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Many animals form symbioses with environmental bacteria that provide
biological functions beneficial to their hosts. The mechanisms that affect the
acquisition of bacterial symbionts remain poorly understood but are important to
identify to develop new ways to improve animal health. Vibrio fischeri is a Gram-
negative bacterium that forms a mutualistic symbiosis with the Hawaiian bobtail
squid Euprymna scolopes. From within a light organ, these V. fischeri populations
engage in quorum sensing to produce bioluminescence for the host to eliminate
its shadow. In our attempts to investigate how quorum sensing contributes to the
evolution of V. fischeri, we unexpectedly isolated a strain that produced large
structures resembling biofilms along glass surfaces that readily stain with crystal
violet. Biofilm formation by this strain is independent of sypG, which encodes the
primary activator of the symbiotic polysaccharide (syp) locus, suggesting a novel
biofilm pathway. Squid colonization assays revealed that the isolate exhibited a
colonization defect, which suggests that its biofilm phenotype inhibits
establishment of symbiosis. Whole-genome sequencing and subsequent
culture assays suggest that this biofilm phenotype is due to a single point
mutation that confers an I125F substitution in the putative glycosyltransferase
VF_0133. Expression of the wild-type copy of VF_0133 in trans eliminates the
biofilm-like phenotypes in culture and restores the ability of the strain to establish
symbiosis. Investigation of lipopolysaccharide (LPS) structure by silver stain
suggests significant modifications to the oligosaccharide core and O-antigen
in this strain. Taken together, these findings add knowledge to the role of LPS in
V. fischeri physiology and light organ colonization, which provides important
insight into how bacterial symbionts are acquired from the environment.
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Introduction

Bacterial symbionts, which are bacteria that form close and
long-term associations with animal hosts, are major factors when
considering overall host physiology (Ganesan et al., 2022). Many
bacterial symbionts provide biological functions that contribute to
basic host processes, including digestion and immune responses,
and hosts are often at higher risk of developing disease if they lack
such symbionts. Because bacterial symbionts are often acquired by
the host from environmental reservoirs, the mechanisms that
promote their colonization are critical for the symbiosis to form.
In general, the molecular underpinnings of these mechanisms are
unclear, but filling these knowledge gaps raises the possibility of
improving animal health by developing new ways to promote the
formation of symbioses with specific beneficial bacteria.

Vibrio fischeri (aka Aliivibrio fischeri) is a Gram-negative
bacterium that can establish symbiosis with various fish and
squid, including the Hawaiian bobtail squid Euprymna scolopes
(Stabb and Visick, 2013). The symbiosis takes place within a
symbiotic organ called the light organ that is located on the
ventral side of the squid underneath its mantle. Populations of V.
fischeri occupy epithelium-lined crypt spaces and produce
bioluminescence that the host uses for counterillumination, a
behavior by which the squid eliminates its shadow within the
water column and avoids detection from below (Jones and
Nishiguchi, 2004). The ability to cultivate and genetically
manipulate V. fischeri (Visick et al., 2018; Christensen and Visick,
2020) as well as the capability to maintain a cohort of E. scolopes
squid in mariculture facilities (Cecere and Miyashiro, 2022; Cecere
et al,, 2023) have led to this system becoming a powerful model for
investigating the molecular details underlying the formation of
host-bacterial symbioses.

The symbiosis is initially established when hatchlings are
exposed to seawater containing V. fischeri cells and proceeds
according to a series of discrete stages that have been the subject
of multiple reviews, e.g,, (Nyholm and Mcfall-Ngai, 2021). One
stage that occurs early during symbiosis establishment involves the
accumulation of environmental V. fischeri cells near superficial
ciliated epithelial fields along the surface of the nascent light
organ (Nyholm et al., 2000). Within these so-called aggregates, V.
fischeri cells alter their transcriptional profile to produce symbiotic
polysaccharide (Syp) (Yip et al., 2005), which in turn primes them
for entering the host (Surrett et al., 2023). Following host entry, V.
fischeri cells colonize crypt spaces, where they proliferate on host-
derived nutrients (Graf and Ruby, 1998; Schwartzman et al., 2015;
Wasilko et al., 2019). The resulting populations engage in LuxI/
LuxR-based quorum sensing to promote the production of
bioluminescence (Miyashiro and Ruby, 2012), thereby signifying
completion of the initial stages of symbiosis establishment.

The strain ES114 has emerged as a preeminent model for
investigating the regulation of Syp production by V. fischeri,
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which involves transcriptional activation of an 18-gene syp locus
that encodes many of the factors that promote aggregation in vivo
(Shibata et al, 2012). Under routine growth conditions, the syp
locus is transcriptionally silent, and ES114 forms smooth colonies
on solid surfaces and uniformly turbid cultures in liquid medium.
However, ES114 can be induced to form Syp-dependent biofilms by
stimulating specific regulatory pathways either through genetic
modification or altering growth conditions (Yip et al., 2006;
Tischler et al.,, 2018; Dial et al., 2023), which has led to molecular
insight regarding the regulatory mechanisms underlying the
aggregation stage of symbiosis establishment.

A recent study suggested that each population of V. fischeri
within the light organ can detect the autoinducer produced by
neighboring populations (Yount et al,, 2022), which in turn can
alter the extent to which each of them produces bioluminescence.
The ability of autoinducer to impact V. fischeri physiology implies
that the level of autoinducer within an environment, regardless of
its source, can affect cellular fitness, thereby serving as a potential
driver of adaptation. To test this possibility, we initiated a study to
determine how V. fischeri strain ES114 adapts to 3-oxo-C6 HSL,
and those results will be described elsewhere. Here, we report the
phenotypes of a strain that was isolated while serially passaging
ES114 in medium supplemented with N-3-oxohexanoyl-
homoserine lactone (3-oxo-C6 HSL), which is the quorum-
sensing molecule synthesized by synthase LuxI (Schaefer et al,
1996). We found that the isolated strain readily forms biofilms in
culture, and this process depends on a disruption in
lipopolysaccharide (LPS) biosynthesis rather than in Syp
production. Genetic analysis suggests that an allele of VF_0133,
which encodes a putative glycosyltransferase, results in a truncated
LPS structure, which can be rescued through the introduction of the
wild-type copy of VF_0133. We find that this strain exhibits a severe
colonization defect with E. scolopes hatchlings, which suggests the
truncated LPS structure is incompatible with V. fischeri establishing
symbiosis. Taken together, the results reported here add knowledge
of how LPS contributes to the general physiology of V. fischeri,
which is significant for the bacterial symbiont to colonize its host.

Materials and methods
Bacterial strains and media used

Strains and plasmids used in this study are found in Table 1.
Vibrio fischeri strains were grown under aerobic conditions at 28°C
in LBS medium [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 2%
(w/v) NaCl, 50 mM Tris-HCI (pH 7.5)] or SWTO medium [0.5%
(w/v) tryptone, 0.3% (w/v) yeast extract, 1% NaCl (w/v), 0.3%
glycerol, 70% Instant Ocean (v/v)]. Solid medium contained 1.5%
(w/v) agar. To maintain plasmids, chloramphenicol was used at a
final concentration of 2.5 ug mL™.
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TABLE 1 Strains and plasmids used in this study.

10.3389/fbrio.2023.1254305

Strain Genotype Reference

ES114 Wild-type V. fischeri (Mandel et al., 2008)
MRE010 Evolved derivative of ES114 This study

EAP010 MRE010 AsypG This study

SSC014 ES114 AflrC This study

MREO11 ES114 A(6,288 bp) This study

TXM331 E. coli BL21 (DE3) eptA::catR arnA:kanR (Komazin et al., 2019)
TXM333 E. coli BL21 (DE3) IpcA::gentR eptA:catR arnA:kanR (Komazin et al., 2019)
Plasmid Genotype Reference

pTM214 lacI? P, ::mCherry (Miyashiro et al,, 2011)
PMRE001 PEVS79 A(6,288 bp) This study

PMRE003 lac? P,,::VF_0133 This study

PEVS79 pBC SK(+) oriT cat (Stabb and Ruby, 2002)
PEVS104 R6Kori RP4 oriT trb tra kan (Stabb and Ruby, 2002)
PEDRO007 PEVS79 AsypG (Surrett et al., 2023)

Escherichia coli strains were grown under aerobic conditions at
37°C in LB medium [1% (w/v) tryptone, 0.5% (w/v) yeast extract,
1% (w/v) NaCl].

In general, starter cultures used to initiate the assays described
below were generated by inoculating 3 mL LBS with an isolated
colony of the indicated strain and incubating the culture at 28°C
with shaking at 200 rpm overnight. However, for MRE010, which
displays a severe growth defect in liquid LBS, starter cultures were
prepared using SWTO medium instead of LBS.

Colonies were imaged using a Rebel T5 Camera (Canon)
mounted on a SZX16 dissecting microscope (Olympus) equipped
with an SDF PLFL 0.3x objective. Using ImageJ v. 1.52a software
(NIH), images were converted from RAW format to TIFF
with the DCRaw macro with the following settings:
use_temporary_directory, white_balance = [Camera white balance],
do_not_automatically_brighten, output_colorspace = [sRGB],
read_as = [8-bit], interpolation = [High-speed, low-quality
bilinear], and half_size.

MREO010 isolation

MREO010 was isolated during the propagation of ES114 associated
with another study that will be reported elsewhere. Briefly, an LBS
starter culture of ES114 was washed twice by centrifugation at 9,000 x
g for 2 min and resuspension in SWTO. A 20-uL sample of the cell
suspension was diluted into 2 mL SWTO supplemented with 1 uM 3-
oxo-C6 HSL and grown at 28°C shaking at 200 rpm. The culture was
passaged every 12 h by diluting 20 pL into 2 mL SWTO, with each
dilution corresponding to log,(100) = 6.6 generations. After every 8™
passage (~53 generations), a frozen stock containing 16% (v/v)
glycerol was generated and stored at -80°C. A small portion
(<5 uL) of the frozen stock corresponding to the 32" passage
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(~210 generations) was plated onto LBS agar, which was incubated
at 28°C. One of the resulting colonies was randomly selected and
labeled as MREO10.

Mutant construction

To generate the AflrC mutant SSC014, pLosTfoX-dependent
natural transformation was used to introduce into ES114 a
deletion allele lacking codons encoding residues 8-471 of
VF_1854. This region was replaced with a cassette containing
erm® flanked by FRT sites constructed using the primers listed in
Table 2 according to a protocol previously described (Visick et al.,
2018). The erm™ cassette was excised via FLP recombinase to yield
SSCO014, and the resulting scar was validated by sequencing the
junction region.

Strains EAP010 and MREO11 were generated by allelic
exchange according to a protocol previously described (Miyashiro
etal,, 2010). For EAP010, sypG in MRE010 was replaced with a sypG
deletion allele (AsypG) that lacks codons encoding residues 49-478
(Surrett et al.,, 2023). For MREO11, the large chromosomal deletion
associated with MRE010 [A(6,288 bp)] was amplified from MRE010
genomic DNA using the primers listed in Table 2 and cloned via
Xhol/Spel into pEVS79 to yield pMRE001. Plasmid pMRE001 was
used to introduce A(6,288 bp) into ES114 to yield MREO11.

VF_0133 expression vector construction
Plasmid pMRE003 was constructed by amplifying VF_0133
from ES114 genomic DNA using PfuUltra HF polymerase

(Agilent) and the primers listed in Table 2 and subcloning the
product via KpnlI/Sall into pTM214 to yield pMRE003.
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TABLE 2 Primers used in this study.

Primer name
AfirC
ES_flrC_Del_Up_F
ES_flrC_Del_Up_R2

ES_flrC_Del_Down_F2

10.3389/fbrio.2023.1254305

Sequence (5'—3’)

CTAAAGGCGGTGATAATAAAGTTG
TAGGCGGCCGCACTAAGTATGGTAATACTTTGCTTTGTGCCATGAT

GGATAGGCCTAGAAGGCCATGGGGAATAGATATCCCAAGTTAAAAC

ES_flrC_Del_Down_R
A(6,288 bp)
MRE010-lux-XhoI-ul
MRE010-lux-Spel-11
Pic:VF_0133

VF_0133-Ptrc-Kpnl-ul

CTCATCAACATCTGGATTTTG

GGCTCGAGGGCCTCTAACAACACCAAAATTAA

GGACTAGTGGCCTAGACCATCTAATGTTGGAA

GGGTACCAACAAGGAATAATAATGAAAAT

VE_0133-Ptrc-Sall-ul

GGGTCGACTTAGTCATGTTGTAAAGCTCGTTG

rpoD endpoint
rpoD-ul
rpoD-11

A(6,288 bp) endpoint

AGAAACCGCTCCTGATGCTGATGA

TACTGGGTCAGTTGTACGGCCAAT

luxdel6288_linl_BL-F

luxdel6288_linl_BL-R

Biofilm assay

For each sample, a culture was inoculated with an isolated
colony and incubated at 28°C with shaking. Following overnight
incubation, each culture was supplemented with 0.3 mL 1% (w/v)
crystal violet solution and incubated at 28°C with shaking. After
30 min, the aqueous solution was removed by aspiration, and tubes
were rinsed 10 times with at least 3 mL DI water. To solubilize the
crystal violet retained by the tube, 5 mL 200-proof ethanol was
added and incubated at room temperature, with 10-sec vortex every
15 min. After 1 h, the ODgq of a 1.0-mL volume of the solution was
measured using a BioPhotometer (Eppendorf).

Squid colonization assay

For each strain, a cell suspension was generated by normalizing
a starter culture to ODggp - 1.0, and a 30-pL volume was used to
inoculate 3 mL of the corresponding media. Cultures were grown to
ODggp - 1.0 and then diluted into 50 mL filter-sterilized seawater
(FSSW) at 2x desired inoculum level. To initiate the assay, this cell
suspension was combined with 50 mL FSSW containing hatchling
E. scolopes. After 3.5 h, animals were washed twice in 100 mL FSSW
and then transferred into individual vials containing 4 mL FSSW.
After ~18 h, the bioluminescence of animals was determined using a
GloMax 20/20 luminometer (Promega). Animals were then
anesthetized in 3% ethanol/FSSW for 15 min and then euthanized
by freezing at -80°C. To determine the abundance of V. fischeri,
squid were thawed on ice and homogenized in 0.70-mL 70% (v/v)
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CAGTCAGTCACAAAAACCTTAGAGC

CATCATCACATCAATATGTTCAGCTTCA

FSSW, which was serially diluted and plated onto solid medium.
After 24 h of incubation at 28°C, CFU were enumerated, and the
resulting CFU counts were used to calculate the bacterial abundance
in each squid.

Motility assay

Soft-agar motility plates consisted of 0.5% (w/v) tryptone, 0.3%
(w/v) yeast extract, 0.25% (w/v) agar, and 70% (v/v) Instant Ocean.
A 30-uL volume of starter culture was used to inoculate 3 mL
SWTO, which was grown at 28°C. After 1.5 h, cultures were
normalized to ODgqo - 0.20. To initiate the assay, a 5-uL volume
was injected into the agar, and plates were stored at 28°C until
assessed for motility ring diameter. Images were taken in jpeg
format using the camera associated with a Samsung Galaxy S20
cellular phone.

Genome analysis

Genomic DNA was isolated from 0.50-mL of starter cultures of
ES114 and MREO10 using the MasterPure Complete DNA and
RNA Purification kit (Epicentre) according to the manufacturer
instructions. For MRE010 and ES114, DNA libraries were prepared
and sequenced as paired end reads at a depth of 150 Mbps using the
Mumina platform (SeqCenter, LLC), and the sequencing files were
analyzed by the breseq pipeline (Deatherage and Barrick, 2014),
with the consensus mode run using default settings and the
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reference genome for ES114 (BioProject PRINA12986). The data
for this project are available at the Sequence Read Archive (SRA) of
NCBI under BioProject accession PRINA999647 with BioSample
accession numbers SAMN36745556 (MRE010) and
SAMN36745557 (ES114).

Silver stain assay

Whole cell lysates were prepared in the manner of Hitchcock
and Brown (Hitchcock and Brown, 1983) with a few modifications.
Briefly, a 100-uL sample of an overnight culture in rich medium was
pelleted by spinning at 9000 x g for 2 mins. Supernatant was
discarded and pellet was resuspended in 50 pL of lysing/loading
buffer (0.5 mM EDTA, 2% (w/v) SDS, 2% (v/v) 2-mercaptoethanol,
0.1% (w/v) bromophenol blue, 10% (v/v) glycerol, 50 mM Tris (pH
7.5)). Lysates were then incubated at 95 °C for 10 minutes, cooled,
and proteinase K (PK) was added to a final concentration of 1 pg/
uL. To degrade protein, lysates with PK were incubated at 60 °C for
60 minutes. Lysates were then either immediately run on SDS-
PAGE gels or frozen for later use.

Gels were prepared as described by Lesse et al. (Lesse et al,
1990) with slight modification. Briefly, two acrylamide and
bisacrylamide stock solutions of 30% T, 6% C and 30% T, 2.6% C
were prepared where T represents the total percentage of
acrylamide and C represents the percentage of the cross-linker
(bis) to the total concentration of acrylamide. The resolving gels
were prepared via the addition of 30% T, 6% C stock acrylamide
solution (5.44 mL), gel buffer (3 M Tris-HCI, 0.3% SDS pH 8.5)(3.3
mL), glycerol (1.3 g), and water (160 pL). Gels were polymerized
with the addition of ammonium persulfate (100 uL 10% APS) and
TEMED (10 pL). Stacking gels were layered on top of the
polymerized resolving gels and were prepared by the addition of
30% T, 2.6% C stock acrylamide solution (0.666 mL), gel buffer (3 M
Tris-HCI, 0.3% SDS pH 8.5) (2 mL), and water (4 mL) before
initializing polymerization via the addition of 10% APS (66 uL) and
TEMED (6.6 uL). The final lower resolving gel consisted of 16.5% T,
6% C and was overlayed with a 3% T, 2.6% C upper stacking gel.

Whole cell lysates, prepared as described above, were heated at
95 °C for 5 minutes before loading onto gels. Electrophoresis was
carried out in a BioRad® Mini-PROTEAN Tetra Vertical
Electrophoresis Cell with a Tris-Tricine run buffer (0.1 M Tris,
0.1 M Tricine, 0.1% SDS) and run at a constant 50 V until the dye
front reached the resolving gel, after which the voltage was
increased to 120 V and the gel run until ~1 hour after the dye
front ran of the gel.

Following electrophoresis, the gel was washed with water, then
submerged in a fix solution of 40% ethanol and 5% acetic acid with
50 rpm shaking. Following overnight incubation, the gel was rinsed
with water, then submerged in a solution of 40% ethanol, 5% acetic
acid, and 0.7% periodic acid for 5 mins to oxidize. The gel was then
subjected to four 30-min washes with water. The gel was then
stained with ammonical silver as described by Hitchcock and
Brown (Hitchcock and Brown, 1983). The gel was submerged in
freshly-prepared stain solution (0.67% silver nitrate, 0.1 M
ammonium hydroxide, and 18 mM sodium hydroxide) for 10
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mins. The stain was discarded, and the gel was subjected to four
10-min washes in water. Finally, the gel was soaked in developer
solution (0.26 mM citric acid and 0.019% formaldehyde, pre-
warmed to 37 °C) until bands were visible, typically 5-15 minutes,
before quenching by shaking in 1% acetic acid solution. Images
were taken using a GelDoc Imager (Bio-Rad).

Assessment of culture stocks for MREO10-
like colony phenotypes

To detect the presence of MREO010-like phenotypes within
passaged populations, each frozen stock of the propagated
population was accessed three times by serially diluting 10-uL
samples in SWTO and plating dilutions onto SWTO agar. The
resulting colonies were counted and scored for the small, rough
appearance of MREO10 colonies, which were used to calculate the
frequency of MRE010-like CFU. For each sample, the
corresponding limit of detection was determined as 1 CFU/total
CFU, and the 95 percentile of the limit of detection for each frozen
stock was determined using the geometric mean and geometric
standard deviation of the three replicates.

Endpoint PCR assay

Approximately 250 UL of each frozen stock of passaged culture
was subjected to DNA extraction as described above. Each PCR was
conducted in a 50-pL volume using 75 ng genomic DNA, 0.5 uM of
each indicated primer, 0.3 mM dNTPs, and PFU polymerase. PCR
conditions included a 3-min start at 95°C, 35 cycles [each cycle: (95°
C for 30 sec, 56°C for 30 sec, 75°C for 1 min)], and 75°C for 5 min.
Samples were assessed by gel electrophoresis and band sizes were
determined using a 100-bp ladder (NEB) sample run in parallel.

Relative fitness assay

Starter cultures were normalized to ODgg - 1.0 using SWTO as
a diluent. Strains were combined, and 20 UL of the resulting cell
suspension was added to 125-mL baffled Erlenmeyer flasks
containing 20 mL SWTO + 1 uM 3-oxo-C6-HSL. To assess
relative abundance, 100-uL volumes were sampled from each
flask, serially diluted, and plated onto SWTO agar for CFU. After
at least 48 h of incubation at 28 °C, colonies were enumerated and
then scored for the wrinkled phenotype of MRE010. Every 12 h, 20
uL of each culture was diluted into 20 mL fresh medium.

Results

Isolation of the biofilm-producing
strain MREO10

While passaging V. fischeri strain ES114 in SWTO medium
supplemented with 1 uM 3-oxo0-C6 HSL, we isolated a strain

frontiersin.org


https://doi.org/10.3389/fbrio.2023.1254305
https://www.frontiersin.org/journals/bacteriology
https://www.frontiersin.org

Provencher et al.

(designated MRE010) that exhibits phenotypes remarkably distinct
from the parental strain (Figure 1). On SWTO agar, MRE010 forms
small colonies that appear rough and dry relative to the smooth
colonies of ES114 (Figure 1A). In liquid SWTO, MRE010 forms
thick structures at the air-liquid interface (Figure 1B). In V. fischeri,
these phenotypes are linked to the formation of biofilms, and
because biofilm formation is important for the ability of V.
fischeri to establish symbiosis with E. scolopes, we further
investigated these phenotypes of MREO10.

To determine whether the structures MRE010 forms at the air-
liquid interface are biofilms, we first used a biofilm assay based on
staining spent culture tubes with crystal violet. Tubes that contained
MREO10 cultures retained 15-fold more crystal violet than WT cells,
which suggests growth of MRE010 results in more biomass adhered
to the glass surface (Figures 1C, D). Taken together, these results
suggest that MRE010 is an ES114-derived strain that can readily
form biofilms.

MREOQ10 exhibits a colonization defect

Prior to entering the squid host, V. fischeri cells express Syp,
which promotes their aggregation along the mucus-lined surface of
the light organ (Yip et al., 2005). In culture, the production of Syp
leads to increased biofilm formation, which includes the ability to
form wrinkled colonies on solid medium and thick structures at air-
liquid interface in liquid medium (Yip et al, 2005). In addition,

ES114

MREO010

MRE010

FIGURE 1

10.3389/fbrio.2023.1254305

ES114 cells engineered to overproduce Syp exhibits increased
colonization of the squid host (Yip et al., 2006). To determine
whether MREO010 also displays an increased capacity to colonize E.
scolopes, we conducted squid colonization assays with this strain.

A 3.5-h exposure to a seawater inoculum of ES114 containing
approximately 1,700 CFU/mL will result in half of hatchling
population becoming bioluminescent by 24 h post-inoculation
(pi.) (Donnelly et al., 2023). However, we found that hatchlings
exposed to inoculums of MREO10 exceeding 10° CFU/mL failed to
emit bioluminescence (Figure 2). Examination of homogenized
tissue for CFU revealed that the squid that did contain MREO10
had bacterial levels at least 10-fold lower than squid colonized with
ES114 (Figure 2). These data suggest that MRE010 shows low
symbiotic capacity despite possessing the trait of increased
biofilm formation.

MREO10 biofilm formation is
independent of SypG

Because MRE010 forms biofilms but exhibits a colonization
defect, we next asked whether the biofilms produced by MRE010
are associated with Syp. The syp locus features 18 genes encoding
factors involved in polysaccharide production, including several
regulators that control expression of the syp locus. One regulatory
factor is the bacterial enhancer binding protein SypG, which
activates four 6>*-dependent promoters located within the locus

ES114 MREO010

=]

0.0004

o

oCo

ES114 MREO010

Biofilm properties of MREO10. (A) Colony morphology of indicated strains on SWTO agar after 48 h incubation at 28°C. (B) Liquid culture growth of
indicated strains after 18 h incubation at 28°C. Arrow indicates ring at air-liquid interface. (C) Crystal violet staining of representative cultures grown
as shown in (B). (D) Quantification of crystal violet staining for biofilm assay. Each point represents an individual culture (N = 3), and bar indicates

group mean. P-value from two-tailed unpaired t-test.
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bioluminescent (lum*). P-value from two-tailed two-proportion Z-test. (B) Abundance of indicated strain in squid shown in panel (A). Each point
represents an individual animal, with closed (open) symbols indicating presence (absence) of CFU. Dotted line indicates limit of detection (14 CFU).

P-value from two-tailed Mann-Whitney test of CFU* squid.

and is necessary for Syp-dependent biofilms (Ray et al, 2013).
However, an MREO10 AsypG strain produces biofilms that are
indistinguishable from MREO010 (Figure 3), which suggests the
biofilms produced by MRE010 are independent of Syp.

MREOQ10 exhibits a large motility defect

In addition to Syp-dependent biofilm formation, the ability
for V. fischeri to establish symbiosis depends on cellular motility,
which is important for cells to enter the light organ through
pores, traverse the corresponding ducts, and access the
designated colonization sites known as crypt spaces (Graf
et al., 1994; Essock-Burns et al., 2020). Previous work has
shown that amotile mutants exhibit a severe colonization
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defect, typified by low bacterial abundance (Brennan et al,
2013). The low symbiotic capacity of MRE010 prompted us to
next ask whether MRE010 can swim like ES114. Using soft-agar
motility assays, we found that in contrast to ES114, MRE010
forms a ring that is comparable to the amotile AflrC strain
(Figure 4), which suggests that MRE010 has a severe motility
defect. Taken together, the inability of MREO10 to swim provides
a possible mechanism underlying its colonization defect.

Genomic analysis of MREO10
To investigate the mechanisms underlying the various

phenotypes of MRE010, we sequenced its genome and compared
the reads to that of ES114 sequenced in parallel. Overall, only six
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FIGURE 3

Biofilm properties of MREO10 are independent of Syp. Quantification
of crystal violet staining for biofilm assay of indicated strains. Each
point represents an individual culture (N = 3), and bar indicates group
mean. One-way ANOVA test suggests group means are statistically
different (F = 15.47, p-value = 0.0043), with indicated p-values from a
Tukey's post hoc test adjusted for multiple comparisons.

loci featured mutations relative to the parental strain (Table 3): a
large 6,288-bp deletion (A6,288) linked to the lux operon, a
nonsynonymous mutation in VF_(0133, a synonymous point
mutation in chiP, and three mutations located in intergenic regions.

The large deletion was of interest because the corresponding
region contains JuxI and luxR, as well as [uxC and part of luxD.
Indeed, cultures of MREO010 showed no bioluminescence, including
when the medium was supplemented with 3-oxo-C6 HSL (Figure
S1), which suggests that MREO10 is a dark strain and likely explains
why juveniles that become colonized with MRE010 do not
produce bioluminescence.

Biofilm, motility, and colonization
phenotypes of MREO10 are due to
improper LPS synthesis

To determine whether other phenotypes of MRE010 described
above depend on the large deletion, we introduced the A6,288 allele
into ES114 and assessed the resulting mutant (MREO11) for both
biofilm formation and motility. However, MREO11 fails to produce
biofilms (Figure S2) and displays wild-type motility (Figure 4),
which suggests that the corresponding traits of MRE010 are
independent of this large deletion.

To identify the genetic factor(s) of MREOIL0 that result in its
biofilm phenotypes, we considered mutations aside from the large
deletion (Table 3). Out of the remaining five mutations identified in
MREO010, the point mutation within VF_0133 piqued our interest
because VF_0133 is predicted to encode a glycosyltransferase and
the corresponding mutation conferred a nonsynonymous point
mutation (I125F). Initial attempts with BLAST to identify
proteins with primary structures similar to VF_0133 revealed
only uncharacterized homologs primarily in other Vibrionaceae
species. However, analysis by HHpred (Zimmermann et al., 2018)
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identified structural orthologs of VF_0133 in the GT-4 family that
feature a Rossmann-like fold (GT-B clan) (Liu and Mushegian,
2003). Indeed, the predicted structure of VF_0133 exhibits features
associated with other GT-B glycosyltransferases, e.g., BshA of
Staphylococcus aureus (PDB: 6D9T)(Royer and Cook, 2019),
including a /0/B-Rossmann fold as well as putative residues that
comprise the active site (G13, K209, Q260, E280, and E288), despite
low overall sequence identity (Figures S3A, B).

VF _0133 is located downstream of VF 0134 and VF 0135
(Figure 5A), which are predicted to function in
lipopolysaccharide (LPS) biosynthesis through the synthesis of a
heptose-containing sugar and its incorporation into the inner core,
respectively. To test whether LPS structure is affected in MREO10,
we examined whole-cell extracts by SDS-PAGE separation and
silver staining (Figure 5B). As controls for specific LPS structures,
we included E. coli strains that are derived from BL21(DE3), which
produces a rough LPS chemotype that lacks the O-antigen. TXM331
and TXM333 both have deletions of eptA and arnA, which results in
decreased variability in LPS structure due to the inability to modify
lipid A with phosphoethanolamine and 4-deoxy-L-aminoarabinose,
respectively. TXM333 also contains a deletion of lpcA, which
encodes D-sedoheptulose 7-phosphate isomerase. Consequently,
TXM333 produces Re LPS, which lacks all sugars on the
saccharide core except 3-deoxy-o-D-manno-oct-2-ulosonic acid
(Kdo). Wild-type V. fischeri samples feature two major bands that
are consistent in size with an unmodified core or the addition of a
single O-antigen repeating unit, which has been previously
characterized for V. fischeri ES114 LPS (Post et al, 2012).
MREO010 samples lack the high molecular weight band and have a
smaller LPS core that migrates in line with deep rough Escherichia
coli LPS core mutants. This result suggests that the VF_0133 variant
prevents the addition of O-antigen, most likely due to the loss of the
attachment point for an outer core sugar. Because this band
typically corresponds to the oligosaccharide core and O-antigen,
this result suggests that MREO10 is unable to produce full-
length LPS.

C-I-TASSER analysis (Zheng et al,, 2021) of VF_0133 suggests
that 1125 interacts with several other residues through noncovalent
bonds to support formation of a particular tertiary structure
(Figure 5C), and the I125F substitution greatly alters the predicted
structure. Consequently, we hypothesized that the VF_01331125F
allele of MRE010 encodes a nonfunctional glycosyltransferase. To test
this hypothesis, we initially attempted to introduce a deletion allele of
VF_0133 into ES114 using standard genetic approaches but were
unable to recover a AVF_0133 strain. Consistent with this
observation, a transposon mutant library initially containing
mutants with insertions within VF_0133 quickly became attenuated
after propagating the library in culture (Brooks et al, 2014).
Therefore, as an alternative way to test the VF_01331125F allele, we
expressed the wild-type copy of VF_0133 in MREO10 and examined
its physiology using the various assays described above.

Colonies of MRE010 harboring the wild-type copy of VF_0133
exhibit smooth morphology comparable to those of ES114
(Figure 6A). In addition, the wild-type copy of VF_0133 in
MREO010 abrogated the biofilm structures that MREO10 forms at
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FIGURE 4

Motility properties of MRE010. (A) Representative soft-agar motility plate with indicated strains after 5.5 h of incubation at 24°C. (B) Motility ring
diameter of indicated strains 5.5 h p.i. Each point represents an individual biological replicate (N = 4). One-way ANOVA test suggests group means
are statistically different (Fs 4, - 1122, p-value < 0.0001). Letters show different statistical groups from Tukey's post hoc test (same letters: p > 0.05, a/
b: p < 0.0001, with p-values adjusted for multiple comparisons).

TABLE 3 MREO010-specific mutations identified by breseq.

Gene® Annotation® Mutation Description
VF_0133 « 1125F T—A glycosyltransferase
VF_0854 —/— VF_0855 intergenic (+472/-50) Al bp hypothetical protein/transporter
VF_T0054 —/— VF_T0055 intergenic (+40/-43) G—A tRNA-Tyr/tRNA-Tyr
chiP «— V344V T—A chitoporin ChiP
[luxD], luxC, luxI, luxR, VF_A0926,
D]-[VF_A A6,2
[luxD]-[VF_A0930] 6,288 bp VF_A0927, yjiH, yjiG, [VF_A0930]
DNA-bindi iptional
hdfR —/— VE_A1047 intergenic (+206/-155) G—C NA-binding transcriptiona
regulator/magnesium transporter MgtE

*Arrows indicate the direction of transcription of the corresponding gene relative to the orientation of the reference genome.
®For intergenic regions, numbers in parentheses indicate the distance (in bp) of the mutation to the genes indicated in the Gene column.
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biosynthesis shown in grey. (B) Silver stain of whole-cell lysates for indicated strains. Lanes 4-5 correspond to E. coli size standards with complete
(TXM331) and truncated (Re LPS, lacking heptose) LPS chemotypes. (C) Overlay of predicted structures of WT (blue) and I125F variant (red) of

VF_0133.

the air-liquid interface of cultures (Figure 6B). Taken together, these
data indicate that the VF_0133(I125F) allele is recessive to the wild-
type allele and suggests that the biofilms produced by MRE010 arise
due to its inability to properly synthesize LPS.

We also examined whether the motility defect of MREO10 is
also linked to VF_0133. Expression of the wild-type copy of
VF_0133 in MREO10 resulted in the formation of a motility ring
only slightly smaller than ES114 (Figure 6C), which suggests that
while most of the motility defect of MREO10 is also due to improper
LPS synthesis other factors in MRE010 likely contribute as well.
Finally, we assessed whether the colonization defect of MRE010
depends on VF_0133. Using an inoculum consisting of MRE010
cells harboring the wild-type copy of VF_0133 resulted in animals
failing to produce bioluminescence but containing bacteria
(Figure 7), which suggests that the structure of LPS altered by
VF_0133(1125F) impaired the ability of V. fischeri to colonize the
light organ.

MREOQO10-like traits emerged after loss
of bioluminescence

As described above, MREO010 arose during the propagation of
ES114. To determine when the biofilm-related allele appeared, we
assessed the stocks of culture samples that were generated at earlier
stages of propagation for the presence of MRE010-like phenotypes.
Examination of the resulting CFU demonstrated that the MRE010-
like CFU emerged between Generations 106 and 158, and then this
allele swept the population by Generation 211 (Figure 8A). We next
determined when the 6,288-bp deletion appeared in the population
by using primers that anneal to either side of the junction formed by
the large deletion. Endpoint PCR suggests that the 6,288-bp deletion
appeared between Generations 53 and 106. Taken together, these
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data suggest that the large deletion is ancestral to the mutation
within VF_0133 (Figure 8B).

Because the MRE010-like phenotype had swept the population
by Generation 211 (Figure 8A), we also examined the fitness of
MREO10 to better understand how it emerged within the
propagated culture. To assess fitness, we co-cultured MREO10
with the ES114-derived strain containing the 6,288-bp deletion,
which our results described above suggest is similar to the ancestor
of MREO10. However, the relative abundance of MRE010 decreased
over time (Figure 8C), which suggests that the fitness of MRE010 is
lower than that of the putative ancestor strain under these
conditions and does not explain how MRE010 emerged in the
original population unresolved.

Discussion

In this study, we isolated mutant MREO010 following serial
passaging of ES114 in the presence of 3-oxo-C6 HSL.
Supplementing media with 3-ox0-C6 HSL induces
bioluminescence production, which is the symbiotic trait of V.
fischeri when housed in the light organ of E. scolopes (Miyashiro and
Ruby, 2012). Because of the considerable energetic cost of
bioluminescence production (Bose et al., 2008), the emergence of
a dark strain while propagating ES114 in 3-oxo-C6 HSL was not
unexpected, although the mechanisms by which bioluminescence
production and its regulation evolve remain poorly understood.
While only a limited number of mutations accumulated within
MREO010 (Table 3), their impact on V. fischeri physiology was
significant. The large 6,288-bp deletion that included part of the
lux locus abrogated bioluminescence production (Figure S1), likely
leading to an increase in fitness in the presence of autoinducer
previously reported for dark strains (Bose et al., 2008). The large
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Dependence of MREO10 physiology on VF_0133. (A) Colony morphology of indicated strains on SWTO agar after 48 h incubation at 28°C. (B) Crystal
violet staining of cultures for indicated strains. Each point represents an individual culture (N = 3), and each bar represents the group mean. One-way
ANOVA test suggests group means are statistically different (Fo¢ - 11.34, p = 0.0092). Indicated p-values are from Tukey's post hoc test and adjusted for
multiple comparisons. (C) Motility ring diameter of indicated strains at 6 h p.i. Each point represents an individual biological replicate (N = 4), and each
bar represents the group mean. One-way ANOVA test suggests group means are statistically different (F, o - 4,166, p-value < 0.0001). Letters show
different statistical groups from Tukey's post hoc test (different groups: p < 0.0001, with p-values adjusted for multiple comparisons).

deletion resulted in MREO10 lacking JuxI and luxR, which prevents
MREO10 from synthesizing 3-oxo-C6 HSL and responding to the
autoinducer by expressing the lux operon. MREO10 retains the
luxAB genes that encode luciferase, but it likely cannot express the
enzyme due to the large deletion having also eliminated the
promoter region of the lux operon. These observations support
the idea that the loss of lux genes represents one trajectory that
permits V. fischeri to adapt to the circumstances of sustained
autoinduction. We anticipate other trajectories are possible but
their discovery requires further investigation.

Perhaps the most striking phenotype of MREOIO is its
propensity to produce biofilms in culture, which we have linked
to an allele of VF_0133. VF_0133 appears to play an important role
in LPS biosynthesis, with its gene linkage to putative
heptosyltransferase (VF_0134) and heptose-modifying
glucosyltransferase (VF_0135) enzymes. A previous analysis of
the LPS composition in V. fischeri revealed that L-glycero-D
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mannoheptose is one of the major sugars within the core
polysaccharide (Post et al., 2012). Consequently, VF_0133 gene
synteny raises the possibility that VF_0133 contributes to glyco-
modification of the core, but future work is necessary to elucidate its
enzymatic role.

LPS plays a significant role as a signaling molecule as the
symbiosis between E. scolopes and V. fischeri initially forms.
Colonization of the light organ by V. fischeri induces
morphological changes within the symbiotic organ, with its LPS
and a disaccharide-tetrapeptide monomer of peptidoglycan
synergistically triggering cellular apoptosis within the superficial
ciliated epithelium (Koropatnick et al., 2004). In addition, such
immunogenic LPS is thought to be released during flagellar rotation
(Brennan et al., 2014), which further promotes symbiont-dependent
development of the light organ. Previous studies have demonstrated
that factors that affect the acylation pattern of lipid A structure
(htrBI and msbB) or attach O-antigen (waaL) are important for
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indicates limit of detection (14 CFU). P-values from two-tailed two-proportion Z-test and adjusted for multiple comparisons (Bonferroni)

symbiosis, as corresponding mutants show attenuated abundance in
hatchlings (Adin et al., 2008; Post et al., 2012). Given that VF_0133
likely contributes to synthesis of LPS core, the large colonization
defect associated with MRE010 provides some preliminary evidence
of its involvement in establishing symbiosis. However, caution is
warranted as the pleiotropy of this strain, e.g., its motility defect,
likely also contributes to its lower capacity in colonizing the light
organ. Thus, additional work with clean mutants of VF_0133 and
other factors predicted to affect LPS core synthesis is necessary to
clarify their roles in establishing the symbiosis.

How MREO010 became the dominant strain in the population
remains an enigma. One possibility may be due to the medium used
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while propagating the culture. SWTO is an unbuffered medium, and
previous work found that growth of ES114 in a related medium
(SWT) leads to acidification that subsequently kills off wild-type
cells (Studer et al., 2008). Furthermore, it is unclear whether
mutations in luxI or other components of the lux operon
predispose populations to accumulate secondary mutations, such
as that in VF_0133. Future work will explore this possibility to
better understand the evolutionary trajectory taken by the
population that yielded MREO10.

In summary, this study reports on the traits, and their
underlying genetic causes, for a strain of V. fischeri that was
isolated while propagating a wild-type population. While the
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FIGURE 8
MREOQ10 exhibits lower fitness than its ancestor. (A) Frequency of CFU exhibiting MREO10-like colony morphology (small, rough colonies) in
propagated culture. Each point represents an independent replicate of each stock (N = 3), with red (blue) symbols indicating lower (higher)
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*** = p < 0.001). (B) Endpoint PCR designed to detect junction generated by 6,288-bp deletion. (C) Relative abundance of MREO10 to MREO11
[ES114 A(6,288 bp)] in SWTO + 1 uM 3-oxo-C6 HSL. Each line represents independent culture (N = 3).

strain could produce a novel biofilm, its altered physiology greatly  [)ata availa b||_|ty statement
interfered with the ability of V. fischeri to establish symbiosis. Thus,

this report serves as the foundation for a new direction to examine The data presented in the study are deposited in the
the mechanisms that promote the acquisition of bacterial symbionts ~ Sequence Read Archive (SRA) of NCBI, BioProject accession
by animal hosts. number PRINA999647.
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