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The luminous marine Gram-negative bacterium Vibrio (Aliivibrio) ﬁscheri
is the natural light organ symbiont of several squid species, including the Hawaiian
bobtail squid, Euprymna scolopes, and the Japanese bobtail squid, Euprymna morsei.
Work with E. scolopes has shown how the bacteria establish their niche in the light
organ of the newly hatched host. Two types of V. ﬁscheri strains have been distinguished based upon their behavior in cocolonization competition assays in juvenile
E. scolopes, i.e., (i) niche-sharing or (ii) niche-dominant behavior. This study aimed to
determine whether these behaviors are observed with other V. ﬁscheri strains or
whether they are speciﬁc to those isolated from E. scolopes light organs. Cocolonization competition assays between V. ﬁscheri strains isolated from the congeneric
squid E. morsei or from other marine animals revealed the same sharing or dominant behaviors. In addition, whole-genome sequencing of these strains showed that
the dominant behavior is polyphyletic and not associated with the presence or absence of a single gene or genes. Comparative genomics of 44 squid light organ isolates from around the globe led to the identiﬁcation of symbiosis-speciﬁc candidates
in the genomes of these strains. Colonization assays using genetic derivatives with
deletions of these candidates established the importance of two such genes in colonization. This study has allowed us to expand the concept of distinct colonization
behaviors to strains isolated from a number of squid and ﬁsh hosts.
ABSTRACT

IMPORTANCE There is an increasing recognition of the importance of strain differ-

ences in the ecology of a symbiotic bacterial species and, in particular, how these
differences underlie crucial interactions with their host. Nevertheless, little is known
about the genetic bases for these differences, how they manifest themselves in speciﬁc behaviors, and their distribution among symbionts of different host species. In
this study, we sequenced the genomes of Vibrio ﬁscheri isolated from the tissues of
squids and ﬁshes and applied comparative genomics approaches to look for patterns between symbiont lineages and host colonization behavior. In addition, we
identiﬁed the only two genes that were exclusively present in all V. ﬁscheri strains
isolated from the light organs of sepiolid squid species. Mutational studies of these
genes indicated that they both played a role in colonization of the squid light organ, emphasizing the value of applying a comparative genomics approach in the
study of symbioses.
KEYWORDS Vibrio (Aliivibrio) ﬁscheri, genomes, dominance, symbiosis, intraspeciﬁc,
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V

ibrio (Aliivibrio) ﬁscheri is the light-emitting, bacterial symbiont of several ﬁsh and
squid species (1). These bacteria become established within the host animal’s light
organ and provide bioluminescence in exchange for nutrients. Strains of Vibrio ﬁscheri
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FIG 1 Locations and species from which Vibrio ﬁscheri strains involved in this study were isolated. The
number of isolates from each host species is shown in parentheses in the ﬁgure. Twenty-nine of these
strains (the E. morsei, E. tasmanica, L. pealei, and C. multispinulosus isolates) were sequenced in this study.

have been isolated from the light organs of the squids Euprymna scolopes, Euprymna
morsei, and Euprymna tasmanica, the light organs of the ﬁshes Monocentris japonica
and Coelorinchus multispinulosus, and from the accessory nidamental gland (ANG) of
the squid Loligo pealei. The ANG is a female-speciﬁc structure that protects the squid’s
eggs from biofouling by covering them with a bacterial community producing antifungal compounds (2, 3).
When juvenile E. scolopes hatch, they harvest V. ﬁscheri cells from the surrounding
environment using ciliated ﬁelds present on surface appendages of the light organ (4).
These bacteria then pass through pores on the organ’s surface and establish themselves in the deep crypts of the light organ (5, 6). Each dawn, almost all of the light
organ’s symbiont population is expelled from the crypts into the surrounding seawater:
the remaining bacteria multiply and repopulate the organ, while those released into
the ambient environment serve as an inoculum for juvenile squid that hatch on
subsequent nights (6). Phenotypic differences among symbiotic V. ﬁscheri strains found
around the island of Oahu, Hawaii, have been reported (7–10). In particular, two
behaviors have been described when juvenile squid were coinoculated with a pair of
strains: a niche-dominant (D) behavior, where only one of the strains establishes in the
squid light organ, and a niche-sharing (S) behavior where coinoculated strains both
inhabit the organ (9). A type VI secretion system (T6SS) has recently been identiﬁed in
some strains of V. ﬁscheri, and carriage of this system can lead to interstrain killing
within cocolonized light organ crypts (11). However, because not all D-type strains carry
the lethal system and some S-type strains do, there is no evidence from comparative
genomics that T6SS activity is responsible for the D behavior. Instead, we recently
showed that D strains reach, and begin growing within, the crypts earlier than S strains,
a competitive advantage that makes it difﬁcult for S strains to secondarily colonize a
light organ (12). One might expect that this colonization advantage would allow D
strains to ecologically “sweep” a symbiont population, but several factors work against
that outcome. (i) The evolution of V. ﬁscheri is unlikely to be governed solely by
symbiotic behavior because only a vanishingly small percentage of the billions of
symbionts released into the bacterioplankton each day ever encounter a host again
(13). (ii) The D strains appear to be less ﬁt at surviving in the bacterioplankton than the
S strains (7). (iii) If the newly hatched squid encounters an S strain sufﬁciently long
before a D strain, both strains can establish in the light organ (12).
In this study, we aimed to determine whether the dominant and sharing behaviors
described for E. scolopes light organ symbionts were also observed with 31 additional
V. ﬁscheri strains isolated from other hosts, tissues, and geographic regions (Fig. 1) by
performing coinoculation assays using juvenile E. scolopes as the host. We also compared the genomes of all of these V. ﬁscheri strains to determine whether there was a
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FIG 2 State of colonization of juvenile E. scolopes squid coinoculated with two strains. Squid were
inoculated for 3 h with strain ES114 and a second strain of V. ﬁscheri (“Strain 2”; strains listed across the
x axis), and the percentages of squid that were cocolonized, colonized only by strain ES114, or colonized
only by strain 2 were determined after 24 h. Each bar represents data collected from between 26 and 34
animals, analyzed in three replicates. The graph indicates the mean percentages for each result, and the
error bars give the 95% conﬁdence intervals. Strains were isolated from the light organs of the ﬁsh C.
multispinulosus (CM), the squid accessory nidamental gland of L. pealei (LP), or the squid light organs of
E. morsei (EM), E. scolopes (ES) (VLS2), E. tasmanica (ET), or S. robusta (SR).

correlation between colonization behavior and either genome relatedness or gene
content. In addition, we sought to identify genetic determinants speciﬁc to strains
deﬁned by their behavior or by their host. As a result of this work, we showed the
following. (i) D and S behaviors are a common feature within V. ﬁscheri strains isolated
from different hosts. (ii) While some dominant strains clustered together on a phylogenetic tree, there is no obvious pattern or genetic determinant that explains the
behavior of all dominant strains. (iii) Comparative genomics revealed two new genes,
encoding a putative enoyl-coenzyme A (CoA) hydratase and a LysR-family transcriptional regulator, found only in squid light organ isolates, that play a role in symbiotic
colonization.
RESULTS AND DISCUSSION
Niche-dominant (D) or -sharing (S) behaviors are observed among all V. ﬁscheri
strains tested, independent of their host origin. Our ﬁrst aim was to determine
whether D or S behavior was observed when juvenile E. scolopes were coinoculated
with strains isolated from other hosts. Coinoculation with the well-studied V. ﬁscheri S
strain ES114, isolated from E. scolopes (14), was chosen as a means to identify sharing
behavior in other strains because of its low position on the dominance-hierarchy scale
(9). Thus, juvenile squid were coinoculated with strain ES114 and 1 of 30 other strains
for 3 h, and the relative numbers of these 2 strains were determined after 48 h (Fig. 2).
Three outcomes were identiﬁed. (i) A strain outcompeted strain ES114, resulting in a
mostly single-strain colonization of the light organ, and was considered a D strain. (ii)
A strain cocolonized ⬎50% of the squid with ES114 and was considered an S strain. (iii)
A strain was outcompeted by ES114, typically resulting in a single-strain colonization of
the squid by ES114. We determined that, among the isolates tested, each of these three
behaviors was found in approximately the same numbers of strains tested: 8, 9, and 14,
respectively.
We realized that the class that was outcompeted by strain ES114 might include
certain V. ﬁscheri strains that are simply unable to colonize E. scolopes under ecologically relevant conditions, as previously reported for the Monocentris japonica isolate
strain MJ11 (15). To identify such symbiosis incompetence, groups of squid were
inoculated solely with the strain in question, and the number of colonized animals was
determined after 24 h by individually measuring their bioluminescence. With the
exception of strains LP1.1, LP1.2, and VLS2, all the strains were capable of initiating
March/April 2020 Volume 11 Issue 2 e03407-19
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FIG 3 Colonization success of squid that were inoculated with a single V. ﬁscheri strain. Squids were
inoculated for 3 h with an individual strain from the 14 strains outcompeted by strain ES114 in Fig. 2
(right). Each bar represents the percentage of colonized squid based on their bioluminescence at 24 h
postinoculation. For each condition, between 30 and 41 animals were analyzed in three replicates. The
graph indicates the mean percentages for each result, and the error bars give the 95% conﬁdence
intervals.

symbiosis in most of the juvenile squid when they were the only V. ﬁscheri present
(Fig. 3). Interestingly, strains that could colonize had been isolated from symbiotic light
organs, while two of the poor colonizers, LP1.1 and LP1.2, were obtained from a
loliginid squid’s ANG. The symbiotic light organs of loliginids have been reported to be
colonized by the bioluminescent species Photobacterium leiognathi and perhaps Vibrio
harveyi (16), and V. ﬁscheri strains have yet to be reported in the ANG of sepiolid squids
(17). The poor colonization ability of VLS2, an E. scolopes light organ isolate (unpublished data), is unique among all other squid light organ isolates reported, and the basis
of its incompetence is unknown.
We next assessed the behavior of strains that outcompeted strain ES114 (i.e., had a
D-type phenotype) by competing them against one of the more dominant E. scolopes
D strains, MB13B2 (9). As expected for D strains, a single strain was present after
cocolonization with most of the strain pairings (Fig. 4). In these cases, MB13B2, a strain
isolated from an E. scolopes light organ, was generally dominant over the strains

FIG 4 State of colonization of coinoculated juvenile E. scolopes squid. Squids were inoculated for 3 h
with both the dominant (D) strain MB13B2 and a second strain (“Strain 2”; listed across the x axis) that
were the 9 most dominant strains in Fig. 2 (middle). The percentages of squid that were cocolonized ,
colonized only by strain MB13B2 or only by Strain 2 were determined after 24 h. For each condition,
between 30 and 32 animals were analyzed in three replicates. The graph indicates the mean percentages
for each result, and the error bars give the 95% conﬁdence intervals.
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FIG 5 Colonization success of squid that were inoculated with a single V. ﬁscheri strain for 30 min and
rinsed three times. The V. ﬁscheri strains are shown on the x axis. Each bar represents the percentage of
colonized squid, based on their bioluminescence at 24 h postinoculation. Between 29 and 30 animals
were analyzed for each of the strains in three replicates. The graph indicates the mean percentages for
each result, and the error bars give the 95% conﬁdence intervals.

isolated from other animals. In contrast, when squid were coinoculated with MB13B2
and either EM1.1, EM3.1, or EM3.2, most of the light organs were colonized by both
strains, suggesting that even symbionts from a different host species can robustly
colonize a nonnative host.
Using the cocolonization assay, we described four classes of strain behavior, in order
of their effectiveness: (i) D strains, (ii) S strains, (iii) strains outcompeted by an S strain,
and (iv) ineffective colonizers. Of the 44 strains tested, only 4 were unable to colonize
more than 50% of the squid under our laboratory inoculation conditions. By increasing
the inoculum and/or the time of exposure, these strains could colonize a few squid;
however, it seems less likely that they would become symbiotic in the natural environment if more competitive strains are present. The third class is a new category:
strains that can colonize when they are on their own but are outcompeted by the S
strain ES114. None of these strains were isolated from E. scolopes, so perhaps these
strains have a disadvantage when encountering a nonnative host, although there is no
evidence of coevolution between different sepiolid squid host species and their
symbiont strains (1, 9). Alternatively, this result may indicate that it is more appropriate
to refer to D and S behaviors, rather than D and S strains, because these behaviors are
dependent on the pairing of strains being presented to the host. Similarly, it should be
noted that these D and S behaviors occurred during colonization of juvenile E. scolopes;
the outcome might be different in the native host of the strain (18). However, we have
performed coinoculation experiments with two genetically distinct populations of E.
scolopes and observed no effect of genotype (9); if this is an indication of the effect of
host genetics in general on light organ symbionts, it is possible that the host species
will have little effect (and, thus, the D and S behaviors may be more a symbiont
characteristic than a host selection trait [12]). Not surprisingly, both environmental and
intrahost selection mechanisms have been reported to play a role in other symbioses
(19).
One way to differentiate between D and S behaviors is by the much shorter
exposure time that D strains need to initiate a successful colonization (12). Therefore,
we exposed juvenile squid to pairs of three newly identiﬁed S and D strains for only
30 min, rinsed the squid to remove the inoculum, and checked the host for bioluminescence after 24 h (Fig. 5). As expected, the three presumptive D strains had a 100%
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mbio.asm.org 5

Bongrand et al.

®

March/April 2020 Volume 11 Issue 2 e03407-19

Downloaded from http://mbio.asm.org/ on June 1, 2020 at MASS INST OF TECHNOLOGY

colonization success, while the S strains colonized less than 50% of the squid; thus, this
assay for colonization effectiveness is both valid and predictive.
Linking genomes and colonization behaviors. In this study, we sequenced the
genomes of 29 previously isolated strains of V. ﬁscheri (see Table S1 in the supplemental
material) (1, 20, 21) and compared them with the published genomes of 15 other
natural isolates (9, 22). The total genome sizes of these 44 strains fell between 3.6 and
4.5 Mb, and all had a GC content between 38.0 and 39.1% (Table S2). In addition, while
the core genome previously described for 12 E. scolopes isolates and the divergent
monocentrid ﬁsh light organ isolate MJ11 consists of 3,170 orthologous proteins (9),
adding the 29 new genomes from around the world (Fig. 1) reduced this number by
only 3%. Thus, V. ﬁscheri seems to have a relatively stable genome: speciﬁcally, this
species has an unusually low mutation rate (23) and a genome size that remains within
a relatively narrow range of 4.0 Mb ⫾ 10%, which is considerably more restricted than
the range seen for other reported Vibrio species (24–27). This high degree of similarity
suggests that the pangenome of V. ﬁscheri is relatively small, even among strains
collected from around the world, and across time and host species.
We also asked whether there was any evolutionary signature that correlated with a
strain’s colonization behavior. Speciﬁcally, we examined the relative positioning of (i) D
strains, (ii) S strains, (iii) strains outcompeted by strain ES114, and (iv) ineffective
colonizers, on a phylogenetic tree (Fig. 6). Interestingly, while the number of strains was
insufﬁcient to perform a robust statistical analysis, we noticed that although some
strains with the same behavior clustered, others were spread across the tree; i.e., there
is no obvious relationship between genome-wide phylogeny and behavior. Nevertheless, at the tips of the phylogenetic tree, there is some evidence of clustering of
symbionts having the same colonization behavior, as has been found for the phylogenetic clustering of the degree of virulence of strains of the ﬁsh pathogen Vibrio
anguillarum (28). The latter work also suggested a geographic association between
similar strains, which we did not see. Our observation that all of the E. scolopes isolates
cluster as the most recently diverged clade on the phylogenetic tree (Fig. 6) is in
agreement with the fact that this host species is endemic to the Hawaiian Islands,
where it is believed to have arisen (29).
To determine whether any proteins were speciﬁc to a certain V. ﬁscheri behavioral
group, we used OrthoMCl (30) to compare the proteins encoded in the sequenced
genomes. We found no protein exclusive to the strains with S-type behavior, to those
outcompeted by strain ES114, or to ineffective colonizers, which is consistent with the
notion that the poor colonization ability of the two latter categories would be more
likely due to an absence/loss of function (or gene) than to a gain. In contrast, a previous
search for proteins speciﬁc to ﬁve E. scolopes strains with D-type behavior revealed 194
proteins exclusive to them (9); however, the addition of the new D-strain genomes
described here halved this number to 89 (Table 1). More interestingly, there is no
protein speciﬁc to all the D strains. Thus, unlike the symbiosis factor RscS (15), the
dominance behavior reported here does not correlate with carrying a particular V.
ﬁscheri gene; however, it is important to note that differential behavior may also be
linked to allelic differences among strains bearing a shared gene that has spread and
been selected for in a speciﬁc environment (31). While identifying such an allele from
our data would be difﬁcult, the approach has been successful in other host-microbe
systems. For example, the bacterium Aeromonas veronii, after several passages through
its zebraﬁsh host, evolved and selected for a more host-adapted derivative that was
more effective at tissue migration (19). Similarly, analyses of Vibrio splendidus strains
have provided evidence for allelic selection in two core genome genes that determine
the bacterium’s interaction with oyster larvae (32). Thus, one can envision two possible
reasons for the dispersed distribution of dominant behavior seen in Fig. 6. (i) It resulted
from recombination and selection for an allele responsible for the behavior (33), an idea
that could be tested by the examination of single-nucleotide polymorphism (SNP)-level
differences linked to a speciﬁc behavior. (ii) There are several strategies for achieving
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FIG 6 Phylogenetic relationships between the V. ﬁscheri strains reported either in this study or in the study of Bongrand et
al. (9), based on core genes from whole-genome sequences. Shewanella (Shewanella oneidensis) served as the outgroup. The
scale bar indicates an evolutionary distance of 2 nucleotide substitutions per position in the sequence. Node numbers indicate
the bootstrap support values. Most of the symbionts carry the initials of their host in their name. Because designations of E.
scolopes symbionts use several different initials, we added a black circle to help identify them. The color code refers to the
colonization effectiveness of the strains. The strains were either D strains (red), S strains (blue), outcompeted by strain ES114
(green), or ineffective colonizers of E. scolopes juveniles (gray).

dominance, and the behavior has evolved convergently among different V. ﬁscheri
lineages (e.g., see reference 10). For example, they may adapt more quickly to hostderived signals and/or challenges encountered during colonization (34, 35). This second
possibility could be tested phylogenetically with the addition of sufﬁcient V. ﬁscheri
genomes to create a robust tree of strains with known behaviors, from which an
estimate of the ancestral behavioral state could be inferred. While we are beginning to
understand the basis of strain variability in V. ﬁscheri colonization (10), much is still to
be learned about these phenotypes and their consequences to symbiosis.
We next asked whether a comparative genomic analysis could identify novel genes
that were necessary not for a competitive behavior but for competence in light organ
symbiosis. A previous comparison of the genomes of V. ﬁscheri strains from E. scolopes
had revealed 23 light organ-speciﬁc proteins (9). The present study, which added other
V. ﬁscheri genomes from light organ symbionts of other species of sepiolid squids,
reduced this list of proteins to only two (Table 1). In strain ES114, the encoded proteins
are named VF_A0023 and VF_A0024: the former is a putative enoyl-CoA hydratase, and
March/April 2020 Volume 11 Issue 2 e03407-19
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TABLE 1 OrthoMCL analysis for groups of V. ﬁscheri strains
Category of V. ﬁscheri
strains
By behavior
D strains

No. of
Subcategory
No. of orthologous by host
strains proteinsa
species
14

By source
Squid light organ

Fish light organ

Squid ANGb

39

3

2

0
E. morsei D strains 9
E. scolopes D strains 5

0
89

E.
E.
E.
S.

23
13
2
1

0
0
12
4

C. multispinulosus
M. japonicus

2
1

96
4

L. pealei

2

82
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S strains
15
Outcompeted by strain ES114 11
Inefﬁcient colonizers
4

No. of
No. of orthologous
strains proteins

0
0
0

2
morsei
scolopes
tasmanica
robusta

4

82

aOrthologous

proteins found in all strains within that group but absent in all other groups; generally, groups
comprising more strains have few or no unique orthologous proteins.
bANG, accessory nidamental gland.

the latter is a LysR-family transcriptional regulator. The two genes encoding these
proteins are adjacent to each other and divergently transcribed in all 39 sepiolid squid
symbionts. To determine whether these shared-derived proteins might play a role in
establishing a light organ symbiosis, we cocolonized E. scolopes juveniles with the
wild-type parent strain ES114 and each of the two single-gene mutant derivatives
(Fig. 7). Because both of these mutants were present in the squid after coinoculation
(and were also present in single colonization experiments), neither of these genes is
required for colonization. However, the enoyl-CoA hydratase (VF_A0023) mutant was
outcompeted by its parent, indicating a role for this enzyme in successfully initiating
colonization. In contrast, the transcriptional regulator mutant (VF_A0024) showed the
opposite phenotype, i.e., it outcompeted the wild-type ES114 during colonization,

FIG 7 Relative competitive index of pairs of strains coincubated with juvenile squid for 3 h. The relative
competitive index (RCI) was calculated as the ratio of the two strains in the light organ after 24 h, divided
by their ratio in the inoculum. Those RCIs that are signiﬁcantly different from zero by t test are indicated
by red asterisks (*, P ⬍ 0.05; ****, P ⬍ 0.0001). The two strains competed were the parent ES114 strain and
either a derived deletion mutant (Δ) or its genetic complement (⫹). Each dot represents the log RCI
determined for an individual squid. For each condition, a total of between 26 and 29 animals were
analyzed in three replicates. The error bars indicate the standard errors of the means (SEM).
March/April 2020 Volume 11 Issue 2 e03407-19
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suggesting that this gene encodes a repressor of a positive colonization factor(s)
(Fig. 7). Both mutant phenotypes were reversed by the presence of a plasmid encoding
the deleted gene in the mutant strains. Removing the entire VF_A0023-0024 locus had
no discernible effect on competitive ﬁtness relative to the wild-type parent (data not
shown), suggesting that these two genes can compensate for each other’s effects. Thus,
a comparative genomic bioinformatic analysis has identiﬁed two new open reading
frames (ORFs) involved in modulating squid colonization. Future studies will be required to determine the modes of action of these genes and their encoded activities.
In conclusion, we performed a comparative genomic and behavioral study of V. ﬁscheri
strains to identify genetic elements responsible for a colonization behavior. While no such
genes were identiﬁed, we discovered two new genes required for the effective colonization
of the squid light organ. Assessing the contribution of strain-level diversity in host colonization is a key element in understanding how a symbiont population is established. Studies
of the squid-vibrio model allow us to examine strain diversity within a single species, and
applying an analogous approach can also reveal mechanisms of colonization in morecomplex communities. For example, the competitiveness of diverse bacterial species has
been established in the bean bug Riptortus pedestris (36), while on a larger scale, the ﬁrst
bacterial population colonizing the mouse gut has been shown to most inﬂuence the
composition of its ﬁnal microbial community (37). The future application of comparative
genomics will continue to provide a means to discover strain-level patterns in the evolution
and development of microbial symbioses.
MATERIALS AND METHODS
Bacterial strains. All Vibrio ﬁscheri strains used in this study (see Table S1 in the supplemental
material) were isolated from the tissues of squid or ﬁsh species (Fig. 1). Most of the strains were isolated
from the light organs of one of four sepiolid squid species. Three of the strains were isolated from the
light organs of two ﬁsh species: strain MJ11 from Monocentris japonica and strains CM1.1 and 1.2 from
Coelorinchus multispinulosus. Strains LP1.1 and 1.2 came from the accessory nidamental gland (ANG) of
the squid Loligo pealei. Strains sharing the same ﬁrst numerical indicator were isolated from the same
host (e.g., EM1.1 and EM1.2 or MB15A4 and MB15A5). To differentiate strains used in the cocolonization
assays, we labeled ES114 and MB13B2 with a gene encoding a green ﬂuorescent protein (GFP) and an
erythromycin resistance (Ermr)-encoding cassette at their Tn7 sites (9).
Genetic manipulation of V. ﬁscheri strain ES114. Mutant derivatives of V. ﬁscheri strain ES114 were
generated using tfoX-mediated transformation (38) and PCR and splicing by overhang extension (PCRSOE) products derived with recently described methodology (39). Brieﬂy, sequences (⬃500 bp) upstream
and downstream of the target gene were ampliﬁed by PCR with high-ﬁdelity polymerase KOD using
strain ES114 DNA as the template. These ﬂanking sequences were then fused using PCR SOEing with an
internal antibiotic resistance cassette (trimethoprim resistance for single mutants or spectinomycin
resistance for double mutants) generated with primers 2089 and 2090 and template pMLC2 or pKV520,
respectively. Speciﬁcally, ﬂanking sequences were obtained with the following primer sets (Table S2):
ΔVF_A0023, primers 2400 and 2401 and primers 2402 and 2403; ΔVF_A0024, primers 2404 and 2405 and
primers 2406 and 2407, and ΔVF_A0023-24 double deletion, primers 2403 and 2761 and primers 2406
and 2407. Complementation cassettes were obtained by a similar approach to insert the target genes
into a region between yeiR and glmS as described previously (39) using ﬂanking primers 2290 and 2090
with template pKV502, primers 2196 and 1487 with template pKV503, and speciﬁc primers as follows:
primers 2464 and 2465 for VF_A0023 and primers 2438 and 2439 for VF_A0024.
Colonization assay. V. ﬁscheri strains were grown at 28°C overnight in Luria-Bertani salt (LBS) media
(40), supplemented with 5 g/ml erythromycin for the labeled strains carrying Ermr. The overnight
cultures were diluted 100⫻ in seawater tryptone (SWT) liquid medium and grown until mid-exponential
phase at 28°C. Bacteria were diluted to a ﬁnal concentration aimed at providing an inoculum of ⬃5,000
CFU/ml in 100 ml of ﬁlter-sterilized ocean water (FSOW), into which newly hatched juvenile E. scolopes
squids were placed.
The outcomes of single or cocolonization experiments were determined as follows: after a 3-h
exposure to the inoculum, each juvenile squid was transferred to a vial containing 4 ml FSOW and
incubated overnight in a room with a 12-h/12-h day/night cycle. At 24 h postinoculation, the squids were
frozen at – 80°C in 700 l of FSOW, thawed, and individually homogenized. Dilutions of the homogenate
were spread on LBS agar medium, and the number of CFU per light organ was calculated. When needed,
a ﬂuorescence dissecting scope was used to count colonies of GFP-labeled bacteria.
To determine whether a 30-min inoculation was sufﬁcient to initiate a successful squid colonization,
after that exposure, the squids were carefully rinsed in individual vials containing 4 ml FSOW. The rinsing
procedure consisted of transferring each squid between vials of FSOW after 1 min (twice) and 5 min
(once). The animals were then placed into a vial of FSOW and incubated overnight. At 24 h postinoculation, the bioluminescence of each squid was determined using a luminometer (Turner Designs, Inc.).
The presence of luminescence was conﬁrmed as a valid indication of a successful colonization.
March/April 2020 Volume 11 Issue 2 e03407-19

mbio.asm.org 9

®

Bongrand et al.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
TABLE S1, PDF ﬁle, 0.04 MB.
TABLE S2, PDF ﬁle, 0.01 MB.
TABLE S3, PDF ﬁle, 0.03 MB.
ACKNOWLEDGMENTS
We thank Paul Dunlap for providing many of the strains used in this study. We also
thank the members of the Ruby and McFall-Ngai laboratories, together with Luc Koch,
for helpful discussions, and Steven Eichinger for technical assistance with mutant
construction.
Support was provided by NIH grants from NIGMS (GM099507, GM114288,
GM130355, and GM135254), NIAID (AI050661), and the Ofﬁce of the Director
(OD011024).
We declare that we have no conﬂicts of interest.

REFERENCES
1. Dunlap PV, Ast JC, Kimura S, Fukui A, Yoshino T, Endo H. 2007. Phylogenetic analysis of host-symbiont speciﬁcity and codivergence in bioluminescent symbioses. Cladistics 23:507–532. https://doi.org/10.1111/j
.1096-0031.2007.00157.x.
2. Kerwin AH, Gromek SM, Suria AM, Samples RM, Deoss DJ, O’Donnell K,
Frasca S, Sutton DA, Wiederhold NP, Balunas MJ, Nyholm SV. 2019. Shielding the next generation: symbiotic bacteria from a reproductive organ
protect bobtail squid eggs from fungal fouling. mBio 10:e02376–19. https://
doi.org/10.1128/mBio.02376-19.
3. Bloodgood RA. 1977. The squid accessory nidamental gland: ultrastructure and association with bacteria. Tissue Cell 9:197–208. https://doi.org/
10.1016/0040-8166(77)90016-7.
4. Nawroth JC, Guo H, Koch E, Heath-Heckman EAC, Hermanson JC, Ruby
EG, Dabiri JO, Kanso E, McFall-Ngai M. 2017. Motile cilia create ﬂuidmechanical microhabitats for the active recruitment of the host microbiome. Proc Natl Acad Sci U S A 114:9510 –9516. https://doi.org/10.1073/
pnas.1706926114.
5. McFall-Ngai M, Nyholm SV, Castillo MG. 2010. The role of the immune
system in the initiation and persistence of the Euprymna scolopes-Vibrio
ﬁscheri symbiosis. Semin Immunol 22:48 –53. https://doi.org/10.1016/j
.smim.2009.11.003.
6. McFall-Ngai MJ. 2014. The importance of microbes in animal
March/April 2020 Volume 11 Issue 2 e03407-19

7.

8.

9.

10.

11.

12.

development: lessons from the squid-vibrio symbiosis. Annu Rev Microbiol 68:177–194. https://doi.org/10.1146/annurev-micro-091313-103654.
Wollenberg MS, Ruby EG. 2012. Phylogeny and ﬁtness of Vibrio ﬁscheri
from the light organs of Euprymna scolopes in two Oahu, Hawaii populations. ISME J 6:352–362. https://doi.org/10.1038/ismej.2011.92.
Wollenberg MS, Ruby EG. 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. https://doi
.org/10.1128/AEM.01792-08.
Bongrand C, Koch EJ, Moriano-Gutierrez S, Cordero OX, McFall-Ngai M,
Polz MF, Ruby EG. 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. https://doi.org/10.1038/ismej
.2016.69.
Bongrand C, Ruby EG. 2019. The impact of Vibrio ﬁscheri strain variation
on host colonization. Curr Opin Microbiol 50:15–19. https://doi.org/10
.1016/j.mib.2019.09.002.
Speare L, Cecere AG, Guckes KR, Smith S, Wollenberg MS, Mandel MJ,
Miyashiro T, Septer AN. 2018. Bacterial symbionts use a type VI secretion
system to eliminate competitors in their natural host. Proc Natl Acad Sci
U S A 115:E8528 –E8537. https://doi.org/10.1073/pnas.1808302115.
Bongrand C, Ruby EG. 2019. Achieving a multi-strain symbiosis: strain
mbio.asm.org 10

Downloaded from http://mbio.asm.org/ on June 1, 2020 at MASS INST OF TECHNOLOGY

Genome sequences. Strains with previously determined genome sequences are indicated in Table S3. For the strains isolated from C. multispinulosus, E. morsei, E. tasmanica, and L. pealei, genomic DNA
was extracted using the protocol of the Qiagen genomic DNA buffer set with Qiagen genomic tip 100G
(Qiagen Inc., Valencia, CA, USA). Sequencing libraries were prepared using the Nextera DNA Library
Preparation kit (Illumina). Each strain was barcoded and sequenced in a 100-bp x 100-bp multiplex run
on the HiSeq 2000 (Illumina) at the MIT BioMicroCenter (Cambridge, MA). After importing the reads into
CLC Genomics Workbench (version 8.0.2), we trimmed adapter sequences and low-quality regions using
the following parameters and settings: ambiguous limit, 0 bp; quality limit, 0.005; maximum number of
nucleotides in reads, 100 bp; minimum number of nucleotides in reads, 90 bp. Overlapping paired reads
were then merged, and the ﬁnal assemblies were performed using the CLC assembler with read-mapping
correction using the following parameters and settings: minimum contig length, 200 bp; mismatch
cost, 2; insertion cost, 3; deletion cost, 3; length fraction, 0.5; similarity fraction, 0.8. Open reading frames
(ORFs) were identiﬁed using Prodigal (version 2.6.3) (41), and the functions for ORFs were inferred using
the svr_assign_using_ﬁgfams script in the SEED server suite of tools (www.theseed.org).
Genome analysis. The OrthoMCL software (30) was used to determine clusters of orthologous
proteins across the 44 tested V. ﬁscheri genomes (Table S1). After ﬁltering out protein sequences that
were either less than 10 amino acids in length or over 20% of stop codons, 174,175 sequences were
included for the analysis. A cutoff E value of 1 ⫻ 10⫺5 was used for the all-versus-all BLASTp (42). The
1,784 single-copy clusters that were obtained were individually aligned at the protein level with
mafft-linsi (43), then back-translated with backtranseq (44), realigned at the nucleotide level with
mafft-FFT-NS-I (43), trimmed with trimAl (45) for sites with over 50% gaps, and concatenated for tree
construction. Phylogenetic trees were constructed with RAxML (46) using the GTRGAMMA model with
1,000-bootstrap pseudoreplications.
Data availability. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank
under the accession numbers listed in Table S3 and at https://www.ncbi.nlm.nih.gov/genome/genomes/
724?.

®

Comparative Genomics and Behavior of Symbionts

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

March/April 2020 Volume 11 Issue 2 e03407-19

29. Nesis KN. 1987. Cephalopods of the world: squids, cuttleﬁshes, octopuses, and allies, p 322. TFN Publications, Inc, Neptune City, NJ.
30. Li L, Stoeckert CJ, Roos DS. 2003. OrthoMCL: identiﬁcation of ortholog
groups for eukaryotic genomes. Genome Res 13:2178 –2189. https://doi
.org/10.1101/gr.1224503.
31. Arevalo P, VanInsberghe D, Elsherbini J, Gore J, Polz MF. 2019. A reverse
ecology approach based on a biological deﬁnition of microbial populations. Cell 178:820 – 834. https://doi.org/10.1016/j.cell.2019.06.033.
32. Wegner KM, Piel D, Bruto M, John U, Mao Z, Alunno-Bruscia M, Petton B,
Le Roux F. 2019. Molecular targets for coevolutionary interactions between Paciﬁc oyster larvae and their sympatric vibrios. Front Microbiol
10:2067. https://doi.org/10.3389/fmicb.2019.02067.
33. Shapiro BJ, Friedman J, Cordero OX, Preheim SP, Timberlake SC, Szabó G,
Polz MF, Alm EJ. 2012. Population genomics of early events in the
ecological differentiation of bacteria. Science 336:48 –51. https://doi.org/
10.1126/science.1218198.
34. Kremer N, Philipp EER, Carpentier MC, Brennan CA, Kraemer L, Altura MA,
Augustin R, Häsler R, Heath-Heckman EAC, Peyer SM, Schwartzman J,
Rader BA, Ruby EG, Rosenstiel P, McFall-Ngai MJ. 2013. Initial symbiont
contact orchestrates host-organ-wide transcriptional changes that prime
tissue colonization. Cell Host Microbe 14:183–194. https://doi.org/10
.1016/j.chom.2013.07.006.
35. Schwartzman JA, Ruby EG. 2016. Stress as a normal cue in the symbiotic
environment. Trends Microbiol 24:414 – 424. https://doi.org/10.1016/j
.tim.2016.02.012.
36. Itoh H, Jang S, Takeshita K, Ohbayashi T, Ohnishi N, Meng XY, Mitani Y,
Kikuchi Y. 2019. Host–symbiont speciﬁcity determined by
microbe–microbe competition in an insect gut. Proc Natl Acad Sci U S A
116:22673–22682. https://doi.org/10.1073/pnas.1912397116.
37. Martínez I, Maldonado-Gomez MX, Gomes-Neto JC, Kittana H, Ding H,
Schmaltz R, Joglekar P, Cardona RJ, Marsteller NL, Kembel SW, Benson
AK, Peterson DA, Ramer-Tait AE, Walter J. 2018. Experimental evaluation
of the importance of colonization history in early-life gut microbiota
assembly. Elife 7:e36521. https://doi.org/10.7554/eLife.36521.
38. Pollack-Berti A, Wollenberg MS, Ruby EG. 2010. Natural transformation of
Vibrio ﬁscheri requires tfoX and tfoY. Environ Microbiol 12:2302–2311.
https://doi.org/10.1111/j.1462-2920.2010.02250.x.
39. Visick KL, Hodge-Hanson KM, Tischler AH, Bennett AK, Mastrodomenico
V. 2018. Tools for rapid genetic engineering of Vibrio ﬁscheri. Appl
Environ Microbiol 84:e00850-18. https://doi.org/10.1128/AEM.00850-18.
40. Graf J, Dunlap PV, Ruby EG. 1994. Effect of transposon-induced motility
mutations on colonization of the host light organ by Vibrio ﬁscheri.
J Bacteriol 176:6986 – 6991. https://doi.org/10.1128/jb.176.22.6986-6991
.1994.
41. Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ. 2010.
Prodigal: prokaryotic gene recognition and translation initiation site
identiﬁcation. BMC Bioinformatics 11:119. https://doi.org/10.1186/1471
-2105-11-119.
42. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman
DJ. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res 25:3389 –3402. https://doi
.org/10.1093/nar/25.17.3389.
43. Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol Biol
Evol 30:772–780. https://doi.org/10.1093/molbev/mst010.
44. Rice P, Longden L, Bleasby A. 2000. EMBOSS: the European Molecular
Biology Open Software Suite. Trends Genet 16:276 –277. https://doi.org/
10.1016/S0168-9525(00)02024-2.
45. Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T. 2009. trimAl: a tool
for automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics 25:1972–1973. https://doi.org/10.1093/bioinformatics/
btp348.
46. Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics 30:1312–1313.
https://doi.org/10.1093/bioinformatics/btu033.

mbio.asm.org 11

Downloaded from http://mbio.asm.org/ on June 1, 2020 at MASS INST OF TECHNOLOGY

15.

behavior and infection dynamics. ISME J 13:698 –706. https://doi.org/10
.1038/s41396-018-0305-8.
Lee KH, Ruby EG. 1994. Effect of the squid host on the abundance and
distribution of symbiotic Vibrio ﬁscheri in nature. Appl Environ Microbiol
60:1565–1571. https://doi.org/10.1128/AEM.60.5.1565-1571.1994.
Boettcher KJ, Ruby EG. 1990. Depressed light emission by symbiotic
Vibrio ﬁscheri of the sepiolid squid Euprymna scolopes. J Bacteriol 172:
3701–3706. https://doi.org/10.1128/jb.172.7.3701-3706.1990.
Mandel MJ, Wollenberg MS, Stabb EV, Visick KL, Ruby EG. 2009. A single
regulatory gene is sufﬁcient to alter bacterial host range. Nature 458:
215–218. https://doi.org/10.1038/nature07660.
Guerrero-Ferreira R, Gorman C, Chavez AA, Willie S, Nishiguchi MK. 2013.
Characterization of the bacterial diversity in Indo-West Paciﬁc loliginid
and sepiolid squid light organs. Microb Ecol 65:214 –226. https://doi.org/
10.1007/s00248-012-0099-6.
Collins AJ, LaBarre BA, Won BSW, Shah MV, Heng S, Choudhury MH,
Haydar SA, Santiago J, Nyholm SV. 2012. Diversity and partitioning of
bacterial populations within the accessory nidamental gland of the
squid Euprymna scolopes. Appl Environ Microbiol 78:4200 – 4208. https://
doi.org/10.1128/AEM.07437-11.
Soto W, Punke EB, Nishiguchi MK. 2012. Evolutionary perspectives in a
mutualism of sepiolid squid and bioluminescent bacteria: combined
usage of microbial experimental evolution and temporal population
genetics. Evolution 66:1308 –1321. https://doi.org/10.1111/j.1558-5646
.2011.01547.x.
Robinson CD, Klein HS, Murphy KD, Parthasarathy R, Guillemin K, Bohannan B. 2018. Experimental bacterial adaptation to the zebraﬁsh gut
reveals a primary role for immigration. PLoS Biol 16:e2006893. https://
doi.org/10.1371/journal.pbio.2006893.
Ast JC, Urbanczyk H, Dunlap PV. 2009. Multi-gene analysis reveals previously unrecognized phylogenetic diversity in Aliivibrio. Syst Appl Microbiol 32:379 –386. https://doi.org/10.1016/j.syapm.2009.04.005.
Urbanczyk H, Ast JC, Higgins MJ, Carson J, Dunlap PV. 2007. Reclassiﬁcation of Vibrio ﬁscheri, Vibrio logei, Vibrio salmonicida and Vibrio wodanis
as Aliivibrio ﬁscheri gen. nov., comb. nov., Aliivibrio logei comb. nov.,
Aliivibrio salmonicida comb. nov. and Aliivibrio wodanis comb. nov. Int J
Syst Evol Microbiol 57:2823–2829. https://doi.org/10.1099/ijs.0.65081-0.
Gyllborg MC, Sahl JW, Cronin DC, Rasko DA, Mandel MJ. 2012. Draft
genome sequence of Vibrio ﬁscheri SR5, a strain isolated from the light
organ of the Mediterranean squid Sepiola robusta. J Bacteriol 194:1639.
https://doi.org/10.1128/JB.06825-11.
Dillon MM, Sung W, Sebra R, Lynch M, Cooper VS. 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. https://doi
.org/10.1093/molbev/msw224.
Chen CY, Wu KM, Chang YC, Chang CH, Tsai HC, Liao TL, Liu YM, Chen
HJ, Shen ABT, Li JC, Su TL, Shao CP, Lee CT, Hor LI, Tsai SF. 2003.
Comparative genome analysis of Vibrio vulniﬁcus, a marine pathogen.
Genome Res 13:2577–2587. https://doi.org/10.1101/gr.1295503.
Gu J, Neary J, Cai H, Moshfeghian A, Rodriguez SA, Lilburn TG, Wang Y.
2009. Genomic and systems evolution in Vibrionaceae species. BMC
Genomics 10:S11. https://doi.org/10.1186/1471-2164-10-S1-S11.
Thompson JR, Pacocha S, Pharino C, Klepac-Ceraj V, Hunt DE, Benoit J,
Sarma-Rupavtarm R, Distel DL, Polz MF. 2005. Genotypic diversity within
a natural coastal bacterioplankton population. Science 307:1311–1313.
https://doi.org/10.1126/science.1106028.
Le Roux F, Zouine M, Chakroun N, Binesse J, Saulnier D, Bouchier C, Zidane
N, Ma L, Rusniok C, Lajus A, Buchrieser C, Médigue C, Polz MF, Mazel D. 2009.
Genome sequence of Vibrio splendidus: an abundant planktonic marine
species with a large genotypic diversity. Environ Microbiol 11:1959–1970.
https://doi.org/10.1111/j.1462-2920.2009.01918.x.
Castillo D, Alvise PD, Xu R, Zhang F, Middelboe M, Gram L. 2017.
Comparative genome analyses of Vibrio anguillarum strains reveal a link
with pathogenicity traits. mSystems 2:e00001-17. https://doi.org/10
.1128/mSystems.00001-17.

