases in the rate and molecular spectrum of spontaneous mutations in
Vibrio cholerae and Vibrio fischeri. Mol. Biol. Evol. 34, 93–109. doi: 10.1093/
molbev/msw224

Duar, R. M., Frese, S. A., Lin, X. B., Fernando, S. C., Burkey, T. E., Tasseva, G., et al.
(2017). Experimental evaluation of host adaptation of Lactobacillus reuteri to
different vertebrate species. Appl. Environ. Microbiol. 83:e00132-17.

Dunn, A. K., Martin, M. O., and Stabb, E. V. (2005). Characterization of pES213, a
small mobilizable plasmid from Vibrio fischeri. Plasmid 54, 114–134.

Dunn, A. K., Millikan, D. S., Adin, D. M., Bose, J. L., and Stabb, E. V. (2006).
New rfp- and pES213-derived tools for analyzing symbiotic Vibrio fischeri reveal
patterns of infection and lux expression in situ. Appl. Environ. Microbiol. 72,
802–810. doi: 10.1128/AEM.72.1.802-810.2006

Essock-Burns, T., Bongrand, C., Goldman, W. E., Ruby, E. G., and McFall-Ngai,
M. J. (2020). Interactions of symbiotic partners drive the development of a
complex biogeography in the squid-vibrio symbiosis. mBio 11:e00853-20. doi:
10.1128/mBio.00853-20

Fidopiastis, P. M., Von Boletzky, S., and Ruby, E. G. (1998). A new niche for Vibrio
logei, the predominant light organ symbiont of squids in the genus Sepiola.
J. Bacteriol. 180, 59–64. doi: 10.1128/JB.180.1.59-64.1998

Hinzke, T., Kleiner, M., Meister, M., Schlüter, R., Hentschker, C., Pané-Farré,
J., et al. (2021). Bacterial symbiont subpopulations have different roles in a
deep-sea symbiosis. Elife 10:e58371. doi: 10.7554/eLife.58371

Huang, Y., Callahan, S., and Hadfield, M. G. (2012). Recruitment in the sea:
bacterial genes required for inducing larval settlement in a polychaete worm.
Sci. Rep. 2:228. doi: 10.1038/srep00228

Kim, M., Oh, H. S., Park, S. C., and Chun, J. (2014). Towards a taxonomic
coherence between average nucleotide identity and 16S rRNA gene sequence
similarity for species demarcation of prokaryotes. Int. J. Syst. Evol. Microbiol.
64, 346–351. doi: 10.1099/ijs.0.059774-0

Koch, E. J., Miyashiro, T., McFall-Ngai, M. J., and Ruby, E. G. (2014). Features
governing symbiont persistence in the squid-vibrio association. Mol. Ecol. 23,
1624–1634. doi: 10.1111/mec.12474

Frontiers in Microbiology | www.frontiersin.org 9 March 2022 | Volume 13 | Article 854355

https://www.frontiersin.org/articles/10.3389/fmicb.2022.854355/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.854355/full#supplementary-material
https://doi.org/10.1038/s41564-019-0572-9
https://doi.org/10.1038/s41564-019-0572-9
https://doi.org/10.1016/j.syapm.2009.04.005
https://doi.org/10.3389/fgene.2017.00072
https://doi.org/10.1128/jb.172.7.3701-3706.1990
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/ismej.2016.69
https://doi.org/10.1128/mBio.03407-19
https://doi.org/10.1073/pnas.1415957111
https://doi.org/10.1073/pnas.1415957111
https://doi.org/10.1093/molbev/msw224
https://doi.org/10.1093/molbev/msw224
https://doi.org/10.1128/AEM.72.1.802-810.2006
https://doi.org/10.1128/mBio.00853-20
https://doi.org/10.1128/mBio.00853-20
https://doi.org/10.1128/JB.180.1.59-64.1998
https://doi.org/10.7554/eLife.58371
https://doi.org/10.1038/srep00228
https://doi.org/10.1099/ijs.0.059774-0
https://doi.org/10.1111/mec.12474
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-854355 February 23, 2022 Time: 15:47 # 10

Bongrand et al. Genomic Diversification of Symbionts in the Host

Lan, Y., Rosen, G., and Hershberg, R. (2016). Marker genes that are less conserved
in their sequences are useful for predicting genome-wide similarity levels
between closely related prokaryotic strains. Microbiome 4:18. doi: 10.1186/
s40168-016-0162-5

Lee, K. H., and Ruby, E. G. (1994). Effect of the squid host on the abundance and
distribution of symbiotic Vibrio fischeri in nature. Appl. Environ. Microbiol. 60,
1565–1571. doi: 10.1128/aem.60.5.1565-1571.1994

Levade, I., Terrat, Y., Leducq, J.-B., Weil, A. A., Mayo-Smith, L. M., Chowdhury,
F., et al. (2017). Vibrio cholerae genomic diversity within and between patients.
Microb. Genom. 3:e000142. doi: 10.1099/mgen.0.000142

Lin, H., Yu, M., Wang, X., and Zhang, X. H. (2018). Comparative genomic analysis
reveals the evolution and environmental adaptation strategies of vibrios. BMC
Genomics 19:135. doi: 10.1186/s12864-018-4531-2

Mandel, M. J., Stabb, E. V., and Ruby, E. G. (2008). Comparative genomics-based
investigation of resequencing targets in Vibrio fischeri: focus on point miscalls
and artefactual expansions. BMC Genomics 9:138.

McFall-Ngai, M. J. (2014). The importance of microbes in animal development:
lessons from the squid-vibrio symbiosis. Annu. Rev. Microbiol. 68, 177–194.

McLean, A. H. C., Parker, B. J., Hrèek, J., Kavanagh, J. C., Wellham, P. A. D., and
Godfray, H. C. J. (2018). Consequences of symbiont co-infections for insect host
phenotypes. J. Anim. Ecol. 87, 478–488. doi: 10.1111/1365-2656.12705

Mysara, M., Vandamme, P., Props, R., Kerckhof, F. M., Leys, N., Boon, N.,
et al. (2017). Reconciliation between operational taxonomic units and species
boundaries. FEMS Microbiol. Ecol. 93:fix029. doi: 10.1093/femsec/fix029

Nam, Y. D., Chang, H. W., Park, J. R., Kwon, H. Y., Quan, Z. X., Park, Y. H., et al.
(2007). Vibrio litoralis sp. nov., isolated from a yellow sea tidal flat in Korea. Int.
J. Syst. Evol. Microbiol. 57, 562–565. doi: 10.1099/ijs.0.64653-0

Nawroth, J. C., Guo, H., Koch, E., Heath-Heckman, E. A. C., Hermanson, J. C.,
Ruby, E. G., et al. (2017). Motile cilia create fluid-mechanical microhabitats
for the active recruitment of the host microbiome. Proc. Natl. Acad. Sci. 114,
9510–9516. doi: 10.1073/pnas.1706926114

Nurk, S., Bankevich, A., Antipov, D., Gurevich, A., Korobeynikov, A., Lapidus,
A., et al. (2013). “Assembling genomes and mini-metagenomes from highly
chimeric reads,” in Research in Computational Molecular Biology. RECOMB
2013. Lecture Notes in Computer Science, Vol. 7821, eds M. Deng, R. Jiang, F.
Sun, and X. Zhang (Berlin: Springer), 158–170. doi: 10.1089/cmb.2013.0084

Nyholm, S. V., Deplancke, B., Gaskins, H. R., Apicella, M. A., and McFall-Ngai,
M. J. (2002). Roles of Vibrio fischeri and nonsymbiotic bacteria in the dynamics
of mucus secretion during symbiont colonization of the Euprymna scolopes light
organ. Appl. Environ. Microbiol. 68, 5113–5122. doi: 10.1128/AEM.68.10.5113-
5122.2002

Nyholm, S. V., Stabb, E. V., Ruby, E. G., and McFall-Ngai, M. J. (2000).
Establishment of an animal-bacterial association: recruiting symbiotic vibrios
from the environment. Proc. Natl. Acad. Sci. U. S. A. 97, 10231–10235. doi:
10.1073/pnas.97.18.10231

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden,
M. T. G., et al. (2015). Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics 31, 3691–3693. doi: 10.1093/bioinformatics/btv421

Pankey, S. M., Foxall, R. L., Ster, I. M., Perry, L. A., Schuster, B. M., Donner, R. A.,
et al. (2017). Host-selected mutations converging on a global regulator drive an
adaptive leap towards symbiosis in bacteria. Elife 6:e24414.

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W.
(2015). CheckM: assessing the quality of microbial genomes recovered from
isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.
1101/gr.186072.114

Pollack-Berti, A., Wollenberg, M. S., and Ruby, E. G. (2010). Natural
transformation of Vibrio fischeri requires tfoX and tfoY. Environ. Microbiol. 12,
2302–2311.

Polzin, J., Arevalo, P., Nussbaumer, T., Polz, M. F., and Bright, M. (2019).
Polyclonal symbiont populations in hydrothermal vent tubeworms and the
environment. Proc. R. Soc. B Biol. Sci. 286:20181281.

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2 – Approximately
maximum-likelihood trees for large alignments. PLoS One 5:e9490. doi: 10.
1371/journal.pone.0009490

Ruby, E. G., and Lee, K. H. (1998). The Vibrio fischeri-Euprymna scolopes light
organ association: Current ecological paradigms. Appl. Environ. Microbiol. 64,
805–812. doi: 10.1128/AEM.64.3.805-812.1998

Ruby, E. G., Urbanowski, M., Campbell, J., Dunn, A., Faini, M., Gunsalus, R., et al.
(2005). Complete genome sequence of Vibrio fischeri: a symbiotic bacterium

with pathogenic congeners. Proc. Natl. Acad. Sci. 102, 3004–3009. doi: 10.1073/
pnas.0409900102

Schuster, B. M., Perry, L. A., Cooper, V. S., and Whistler, C. A. (2010). Breaking the
language barrier: Experimental evolution of non-native Vibrio fischeri in squid
tailors luminescence to the host. Symbiosis 51, 85–96.

Schwartzman, J. A., and Ruby, E. G. (2016). A conserved chemical dialog of
mutualism: lessons from squid and vibrio. Microbes Infect. 18, 1–10. doi: 10.
1016/j.micinf.2015.08.016

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Soto, W., and Nishiguchi, M. K. (2014). Microbial experimental evolution as a
novel research approach in the Vibrionaceae and squid-Vibrio symbiosis. Front.
Microbiol. 5:593. doi: 10.3389/fmicb.2014.00593

Speare, L., Cecere, A. G., Guckes, K. R., Smith, S., Wollenberg, M. S., Mandel, M. J.,
et al. (2018). Bacterial symbionts use a type VI secretion system to eliminate
competitors in their natural host. Proc. Natl. Acad. Sci. 115, 8528–8537. doi:
10.1073/pnas.1808302115

Stabb, E. V., and Ruby, E. G. (2002). RP4-based plasmids for conjugation between
Escherichia coli and members of the Vibrionaceae. Methods Enzymol. 358,
413–426. doi: 10.1016/s0076-6879(02)58106-4

Vatanen, T., Plichta, D. R., Somani, J., Münch, P. C., Arthur, T. D., Hall, A. B.,
et al. (2018). Genomic variation and strain-specific functional adaptation in
the human gut microbiome during early life. Nat. Microbiol. 4, 470–479. doi:
10.1038/s41564-018-0321-5

Visick, K. L., Stabb, E. V., and Ruby, E. G. (2021). A lasting symbiosis: how Vibrio
fischeri finds a squid partner and persists within its natural host. Nat. Rev.
Microbiol. 19, 654–665. doi: 10.1038/s41579-021-00557-0

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naïve Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261–5267.

Wang, Y., and Qian, P. Y. (2009). Conservative fragments in bacterial
16S rRNA genes and primer design for 16S ribosomal DNA amplicons
in metagenomic studies. PLoS One 4:e7401. doi: 10.1371/journal.pone.000
7401

Wollenberg, M. S., and Ruby, E. G. (2009). Population structure of Vibrio fischeri
within the light organs of Euprymna scolopes squid from two Oahu (Hawaii)
populations. Appl. Environ. Microbiol. 75, 193–202.

Wollenberg, M. S., and Ruby, E. G. (2012). Phylogeny and fitness of Vibrio fischeri
from the light organs of Euprymna scolopes in two Oahu, Hawaii populations.
ISME J. 6, 352–362. doi: 10.1038/ismej.2011.92

Yawata, Y., Cordero, O. X., Menolascina, F., Hehemann, J.-H., Polz, M. F., and
Stocker, R. (2014). Competition-dispersal tradeoff ecologically differentiates
recently speciated marine bacterioplankton populations. Proc. Natl. Acad. Sci.
111, 5622–5627. doi: 10.1073/pnas.1318943111

Yoon, J. H., Kim, I. G., Kang, K. H., Oh, T. K., and Park, Y. H. (2003). Bacillus
marisflavi sp. nov. and Bacillus aquimaris sp. nov., isolated from sea water of a
tidal flat of the Yellow Sea in Korea. Int. J. Syst. Evol. Microbiol. 53, 1297–1303.
doi: 10.1099/ijs.0.02365-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer ES declared a past co-authorship with one of the authors ER, to the
handling editor.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bongrand, Koch, Mende, Romano, Lawhorn, McFall-Ngai,
DeLong and Ruby. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 10 March 2022 | Volume 13 | Article 854355

https://doi.org/10.1186/s40168-016-0162-5
https://doi.org/10.1186/s40168-016-0162-5
https://doi.org/10.1128/aem.60.5.1565-1571.1994
https://doi.org/10.1099/mgen.0.000142
https://doi.org/10.1186/s12864-018-4531-2
https://doi.org/10.1111/1365-2656.12705
https://doi.org/10.1093/femsec/fix029
https://doi.org/10.1099/ijs.0.64653-0
https://doi.org/10.1073/pnas.1706926114
https://doi.org/10.1089/cmb.2013.0084
https://doi.org/10.1128/AEM.68.10.5113-5122.2002
https://doi.org/10.1128/AEM.68.10.5113-5122.2002
https://doi.org/10.1073/pnas.97.18.10231
https://doi.org/10.1073/pnas.97.18.10231
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1128/AEM.64.3.805-812.1998
https://doi.org/10.1073/pnas.0409900102
https://doi.org/10.1073/pnas.0409900102
https://doi.org/10.1016/j.micinf.2015.08.016
https://doi.org/10.1016/j.micinf.2015.08.016
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.3389/fmicb.2014.00593
https://doi.org/10.1073/pnas.1808302115
https://doi.org/10.1073/pnas.1808302115
https://doi.org/10.1016/s0076-6879(02)58106-4
https://doi.org/10.1038/s41564-018-0321-5
https://doi.org/10.1038/s41564-018-0321-5
https://doi.org/10.1038/s41579-021-00557-0
https://doi.org/10.1371/journal.pone.0007401
https://doi.org/10.1371/journal.pone.0007401
https://doi.org/10.1038/ismej.2011.92
https://doi.org/10.1073/pnas.1318943111
https://doi.org/10.1099/ijs.0.02365-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Evidence of Genomic Diversification in a Natural Symbiotic Population Within Its Host
	Introduction
	Results and Discussion
	Analysis of the Specificity of Light-Organ Occupancy
	Genomic Diversification Within the Symbiont Population

	Materials and Methods
	Bacterial Strains
	16S RNA Gene Analyses
	Next Generation Sequencing
	Bioinformatic Analysis of the Genomic DNA
	Colonization of the Squid Light Organ

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


