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SUMMARY
Bacteriophages (phages) are diverse and abundant constituents of microbial communities worldwide,
capable of modulating bacterial populations in diverse ways. Here, we describe the phage HNL01, which in-
fects the marine bacterium Vibrio fischeri.We use culture-based approaches to demonstrate that mutations
in the exopolysaccharide locus of V. fischeri render this bacterium resistant to infection by HNL01, high-
lighting the extracellular matrix as a key determinant of HNL01 infection. Additionally, using the natural sym-
biosis between V. fischeri and the squid Euprymna scolopes, we show that, during colonization, V. fischeri is
protected from phages present in the ambient seawater. Taken together, these findings shed light on inde-
pendent yet synergistic host- and bacterium-based strategies for resisting symbiosis-disrupting phage pre-
dation, and we present important implications for understanding these strategies in the context of diverse
host-associated microbial ecosystems.
INTRODUCTION

Bacteriophages (phages) are viruses that infect bacteria, influ-

encing broad areas of bacterial physiology and ecology. These

effects canmanifest through bacterial lysis, development of bac-

terial resistance to phage infection, and horizontal gene transfer

and can have positive, negative, or neutral effects on bacterial

fitness (Brum et al., 2015; Matilla et al., 2014; Roossinck, 2011;

Suttle, 2007) . Phages are abundant across diverse environ-

ments, including the mammalian gastrointestinal tract, rhizo-

sphere, and oceanic plankton, where they dramatically influence

bacterial physiology and community function (Al-Shayeb et al.,

2020; Breitbart et al., 2018; Dion et al., 2020; Reyes et al., 2010).

Given the known impacts of phages in microbial communities

(microbiotas), there is great interest in the roles that phages play

in eukaryote-associated microbiotas in particular. In these asso-

ciations, phages can select for or against certain bacteria, alter

bacterial gene expression, or influence spatial organization of

the microbiota (Barr et al., 2013), suggesting that ‘‘phage ther-

apy’’ could be used to selectively alter the composition and func-

tion of diverse host-associated microbiotas.

Phage biology is commonly studied using a variety of well-

described model bacterium-phage pairs, such as Escherichia

coli (phages T4, T7, and l (Kutter et al., 2018)), Vibrio cholerae

(phages ICP1, ICP2, and ICP3 (Yen and Camilli, 2017)), and

others (Ofir and Sorek, 2018). Despite these efforts, we lack
This is an open access article under the CC BY-N
knowledge of howmost phages interact with their bacterial hosts

in their natural environments. This knowledge gap is due both to

the high diversity of phages and their target bacteria and to the

difficulty of inferring these relationships from sequence homol-

ogy or other bioinformatic techniques (Dion et al., 2020; Reyes

et al., 2010). This difficulty is largely driven by the fact that

phages can be restrictive or promiscuous, with host ranges

spanning from specific strains to multiple bacterial species

(Beumer and Robinson, 2005; Flores et al., 2011; de Jonge

et al., 2019). In addition, bacterially encoded phage resistance

can be either broadly or narrowly protective (e.g., alteration of

extracellular structures or CRISPR spacer acquisition, respec-

tively), and phages have evolved many ways to counter these

bacterial defenses (Black, 1988; Fan et al., 2018; Morona and

Henning, 1984; Parent et al., 2014; Porter et al., 2020; Wang

et al., 2019; Xu et al., 2014; Zborowsky and Lindell, 2019). Finally,

bacterial evasion strategies can be constitutive or differentially

expressed under particular environmental conditions (Reyes-

Robles et al., 2018), further complicating an understanding of

phage-bacterium interactions and highlighting the need for

diverse and tractable model systems to study them.

In animal-bacterial symbioses, the animal host also plays key,

but understudied, roles in phage dynamics. For example,

phages can adhere to mucus, creating regions of high and low

phage abundance and activity (Barr et al., 2013, 2015). Animals

can also produce effectors like immunoglobin A that bind
Cell Reports 38, 110376, February 15, 2022 ª 2022 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:hryckowian@medicine.wisc.edu
https://doi.org/10.1016/j.celrep.2022.110376
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.110376&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Isolation and genomic characterization of HNL01

(A and B) Transmission electron micrographs of (A) HNL01 and (B) V. fischeri

ES114 and HNL01 (dotted box surrounds phage).

(C) The amino acid sequences of all annotated protein-coding open reading

frames (ORFs) in HNL01 were concatenated and compared with the concat-

enated protein-coding ORFs in V. cholerae phage ICP1 with a dot plot.

Numbers denote position within the concatenated amino acid sequence for

each phage. See also Figure S1, Tables S1, and S2.
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bacteria and protect them from phage infection (Rollenske et al.,

2021). Indirectly, the host environment influences expression of

surface molecules by bacterial symbionts, which changes their

susceptibility to phages (Porter et al., 2020).

While many animal-associated microbiotas are highly diverse

communities, rendering them difficult to study, some animals

develop mutualisms with narrowly defined sets of bacteria that

enable controlled experimental approaches. One well-studied

example is the bioluminescence-based mutualism between the

Hawaiian bobtail squid, Euprymna scolopes, and the marine

g-proteobacterium Vibrio (Aliivibrio) fischeri. Within hours after

the squid hatch from their eggs, V. fischeri cells from the sur-

rounding seawater colonize the crypt spaces of a specialized

symbiotic tissue (the light organ [LO]), where the bacteria

multiply and reside extracellularly for the approximately 9-month

duration of the squid’s life (Essock-Burns et al., 2020; McFall-

Ngai, 2014). This colonization process is marked by an extreme

bottlenecking, in which �103–106 cells/mL of V. fischeri in

seawater are whittled down to a few cells that initiate the coloni-

zation (Wollenberg and Ruby, 2009). These successfully colo-

nizing bacteria are further sorted into the six distinct crypts of

the LO, so that each crypt ordinarily contains one or two clonal

populations of V. fischeri cells (Bongrand and Ruby, 2019;

Speare et al., 2018; Sun et al., 2016). To ensure successful colo-

nization of symbiosis-competent V. fischeriwhile simultaneously

restricting LO access of non-V. fischeri microbes, E. scolopes

employs several strategies, such as cilia-derived flow patterns,

that physically control LO access (Nawroth et al., 2017).

To leverage this tractable partnership for the study of phages

in beneficial host-microbe associations, we isolated and charac-

terized a phage with marked specificity for a symbiosis-compe-

tent V. fischeri strain, as well as spontaneous phage-resistant
2 Cell Reports 38, 110376, February 15, 2022
mutants of this strain. We hypothesized that the near-clonality

of V. fischeri in the LO would predispose these symbionts to

decimation upon the introduction of a virulent phage, potentially

by reducing or removing the resident V. fischeri population and

undoing the previously stable host-symbiont relationship. Sur-

prisingly, our data demonstrate that, although phages prey on

populations of V. fischeri in the ambient seawater, LO-resident

V. fischeri are protected from phage predation. We posit that

host-mediated protection of symbionts from phages provides

a fitness advantage by discouraging phage sweeps of the sym-

biont population (e.g., no light production in the case of the

squid-Vibrio symbiosis) or where general microbiota stability,

rather than persistent phage-driven oscillations in community

structure, promotes host homeostasis. This work identifies

how animal hosts and their symbiotic bacteria can respond to

and protect highly specific mutualisms from phages, and it es-

tablishes a framework to understand the mechanisms governing

these relationships in this and other host-associated microbial

ecosystems.
RESULTS

Isolation and genomic characterization of HNL01 and
comparative analysis with Vibrio cholerae phage ICP1
Using a previously reportedprotocol (Hryckowian et al., 2020), we

isolated HNL01 from coastal Hawaiian seawater (Figure 1A).

HNL01 was propagated on V. fischeri ES114, the well-studied

LO isolate of this species (Figure 1B). We assayed the bacterial-

host range of HNL01 by performing plaque assays on 22

additional strainsofV. fischeri,aswell as fivepreviouslydescribed

mutants of ES114 (Table S1). As isolates from the ES114 back-

ground were the only strains that formed visible plaques, we

conclude that HNL01 has a restricted host range within V. fischeri

strainsand that several commonextracellularmacromoleculesdo

not impact its ability to infect. For example,mutation of neither the

O-antigen of lipopolysaccharide (LPS), a well-studied symbiosis

polysaccharide (Syp), nor the dominant outer membrane protein

(OmpU) affected the ability of HNL01 to infect ES114; similarly,

the central trait of the symbiosis, bioluminescence, was not

required for phage infection (Table S1). These results suggest

that thespecificity ofHNL01 for ES114 isdrivenbyother effectors.

Transmission electron microscopy of HNL01 demonstrated

that this phage is a myovirus (e.g., tailed phage with a contractile

tail; Figures 1A and 1B), and whole-genome sequencing of

HNL01 revealed a 111,792-bp genome consisting of 38% gua-

nine-cytosine (GC) content and 166 predicted protein-coding

genes, 33 of which have conserved domains (Figure S1 and Ta-

ble S2). The virion morphology and genome size of HNL01

resemble the well-studied Vibrio cholerae-infecting phage

ICP1, a myovirus with a 125,956-bp genome (Seed et al.,

2011). Sequence similarity at the amino acid level was apparent

between these two phages (Figure 1C and Table S2), with multi-

ple conserved proteins involved in nucleotide metabolism and

virion structure (Table S2 and Figure S1). Together, this resem-

blance suggests a distant evolutionary relationship between

HNL01 and ICP1, as has been observed for phages that infect

Bacteroidetes (Guerin et al., 2018; Hryckowian et al., 2020).



Figure 2. Ambient phage does not reduce squid colonization despite

symbiont maintenance of viral sensitivity

(A) Colony-forming units (CFU) of V. fischeri ES114 from squid light organ (LO)

homogenates. Squid were colonized for 24 h (left) in the absence of phage and

then exposed to phage, and CFU were measured at 48 h; n = 19–20 for each

experimental condition.

(B) Squid were exposed to HNL01 and V. fischeri at the same time, and CFU/

LO was measured at 24 h; n = 10 for each condition.

(C) Left of dotted line: schematic showing phage spotting results. Light gray

indicates growth of V. fischeri lawn in top agar; dark gray indicates lysis of cells

by phage. Right of dotted line: HNL01 spotted on top agar overlay of V. fischeri

from an overnight culture (left), from V. fischeri extracted from colonized LOs

(middle), or from LOs of squid concurrently exposed to V. fischeri and HNL01

(right). Each point represents CFU from the LO of one squid. Bars represent

median ± 95% confidence interval (CI). See also Table S1. Statistical signifi-

cance determined by Mann-Whitney test.
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Phage predation does not decrease V. fischeri
colonization of the E. scolopes LO
Because phages are ubiquitous in nature and are increasingly

recognized to shape host-associated ecosystems (Koskella

and Brockhurst, 2014), we sought to understand howHNL01 im-

pacts the establishment and maintenance of LO colonization.

Newly hatched, uncolonized juvenile squid were colonized with

V. fischeri ES114 for 24 h (Figure 2A, left), and then phages

were added to the ambient seawater to a final concentration of

107 plaque-forming units per milliliter (PFU/mL). After 24 h of

phage exposure (i.e., 48 h after initiation of bacterial coloniza-

tion), viable V. fischeri in the LOs were quantified. The results

highlighted that phages in the ambient environment do not

impact the maintenance of symbionts (Figure 2A, right; ‘‘no

phage’’: 8.25 3 104 colony-forming units per LO (CFU/LO);

‘‘plus phage’’: 1.55 3 105 CFU/LO, p = 0.07). Importantly, due

to the possibility of phage killing during plating, the CFU counts

from the plus phage condition are potentially conservative; there

may be higher CFU counts than we measured in the phage-

exposed squid, emphasizing that ambient phage does not

decrease LO colonization. To mimic conditions that might be

encountered in coastal seawater, we simultaneously exposed

juvenile squid to both excess phage (at �107 PFU/mL) and

V. fischeri cells (at �8 3 104 CFU/mL) and allowed colonization
to proceed for 24 h. We similarly observed no difference in

colonization between the two colonization groups (Figure 2B;

no phage: 2.1 3 105 CFU/LO; plus phage: 1.75 3 105CFU/mL,

p = 0.78). Subsequently, homogenates from either 10

V. fischeri-colonized squid or 10 phage-exposed, V. fischeri-

colonized squid from the colonizations represented in Figure 2B

were tested for phage sensitivity in a soft agar overlay. V. fischeri

extracted from LOs was similarly sensitive to phage regardless

of prior phage exposure during colonization (Figure 2C). These

data indicate that LO-colonizing bacteria are protected from

ambient phages but that these bacteria do not acquire perma-

nent resistance to phages in the LO.

Phage resistance mutations in ES114 do not impact LO
colonization
In addition to the phage protection provided to V. fischeri by the

LO (Figure 2), we asked whether phage resistance could be ac-

quired in vitro to protect V. fischeri outside the squid. To address

this question,weaddedHNL01at a rangeofmultiplicities of infec-

tion (MOIs) to cultures of V. fischeri and monitored changes in

culture density (OD600) over time for 16 h. Independently of the

inoculum size or MOI, a decrease in OD600 was observed within

the first �1 h of phage exposure in cultures where phage was

added, followed by �5 h, during which bacteria were undetect-

able, and a subsequent outgrowth of presumably resistant bacte-

ria (Figure 3A).We collected bacteria from these cultures, re-chal-

lenged them with HNL01, and compared their phage sensitivity

with that of bacteria from the phage-free cultures. As expected,

bacteria that had not been previously exposed to HNL01 were

susceptible, whereas bacteria that had survived exposure to

HNL01 were not cleared by phage, suggesting selection for heri-

table mutations that result in phage resistance (Figure 3B).

We then retrieved four individualV. fischeriES114colonies that

grew inside HNL01 plaques. After re-streaking them to isolation,

we confirmed that they were resistant to HNL01 lysis via plaque

assay (similar to Figure 3B).We performed PCR on these isolates

with HNL01-specific primers to test for lysogeny, and did not

observe any of the tested phage genes in the genomes of these

V. fischeri cells (data not shown). To identify mutation(s) involved

in resistance to HNL01, we performed whole-genome

sequencing on these HNL01-resistant clones. Amutation shared

among these resistant clones relative towild typewasamissense

mutation encoding an E183V substitution in the glycosyltransfer-

ase gene VF_0175, which is part of the locus (VF_0157-80)

responsible for production of exopolysaccharide (EPS) by strain

ES114 (Bennett et al., 2020). Homologs of VF_0175 are predicted

in many, but not all, V. fischeri genomes (Bongrand et al., 2020),

suggesting that this genemaybeunder selection indifferent envi-

ronmental contexts. Targeted deletion of VF_0175 or VF_0157-

80, together with the provision of VF_0175 or VF_0175(E183V)

in trans, confirmed that a functional copy of this gene in the

context of a full-length EPS locus is necessary for HNL01 infec-

tion (Figure 3C). We will subsequently refer to the

VF_0175(E183V) ‘‘phage resistance’’ allele as VF_0175PR.

V. fischeri EPS is associated with HNL01 susceptibility
To evaluate the extent to which the protein encoded by VF_0175

and thewild-type E183 residue contribute to EPS production, we
Cell Reports 38, 110376, February 15, 2022 3



Figure 3. V. fischeri rapidly displays phage

resistance during exposure to phage during

in vitro growth

(A) Growth curve of V. fischeri ES114 with varying

dilutions of phage (0–1% by volume of�1011 PFU/

mL stock) and initial V. fischeri inoculum (1:10–

1:10,000 of an overnight culture). Points with error

bars represent mean ± SEM.

(B) Phage suspensions were spotted onto top

agar lawns subcultured from V. fischeri cultures

grown without (left) or with (right) phage. Arrows

indicate location where phages were placed onto V.

fischeri-containing top agar. Note: the white rect-

angle on the right side of each image is included as

an image contrast reference, emphasizing lack of V.

fischeri clearance in the righthand image.

(C) Plaque assay measurements of HNL01 infection

of wild-type V. fischeri ES114 (black), DVF_0175

(blue), and DVF_0157-80 (orange) carrying empty

vector (open symbols), vector with wild-type

VF_0175 (closed symbols), or vector with

VF_0175PR (half-filled symbols). Points along the x-

axis represent results falling below the limit of

detection (1 PFU/mL).

(D) Alcian blue was used to stain EPS in super-

natants of 24-h liquid cultures grown in minimal

salts medium supplemented with 6.5 mM N-ace-

tylneuraminic acid 0.05% (wt/vol) casamino acids

for wild-type V. fischeri ES114, DVF_0175, and

DVF_0157-80 carrying empty vector, vector with

wild-type VF_0175, or vector with VF_0175PR

(same labeling scheme as 3C). Points represent

biological replicates, bars represent means ±

SEM. See also Tables S1 and S3.
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used Alcian blue to stain EPS in liquid culture supernatants of V.

fischeri ES114-derived strains. Targeted deletion of VF_0175 or

VF_0157-80, along with providing VF_0175 or VF_0175PR in

trans, confirmed that, as was found for phage lysis, a functional

copy of VF_0175 in the context of the full-length EPS locus is

necessary for wild-type levels of EPS production (Figure 3D).

Autonomous and squid-derived phage resistance
contributes to symbiont colonization and maintenance
We next asked whether the VF_0175PR allele impacted compe-

tition with phage-sensitive V. fischeri. We co-cultured wild-type

V. fischeri ES114 and its resistant VF_0175PR derivative in the

presence or absence of HNL01. In the presence of phage,

wild-type ES114 was outcompeted by the VF_0175PR strain,

consistent with our observations of V. fischeri ES114 mutants

in Figure 3 (Figure 4A). In addition, we observed that the

VF_0175PR strain monocolonized E. scolopes LOs equally well

as wild-type V. fischeri in both the presence and the absence

of phage in the ambient water (Figure S2), suggesting that, rather

than impacting LO colonization, the variation in this locus

observed across V. fischeri strains is important for evading

phages like HNL01.

To extend our previous observations that LO-resident bacteria

are protected from phages, we conducted co-colonization ex-

periments using differentially labeled wild-type and resistant

VF_0175PR V. fischeri. Both strains colonized LOs similarly well

in the absence of phages at both 24 and 48 h post-colonization
4 Cell Reports 38, 110376, February 15, 2022
(Figure 4B; median wild type/VF_0175PR competition index, 1.28

at 24 h and 2.68 at 48 h). However, when squid were simulta-

neously exposed to bacteria and phage, as in Figure 2B, the

wild-type strain was outcompeted by the VF_0175PR strain (Fig-

ure 4B; median wild type/VF_0175PR competition index, 2.24 3

10�4 at 24 h and <1 3 10�4 at 48 h, p < 0.0001 compared with

no phage at either time point, Mann-Whitney test; Figure 4B).

Finally, we conducted a sequential-exposure experiment, where

squid that were initially co-colonized with wild type and

VF_0175PRwere then exposed to phage at 24 h post-inoculation.

Although phages present during the initiation of colonization led

to the dominance of phage-resistant VF_0175PR V. fischeri in the

symbiosis, equal ratios of resistant and susceptible bacteria

were present in LOs initially colonized without phage, regardless

of later phage addition (Figure 4B, median wild type: VF_0175PR

competitive index without phage, 2.68; median competitive in-

dex with phage after co-colonization, 1.37, p = 0.187, Mann-

Whitney test).

DISCUSSION

We describe two synergistic means by which a mutualistic bac-

terium can be protected from phage predation: a cell-intrinsic,

exopolysaccharide-based resistance factor and a host-derived

shielding effect. Using the highly specific mutualism between E.

scolopes and V. fischeri, we have shown that these strategies

protect the normal host-microbe association despite high



Figure 4. Bacteria-derived phage resistance is beneficial to V.

fischeri during planktonic lifestyle, but host-derived protection

dominates after colonization

(A) Growth curves from co-cultured, differentially labeled wild-type (WT) V.

fischeri ES114 and the VF_0175PRmutant with or without phage exposure. WT

was labeled with GFP, and the VF_0175PR mutant was labeled with RFP to

distinguish them during co-culture. Data presented are normalized relative

light units (RLU): (RLU – RLUt=0)/(maximum RLU range for that strain). Points

represent means ± SEM.

(B) Relative ratios of CFU from WT or strain VF_0175PR from LO homogenates

of co-colonized squid. Phages were introduced at time = 0, time = 24 h,

or neither, and homogenates were measured at t = 24 h (left two columns) or

t = 48 h (right three columns); n = 10–38 for each condition. Bars represent

median ± 95% CI. ****p < 0.0001, Mann-Whitney test. See also Figure S2,

Tables S1, and S3.
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symbiont clonality and a continuous connectivity between the

symbiont culture and ambient seawater. We have also shown

that these types of phage resistance are important at different

stages of colonization: bacterium-determined resistance is

important during the transition from free living to the initial colo-

nization, while symbiotic host-determined resistance is impor-

tant during the maintenance of an already established

colonization.

We were surprised that HNL01 shared genomic features with

ICP1, a phage that is prevalent and abundant in the stool of

humans with cholera infections and may play a role in the sea-

sonality of cholera through selection against the V. cholerae

O-antigen, the primary receptor for ICP1 (Seed et al., 2011,

2012). While we found that some membrane components are

not required for HNL01 infection (e.g., mutations in waaL (the
O-antigen ligase) and eptA, both of which are involved in LPS

decoration, do not affect ES114 susceptibility to HNL01; Table

S1), we did identify other surface-associated infection resistance

genes (e.g., mutations in the EPS gene cluster), suggesting that

surface-exposed polysaccharides are important for phage infec-

tion in both V. cholerae and V. fischeri. Because V. fischeri

ES114 is the only HNL01 host we identified, broader studies of

V. fischeri phages around different areas of Hawai’i and other

geographic regions where V. fischeri is endemic will reveal

whether related phages exist for other V. fischeri strains and

the ways in which V. fischeri evades phages among its various

symbiotic relationships (Bongrand et al., 2020).

Envelope and extracellular matrix modifications are major de-

terminants of host-phage relationships at the individual and pop-

ulation levels (Dı́az-Pascual et al., 2019; Dunsing et al., 2019;

Hryckowian et al., 2020; Kim et al., 2019; Porter et al., 2020; Sim-

mons et al., 2020), emphasizing the importance of the cell sur-

face in phage susceptibility and community dynamics. Resis-

tance factors are important with respect to the survival of

individual bacterial cells, but they likely become even more crit-

ical in areas with high densities of related and susceptible cells,

where even inefficient infections could quickly sweep through a

population. Scenarios like this not only include highly specific

symbioses like the squid-Vibrio system but may also include

spatially organized, complex communities like biofilms and

microcolonies.

Given the ubiquity of phages in the biosphere and their

enrichment at mucosal surfaces (Barr et al., 2013, 2015), we

asked whether associating with E. scolopes promoted infection

of V. fischeri by HNL01, perhaps as a regulator of symbiont

density or function. Instead, our work demonstrated that E.

scolopes is a safe haven from viral infection and that LO colo-

nization protects V. fischeri from phages. This host-mediated

protection may most directly benefit V. fischeri, but it also is

likely to benefit the squid by protecting its mutualist asset.

This type of shielding may be especially important when a

specific symbiont is not easily replaceable, because of a colo-

nization refractory period, niche competition, or ecological dy-

namics with the rest of the microbiota (Koch et al., 2014; Rao

et al., 2021; Speare et al., 2018), as has been reported with

the squid-Vibrio symbiosis. Similarly, it was previously hypoth-

esized that the distribution of gastrointestinal bacteria between

phage-accessible and phage-inaccessible sites is a driver of

long-term co-existence of phage and bacteria (Lourenço

et al., 2020). Conversely, whereas protection of some mutual-

ists from phages could benefit the host, it could similarly back-

fire if pathogens were protected, especially if they were desired

to be targeted via phage therapy.

Although the exact means by which the squid protects

V. fischeri remains undefined, we speculate that several pro-

cesses play a role. First, the LO epithelium is proficient at uptake

of small particles, which might allow non-specific consumption

or transport of phages before they can infect V. fischeri in the

crypts, as has been shown with other eukaryotic cells

(Bichet et al., 2021; Cohen et al., 2020; Nguyen et al., 2017). Sec-

ond, mucus has been shown in other models to adsorb phages.

V. fischeri both stimulates mucus production in the squid and

aggregates on this mucus at the onset of colonization; this
Cell Reports 38, 110376, February 15, 2022 5
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mucus might be a means of sequestering phages (Barr et al.,

2013; Nyholm and McFall-Ngai, 2003; Nyholm et al., 2002).

Third, E. scolopes generates flow fields through the beating of

cilia on the exterior of the LO. This promotes aggregation of V.

fischeri-sized particles around LO entry points. It is possible

that these flow patterns may actively exclude phage-sized parti-

cles from the LO surface, mechanically protecting V. fischeri as it

initiates LO colonization (Nawroth et al., 2017). These processes

of symbiont protection hold broad implications for phage infec-

tions in other symbioses, such as the mammalian gastrointes-

tinal tract, where hosts might non-specifically protect symbionts

by using similar strategies. Future work with HNL01, such as

visually tracking phage particles engineered to produce fluores-

cent proteins or phage particles labeled via fluorescence in situ

hybridization as they interact with V. fischeri and the squid during

colonization, will help to define specific protection mechanisms

deployed during this and other symbioses.

This work also shows that, in V. fischeri, mutation-derived

resistance to phages is readily selected for under phage preda-

tion (Figures 3A and 3B). In four independent HNL01-resistant

clones, we identified a point mutation in VF_0175, which en-

codes a putative glycosyltransferase. Although we did not iden-

tify any fitness costs imposed by the VF_0175PR mutation during

in vitro growth or experimental LO colonization, it is possible that

such naturally arising strains would be outcompeted by wild-

type V. fischeri in the absence of phages in nature, but random

or specifically induced mutation to VF_0175 is strongly selected

for during phage attacks.

Wild-type VF_0175 is necessary for plaque formation by

HNL01 on V. fischeri ES114, but introducing VF_0175 in the

absence of the surrounding VF_0157–0180 locus does not

confer phage sensitivity, suggesting that carriage of a VF_0175

homolog is not sufficient for infection (Figure 3C). Interestingly,

these mutant strains produce a lower level of EPS than wild-

type ES114 (Figure 3D), suggesting that EPS itself may be neces-

sary for infection by HNL01-like phages. However, similar

changes in EPS production have differing effects on bacteria-

prey interactions in other systems (Deveau et al., 2002;

Roach et al., 2013), and another polysaccharide type produced

by V. fischeri—the Syp polysaccharide—is required during LO

aggregation and colonization (Yip et al., 2006), demonstrating

that V. fischeri needs to balance multiple selective pressures in

symbiosis. Importantly, EPS production appears to be upregu-

lated by genes expressed by V. fischeri in the LO (Bennett

et al., 2020), where the bacteria are at high density and suscep-

tible to a population-crashing phage sweep. These regulatory

genes are downregulated soon after V. fischeri is vented into

the water column (Thompson et al., 2017), highlighting the

importance of host-mediated protection of bacteria in the LO.

Using a binary symbiotic system, we show that host- and bac-

teria-derived features protect a host-microbe mutualism in the

face of phage exposure. This work illuminates key approaches

that members of a host-associated microbiota can use to

escape or avoid phage predation, providing a resilience mecha-

nism for these communities. This work answers long-standing

questions about the maintenance of symbiont populations, and

it serves as a foundation for investigating specific parameters

that lead to protection in the LO. More broadly, this helps us to
6 Cell Reports 38, 110376, February 15, 2022
understand rules that modulate phage susceptibility in a specific

host-associated niche, which is necessary for understanding the

roles that phages play in microbiotas and for harnessing phages

therapeutically.

Limitations of the study
Our work demonstrates that the mutualism between V. fischeri

and E. scolopes is protected from phages in the ambient

seawater but is by no means a comprehensive description of

the ways the squid-Vibrio mutualism—or systems like it—are

maintained in the presence of phages. As such, we did not define

the mechanism by which the squid protects its symbionts from

phages. In part, this is due to technical challenges of using

Euprymna hosts. For example, there is a lack of genetic tools

that would allow for the inhibition of specific host effectors to

probe relevant interactions. In addition, autofluorescence in the

squid LO conflicts with imaging techniques like SYBR Gold

labeling, limiting our understanding of whether phages are

excluded from the LO.

Although we identified a mutation (VF_0175PR) in V. fischeri

ES114 that successfully confers resistance to HNL01 and iden-

tified that this mutation reduced EPS production, it remains to

be determined whether EPS is a receptor for HNL01 or whether

the EPS machinery (encoded by VF_0157-80) modifies another

extracellular epitope that is the phage receptor. We partially

addressed this question by using mutants that lack some sur-

face-exposed epitopes, including the LPS O-antigen and domi-

nant outer-membrane protein OmpU, which were still phage

sensitive. This work narrows the list of possible HNL01 recep-

tors/co-receptors but does not conclusively identify them.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Vibrio fischeri ES114 Boettcher and Ruby, 1990 BioProject: PRJNA12986

V. fischeri ES213 (Boettcher, 1994) BioProject: PRJNA311605

V. fischeri MJ11 Mandel et al., 2008 BioProject: PRJNA19393

V. fischeri SR5 Fidopiastis et al., 1998 BioProject: PRJNA73351

V. fischeri KB2B1 Wollenberg and Ruby, 2009 BioProject: PRJNA675878

V. fischeri KB4B5 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri MB13B1 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri MB13B2 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri MB13B3 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri MB14A3 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri MB15A4 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri MB14A3 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri MB11B1 Wollenberg and Ruby, 2009 BioProject: PRJNA311605

V. fischeri EM17 Lee and Ruby, 1994, Ruby and

Lee, 1998

BioProject: PRJNA212806

V. fischeri EM24 Lee and Ruby, 1994, Ruby and

Lee, 1998

GenBank: JF509755

V. fischeri EM30 Lee and Ruby, 1994 GenBank: JF509756

V. fischeri ET101 Nishiguchi et al., 1998 GenBank: AY292923

V. fischeri ET401 Nishiguchi and Nair, 2003 GenBank: AY292943

V. fischeri 9CS99 Wollenberg 2012, Preheim

et al., 2011

GenBank: JF717859

V. fischeri H905 Lee and Ruby, 1992 BioProject: PRJNA316342

V. fischeri VLS2 Lee and Ruby, 1994, Bose

et al., 2011

BioProject: PRJNA311605

V. fischeri ZF73 Gift from Martin Polz, MIT BioProject: PRJNA318805

V. fischeri 5F7 Gift from Martin Polz, MIT BioProject: PRJNA318805

V. fischeri emors.6.1 Ast et al., 2009 BioProject: PRJNA590810

V. fischeri emors.6.2 Ast et al., 2009 BioProject: PRJNA590810

V. fischeri JAS340 Schwartzman et al., 2019 N/A

V. fischeri KV1787 Hussa et al., 2007 N/A

V. fischeri JG01 Lynch et al., 2019 N/A

V. fischeri MB06859 Post et al., 2012 N/A

V. fischeri EVS102 Bose et al., 2008 N/A

V. fischeri BDB127 Bennett et al., 2020 N/A

V. fischeri BDB233 This paper N/A

V. fischeri BDB234 This paper N/A

V. fischeri BDB129 Bennett et al., 2020 N/A

V. fischeri BDB186 Bennett et al., 2020 N/A

V. fischeri BDB235 This paper N/A

V. fischeri BDB236 This paper N/A

V. fischeri BDB222 This paper N/A

V. fischeri BDB227 This paper N/A

V. fischeri BDB235 This paper N/A

V. fischeri BDB236 This paper N/A

(Continued on next page)
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Escherichia coli WM3064 Saltikov and Newman, 2003 N/A

Vibrio fischeri phage HNL01 This paper BioProject: PRJNA741526

Deposited data

Vibrio fischeri phage HNL01 genome sequence This paper BioProject: PRJNA741526

Complete genome sequences of HNL01-resistant

V. fischeri clones

This paper; BioProject: PRJNA751213 BioSample: SAMN20511716

BioSample: SAMN20511717

BioSample: SAMN20511718

BioSample: SAMN20511719

Experimental models: Organisms/strains

Euprymna scolopes Raised in house N/A

Oligonucleotides

See Table S3 for oligonucleotide information N/A N/A

Recombinant DNA

pVSV105 (Cloning vector; Camr) Dunn et al., 2006 N/A

pVSV105::VF_1075 (VF_0175, 17 bp upstream,

49 bp downstream; Camr)

This paper N/A

pVSV105::VF_0175(E183V) (VF_0175 with codon

183 GAG/GTT, 17 bp upstream, 49 bp downstream;

Camr)

This paper N/A

pSMV3 (Deletion vector, Kanr, sacB) Coursolle and Gralnick, 2010 N/A

pVSV102 (GFP expression vector; Kanr) Dunn et al., 2006 N/A

pVSV208 (RFP expression vector; Camr) Dunn et al., 2006 N/A

pVSV105-H (Empty experssion vector; Kanr) Dunn et al., 2006 N/A

Software and algorithms

Geneious Prime (2021.1.1) N/A https://www.geneious.com/prime/

DNA Master N/A http://cobamide2.pitt.edu

Genemark Besemer and Borodovsky, 2005 http://topaz.gatech.edu/GeneMark/

license_download.cgi

Glimmer Delcher et al., 1999 https://sourceforge.net/projects/glimmer/

tRNAscan-SE Lowe and Eddy, 1997 http://lowelab.ucsc.edu/tRNAscan-SE/

Phamerator Cresawn et al., 2011 https://phamerator.org/

Graphpad Prism 9.1.0 https://www.graphpad.com/ https://www.graphpad.com/scientificsoftware/

prism/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrew

Hryckowian (hryckowian@medicine.wisc.edu).

Materials availability
HNL01 and strains generated as part of this study are available upon request from the Lead Contact (hryckowian@medicine.wisc.

edu).

Data and code availability

d The HNL01 genome sequence and the genome sequences of the 4 HNL01-resistant ES114 clones are deposited in GenBank

and are publicly available as of the date of publication. Accession numbers are listed in the key resources table. All data re-

ported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal husbandry
Adult Euprymna scolopes were collected from the waters of Maunalua Bay, Oʻahu, Hawai‘i, and maintained at Kewalo Marine

Laboratory, where they would lay eggs as previously described (Montgomery and McFall-Ngai, 1993). Juvenile squid were collected

<3 hours after hatching and placed in filter-sterilized ocean water (FSOW) and maintained on a 12:12-h light-dark photic cycle for the

duration of experiments.

Bacterial strains and culture conditions
The LO symbiont V. fischeri strain ES114 (Boettcher and Ruby, 1990) was used for all experiments unless otherwise noted. Bacteria

were grown in Lysogeny broth-salt medium (LBS) (10 g tryptone L-1, 5 g yeast extract L�1, 342 mM NaCl, and 20 mM Tris, pH 7.5)

(Stabb et al., 2001) or seawater-tryptone medium (SWT) (70% ocean water, 32.5 mM glycerol, 5 g tryptone L�1, 3 g yeast extract L�1)

(Boettcher and Ruby, 1990) at 28�C, either on agar plates or in liquid culture shaking at 225 rpm. E. coli WM3064 was grown in

lysogeny broth (Bertani, 1951) supplemented with 300 mM diaminopimelic acid at 37�C.Where appropriate, chloramphenicol

(2.5 mg mL�1) or kanamycin (50 mg mL�1) was added to the media.

METHOD DETAILS

Isolation of Vibrio fischeri-infecting bacteriophage HNL01
Approximately 700mL of coastal ocean water was collected each fromKewalo Basin and K�aneʻohe Bay onOʻahu, Hawai’i, USA, and

was centrifuged at 5,500 3 g for 10 minutes at room temperature to precipitate solids. The supernatants were then sequentially

filtered through 0.45 mm and 0.22 mm pore polyvinylidene fluoride (PVDF) filters. The filtered water was concentrated 750-fold via

100 kDa PVDF size exclusion columns. The initial screening of plaques was performed using a soft agar overlay method in which

35 mL of filtered and concentrated seawater was combined with 200 mL of overnight V. fischeri ES114 LBS culture and with

4.5 mL molten SWT top agar (cooled to �50�C, 3.5 g L�1 agar) and poured onto a warmed SWT agar plate (15 g L�1 agar). Soft

agar overlays were incubated aerobically at room temperature overnight.

Single isolated plaques were picked into 100 mL autoclaved Instant Ocean (IO; Spectrum Brands, Madison, WI, USA), and serial

dilutions were prepared and spotted onto a solidified top agar overlay. Isolated plaques were picked after overnight growth. This

procedure was repeated for a total of 3 times to purify HNL01.

A high-titer stock of HNL01 was generated by flooding a soft-agar overlay plate that yielded a ‘lacy’ pattern of bacterial growth

(near confluent lysis). After overnight incubation of the plate, 5 mL of sterile IO were added to the plate to resuspend the phage. After

at least 2 hours of incubation at room temperature, the lysate was extracted and filter sterilized through a 0.22 mm PVDF filter.

Plaque assays
Isolated colonies from freshly streaked �80�C V. fischeri stocks (Table S1) were used to inoculate liquid LBS cultures. Strains used

were either generated in this work (see plasmid and mutant construction, below) or in previous studies (Ast et al., 2009; Bose et al.,

2008, 2011; Dunn et al., 2006; Fidopiastis et al., 1998; Hussa et al., 2007; Lee and Ruby, 1992, 1994; Mandel et al., 2008; Nishiguchi

et al., 1998; Nishiguchi and Nair, 2003; Post et al., 2012; Preheim et al., 2011; Ruby and Lee, 1998; Schwartzman et al., 2019).

After�16 h, 200 mL of culture were mixed with 4 mLmolten SWT top agar and poured onto warmed SWT agar plates. 1 mL of serial

1:10 dilutions of phage lysate was spotted onto solidified top agar, and plates were incubated at 28�C for 3–5 h before counting pla-

ques. Alternatively, 500 mL of bacteria (either from a stationary-phase culture of V. fischeri in SWT as in Figure 3B or pooled squid

homogenates as in Figure 2C) were added to 4.5 mL of molten SWT top agar, then spread onto a warmed SWT plate and allowed

to solidify. 5 mL of diluted phage (109 PFU/mL unless otherwise noted) were spotted onto plates, and after drying, plates were incu-

bated at 28�C for 24 hours to allow for active growth of V. fischeri before checking for lysis. PFU counts and phage susceptibility

assays were performed on SWT plates, as plaques were noticeably smaller or non-observable on LBS plates.

HNL01 genome sequencing
DNA was extracted from a high-titer HNL01 lysate and sequencing libraries were prepared using the Ultra II FS Kit (New England

Biolabs, Ipswich, MA, USA). Libraries were quantified using a BioAnalyzer (Agilent, Santa Clara, CA, USA) and subsequently

sequenced using 150-base single-end reads (Illumina MiSeq). Reads were imported into Geneious Prime (2021.1.1) and quality-

trimmed at an error rate of 0.001%. The Geneious assembler was used to assemble 30% of the surviving reads R150bp, with

the options ‘‘Medium sensitivity/Fast’’ and "circularize contigs" selected. Coverage for the genome assembly reported by Geneious

was 170 +- 21.

HNL01 genome annotation and comparative analysis with Vibrio cholerae phage ICP1
A 383-bp short direct terminal repeat was identified in HNL01 by visualizing read pileups in Geneious Prime (2021.1.1), and the

genome was arranged to place this repeat at the 5’ end of the genome. Protein-coding genes and tRNAs were predicted and anno-

tated using DNA Master default parameters (http://cobamide2.pitt.edu), which incorporates Genemark (Besemer and Borodovsky,
e3 Cell Reports 38, 110376, February 15, 2022
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2005), Glimmer (Delcher et al., 1999), and tRNAscan-SE (Lowe and Eddy, 1997). Phage genomes were annotated and compared on

the basis of shared gene phamily (pham) membership within Phamerator using default parameters (Cresawn et al., 2011). Phams are

groups of related protein-encoding genes where phammembership is built and expanded when a candidate protein sharesR32.5%

identity or a BLASTp e-value%1e�50 with one or more existing members of the pham. Genome maps of HNL01 and ICP1 were visu-

alized in Phamerator using default parameters. Amino acid sequences for HNL01 and ICP1 were concatenated and visualized as a

dot plot using word size 5 in Geneious Prime (2021.1.1)

Plasmid and mutant construction
Primers used to create the V. fischeri gene deletion and expression plasmids used in this study are listed in Tables S1 and S3, respec-

tively. In-frame deletion of VF_0175 from the V. fischeri genomewas performed as previously described (Bennett et al., 2020; Saltikov

and Newman, 2003). Briefly,�1kb fragments surrounding VF_0175 were fused via an internal EcoRI site and inserted via BamHI and

SacI sites into pSMV3 (Coursolle and Gralnick, 2010), which has kanamycin resistance and sacB cassettes. Plasmids were intro-

duced to V. fischeri ES114 through conjugation with E. coli WM3064, and counter-selection to remove pSMV3 and VF_0175 was

performed on low-salt, high-sucrose LB plates (Bennett et al., 2020) at room temperature. The wild-type VF_0175 complementation

plasmid was constructed by cloning VF_0175 from the V. fischeri ES114 genome, and inserting it into the expression plasmid

pVSV105 (Dunn et al., 2006) via SphI and KpnI sites. The VF_0175PR allele was ordered as a gblock from Integrated DNA Technol-

ogies (Coralville, IA, USA), and inserted into pVSV105 via SphI and KpnI sites.

Alcian blue detection of extracellular polysaccharides
EPS was detected as previously described (Bennett et al., 2020). Briefly, overnight bacterial cultures grown in minimal salts medium

supplemented with 6.5 mM N-acetylneuraminic acid and 0.05% (wt/vol) casamino acids were centrifuged for 15 min at 12,000 3 g

and 4�C. 250 mL culture supernatant was incubated with 1 mL Alcian blue reagent on a rocker for one hour at room temperature, then

centrifuged 10 min at 10,000 rpm and 4�C. Pellets were washed with 1 mL 100% ethanol and centrifuged 10 min at 10,000 3 g and

4�C. Pellets were solubilized in 200 mL SDS-acetate and the absorbance read at OD620.

Identification of phage-resistance genes in Vibrio fischeri

Four colonies fromwere picked from the center of HNL01 phage spots containing at least 105 PFU. Colonies were streaked for isola-

tion over two more passages on LBS plates. Isolates were grown overnight in LBS medium and were used to make glycerol stocks

and confirm phage insensitivity. An overnight LBS culture was used for DNA extraction using the Qiagen Blood and Tissue Kit

(Qiagen, Germantown, MD, USA). Sequencing libraries were prepared from genomic DNA from each HNL01-resistant isolate, as

well as the parental V. fischeri ES114 strain, using the Ultra II FS Kit (New England Biolabs). Libraries were quantified using a

BioAnalyzer (Agilent) and subsequently sequenced using 151-base single-end reads (Illumina MiSeq). Differences between wild-

type and resistant V. fischeri ES114 was identified through genomic comparison using CLC Genomics Workbench (Qiagen).

Vibrio fischeri colonization and phage exposure
Juvenile squid were incubatedwith�104–105 CFU/mL of wild-type V. fischeriES114 and/or the VF_0175PRmutant (as noted) for 24 h.

For co-colonizations, �1:1 inocula of each strain were used, and competitive index was measured relative to strain ratio in the inoc-

ulum (competitive index = (wildtype:mutant ratio in LO)/(wild-type: mutant ratio in inoculum). When appropriate, animals were trans-

ferred to fresh FSOW after 24 h. Animals were frozen at�80�C in FSOW immediately before dark (i.e., at maximal colonization), then

thawed and homogenized, and serial dilutions were plated on LBS-agar plates to determine V. fischeri CFU counts. GFP- and RFP-

positive CFU were counted using a fluorescence dissecting microscope. When appropriate, phage was added to the water at �107

PFU/mL.

In vitro phage exposures
HNL01-sensitive and resistant V. fischeri ES114 strains received pVSV102 (GFP, Kanr), pVSV208 (RFP, Camr), or pVSV104-H (Kanr)

(Dunn et al., 2006) via conjugation with donor strain E. coliWM3064 (Lynch et al., 2019). Cultures of wild-type and/or HNL01-resistant

V. fischeri ES114 strains were streaked onto LBS plates with the appropriate antibiotic and then cultured in LBS overnight. Cells were

then diluted in SWT from 1:10–1:10,000. 100mL of diluted cells were placed in wells of a 96-well flat-bottom, transparent plate with or

without HNL01 at the noted dilutions of a �1011 PFU/mL stock, and were incubated at 28�C with periodic shaking for 24–48 h. A

Tecan GenIOS plate reader (Tecan, Baldwin Park, CA, USA) was used tomeasure GFP and RFP fluorescence and/or overall cell den-

sity (OD600).

PCR detection of phage genes
Taq DNA polymerase was used perform to PCR against HNL01-specific genes (gp47, gp61, gp96, gp147; see Table S3) on glycerol

stocks of HNL01-resistant V. fischeri isolates to assess their potential lysogen status (see Table S3 for primer sequences). Cycling

conditions were: 95�C for 5 min, 35 cycles of 95�C for 30 sec/ 55�C for 30 sec/ 68�C for 1 min, then 68 �C for 5 min followed by a

4�Chold. PCRwas also run directly on phage samples and onwild-type ES114 as controls. Products were run on a 1%agarose gel to

determine PCR product presence/absence, and lack of integrated prophages was confirmed by whole genome sequencing.
Cell Reports 38, 110376, February 15, 2022 e4
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Electron microscopy
Serial dilutions of phageswere spotted ontoV. fischeri ES114 + SWT top-agar lawns as described above and allowed to formplaques

overnight. Dilutions with the most easily distinguishable plaques (i.e., the lowest dilution that still produced plaques) were briefly

covered with 10 mL of FSOW to resuspend phage, then removed to a clean PCR tube. A 4 mL portion of the suspension was spotted

onto a charged formvar-coated copper grid, negatively stained with uranyl acetate, and imaged with a Hitachi HT7700 transmission

electron microscope at 100kV at the University of Hawaiʻi MICRO Facility.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed usingGraphpad Prism 9.1.0. Details of specific analyses, including statistical tests used, are found

in applicable figure legends. All experiments were performed in at least triplicate. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p <

0.0001.
e5 Cell Reports 38, 110376, February 15, 2022
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