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Abstract

Strain diversity, while now recognized as a key driver underlying partner dynamics in symbioses, is usually difficult to
experimentally manipulate and image in hosts with complex microbiota. To address this problem, we have used the
luminous marine bacterium Vibrio fischeri, which establishes a symbiosis within the crypts of the nascent light organ of the
squid Euprymna scolopes. Competition assays in newly hatched juvenile squid have shown that symbiotic V. fischeri are
either niche-sharing “S strains”’, which share the light organ when co-inoculated with other S strains, or niche-dominant “D
strains”’, which are typically found alone in the light organ after a co-colonization. To understand this D strain advantage, we
determined the minimum time that different V. fischeri strains needed to initiate colonization and used confocal microscopy
to localize the symbionts along their infection track. Further, we determined whether symbiont-induced host morphogenic
events also occurred earlier during a D strain colonization. We conclude that D strains colonized more quickly than S strains.
Nevertheless, light-organ populations in field-caught adult squid often contain both D and S strains. We determined
experimentally that this symbiont population heterogeneity might be achieved in nature by a serial encounter of different

strains in the environment.

Introduction

In the field of microbial symbiosis, significant interest
focuses on community-level structure and on distinguishing
the contributions of different species within complex host-
associated microbiomes [1-5]. Recently, an awareness of
the importance of strain-level differences occurring within a
colonizing bacterial species in such communities has
emerged [1, 6-8]. While such strain-level differences have
been hard to investigate within complex microbiomes, the
squid-vibrio symbiosis is a powerful natural symbiosis that
is ideally suited to explore strain-level differences within
animal-bacterial relationships. Vibrio fischeri is the sole
light-organ symbiont of the Hawaiian bobtail squid,

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/541396-018-0305-8) contains supplementary
material, which is available to authorized users.

P4 Edward G. Ruby
eruby @hawaii.edu

Kewalo Marine Laboratory, University of Hawaii-Manoa,
Honolulu, HI, USA

SPRINGER NATURE

Euprymna scolopes. The symbionts are provided nutrients
in exchange for their bioluminescence, which is used by the
nocturnal host for counterillumination [9], a common
defensive behavior in the marine environment. V. fischeri
cells in the ambient seawater establish themselves in this
symbiotic niche within hours after the juvenile squid hat-
ches [10]. Such single-species specificity is a feature that
allows easy investigation of the dynamics of a multi-strain
symbiosis.

Once the juvenile squid hatch, V. fischeri cells are har-
vested from the ambient seawater [11, 12] and, within two
hours, begin to aggregate on the ciliated surface near the
pores of the light organ. In the meantime, macrophage like
cells, the host hemocytes, begin to accumulate in blood
sinuses beneath the ciliated tissues of the light organ [13].
The aggregated bacteria then enter the pores of the light
organ and migrate through ducts, bottlenecks, and ante-
chambers before reaching their symbiotic niche, the
epithelia-lined crypts [14]. After 12 h, the light organ of the
host enters a symbiont-induced developmental program
characterized by dramatic morphologic changes [10]. The
symbiotic population, in turn, begins a daily cycle in which
95% of the light-organ bacteria are vented from the crypts at
dawn; by nightfall, the remaining symbionts proliferate,
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repopulate the crypts, and produce bioluminescence, until
they are vented again the next morning [15].

While the majority of investigations of the squid colo-
nization process (for a review see ref. [16]), have been
performed using a V. fischeri strain named ES114 [17],
there has been an increasing interest in strain-level differ-
ences. For instance, several studies have described different
V. fischeri strains isolated from squid collected around the
island of Oahu, Hawaii [1, 18, 19]. While there is no bio-
geographic distinction between symbionts of different squid
populations, various isolates are characterized by one of two
different colonization behaviors [1]. When exposing juve-
nile squids to two strains simultaneously, a “D strain”
outcompetes other co-inoculated strains for colonization,
while the “S strains” eventually share the host light organ
[1]. Nevertheless, both D and S strains have been isolated
from same field-caught squid [19], begging the question of
how such mixtures are achieved and maintained in nature.

We aimed to understand what factors the D strains’
dominant behavior relies upon, and to determine how squid
become colonized by both D and S strains in the wild.
While reported in some other V. fischeri strains [20], we
have encountered no evidence of interference competition
with the strains we tested, either during the colonization
process or within the crypts of the squid light organ.
Instead, our results suggest that the dominant behavior is
due, at least in part, to a quicker achievement of the colo-
nization process; however, a multi-strain symbiosis is pos-
sible if the squid encounters different strains at sequential
times after hatching.

Material and methods
Bacterial strains

All the strains used in this study are V. fischeri isolated from
light organs of the Hawaiian bobtail squid, E. scolopes, caught
around the island of Oahu, Hawaii [18, 19]. Strains ES213,
KB2B1, MBI11B1, MB13B2, and MBI13B3 have been
described as dominant-type strains (D strains), while the oth-
ers are sharing-type strains (S strains) [1]. Depending on the
experiment, the strains were labeled, either (i) by harboring the
plasmid pVSV102 (encoding a green fluorescent protein;
GFP) or pVSV208 (encoding a red fluorescent protein; RFP)
[21], or (ii)) with a GFP (or RFP) and erythromycin-encoding
cassette in the Tn7 site of the strains [1].

Colonization procedure
Overnight cultures were grown at 28 °C in Luria-Bertani

salt (LBS) media [22] with antibiotics, when necessary, at
2.5, 5, or 100ugml~! for chloramphenicol (pVSV208),

erythromycin  (Tn7-site  insertion), and kanamycin
(pVSV102), respectively. The overnight cultures were
diluted a hundred time in seawater tryptone (SWT) medium
broth and grown with shaking at 28°C until mid-
exponential phase (0.5 ODggg ). Bacteria were diluted to
a concentration of ~5000 cells per ml in 50 mL of filter-
sterilized ocean water (FSOW) in which newly hatched
juvenile squids were transferred. This concentration of
bacteria allows optimal colonization efficiency and effec-
tiveness [23]. For co-inoculation experiments, a second or
third strain was added either simultaneously or at a later
time, depending on the question. The final concentration of
the inoculum differed somewhat from one experiment to
another; however, in co-colonization inocula, the con-
centrations of the two strains were within 20% of each
other. While this concentration of inoculum is somewhat
higher than the 100-1000 CFU of V. fischeri per mL that are
present in the environment surrounding squid populations
[24], it is within the natural range reported in some studies
[25]. Incubations were performed at room temperature,
between 21 and 24 °C, as previously described [17].

To determine the exposure time needed for a strain to
colonize the squid, we incubated animals with each test
strain for different lengths of time. Squids were rinsed twice
for 1 min, and once for 5 min, in vials containing 4 mL. of
FSOW. The squids were then transferred into a new vial and
incubated overnight in a room with 12:12 day/night cycle.
The following day, we measured the bioluminescence of
each squid using a luminometer (Turner Designs, Inc.).

For experiments designed to determine the outcome of a
co-colonization assay with two different strains, each strain
was either GFP or RFP labeled, and the co-inoculation
performed. After 24 h, individual squids were placed in
vials containing 4 mL. of FSOW, and the water was changed
every day. Squids were frozen at —80°C at 48h post
inoculation for experiments involving three strains, and at
72h for those with two strains. Each squid was homo-
genized, different dilutions were spread onto LBS agar, and
the number of colony-forming units (CFU) of each strain
were calculated. GFP- and RFP- expressing CFUs were
counted using a fluorescence dissecting scope. Light-organ
population with >99% of one strain were considered mono-
colonized.

Confocal microscopy

Imaging was performed on a Zeiss LSM710 laser-scanning
confocal microscope. To localize labeled bacteria during the
colonization process, we anesthetized the squid at different
times post inoculation in 2% ethanol and fixed them in 4%
paraformaldehyde in mPBS (50 mM sodium phosphate
buffer with 0.45M NaCl, pH 7.4). After 48 h, the squids
were rinsed four times for 30 min each, in mPBS and
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dissected. When appropriate, light organs tissue was counter
stained overnight with 2 uM TOTO3 (Thermo Fisher Sci-
entific, Inc.) in 1% TRITON-X100 in mPBS, and rinsed
four times for 15 min in mPBS. Light organs were mounted
using Vectashield mounting media (Thermo Fisher Scien-
tific, Inc.).

To measure hemocyte trafficking into, and the length of,
the light organs ciliated appendages ([13, 26]), squids
colonized for 18 h were anesthetized with 2% ethanol and
fixed in 4% paraformaldehyde in mPBS. After 24 h, the
squids were rinsed four times for 30 min in mPBS, dissected
and left overnight in 1 mL of 1% Triton-X100 containing
100 pg/mL deoxyibonuclease I, Alexa Fluor 488 conjugate
(Thermo Fisher Scientific, Inc.). The following day, the
light organs were rinsed four times in mPBS, and labeled
overnight with 25ug of rhodamine phalloidin per ml
(Thermo Fisher Scientific, Inc.). After another four rinses in
mPBS, the samples were mounted using Vectashield
mounting media (Thermo Fisher Scientific, Inc.). Optical
sections of the anterior appendages were analyzed using Fiji
software [27]. After outlining the perimeter of the largest
section of the anterior appendage, we determined the
maximum longitudinal-sectioned area for each side of an
organ, and the mean for each treatment was determined.

Scanning electron microscopy (SEM)

Juvenile squids were colonized, anesthetized in 2% ethanol,
and fixed in 4% paraformaldehyde in mPBS at either 18 h or
41 h post inoculation, and processed for SEM as previously
described [28]. Samples were examined with a Hitachi S-
4800 FESEM scanning electron microscope at the Uni-
versity of Hawaii at Manoa Biological Electron Microscopy
Facility (BEMF).

Results

D strains initiate symbiosis more quickly than S
strains

We first asked whether D and S strains require the same
length of incubation time to initiate a successful coloniza-
tion of the host (Fig. 1). We exposed squid to individual
strains at a concentration aimed at ~5000 CFU/mL, for
either 30 or 60 min, then rinsed them to eliminate any
bacteria in the surrounding water. The next day, we mea-
sured the squid’s bioluminescence, which is an indicator of
a successful colonization. If a strain effectively colonized
more than 50% of the squids within 30 min, we tried a
shorter, 15 min, exposure. When 1h was insufficient to
achieve >50% colonization, we used a 3h inoculation,
which results in 100% colonization for strain ES114 [23].
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Fig. 1 Minimum exposure time needed for V. fischeri strains to initiate
a successful colonization. Squids were exposed to each bacterial strain
for different periods of time, then rinsed, and colonized animals
identified by their production of bioluminescence after 24 h. Strains in
bold are D strains, whereas the others are S strains. The X-axis indi-
cates the percentage of squid colonized after a given length of expo-
sure. Strains are ranked (top to bottom) based on the minimum amount
of exposure needed to colonize 50% of the animals. For each condi-
tion, between 25 and 31 animals were measured in three replicates.
Error bars indicate 95% confidence intervals

While three out of five D strains needed only 30 min of
exposure to colonize > 50% of the squid, six out of seven S
strains needed between 1 and 3h (Fig. 1). This pattern
followed the hierarchy of strain competitiveness for the
squid colonization that was previously described [1]. For
example, strain KB2B1, described as the most dominant,
needed only 15 min of exposure to reach more than 50%
colonized. Two of the D strains needed more than 30 min to
reach this ratio, but the extent of colonized squid was at
least as great as that for the S strains that required 1h of
exposure (Fig. 1). These results suggest that D strains need
less time than the S strains to reach a location that was not
accessible to the rinse (i.e., within the duct of the light
organ). Four strains were then chosen to continue the study
of differences between the D and S types: the two D strains
having the strongest colonization phenotype (Fig. 1), the
strongest of the S strains, and ES114, the best studied V.
fischeri strain [1]. In Fig. 1, we used the name of the strains
as published previously [1, 18, 19]; however, to simplify
and clarify our continuing discussion, in subsequent figures
we used the following pseudonyms for the four chosen
strains: Dy (KB2B1), D, (MB13B2), S; (MB13B1) and S,
(ES114).

D strains reach the light-organ crypts earlier than S
strains

To determine whether the colonization advantage of D
strains resulted from their reaching the crypts of the light
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Fig. 2 Strain localization during colonization. a Confocal image of a
light organ being colonized by GFP-labeled V. fischeri (green); tissue
nuclei (blue) were stained with TOTO-3. Some bacteria were in transit
(orange dashed area) and some were in the crypts (blue dashed area).
One crypt is visualized in this optical section, but all crypts were
examined for the analysis. b Schematic representation of one side of
the squid light organ. V. fischeri strains enter through the pores and,
after transit, reach the crypts where they grow and luminesce. ¢ Using

organ earlier than S strains, we inoculated squid with GFP-
labeled strains and, after 1.5 and 6 h, fixed the squid and
localized them within the light organ by confocal micro-
scopy. In this way we could record their position along the
colonization path (Fig. 2a, b). For each squid we determined
whether there were bacteria in the crypt, in transit to the
crypt (pore, duct, bottleneck, or antechamber), or not yet
within the tissue [16]. In most cases, no bacteria were
detected in the squid 1.5 h after inoculation with an S strain.
On the other hand, at that time point, both D strains were
localized in the duct and, in some animals, even in the
crypts. At 6 h, while most of the S strains were in transit, the
D strains were already in the crypts (Fig. 2¢). These results
suggest that the D strains reach their niche earlier than the S
strains.

Some developmental changes in host morphology
occur earlier during D strain colonization

We wanted to know whether D strains triggered host
morphological changes earlier than S strains; specifically,
(i) hemocyte trafficking into the ciliated appendages and
(ii) regression of these structures. We first looked at the
number of hemocytes found in the appendages of 18-h
colonized squid. While there was no distinction between
the number of hemocytes per appendage between squid
colonized either by D or S strains (Supplementary Fig-
ure S1), we observed that there was a significant differ-
ence in the degree of appendage regression. We measured
the mean size of the anterior appendage of squid colo-
nized by either a D or an S strain (Fig. 3a), and the results
indicated that the regression of the arm occurs earlier with
D strain infections. It should be noted that, because the
appendage harbored the same number of hemocytes, but
was reduced in volume when colonized by a D strain the
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| In crypt
m @ In transit
O No bacteria
100

50

Percentage of squid
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S,S$,D,D, s,s,D,D,

confocal microscopy, we identified where GFP-labeled bacterial cells
were located in the light organ at different times after inoculation. For
each light organ, we determined whether there was no evidence the
bacteria had begun migrating into the tissues (white) or, when bacteria
were present, whether they were still in transit (orange) or had reached
the crypts (blue) and begun growing. Between 19 and 23 animals were
analyzed in two replicates. The graph represents the mean percentages
for each result, and the error bars the 95% confidence interval

Appendage area (104 um?)

Fig. 3 Induction of symbiont-induced regression in the host light
organ. a Squids were colonized by one dominant (D, or D,) or sharing
(Sy or Sy) strain for 18 h (aposymbiotic, or apo = non-colonized ani-
mals), after which the extent of regression of the organ’s appendages
was determined for each condition by measuring the mean longitudinal
cross-sectional area of the anterior appendage. Each dot corresponds to
an individual squid. Between 29 and 35 squids were analyzed in two to
three replicates. Means with standard deviations are presented. Dif-
ferences between conditions were assessed by a Dunn’s test; letters
above the columns indicate significantly different means (p <0.05).
b Squids were colonized by a single strain for 18 or 41 h, and observed
by scanning electron microscopy to assess regression of the anterior
(aa) and posterior (pa) appendages; bars = 60 mm. After colonization
by strain D,, but not S,, both appendages are almost totally regressed
by 41h

tissue density of hemocytes is actually greater in the
appendages of 18-h D strain colonized squid than 18-h
squid colonized by an S strain. To complement this ana-
lysis, we observed by SEM the light organ of squid
colonized either by a D or an S strain, at 18 and 41 h post
inoculation (Fig. 3b). The morphological changes, i.e., the
extent of regression of the light-organ appendages,
occurred earlier with a D strain.
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D and S behavior can be affected by the timing of
encounter between host and symbiont

We previously showed that, during a mixed-strain co-
inoculation including a D strain, squid light organs are
singly colonized [1]. However, D and S strains are often
isolated from the same light organ of a field-caught adult
squid [19] (e.g., D, and S; were isolated from the same
squid [15]). We wanted to understand how, within the
context of a dominant strategy, both types of strains can
share a light organ. We tried to colonize the squid with both
a D and an S strain using either different total inoculum
levels, or different ratios between the strains; however, the
outcome was uniformly similar: the D strain was the only
one found in the light organ of the squid (data not shown).
We then considered that, to achieve a co-colonization with
the two types, the S strain might need to begin colonizing
before the D strain. To test this hypothesis, we inoculated
the squid with either a D or an S strain, and then we added
another D or S strain at different times (Fig. 4). After 72 h,
we determined whether the squids were single- or co-
colonized. As expected, when a D strain was added at time
0, an S strain could not co-colonize the squid no matter
when it was added. When two D strains were added at the
same time, most of the squids were singly colonized by the
most dominant one; however, when added serially, the D
strain added initially had an increasing advantage the later
the second strain was added. When two S strains were
added, half of the squids were co-colonized no matter when
the second strain was added. When the initial strain was an
S strain, added at least 3h before a D strain, 50% of the
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Fig. 4 State of colonization of juvenile squid encountering two strains
presented sequentially. Squids were inoculated with strain D, or S, at
time zero (tp), and strains D; or S; were added into the surrounding
water at different times (t, in hours; X-axis). The percentage of squids
either co-colonized (gray), or colonized only by the strain added either
initially (white) or later (black), were determined. Between 29 and 38
animals were analyzed in three replicates. The graph represents the
mean percentages for each result, and the error bars the 95% con-
fidence interval

SPRINGER NATURE

squids were co-colonized; to promote co-colonization, the
optimal time to add the D strain was 3 h after the S strain.
We concluded that, in the wild, juvenile squid may have an
opportunity for a multi-strain symbiosis by encountering
strains at different times.

Two different strains rarely share the same crypt

We also wondered whether the different types of strains in a
mixed colonization were co-localized or spread between the
six distinct crypts of the juvenile organ. Extensive imaging
by confocal and TEM has shown that the six crypts are all
independent compartments [29]; further, there is no evi-
dence for the presence of sub-compartments within any one
crypt. Specifically, all co-colonized crypts observed con-
tained a homogenous population of the two strains: no
consistent indication of partitioning between S and D strains
has been reported. We inoculated squids with (i) two S, (ii)
two D, or (iii) one S, with one D strain added immediately
or after 3h; we then observed the fluorescently labeled
bacteria in the light organ at 48 h using confocal micro-
scopy (Fig. 5). As expected, when squids were exposed to a
D and an S strain at the same time, all the colonized crypts
harbored the D strain. When squids were colonized with
either two D or two S strains, we found the most dominant
strain of the pair was present in more crypts than the other.
Interestingly when we added a D strain 3 h after an S strain,
we found more crypts to be colonized by the D strain than
by the S strain, suggesting that the S strain had left “empty”
crypts that could be colonized by subsequent bacteria in
contrast, the D strains appeared to quickly colonize all
available crypts. In any case, among over 836 colonized

@ Co-colonized
0§, or D, only
=S or D) , only

Percentage of crypts 0

tah 2

Fig. 5 Strain localization in the crypts of the light organ. Squids were
inoculated with one of four different strain combinations: (i) two S
strains, (ii) two D strains, or (iii) an S strain, with a D strain added
either simultaneously, or (iv) after a 3 h delay. (a) After 48 h, squids
were fixed, and their light organs observed under a confocal micro-
scope to determine the percentage of their 6 colonized crypts (gray
outline) that were singly colonized by a GFP- (G) or an RFP- (R)
labeled strain or were co-colonized by both of the inoculated strains
(GR). (b) For each treatment, 53 or 54 animals were analyzed in four
replicates, corresponding to between 187 and 217 colonized crypts
observed per treatment. The bar graph represents the mean percentage
of each outcome, and the error bars the 95% confidence interval. The
crypts analyzed were either co-colonized (gray) by both of the
inoculating strains, or were only singly colonized by one of the pair of
strains (white) or the other (black)
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crypts observed under the four conditions, we rarely found a
co-colonized crypt; i.e., only 10 crypts (~1%) were co-
colonized. We concluded that the strains, independent of
their behavior, rarely share the same location, and are
instead spread among the six crypts of the squid’s light
organ.

Differential exposure of strains enables multi-strain
symbiosis

Finally, we wanted to test the hypothesis that a multi-strain
symbiosis can be experimentally achieved by exposing the
squid to three strains at different times. Squids were
inoculated with two S strains, and a D strain was added after
3h, and the strain population was determined after 48 h
(Fig. 6a). Of the squid analyzed, we found all the combi-
nations possible for the three strains. We also obtained
around 40% of the squids colonized by the three strains.
Those results support the hypothesis that the diversity
observed in field-caught hosts is due to the squid sequen-
tially encountering different strains in the ambient seawater
environment.

In our current model (Fig. 6b), when a D strain is
encountered in the environment, it has the ability to reach
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Fig. 6 a The composition of symbiont populations in squid inoculated
with three strains. Animals were first exposed to an inoculum of two S
strains (S; and S,; black and white ovals); after 3 h, strain D, (red
ovals) was added. After 72 h, we determined the percentage of colo-
nized squid that had one of the 6 possible combinations of the three
inoculated strains. One hundred squids were analyzed in three repli-
cates. The graph represents the mean percentage, and the error bars the
95% confidence intervals. b Model for the colonization of a light
organ’s crypts with a mixture of S and D strains. Two scenarios are
given (left and right panels) indicating how the crypts might become
colonized, depending on when the host encounters the two kinds of
strains. Each scenario is illustrated using three crypts that depict dif-
ferent possible trajectories for the progression of colonization: (i) when
all three strains (S, S, and D,) are added at the same time (left panel),
the D strain will migrate more rapidly than the S strains, which cannot
reach the deep crypts before they have been colonized, and the bot-
tleneck has been closed by the host in response to the presence of
bacteria in the crypt [30]; (ii) when there is a sequential encounter of
strains (right panel), S strains have the opportunity to migrate into and
colonize at least some crypts, while D strains encountered 3 h later (red
arrow) can only colonize any remaining empty crypts whose bottle-
neck has not been closed

the light-organ crypts more rapidly than an S strain, and
establish a symbiosis within 3 h, thereby often pre-empting
the subsequent colonization by the slower S strains. Alter-
natively, if an S strain arrives sufficiently ahead of any D
strain, it has the opportunity to exclusively colonize the
crypts. Our data indicate that, D strains do not directly
interact with S strains but, instead, they rapidly signal the
host that symbiosis has been achieved, triggering the con-
striction of the bottleneck present in the migration pathway
[30], and thereby blocking slower/later strains from sub-
sequent entry (Fig. 6b).

Discussion

The work presented here indicates that V. fischeri D strains
achieve an earlier colonization of the squid light organ than
S strains. Specifically, (i) exposing juvenile squid to D
strains for as little as 30 min is sufficient to ensure a suc-
cessful colonization; (ii) D strains traverse the colonization
path to the light-organ crypts more rapidly, and (iii) in the
presence of a colonizing D strain, symbiont-induced mor-
phological changes of the host seem to be triggered earlier.
In addition, this study addresses how D and S strains may
be found co-existing in the light-organ populations of wild-
caught animals. If newly hatched squid encounter an S
strain several hours before a D strain, the host can be suc-
cessfully co-colonized. However, independently of the
inoculum, an individual crypt is rarely found to be co-
colonized by both a D and an S strain, indicating that co-
colonization is achieved through habitat segregation.
Finally, a colonization by as many as three different strains
can be achieved by manipulating the sequence and timing of
addition of the strains, a process that may occur naturally in
the field. Overall, we showed that, even within the same
bacterial species, the dynamics of their behaviors can gov-
ern the degree of multi-strain colonization achieved in a
population of animals.

The distinct steps of the colonization process appear to
occur earlier with a D strain than with an S strain. This
difference could be due to D strain-specific features, per-
haps encoded within the additional 250kb of genetic
material they share [1]. Unfortunately, the dispersion of
these 250 kb around the chromosomes, the proportion of
hypothetical proteins and lack of obvious candidates they
encode, as well as the difficulty in genetic manipulation
large sections of genetic material in V. fischeri, have made a
direct investigation of this genetic addition challenging.
However, new genetics tools developed in this species will
simplify a search of this D strain-specific genetic material
[31]. In addition, because these 250 kb are present in all the
D strains, but we observed a wide range in both the rate of
migration (Fig. 1) and the competitiveness hierarchy [1]
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within this group, it seems unlikely that carriage of the 250
kb is sufficient to explain the migration phenotype.

One hypothesis for the migration dominance is that D
strains have the capacity to swim faster than S strains,
allowing them to reach and begin colonizing the crypts
sooner. We were unable to validate this obvious possibility;
specifically, D strains generally swim more slowly in soft-
agar medium [19] and, when observed in liquid (SWT)
suspension, no motility difference specific to the D strains
was detected. Nevertheless, we cannot completely reject
this hypothesis: the symbionts migrate through unique
environmental conditions within the light organ, ones that
are not mimicked by soft-agar medium or SWT. In addition,
the bacteria may not use typical flagellar motility when
colonizing the squid [32]. In any case, if the D strains
actually move faster within the specific tissue environment
of the light organ, that could explain their more rapid
colonization (Fig. 1), and future studies should focus on this
topic. Regardless of their general swimming speed, D
strains may chemotax differently, either more quickly to the
chitin-degradation products that attract an S strain [33] or,
perhaps, to an unknown, D strain-specific chemoattractant.
Kremer et al. [34] reported a “priming” of chemotaxis to
chitin breakdown products by the S strain ES114, preparing
the bacteria to find and gain entry into the host’s tissues
[33]. This process was associated with a 3-h behavioral
delay that may not be required by the D strains. Finally, D
strains may be more intrinsically resistant to antimicrobial
peptides or other stresses encountered on the migration
route into the light-organ crypts (McFall-Ngai et al., 2010;
[35, 36]); however, it is not clear how such an attribute
would influence the timing of colonization.

Our present hypothesis for the typical exclusion of the S
strains is neither a specific bacteria—bacteria interaction (e.g., a
type VI secretion system involved in the intra-species killing
of other V. fischeri strains is not specific to either D or S
strains [20]), nor a host-sanctioning effect [37], because all the
D and S strains used here were isolated from the light organs
of adult animals [1, 18, 19]. Neither do we believe that the
larger aggregations produced by some D strains [38] play a
deciding role in the dominance behavior, because there is no
direct correlation between the size of the aggregates and the
competitiveness of the strains. Instead, we propose that the D
strains arrive earlier in the crypt and signal the host that
colonization has been initiated in a given crypt, which may
deter the entry of other strains. This strategy is reminiscent of
how, when multiple pollen tubes grow within the same style
of a flower, a successful fertilization event initiates develop-
mental processes in the plant that eliminate subsequent pollen
entry [39]. However, crypt colonization is unlikely to be
solely driven by priority, as has been shown for two strains of
Borrelia burgdorferi co-inoculated into ticks at different times
[40], because, when an S strain encounters the squid first, a D
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strain can still occasionally colonize secondarily (Fig. 6a). In a
two species community in the zebrafish, when Vibrio cho-
lerae is present, there is exclusion of other species by the
mobility of the host gut [41]. There could be a similar
mechanical exclusion of supernumerary V. fischeri strains
once a D strain is in a crypt.

As we report here (Fig. 5), a light-organ crypt rarely
(<1% of the time) was colonized by more than a single
strain, an observation that indicates the predominance of
clonal (i.e., single-bacterium) crypt colonization events.
These results contrast with those of a previous study [19], in
which a dual colonization of the crypts occurred 21% of the
time. In this earlier study, squids were co-inoculated with
two isogenic derivatives of MB13B2, carrying either a
GFP- or RFP-encoding plasmid for identification. We
hypothesize that the difference in the extent of co-
inoculation between these two studies can be explained
by the notion that two clonal strains have a higher chance of
simultaneously entering the same crypt than two genetically
(and phenotypically) distinct ones. This hypothesis supports
the idea that colonization outcome is based on genetic dif-
ferences between strains, rather than any direct strain-strain
interaction. In any case, host-based mechanisms that pro-
mote a clonal population in each crypt would help avoid a
scenario in which a mixed-population crypt contained a
mutualistic strain and a cheater strain of V. fischeri [37, 42],
a frequently occurring condition in the root nodules of
certain rhizobia-plant symbioses [43]. Moreover, compart-
mentalization of individual symbiont strains within different
crypts, also observed in the gut microbes of fungus-growing
termites [44], is a strategy that minimizes cheating by
ensuring high within-species relatedness within a location
[45]. Thus, we propose that the squid has developed a
colonization strategy that includes restricting super-
numerary colonization (Fig. 6b), and that pre-emptively
discourages crypt co-colonization to avoid the cost of sub-
sequently sanctioning cheaters [37].

The competitive dominance of D strains of V. fischeri [1]
raises the question: why don’t these strains sweep the V.
fischeri population found in squid habitats? Indeed, all the
experiments performed here use the same optimized
inoculum size to ensure that each strain has an equal
opportunity to encounter the squid. In the animal’s natural
environment, the concentration of V. fischeri is in the
hundreds to thousands of CFU per mL [25, 46]; so, one
possibility is that the D strains are actually less fit in the
planktonic environment through which they must pass
between hosts. This hypothesis is supported by the obser-
vation that D strains persist less well when incubated in
unfiltered ocean water [18], thereby increasing the prob-
ability that, upon leaving the egg, a newly hatched squid
will first encounter an S strain rather than a D strain. The
presence of both D and S strains in a host’s light-organ
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population increases symbiont diversity in the light organ,
even if they are not in the same crypt; such carriage could
help protect this mono-specific symbiosis from the potential
of phage sweeps [47]. The daily venting behavior of the
host’s light organ may also encourage the development of
strain diversity because 95% of the symbiont population is
lost each day of the host’s 9-12 month life span. The
remaining 5% serving as the source of subsequent repopu-
lation, producing opportunities for mutation and genetic
diversification. Moreover, to our knowledge, the recruit-
ment and colonization process occurs only once during the
life of each host, and the chances of any one of the billions
of vented symbionts encountering and colonizing a newly
hatched juvenile is very remote; thus, it seems reasonable to
imagine that there would not be an overriding selection to
optimize initiation fitness over survival in the plankton. The
results presented here suggest that as many as six strains
may initially colonize a host organ; however, a determina-
tion of the number of strains present in an adult squid has
not yet been reported, and would be complicated because of
the subsequent evolution of the initial colonizers.

Studies of strain-to-strain challenge during colonization,
such as those described here, are rare: most work focuses
either on complex bacterial communities, or the dynamics
between a mutant strain and its isogenic wild type [48, 49].
For instance, it has been shown in the oyster that an avirulent
derivative can play a role in enhancing disease caused by a
virulent strain [50, 51]. In contrast, some studies have
described the co-existence in a host of different strains of the
same species, e.g., several strains of Lactobacillus reuteri
colonize the gastrointestinal tract of its hosts [8]. However,
the spatial relationship of different strains remains difficult to
determine. The intra-species population dynamics described
here may enlighten behavior of more complex communities.
For instance, is the dominant/sharing dynamic characteristic
of the squid-vibrio symbiosis reflective of intra-species
behaviors in other, more complex, symbioses, and how
might such behaviors strengthen or weaken the robustness of
a host’s complex community? To inform such studies, we
look forward to learning whether D- and S strain behaviors
are common to all V. fischeri strains and their symbiotic hosts
or, instead, are specific to the colonization of E. scolopes.
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