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Abstract

Bacteriophages and their bacterial hosts are locked in a dynamic evolutionary arms race. Phage satellites, selfish
genomic islands which exploit both host bacterium and target phage, further complicate the evolutionary fray.
One such tripartite system involves the etiological agent of the diarrheal disease cholera - Vibrio cholerae, the
predominant phage isolated from cholera patients - ICP1, and a phage satellite - PLE. When ICP1 infects V.
cholerae harboring the integrated PLE genome, PLE accelerates host lysis, spreading the PLE while completely
blocking phage production protecting V. cholerae at the population level. Here we identify a single PLE gene,
lidl, sufficient to mediate accelerated lysis during ICP1 infection and demonstrate that Lidl functions through
disrupting lysis inhibition — an understudied outcome of phage infection when phages vastly outnumber their
hosts. This work identifies ICP1-encoded holin and antiholin genes feaA and arrA respectively, that mediate this
first example of lysis inhibition outside the T-even coliphages. Through lysis inhibition disruption, Lidl is
sufficient to limit the number of progeny phage produced from an infection. Consequently, this disruption
bottlenecks ICP1 evolution as probed by recombination and CRISPR-Cas targeting assays. These studies link
novel characterization of the classic phenomenon of lysis inhibition with a conserved protein in a dominant phage
satellite, highlighting the importance of lysis timing during infection and parasitization, as well as providing
insight into the populations, relationships, and evolution of bacteria, phages, and phage satellites in nature.

Importance

With increasing awareness of microbiota impacting human health comes intensified examination of, not only
bacteria and the bacteriophages that prey upon them, but also the mobile genetic elements (MGEs) that mediate
interactions between them. Research is unveiling evolutionary strategies dependent on sensing the milieu: quorum
sensing impacts phage infection, phage teamwork overcomes bacterial defenses, and abortive infections sacrifice
single cells protecting populations. Yet, the first discovered environmental sensing by phages, known as lysis
inhibition (LIN), has only been studied in the limited context of T-even coliphages. Here we characterize LIN in
the etiological agent of the diarrheal disease cholera, Vibrio cholerae, infected by a phage ubiquitous in clinical
samples. Further, we show that a specific MGE, the phage satellite PLE, collapses LIN with a conserved protein
during its anti-phage program. The insights gleaned from this work add to our expanding understanding of
microbial fitness in natural contexts beyond the canonical bacterial genome and into the realm of antagonistic
evolution driven by phages and satellites.

Introduction
In the 50 years following the discovery of bacteriophages (viruses that infect bacteria informally termed ‘phages’)
(1, 2) early geneticists used them to reveal basic biological paradigms including that mutations occur randomly
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providing the diversity upon which selection acts (3) and DNA is the hereditary substance of life (4). Lytic phages,
which lyse the host after hijacking bacterial machinery to produce virions (in contrast to lysogenic phages which
can integrate into the host), were of particular interest as model systems; of these, Escherichia coli’s T1 through
T7 lytic phages rose to prominence (5). Early observable phenotypes in rapid lysing T-even mutants, called r
mutants, were leveraged to determine how mutations manifest at the molecular level, how mutagens work, and
that nucleic acids are decoded in triplets (6, 7). The r mutant phages produce large plaques with clear edges while
plaques of wild type (WT) T-even phages are small with fuzzy edges (8). It was determined that edge fuzziness
is due to inhibited lysis of bacterial cells adsorbing additional phage after initial infection. This ‘superinfection’
also stabilizes infected cells as measured by optical density (OD) (9). The phenomenon was termed lysis inhibition
(LIN) and failure to lyse during LIN was proposed as significant for two reasons. First, it allows for the production
of additional progeny phage resulting in a larger burst. Additionally, it protects progeny phage from adsorbing to
cells that are already infected, which are not productive hosts for the secondarily adsorbed phages (Fig. 1A & B)
(9). Consequently, LIN is considered an important evolutionary adaptation for phages in environments where host
bacteria are scarce but free virions are plentiful (10). While such visually discernable phenotypes enabled early
genetic inquiries, the molecular underpinnings of LIN remained unknown until recently and have only been
identified and characterized in the T-even coliphages where LIN is mediated by holins and antiholins (11-13).
Holins are the first step in canonical holin-endolysin-spanin lysis systems for Gram negative bacteria (14, 15). To
briefly summarize the process, holins accumulate in the inner membrane acting as lysis timers, until they reach a
critical concentration that triggers depolarization of the membrane, making holes that enable endolysins to access
the peptidoglycan. After the endolysins digest the cell wall, spanins mediate the fusion between the inner and
outer membranes to complete lysis of the cell. During LIN, antiholins inhibit holin oligomerization and triggering
thereby stopping progression towards cell lysis (11-13).

Lytic phages are abundant in natural environments including marine ecosystems (16) and gut microbiomes
(17), making LIN a relevant tool in the molecular arsenal of lytic phages infecting bacteria like Vibrio cholerae.
Vibrio cholerae causes a substantial global health problem as the causative agent of the diarrheal disease cholera
(18). Interestingly, in aquatic reservoirs as well as in stool samples from cholera patients, V. cholerae co-occurs
with phages that target it as a host. The predominant phage in cholera patient samples is ICP1, a lytic myovirus
(19). This phage and its host have been locked in a dynamic arms race with no clear winner as both V. cholerae
and ICP1 continue to be isolated from patients in the cholera endemic region of Bangladesh (19-22). Added into
the evolutionary fray is a phage satellite called the PLE (phage-inducible chromosomal island-like element),
which is found in the chromosome of V. cholerae clinical isolates (23, 24). Previous analysis dating back to 1949
shows that five distinct PLEs with shared genomic architecture appeared over time. Each PLE provides V.
cholerae with a clear fitness benefit in the fight against ICP1 by completely blocking the production of ICP1
progeny phage (23). PLE hijacks an ICP1-encoded protein to excise from the bacterial chromosome following
infection (25), where it replicates to high copy using both PLE and ICP1-encoded proteins (22, 26). PLE is then
hypothesized to steal ICP1 structural components to transduce the PLE genome to naive recipient cells (23). As
no infectious ICP1 are produced, PLE activity ultimately defends populations of V. cholerae from ICP1 attack,
functionally acting as an abortive infection system. In the face of this assault, ICP1 has acquired a functional Type
I-F CRISPR-Cas adaptive immune system to target PLE in a sequence-specific manner, restoring ICP1 progeny
phage production and overcoming PLE (24, 27). While the full extent of ICP1, PLE, and V. cholerae interactions
are unknown and continuing to evolve, efforts to understand how the PLE completely restricts ICP1 production
have yet to identify any single PLE-encoded gene product that is necessary for inhibition, suggesting that multiple
inhibitory strategies act synergistically to fully eliminate phage production (22, 23, 26). From the only
characterized processes, namely PLE excision and replication, it is clear that PLE requires phage-encoded
products, consequently depending on ICP1 for horizontal transmission, but, uncharacteristic of other phage
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satellites like the well characterized Staphylococcus aureus pathogenicity islands (SAPIs) which only decrease
the number of progeny virions produced, PLE completely abolishes ICP1 production — a balancing act that likely
requires the exploitation of select products at just the right time during the 20 minutes before PLE-mediated
accelerated lysis.

The accelerated lysis program in V. cholerae harboring PLE led us to investigate the prolonged infection
in strains without PLE where we discovered that ICP1 exhibits LIN. In this work we report this first
characterization of archetypal lysis inhibition outside of E. coli, and we characterize ICP1 LIN mechanisms in V.
cholerae by identifying previously uncharacterized ICP1 genes with holin and antiholin activity, named teaA and
arrA respectively. Subsequently, we also report that PLE-mediated accelerated lysis is phenocopied by collapse
of LIN mediated by a single PLE-encoded gene that we call /idl for its lysis inhibition disruption activity. All
PLEs encode LidI (a previously undiscovered open reading frame with unknown predicted function), highlighting
a conserved strategy to antagonize an aspect of phage lifecycle not previously known to be targeted by parasitic
satellites. While Lidl normally functions in the context of the PLE, it alone is sufficient to decrease the yield of
phages from an infected V. cholerae culture imposing an evolutionary bottleneck on phage populations as probed
by the potential of ICP1 isolates to recombine for genetic innovation and to escape bacterial CRISPR-Cas.

Results

ICP1 causes lysis inhibition (LIN).

After infection at a low multiplicity of infection (MOI), ICP1 completes the production of virions within 20 to 25
minutes after infection of PLE (-) V. cholerae (23). This timeframe is markedly abbreviated with respect to the
90 minutes that pass before visible lysis of PLE (-) V. cholerae infected with ICP1 at high MOI (23). This
incongruity prompted us to test ICP1 infections at intermediate MOI. When infecting PLE (-) V. cholerae with
ICP1 at MOI=1, we observed an early lysis event 20 minutes post-infection after which the optical density (OD)
of the culture stabilized (Fig. 1C). Such lysis kinetics are consistent with canonical LIN by T-even coliphages
wherein a portion of infected cells release progeny phages that then trigger LIN — ultimately delaying lysis of the
remaining population of cells (9). These similarities led us to hypothesize that ICP1 exhibits LIN in V. cholerae.


https://doi.org/10.1101/790493
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790493; this version posted October 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

b 1
Y]

4 %A!\

- Sef™

)

£ t E
=) o
0.01+ 0.01+
ICP1 MOI 1 1. pne N
ICP1 MOI 1 MOSI 5 1-e- + DNP
0 20 40 60 80 0 20 40 60 80
Time (minutes post-infection) Time (minutes post-infection)

Fig. 1 Characterizing LIN. Schematic of T4 infection of E. coli. A At low MOI, available E. coli are readily infected by T4 (red).
Under these conditions, an infected cell is hijacked to produce progeny phage and lyses releasing the phages to the environment where
they go on to infect neighboring cells. B At high MOI, phage outnumber the hosts resulting in initial infection by phage followed by
secondary superinfection (second phage infecting the same cell). Superinfection delays lysis through LIN enabling the production of
more virions and protecting progeny phage from an environment devoid of uninfected hosts. C ICP1 exhibits LIN at intermediate
MOIs and upon superinfection. PLE (-) V. cholerae infected with ICP1 MOI=1 demonstrate a lysis event 20 minutes post-infection
(black arrow) before the ODgy stabilizes. Superinfection (orange arrow) of a culture four minutes post infection with ICP1 MOI=1
with ICP1 at a multiplicity of superinfection (MOSI) of 5 triggers LIN and stabilizes the ODgy before a lysis event can occur. D ICP1
LIN is sensitive to chemical collapse. PLE (-) V. cholerae infected with ICP1 MOI=5 maintain ODgy for an extended period but the
ODyqo collapses when DNP is added (black arrow).

During canonical LIN in T-even phages, superinfection - the secondary adsorption of phages after initial
phage infection - stabilizes the OD of infected E. coli cultures as cells stay intact instead of lysing (Fig. 1B). To
determine whether superinfection by ICP1 in PLE (-) V. cholerae exhibits this same characteristic, we infected
cultures with ICP1 at MOI=1, let phage adsorb for four minutes, and then added ICP1 at a multiplicity of
superinfection (MOSI) of 5. As expected of a phage exhibiting LIN, the culture OD was stabilized, eliminating
the early lysis event normally seen during infection at MOI=1 (Fig. 1C).

Previously characterized LIN in E. coli phages is sensitive to changes in membrane proton motive force
(PMF) and can be disrupted by the addition of energy poisons. One such poison, the ionophore 2 ,4-dinitrophenol
(DNP), collapses the PMF and subsequently disrupts T2 and T4 LIN, resulting in rapid lysis of infected E. coli
(28,29). To test if ICP1 LIN is similarly linked to PMF, we exposed PLE (-) V. cholerae infected at high MOI to
DNP (Fig. 1D). We observed the expected crash in OD following the addition of DNP, further supporting the
conclusion that ICP1 exhibits LIN in V. cholerae.
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ICP1 LIN is mediated by the putative holin, feaA, and the putative antiholin, arrA.

Classical lysis by tailed phages employs holins, which accumulate in the inner membrane until they are triggered
to form holes prompting cell lysis (Fig. 2A) (30, 31). Though sequenced genomes of ICP1 isolates from cholera
patient stool dating back to 2001 are abundant, the molecular basis of ICP1-mediated lysis is not understood. No
holin had previously been identified. Inhibition of lesion formation by holins is accomplished by anitholins during
LIN in T4 (Fig. 2A) (32), however no antiholins had previously been identified in ICP1 either. To characterize
the mechanism underlying ICP1 LIN, we endeavored to find ICP1’s holin and antiholin genes through
bioinformatics.
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Fig. 2 Holin TeaA identification and characterization. A Schematic of canonical T4 lysis in E. coli. Lysis occurs in four steps with
a potential delay caused by LIN. Step one: Phage encoded proteins including holins, endolysins, and spanins accumulate in the cell. In
the event of superinfection, antiholins halt the lysis program causing LIN. Step two: Holins are triggered collapsing the PMF and
forming holes in the inner membrane (IM) releasing endolysins to the periplasm. Step three: The peptidoglycan is (PG) is degraded by
endolysins. Step four: Spanins fuse the inner and outer membrane (OM). B TMDs (grey bars) were predicted in three gene products
(gp) in a conserved locus of ICP1. C Relative PMF state as measured by the ratio of red to green arbitrary fluorescence units from
DiOC,(3) after ectopic gene expression. Points represent individual replicates; bar height is the average; error bars display the standard
deviation of samples. Significance was calculated via one-way ANOVA followed by Dunnett’s test. **** P <(0.0001; ** p<0.01. E
Chemical triggering with DNP (arrow) after ectopic gene expression as measured by ODsgo. Points show the average of four replicates;
shading shows the standard deviation.

Holins are among the most diverse proteins, however, because they sit in the membrane, all holins include
at least one transmembrane domain (TMD) (31). In an effort to find ICP1’s holin, the TMHMM Server v. 2.0 was
used to predict TMDs in all of ICP1’s 200+ predicted open reading frames. Further, since holins control lysis
timing - an essential component of the phage life cycle — we hypothesized that the holin would be conserved in
ICP1 isolates over time. As a result we narrowed our search for the holin down to genes with at least one TMD
that were conserved within previously analyzed ICP1 isolates (20). This left three candidate genes in a single
cluster within the ICP1 genome (Fig. 2B). Analysis of these ORFs using remote homology and synteny to predict
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protein function via Phagonaute identified the DUF3154 Pfam (subsequently reclassified as the GTA_holin_3TM
(PF11351) family of holins (33-35)) in ICP1 GP137, which we have since named TeaA. Interestingly, not only
is TeaA conserved in ICP1 but there are TeaA homologs present throughout marine phage and bacterial genomes
suggesting function outside of our phage of interest (Supplemental Fig. 1).

In E. coli, canonical holins, including T4’s T-holin, accumulate in the membrane until they reach an
adequate concentration to collapse the PMF and form pores or are triggered by an energy poison. Premature
triggering of holins results in loss of viability and commits the cell to eventual lysis, decreasing the OD (36, 37).
To experimentally test TeaA for holin activity, we exogenously expressed teaA in PLE (-) V. cholerae in the
absence of phage and probed its ability to collapse the PMF and be triggered by the energy poison DNP. We
measured PMF using 3,3’-diethloxacarbocyanine iodide (DiOC,(3)), a fluorescent green membrane stain that
forms red fluorescent aggregates in the presence of intact PMF (38, 39). Upon induction, T-holin™ and TeaA
resulted in decreased red fluorescence suggesting holin activity while the empty vector (EV) control did not (Fig.
2C). Holin activity by TeaA was further demonstrated by the rapid decrease in OD after DNP addition, which
was comparable to the decrease in OD when DNP was added to T-holin™ expressing V. cholerae (Fig.2D). These
similarities to T4’s T-holin motivated the naming of feaA for the gene’s T-holin-esque activity.

Next, we sought to identify an antiholin in ICP1. Antiholins can inhibit pore formation via multiple
mechanisms: antiholin TMDs can directly interact with holins in the membrane altering quaternary structure (40,
41), antiholin periplasmic domains can sense signals of superinfection while interacting with holins to block pore
formation (42), and cytoplasmic antiholins can bind holins inside the cytoplasm (43). Because antiholins
interacting directly with holins within the membrane will contain TMDs and previously characterized periplasmic
antiholins contain TMDs related to their tethering to the membrane and subsequent release into the periplasm
(44), we continued to focus on the ORFs in ICP1 containing at least one TMD. Given that TeaA is conserved in
ICP1 isolates, and lysis timing, which is finetuned by antiholins, is critical to phage fitness, we expected that the
antiholin would also be conserved. Antiholins are often found near holin genes, in many cases even utilizing an
alternative start site within the holin sequence or occupying an overlapping ORF (45, 46). With these data in
mind, we began to investigate GP138, which we subsequently named ArrA, as a potential antiholin because it
contains TMDs, is conserved, and is encoded directly next to TeaA (Fig. 2B).

The T4 antiholins, RI™ and RIII™ were initially identified when mutations in these genes demonstrated a
rapid lysis plaque morphology. Phages lacking functional antiholins form plaques with sharply defined edges
because LIN no longer occurs hence no apparent fuzziness on the periphery of the plaque. In an effort to find
similar rapid-lysing ICP1 mutants with antiholin modifications, WT ICP1 was plaqued on CRISPR-CAS (+) V.
cholerae containing a spacer targeting arrA. The resulting plaques had a mixture of plaque edge phenotypes
including clear-edged plaques (Fig. 3A). To determine that these putative mutant LIN ICP1 were deficient in
ArrA, we supplied ArrA in trans and recovered the fuzzy edge phenotype (Fig. 3B). Because the CRISPR-Cas
targeting yielded a mixed pool of mutants, we engineered a clean AarrA ICP1 strain in order to further confirm
ArrA function. Of note, and consistent with arrA acting as an antiholin, we could successfully construct a clean
knockout of arrA suggesting that, despite its conservation, it is not an essential ICP1 gene. We hypothesized that
if ArrA is an antiholin, darrA ICP1 would have characteristically clear-edged plaques. Indeed, while the AdarrA
mutant successfully forms plaques, it displays the expected clear-edged plaque phenotype suggesting that ArrA
is an antiholin whose absence results in rapid lysis motivating its name (Fig. 3C).
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Fig. 3 Antiholin ArrA identification and characterization. A Initial plaquing of WT ICP1 on CRISPR-CAS (+) V. cholerae
targeting arrA yielded a mixture of plaque phenotypes. F indicates fuzzy-edged plaques. C indicates clear-edged plaques. B Plaques
with clear edges can be found in populations of phage that overcame targeting of arrA with various mutations in arrA when plaqued
on V. cholerae harboring an EV control (Top). Providing ArrA in trans restores the fuzzy edge phenotypes within the mutant
population. C Using a repair template we created a clean arrA deletion and found that AarrA ICP1 yield plaques with clear edges. D
During infection, once lysis begins, darrA ICP1 causes rapid lysis consistent with abolishment of LIN. When ArrA is expressed in
trans the LIN phenotype is rescued: a small lysis event is visible 40 minutes post-infection after which the OD is stabilized for about
30 minutes. E PBLAST was used to find proteins with 20% identity to ArrA over 75% of the query; these homologs are displayed in
an unrooted tree displaying the name of the phage the protein is found in. Colored blocks show the host each phage infects, and yellow
circles denote that a protein with homology to TeaA is present in the phage.

In addition to changing plaque morphology, the T4 antiholin mutants demonstrate accelerated lysis
kinetics in liquid culture (11, 13), motivating us to test infection with ICP1 AarrA in liquid cultures. Attempts at
making high titer stocks of darrA ICP1 were unsuccessful (consistent with decreased phage yields due to a lack
of LIN) hindering our ability to test infection at high MOI. Instead, we infected PLE (-) V. cholerae with AarrA
ICP1, waited for approximately two cycles of infection to complete, and then, once lysis began, we observed a
rapid crash in culture OD (Fig. 3D) in contrast to the more prolonged decline seen in WT infections exhibiting
LIN (Fig. 1C). To be sure this was due to ArrA, we supplied ArrA in trans and recovered lysis kinetics
characteristic of LIN: instead of the rapid lysis seen in cultures with the mutant phage without complementation,
we see a stabilization of OD for an additional 30 minutes before the culture clears (Fig. 3D) further supporting
the conclusion that ArrA is an ICP1-encoded antiholin that helps to regulate lysis timing.

Interestingly, BLASTP analysis of ArrA yielded fewer homologs than TeaA (Supplemental Fig. 1),
however, when we used less stringent search parameters we found that some organisms containing TeaA
homologs also contain ArrA homologs (Fig. 3E). This suggests that there are potential homologous LIN systems
- complete with both holin and antiholin - present in other phages outside of ICP1. In contrast, the presence of
ArrA antiholin homologs without TeaA holin homologs raises the question: what are antiholins doing on their
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own? Perhaps they have evolved functionality with holins divergent enough to no longer be considered
homologous to TeaA under our search parameters, they had previous functions before evolving to moderate lysis
timing, or they have been coopted for divergent functions much like holins have been (47, 48).

PLE accelerates ICP1-mediated lysis.

Thus far, all characterization of ICP1 LIN was completed in PLE (-) V. cholerae. In clinical samples of V.
cholerae, an increasing percentage of collected isolates from Bangladesh harbor PLE (21). PLE is a phage
satellite, and by definition, a parasite of ICP1; although the mechanisms that PLE deploys to inhibit and hijack
ICP1 are not completely understood, the lysis kinetics for high MOI ICP1 infections of V. cholerae vary
depending on the presence of PLE. Consistent with previous experiments (23), ICP1 infection of PLE (-) V.
cholerae at high MOI results in a gradual lysis which reaches the lowest OD around 90 minutes after the initial
addition of phage. In contrast, upon infection of V. cholerae containing the integrated PLE 1 genome, rapid lysis
is observed starting 20 minutes post infection (Fig. 4A). This acceleration in lysis timing could conceivably be
caused by a number of processes: PLE deploying its own lysis machinery, PLE modulating the expression or
stability of components of ICP1’s lysis machinery, PLE collapsing LIN, or any combination of these mechanisms
could force infected PLE 1 V. cholerae to lyse earlier than PLE (-) V. cholerae.
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Figure 4. Accelerated lysis by PLE and lLdI" !, A The ODe of ICP1 MOI=5 infections was followed in PLE (-), PLE 1, and PLE 1
Alidl V. cholerae strains as well as V. cholerae strains containing induced E'V and lidI?'F constructs. Data points represent the average
reading of n=3 replicates and shaded regions display the standard deviation of experiments. B Tagged lidI"'E ' expressed in trans is
readily observable by Western blot. Tagged lidI?'* ' in the native PLE context is visible 18 to 20 minutes post infection with ICP1
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MOI=2. Complete blot available in Supplemental Fig. 3. C PMF state as measured by the ratio of red to green arbitrary fluorescence
units from DiOC,(3) after ectopic gene expression. NS signifies ‘no significance’. E Chemical triggering with DNP (arrow) after
ectopic gene expression as measured by ODego. Points show the average of four replicates; shading shows the standard deviation. F
The ODgyo of ICP1 MOI=5 infections was followed in PLE (-), PLE 4, and PLE 4 Alidl V. cholerae strains as well as V. cholerae
strains containing induced EV and /idI""*# constructs. Data points represent the average reading of n=5 replicates and shaded regions
display the standard deviation of experiments.

To start investigating the mechanistic underpinnings of accelerated lysis in the presence of PLE 1, we
scrutinized the PLE for ORFs encoding potential lysis machinery. The PLE 1 genome contains 25 previously
annotated ORFs of which only two (the integrase, int, (25) and a replication initiation factor, repA, (26)) have
characterized functions, prompting us to evaluate if any of the remaining ORFs might include a holin. Initial
analysis using the TMHMM Server v. 2.0 (49) revealed no TMDs in PLE 1 ORFs, potentially ruling out the
presence of PLE-encoded lysis machinery. Previous studies revealed that all five known PLEs demonstrate
accelerated lysis (23) so we next turned to the genomes of the other four PLEs which contain up to 29 open
reading frames. The two earliest known PLEs, (PLE 4 and PLE 5) contain two ORFs with predicted
transmembrane domains: ORF 2 and ORF 26 in both PLEs. ORF 2 does not have homologs in PLE 1 or PLE 2,
suggesting that it is not a conserved player in the accelerated lysis phenotype. Consequently, we focused on ORF
26. Though no homologs were immediately obvious outside of PLE 4 and PLE 5, the conservation between PLEs
suggested the presence of previously unannotated ORFs. Through further analysis, ORF 24.1PLE3 ORF 24 .1PLE2
and ORF 20.1"LE ! were discovered, which are homologous to ORF 26 in PLE 4 and PLE 5 and contain
transmembrane domains. We subsequently named these genes lidl and the homologs cluster neatly into two
groups: lidI"* ' and lidI"**? are short 66 amino acid predicted proteins with four synonymous SNPs between them,
while lidIP'E3 | lidIP“E+ and lidI"*F°> encode larger proteins at 121 amino acids in length with three SNPs that result
in two amino acid substitutions (Supplemental Fig. 2). These ORFs have no significant homology to other genes
and no predicted functional domains beyond their shared TMDs.

Next, to confirm the expression of the newly discovered /idl genes, we tagged LidI*E! in the native PLE
context and evaluated its expression prior to and during ICP1 infection (Fig 4B & Supplemental Fig. 3). We could
not visualize FLAG-LidI™E! in the absence of phage infection, however, when we infected with ICP1 at MOI=2,
FLAG-LidI"*E ! was detectable by Western blot. During the course of infection, which lasts only 20 minutes in
PLE (+) V. cholerae, FLAG-LidI"*E! was only detectable late in infection — 18 to 20 minutes post phage addition
and immediately prior to the sudden decrease in OD characteristic of PLE-mediated accelerated lysis (Fig. 4B &
Supplemental Fig. 3).

After confirming that lidI"** ! is expressed during infection, we next sought to characterize LidI™'E!
function by exogenously expressing lidI"** ! in PLE (-) V. cholerae. During infection with ICP1, lidI"** ! was
sufficient to recapitulate the PLE-mediated accelerated lysis phenotype (Fig. 4A). This is consistent with lidIP'£!
encoding a holin; however, expression of lidI"'£’to the same level in the absence of phage did not alter cellular
PMF or make cells susceptible to DNP induced lysis (Fig. 4C&D). These data suggest that lidI"'£ does not act
as a canonical holin when expressed alone and that its lysis function is dependent on the presence of ICP1.

Having demonstrated that LidI™*E!is sufficient to recapitulate PLE-mediated accelerated lysis, we wanted
to determine if it was also necessary for this phenotype. Interestingly, however, when we knocked out lidIP*£!
from PLE 1 V. cholerae we found that the lysis kinetics were unchanged (Fig. 4A). This finding seemed to be at
odds with the conservation of /idl homologs in all the known PLEs, therefore we tested lidI"**“, a representative
of the other cluster of homologs, for conserved function using the same assays. Indeed, lidl ***#is sufficient to
cause accelerated lysis in the absence of PLE, however again we found that it is not necessary — PLE 4 Alidl V.
cholerae strains still exhibit accelerated lysis during high MOI infections (Fig. 4E). Though this was counter to
what we expected, timing is of paramount importance to phage fitness (50), often finetuned down to the minute,
so it is perhaps unsurprising that the PLE, as a phage satellite, would redundantly encode a means to execute lysis
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for its own selfish benefit. In an effort to identify other PLE-encoded factors sufficient to recapitulate PLE-
mediated accelerated lysis, we cloned each of the PLE 1 ORFs individually into inducible constructs and
challenged them with phage. This screen did not successfully identify any other single genes sufficient to
accelerate lysis, however, it is important to note that cryptic genes could be responsible, other accelerated lysis
systems could require more than one ORF to function, or the timing and expression level of genes expressed
outside the context of PLE could be obscuring gene functionality.

LidI* ! functions through lysis inhibition disruption.

Discovering that lidI"** ' is sufficient for the accelerated lysis phenotype, but that it doesn’t phenocopy what is
expected for a holin, we wanted to determine the mechanism for LidI™E !-mediated accelerated lysis. Since ICP1
exhibits LIN during high MOI infections, we hypothesized that LidI"*E ! causes accelerated lysis by disrupting
LIN. LIN occurs when phages outnumber hosts, so changing the multiplicity of infection changes the onset of
LIN — at low MOIs, a small fraction of cells produce a burst of phage which is adsorbed by neighbors and this
process can repeat a number of times until the majority of host cells are infected and superinfection triggers LIN
(Fig. 1A). This is evidenced by the stabilization of OD until complete lysis around 80 minutes in PLE (-) V.
cholerae strains infected at various MOIs (Fig. 5SA). The differential onset of LIN means that accelerated lysis
mediated by /idI"'£! would also be expected to change in accordance with MOI if it functions by disrupting LIN.
Indeed, we observed differential lysis timing dependent on MOI in cultures expressing lidI"*£ ! with up to a 40
minute delay at the lowest MOI (Fig. 5A), suggesting that /idI"** ! functions through lysis inhibition disruption
giving the gene its name.
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Figure 5. LidI functions through lysis inhibition disruption. A The stabilization of ODsg due to LIN and subsequent lysis after
LIN finishes is dependent on the initial MOI which we observe in infections of EV PLE (-) V. cholerae. Consequently, the timing of
LidIP'E! -mediated accelerated lysis in lidI"*£! PLE (-) V. cholerae is also dependent on initial starting MOI. Data points represent the
average reading of n=3 biological replicates and shaded regions display the standard deviation of experiments. B EOP of induced
LidIPE! constructs in comparison to EV. Points represent individual replicates; bar height is the average; error bars display the
standard deviation of samples. C Plaque area was determined by measuring the average number of pixels per plaque of clearly
differentiated plaques from three biological replicates of induced lidI™*£" and EV containing PLE (-) V. cholerae. Points represent the
area of individual plaques; bar height is the average plaque area; error bars display the standard deviation of samples. D Plaque edge
phenotypes were determined for ICP1 plaques on EV and lidI"'®’ PLE (-) V. cholerae.
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In line with lidI"'* ! functioning through collapsing LIN, lidI"'£! expression in PLE (-) V. cholerae does
not change the efficiency of plaquing (EOP) by ICP1 (Fig. 5B). EOP probes the number of successful initial
infections at a low MOI so it would not be expected to be altered by the presence or absence of LIN. However,
LIN could change the size of plaques as plaque formation involves high MOI infections where the phage are
clearing the bacterial lawn to form the plaque. We observed that lidI"'f ! expression alters this distribution of
plaque sizes as well as changes the plaque edge morphology (Fig. SC&D). Canonical rapid lysis mutations in
coliphages show increased plaque size relative to phages capable of LIN which is, similarly, what we would
expect from a phage defense mechanism that collapses LIN. However, this is not immediately obvious during
expression of lidI’'£; instead the distribution of plaque size changes — smalls plaques still exist however there
are fewer of them while the average size of the plaques increases (Fig. 5C). While plaque size is one way to
measure phage fitness, it is hard to determine exactly what kind of fitness is being measured as multiple variables
may impact the end result: plaques may shrink due to decreased burst size from a lack of LIN, increase due to
faster lysis kinetics, and be otherwise altered by the presence of clear opposed to fuzzy edges which impact
electronic quantification of plaque size. Because of these caveats, the clearest phenotypic change in plaque
morphology to indicate disruption of LIN is the loss of fuzzy plaque edges, which we see in PLE (-) V. cholerae
expressing LidI"*E ! in trans (Fig. 5SD).

LidI lowers phage yield.

There are varied anti-phage mechanisms in bacteria including defense at the level of phage attachment via receptor
modulation, superinfection exclusion, genome degradation by restriction modification and CRISPR-Cas systems,
altering fundamental replication, transcription, and translation processes in the phage life cycle, hijacking phage
assembly and structural proteins for spread of phage defense and virulence genes, and abortive infections that kill
an infected cell protecting the population of uninfected neighbors (51). PLE functionally results in an abortive
infection: ICP1 infection of PLE 1 V. cholerae results in the lysis of infected cells completely blocking the
production of viable phage. Because LIN in T-even coliphages functions to increase phage burst size (9), we
hypothesized that LidI"*E! collapsing LIN could inhibit ICP1 by decreasing progeny phage yield from an infection,
though, to our knowledge, no other anti-phage mechanism has been shown to act during the LIN stage of the
phage life cycle.

To determine if /idI"** ' alone can impact the number of phage produced from an infection, expression was
induced prior to, at the time of, and at various intervals after infection with ICP1 MOI=5. Excess un-adsorbed
phage were washed off, and, after 100 minutes, cultures were mechanically lysed and the phage yield was
determined. Induction of /idI"*£! at the time of infection or 20 minutes before infection results in decreased phage
yield by one or two orders of magnitude, respectively, in comparison to EV strains (Fig. 6A). Not only did we
find this to be true of LidI™E!, but we also tested the LidI"*E 4 homolog for conserved inhibition of ICP1 and
observed the same decreased phage yield (Fig. 6B). These data reveal LidI as the first PLE ORF to singlehandedly
negatively impact ICP1 phage yield, and it does so by attacking a phage process that no resistance mechanism or
phage satellite has been reported to attack: LIN.
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Fig. 6 LidI puts a bottleneck on phage populations. A & B Phage infection yields were determined from V. cholerae with EV,
lidIP*E ! and lidIP*F# constructs induced at the specified time in respect to phage infection or left uninduced (NA). All samples were
mechanically lysed 100 minutes after infection and titers were compared via one-way ANOVA followed by Dunnett’s multiple
comparison test comparing all values to titers from the EV cultures. Only significant differences are noted. C Schematic of evolution
as probed by overcoming CRISPR targeting. Top: cultures with induced EV and lidI"**! constructs are infected with ICP1 and allowed
to produce progeny phage before mechanical lysis. The majority of phages will be WT (yellow) while some phages will harbor
mutations (orange). Bottom: The phage populations were then plaqued on V. cholerae strains with a CRISPR-Cas system (black
rectangle) and different spacers. WT phage infections do not result in plaques because the injected phage DNA is degraded (dotted
line) while mutants can overcome the targeting, produce progeny, and lyse the cells. D Quantification of the number of phages that
could overcome targeting by CRISPR-Cas from populations of progeny phages with and without LidI"*E!. E Schematic of evolution
as by successful homologous recombination between coinfecting phages. Top: cultures with induced EV and lidI?**! constructs are
coinfected with ICP1 harboring mutated, non-functional CRISPR-Cas systems: CRISPR*-Cas ICP1 (orange) and CRISPR-Cas* ICP1
(yellow). Bottom: The progeny phage from these infections were the plated on PLE 1 V. cholerae. PLE (blue circles) inhibit phage
production by all phages that did not successfully recombine to restore a functional CRISPR-Cas system (two-colored phage). F
Progeny phage from hosts with and without LidI"*®! co-infected with CRISPR*-Cas ICP1 and CRISPR-Cas* ICP1 were harvested via
mechanical lysis. These were then plaqued on permissive (PLE (-) V. cholerae) and restrictive (PLE 1 V. cholerae) hosts. Significance
was determined via one-tailed t-tests between EV and LidI-expressing hosts. For all graphs, data points represent individual values,
bar height represents the average value, and error bars represent the standard deviation. * P <0.05, ** P < 0.01, *** P <(0.001, **** P
=<0.0001
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From an evolutionary perspective, producing fewer virions equates to less diversity and would be expected
to limit the phage’s ability to evolve counterattacks to anti-phage mechanisms or escape through mutation. We
hypothesize that PLE-mediated accelerated lysis decreases the ability of ICP1 to evolve in the face of PLE.
However, because accelerated lysis is redundantly encoded it is not currently possible to test the impact of delayed
lysis on ICP1 evolution in the context of the PLE. We can, however, interrogate how decreasing phage production
in the presence of lidl in PLE (-) V. cholerae puts a bottleneck on ICP1 evolution. To test if LidI"*F !-mediated
accelerated lysis is enough to impact diversity through the acquisition of random mutations in the resulting
progeny phage population, we exposed PLE (-) V. cholerae with and without /idI"** ' to ICP1, collected the
population of progeny phage, and looked for plaque formation on PLE (-) V. cholerae encoding a Type I-E
CRISPR-Cas system endogenous to V. cholerae classical biotype strains engineered to harbor various anti-ICP1
spacers (Fig. 6C) (27). We see that for each spacer, fewer phages are able to overcome targeting in the phage
progeny from lidI"'E" V. cholerae infections than the infections of strains without lidI"*£! (Fig. 6D). This effect is
due to the LidI-mediated decrease in the population of phages as the frequency of phage escaping stays the same
(e.g. ~2 out of every thousand phages can overcome spacer C (Fig. 6D), however because the lidI"*E!V. cholerae
produced an order of magnitude less phage than EV V. cholerae, an order of magnitude fewer phages can
overcome the spacer in the population; Supplemental Fig 4). While exposure to the CRISPR-Cas system was
meant to probe evolution at the level of individual random mutations and proclivity to overcome targeting, phages
also readily use homologous recombination to evolve during co-infection. To test the impact of LidI™E! on this
aspect of evolvability, two variants of ICP1, one devoid of spacers against ICP1 with an inactive Casl preventing
spacer acquisition (CRISPR*-Cas ICP1) (21) and the other lacking Cas2-3 (CRISPR-Cas* ICP1), were used to
coinfect V. cholerae strains with and without LidI™E!. After lysis, progeny phage were tested for their ability to
plaque on PLE 1 V. cholerae, which is only possible when homologous recombination between the two variants
of ICP1 occurred restoring a functional CRISPR-Cas system able to target PLE 1 (Fig. 6E). Predictably, the
presence of LidI™'E! decreased the number of progeny phages per infection that successfully recombined to
reconstitute the CRISPR-Cas system and overcome PLE (Fig. 6F; Supplemental Fig. 4). These data suggest that
LidIP'E ! puts a bottleneck on the phage progeny population size by accelerating lysis, resulting in decreased
diversity while not directly impacting ICP1’s evolvability within an infected cell.

Discussion

There is increasing awareness of the impact microbiota have on all aspects of life; the carbon fixation by
phototrophs in the oceans (52, 53), the health of bees that pollinate plants (54), the production and safety of food
(55), and various aspects of human health among others (56). Along with this increased appreciation of
microbiomes comes a richer understanding of the roles parasites play; viruses infect hosts throughout the tree of
life (57), with bacteriophages, recently re-emerging as a potential tool in biotechnology and the treatment of
human disease. Estimates of bacteriophages found in nature are as high as ten to every one bacterium resulting in
a dynamic evolutionary arms races between these parasites and hosts where interactions between the adversaries
are often mediated by MGEs (58—61). While considering these microbial communities, we must examine not only
the organisms present but also the environments in which the arms races occur.

Different environments are battlegrounds that grant different advantages. Considering the tripartite V.
cholerae/ICP1/PLE system studied in this work, two environments are of particular importance: aquatic reservoirs
and the human gut. Aquatic environments seem to be poor arenas for productive infection by vibriophages (62)
while harboring dormant, viable but nonculturable V. cholerae (63) in contrast to the human gut where V. cholerae
proliferates to high densities causing disease and being preyed upon by phages (64). Beyond these vastly different
physical environments, there is evidence that the number of organisms present also impacts the arms race between
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phages and bacteria. Research continues to unveil evolutionary strategies dependent on these ratios. Anti-
CRISPRs, the next innovation in counter adaption between phages and bacteria encoding CRISPR-Cas systems
targeting those phages, were shown to work in a phage-concentration dependent manner. In short, anti-CRISPRs
from a single phage may not necessarily be enough to overcome host defenses, however, if the environment is
full of free phages, subsequent phages benefit from the anti-CRISPRs expended in the attempts at infection by
previous phages (65, 66). In a similar measurement of microbial populations in an environment, it was recently
uncovered that phages can ‘listen in” on host quorum sensing to influence the decision between lysogeny and
lysis depending on the density of host bacteria (67). Both of these discoveries parallel the classically studied LIN
system in T-even coliphages in different ways — the anti-CRISPR system overcomes host defenses via multiple
subsequent phage infections similar to the multiple phage infections that signal phages should make the most of
the host cell before lysing it in the LIN system, and eaves dropping on the host quorum system is akin to LIN
because it provides a measure of available hosts. These mechanisms highlight the importance of phages tuning
their infection parameters depending on host density and availability. Our discovery of LIN in V. cholerae induced
by infection with a clinically relevant phage reinforces how important it is for bacteriophages to sense
environments with respect to population size. Following ingestion, V. cholerae colonizes and blooms in the small
intestine before being shed in stool, then going on to further contaminate aquatic reservoirs and promote
subsequent ingestion and infection cycles. If large numbers of ICP1 are co-ingested with small numbers of V.
cholerae, it would be theoretically beneficial for ICP1 to demonstrate LIN in infected cells, to bide time inside
the cell while making more virions, and lyse in the small intestine after uninfected V. cholerae have had time to
replicate, providing ample hosts for subsequent rounds of phage predation. Similarly, if V. cholerae has bloomed
in the gut followed by a subsequent expansion of the phage population to the extent that phages now outnumber
hosts, it would be beneficial for ICP1 progeny phage to stay inside a cell, protected from adsorbing to cells that
are already making progeny phage, and instead wait for release into the aquatic environment or ingestion by an
uninfected patient via person-to-person transmission where ICP1 progeny may have better chances of finding an
uninfected host.

We know that lysis timing is of paramount importance to phage fitness as evidenced by holin mutations
that result in altered lysis times and lower progeny yield. The deleterious effects of accelerated lysis kinetics in
the case of the S holin of A phage, which accelerates lysis by 20 to 25 minutes and lowers progeny phage yield
by two to four orders of magnitude depending on the mutation and conditions (50, 68), are obvious. Similarly,
accelerated lysis by abortive infection machinery like the AbiZ protein that causes Lactococcus lactis infected by
¢31 to lyse 15 minutes early decreases phage titers 100-fold (69). Consequently, it is no surprise that the potential
benefits ICP1 sees by inhibiting lysis may not be advantageous to the phage satellite, PLE, which escapes the
infected V. cholerae cell while protecting the V. cholerae population. To operate as an abortive infection
mechanism, PLE must inhibit ICP1 progeny production however, we also hypothesize that PLE hijacks ICP1
structural proteins to enable its own transduction to naive cells (23). Here, we show that the PLE collapses lysis
inhibition with LidI, which is conserved as part of its anti-phage program - this adds the additional layer of
complexity that is parasitizing a parasite the way a satellite parasitizes a phage. Optimal virulence is the idea that
parasites must strike a balance between fitness cost to their host (virulence) and their own ability to transmit
offspring to new hosts (transmission). At the limits of this theoretical trade-off are situations wherein parasites do
little damage to their host over a long period of time in an effort to increase the likelihood of spreading offspring
while, at the other extreme, the parasite does so much damage to the host that death may occur before the parasite
can spread. In the former case, resources are left available by the parasite and these can be taken advantage of by
host defense or more aggressive parasites potentially limiting the spread of the original parasite. ICP1, by nature
of being a lytic phage, is a virulent parasite of V. cholerae, however PLE is more difficult to categorize because
it is viewed as both an anti-phage mechanism that protects V. cholerae populations through abortive infection,
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while also being a parasite of ICP1 as it depends on ICP1 for horizontal spread (23). While the benefits of LIN to
ICP1 have been explored in the parallel T-even phage/E. coli systems (10) and discussed above, PLE impact on
LIN could not have been predicted — one could argue that LIN might provide PLE with more resources for
horizontal transmission or counter that LIN might provide time enough for ICP1 to evade PLE-encoded anti-
phage mechanisms. Indeed, initial observations of ICP1 infections of V. cholerae harboring PLE show accelerated
lysis instead of periods of prolonged latency. Our findings suggest that the bottlenecking of the phage population
(experimentally evidenced in this work by decreased phage yield in the presence of Lidl and more dramatically
evident in the complete block of ICP1 progeny phage production by the intact PLE) limits evolution, presumably
slowing ICP1’s ability to overcome PLE. This is particularly interesting considering functionally similar
Staphylococcus aureus pathogenicity islands (SaPIs). SaPIs lay dormant in the chromosome much like PLE, until
upon phage infection, SaPIs are induced to parasitize phage components (70). One of the many ways that PLEs
and SaPlIs differ is that SaPIs allow for some escape of their helper phage where as PLE completely ablates ICP1
production of progeny phage. It is easy to think of SaPIs as hitchhikers in the chromosome of the bacterial host —
they integrate, take advantage of vertical transmission until the cells are challenged by the helper phage at which
point they excise, inhibit phage for their own ends hijacking packaging materials, and escape the cell while
allowing some progeny phage to escape with them all the while promoting diversity and horizontal gene transfer
(59, 70). This ensures horizontal transfer of the SaPI as well as continued activation of SaPIs down the line by
available helper phages. PLE, because it completely blocks ICP1 production acting as an abortive infection
mechanism which protects V. cholerae at the population level, is more readily thought of as ‘on V. cholerae’s
side’ in the dynamic evolutionary arms race. Indeed, our evidence that Lidl functions through collapsing LIN
supports this angle as LIN could potentially aid PLE in transduction the same way it aids ICP1 — allowing for
more time to produce particles enabling transmission of PLE to larger numbers of naive cells. There is also limited
evidence that PLE uses the hijacked ICP1 machinery to transduce in nature — in the laboratory, conditions allow
four of the five PLEs to integrate in many sites across the superintegron however natural isolates only ever have
one of those four PLEs integrated in one specific site (23). This is indicative of vertical transmission in nature
and infrequent horizontal transduction in respect to the strains we sample in epidemics, which makes it easier to
reconcile PLE’s abortive infection activity.

With these evolutionary hypotheses in mind, ICP1 acquiring the CRISPR-Cas system has changed the
game — single spacers encoded in ICP1 and targeting PLE can allow ICP1 to replicate while simultaneously
allowing for transduction of PLE (24). If things stopped here and all spacers were singular and created equal,
selection could drive PLE to act more like a typical satellite phage, embracing horizontal transfer and allowing
ICP1 to slide by producing at least some progeny phage. We know, however, that this is not the case; CRISPR
systems function by dynamically acquiring spacers (71) and multiple spacers can abolish PLE’s ability to
transduce while also killing the cell harboring PLE, destroying any chance at horizontal or vertical transmission
(24). Including this level of complication, it is no surprise PLE would employ functions like LidI to collapse lysis
inhibition — why keep the cell together for long enough for rare escape phage to pick up spacers against PLE and
potentially tip the balance further in the phage’s favor? It is important to continue research in this area to answer
these questions that result from microbes, viruses, and satellites preying upon each other and tie these ideas
together. Focusing future work on LIN and MGEs is particularly promising given that this work represents the
first characterization of LIN outside of the T-even coliphages yet we found homologs of LIN machinery
elsewhere. This suggests that LIN exists outside of characterized systems and, consequently, the impacts LIN are
unknown and largely unexplored. In contrast, the importance of MGEs is widely accepted making the questions
about the interplay between them and the complicating factors outlined here particularly attractive, especially in
the context phage and phage satellites as there is increased interest in phage therapy to treat and prevent disease.
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All in all, these studies characterize a novel incarnation of the classical phenomenon of LIN during phage
infection of a globally relevant pathogen and a clinically relevant phage. Highlighting the phenomenon’s
relevance, we found that a prevalent phage satellite encodes a conserved protein that collapses LIN, thus limiting
phage yield from infection and bottlenecking the population. This reveals some of the mechanism behind the
PLE’s successful anti-phage activity and lays the groundwork for asking classic questions about evolutionary
theory in respect to optimal virulence and selective pressures in complicated parasitic relationships, all the while
providing insight into an ongoing evolutionary arms race that impacts human health.

Materials and Methods
Resource Table

*Identified or created in this work

Designation/ Reference &
Reagent / Name g . Source Identifiers Additional
Details . .
information
Genes
lidIPLE! PLE 1 ORF 20.1 NA NA *
lidIPLE? PLE 2 ORF 24.1 NA NA *
lidIPLE>3 PLE 3 ORF 24.1 NA NA *
lidIPLE# PLE 4 ORF 26 NA NA (23)
teaAlcr! gpl37 NA NA (20),*
arrAcr! gpl138 NA NA (20),*
Strains
KDS 6 ak.a.
PLE (-) V. chol NA NA 72
(-) V. cholerae E7946 (72)
KDS 36 ak.a
PLE 1 V. chol NA NA 23
croterae PLE 1 E7946 (23)
KS1500 ak.a
AlacZ::Pu-EV V.
lac o Vv KDS 6 NA NA 25)
choterae AlacZ::Po-EV
SGH ak.a KDS
AlacZ::P-lidIPLE Y,
lacZ::PuclidI™=1 Y 6 AlacZ::Pye- NA NA *
cholerae lidIPE
KDS 6
AlacZ::P-1idIPLE4 V. }
lacZ:Paclidl Ve potidie | NA NA *
cholerae .
T idTPLE 1
PLE 1 FLAG-LidI V. SGH 144 NA NA *
cholerae
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KS916 ak.a
CRISPR-C V.
o as (+) Inducible Cas in NA NA @7)
choterae proteins E7946
Plasmids
Pu..-Empty Vector (EV) pKLO06 NA NA (25)
P..-lidIPrE! SGH 581 NA NA *
Po-lidIPrE4 SGH 688 NA NA *
P-teaAct! SGH 593 NA NA *
P..-arrAcr! SGH 594 NA NA *
Pp.-t™ SGH 595 NA NA *
P..-anti-gp138 spacer SGH 84 NA NA *
Ptac—antz—gp] 38 spacer SGH 699 NA NA «
and repair template
P..-FLAG-lidIP*E! SGH 111 NA NA *
CRISPR array
P.-none with no spacers NA NA 2D
against WT ICP1
Puc-spacer A SGH 677 NA NA *
Pi..-spacer B KS 1644 NA NA *
Puc-spacer C KS 1674 NA NA *
Bacteriophages
ICP1 2006E
A A 2
ICP1 ACRISPR ACas N N (25)
ICP1 2006E
AarrA 1CP1 ¢ 006 NA NA *
AarrA/gpl37
ACM & 232
ak.a ICP1
CRISPR*-Cas ICP1 2011A NA NA (21)
Aspacer2-9
Cas1D244A
ICP1 2011A
CRISPR-Cas* ICP1 NA NA *
Acas2-3
Chemicals



https://doi.org/10.1101/790493
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790493; this version posted October 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

.. Sigma- D198501-
- A
2 4-Dinitrophenol DNP Aldrich 100G N
3:- Sigma
Diethyloxacarbocyanine DiOC,(3) 8 : 320684-1G NA
odide Aldrich
iodi

Bacteria and phage propagation

Bacteria were propagated at 37°C via streaking from frozen glycerol stocks on solid LB agar plates and growth
in Miller LB (Fisher Bioreagents) with aeration. Media was supplemented with chloramphenicol (2.5 pg/mL for
V. cholerae and 25 pg/mL chloramphenicol for E. coli), kanamycin (75 pg/mL), ampicillin (100 pg/mL), and
streptomycin (100 pg/mL) when appropriate. Cell densities were measured at ODg in tubes (Biochrom Ultrospec
10; 10 mm pathlength referred to as ODggo.ube) and in 96-well plates (all reported ODgy, measurements in figures
have a pathlength equivalent to 150 pL in Costar Clear 96-well plates (Corning)). To induce chromosomal
constructs in both liquid and top agar, plasmid constructs in top agar, and the plasmid P,.-arrA construct for
complementation, 1 uM isopropyl -D-1-thiogalactopyranoside (IPTG) and 1.5 pM theophylline were added to
cultures while the remaining plasmid constructs were induced with 0.125 uM IPTG and 0.1875 uM theophylline
in liquid cultures. Plasmid constructs were used for all experiments other than phage infection yield experiments
which utilized chromosomal constructs to decrease leaky expression in uninduced strains.

Bacteriophages were propagated on PLE (-) V. cholerae hosts and prepped via polyethylene glycerol
precipitation or concentration and media exchange on Amicon Ultra — 15 (Millipore) centrifugal filters (73, 74).
Stocks were stored in sodium chloride-tris-ethylenediaminetetraacetic acid buffer (STE), and quantified via the
soft agar overlay method (73). Briefly, titering was completed by growing V. cholerae to mid-log, infecting with
cultures with diluted phage, and allowing adsorption to occur for 7 to 10 minutes before plating on 0.5% LB top
agar. Mechanical lysis of cultures infected with phage was accomplished by mixing chloroform into cultures then
letting cultures stand at room temperature for ten minutes before spinning at 5,000 x G for 15 minutes at 4°C and
removing the supernatant for further analysis.

Cloning and strain production

Chromosomal integrations in V. cholerae were accomplished through natural transformation of linear DNA
created via splicing by overlap extension PCR (75). In the case of deletions, antibiotic resistance cassettes were
integrated into the locus of the deleted gene and subsequently flipped out as previously described (76). Plasmids
were constructed with Gibson Assembly and Golden Gate reactions. Phage mutants were selected as previously
described (27). Briefly, complementary spacer oligos were annealed and inserted into plasmid-borne CRISPR
array. This plasmid was mated into a strain of V. cholerae engineered to include an inducible Type 1-E CRISPR-
Cas system (CRISPR-Cas (+) V. cholerae). This system in the host strain was induced for 20 minutes before ICP1
infection for plaque assays on 0.5% LB top agar containing antibiotics to maintain the CRISPR array plasmid.
Plaques were picked into STE, purified on the same host twice, and genomic DNA was prepped for PCRs with
the DNeasy Blood and Tissue Kit (Qiagen). Phages were subjected to PCR of the targeted gene and subsequent
Sanger sequencing. Clean knockouts were accomplished by adding a repair template of homologous sequence
containing the desired deletion and flanking DNA to the plasmid containing the CRISPR array as previously
described (27).

Lysis kinetics
V. cholerae strains were grown in 2 mL cultures to an ODgoubey=0.3 and 150 pL of cultures were added to 96-
well plates. Inducers and phage were pre-aliquoted in plates unless otherwise specified. ODgq Within the plate
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was read for each sample on the SpectraMax i3x (Molecular Devices) plate reader every two minutes with one
minute of shaking between each read while the machine incubated cultures at 37°C. Assays were interrupted for
the addition of phage, inducers, DNP (2 pL of 8.4 mM DNP dissolved in 80% ethanol for a final concentration
of 110 uM DNP), or ethanol (2 uL. of 80% ethanol) during which samples were removed from the plate reader
briefly before measurement was resumed. This enabled superinfection of cultures (initial cultures were infected
with ICP1 MOI=1, returned to the plate reader for four minutes, and subsequently superinfected with ICP1
MOSI=5), addition of DNP in ethanol or ethanol alone to ICP1 MOI=5 infected cultures 25 minutes post-
infection, and DNP addition to induced cultures after 20 minutes of growth with the inducers.

Phage yield from high MOI infection determination

For each strain, three 2 mL cultures of V. cholerae were grown. The first was grown to an ODgpo_upe=0.15, inducer
was added, and the culture was returned to the incubator; this culture served as the pre-induced culture. All
cultures were grown for an additional 20 minutes to ODggo_ub.=0.3 at which point ICP1 MOI=5 was added. Inducer
was added to one tube at this time; this culture served as the culture induced at time zero. Tubes were returned to
the incubator for 5 minutes for phage adsorption. Cultures were spun at 5,000 x G for 3 minutes to pellet cells.
Unadsorbed phage was aspirated off and cells were washed once with 1 mL of prewarmed LB with or without
inducer. Cells were spun again and resuspended in media with and without inducer at which point ODgg_wbe Was
determined. Cultures (150 pL) were moved to 96-well plates with one well designated to the pre-induced culture,
one well devoted to the culture induced at time zero, and three wells filled with uninduced culture. The plate was
returned to the 37°C incubator to shake at 230 RPM. Inducer was added to two wells of the uninduced cultures
20 and 40 minutes post-infection respectively, leaving one uninduced control. The experiment was ended with
mechanical lysis of cultures and subsequent quantification of phage titers.

PMF determination

V. cholerae containing the specified plasmids were grown to ODgg.whe=0.2. Inducers (125 uM IPTG and 187.5
uM) were added and cells were grown at 37°C with aeration for 30 minutes before 0.5 mL were pelleted at 5,000
x G for 3 minutes and resuspended in 0.1 mL of phosphate buffered saline (pH 7.2; Gibco Life Technologies)
containing 20 pM 3,3’-diethloxacarbocyanine iodide (DiOC,(3); Sigma-Aldrich). Fluorescence measurements
were completed in black 96-well half-volume plates (Corning) in the SpectraMax i3x (Molecular Devices) with
480(508) and 488(650) excitation(emission) wavelength settings.

Plaque analysis

V. cholerae strains were grown to mid-log before plaquing assays. For EOP experiments, plasmid constructs were
induced for 20 minutes prior to infecting and plating with antibiotic and inducer in the subsequent 0.5% LB top
agar. For plaque edge and area analysis, plasmids were not induced prior to plating on 0.5% and 0.3% top agar,
respectively, containing antibiotics and inducer. Plates solidified at room temperature prior to incubation at 37°C.
For spot plates, V. cholerae was mixed with 0.5% top agar prior to infection, vortexed, and poured onto an LB
agar plate to solidify before 3 pL spots of phage dilutions were overlaid on the agar. Plates were allowed to dry
prior to incubation at 37°C. To visualize plaques, plates were scanned on the EPSON Perfection V800 Dual Lens
scanner. Area of plaques were calculated via Fiji (77) with particle analysis of isolated singular plaques.

Western blots

Plasmid EV and FLAG-LidI"*E! were grown to ODggo.ube=0.2 then induced with 1 mM IPTG and 1.5 mM for 40
minutes before 0.5 mL samples were taken. To observe expression during infection, strains were grown to ODgq.
wbe=0.3, infected with ICP1 MOI=2 with 4 mL samples taken at the labeled timepoints. Samples were prepared
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and visualized as previously described (25). Briefly, samples were mixed with one volume of cold methanol,
pelleted at 15,000 x G at 4°C for 15 minutes, washed with 1 mL cold PBS, and pelleted. Pellets were resuspended
in PBS with XT sample buffer and reducing agent (Bio-Rad), vortexed, and boiled for 10 minutes before being
run on 4-12% Bis-Tris SDS gels (Bio-Rad Criterion XT). Gels were transferred via the Trans-Blot Turbo (Bio-
Rad) and visualized with rabbit-a-FLAG (1:3,000) primary and goat-a-rabbit-HRP conjugated secondary
antibodies on the ChemiDoc MP Imaging System (Bio-Rad).

CRISPR-Cas targeting of phage populations

V. cholerae harboring EV or LidI"*E! plasmids were grown to ODgg.ue=0.15 before being induced and returned
to the incubator to grow with aeration until ODggg.pbe=0.3. At this point 150 pL of culture were added to 96-well
plates and infected with ICP1 MOI=0.1. After lysis 90 minutes post-infection, any remaining cells were
mechanically lysed and the resulting phage population was plaqued on CRISPR-Cas (+) V. cholerae as previously
described (27). Briefly, Cas (+) V. cholerae harboring CRISPR array plasmids were induced 20 minutes before
phage populations were titered on each specified V. cholerae strain. EOPs were determined by dividing the
number of PFU/mL on V. cholerae containing spacers by the PFU/mL on the CRISPR-Cas (+) V. cholerae that
did not contain a spacer against the phage (denoted as spacer ‘none’).

Coinfection for homologous recombination

Coinfection experiments were completed in the same manner as the CRISPR-Cas targeting of phage populations
described above with minor alterations: instead of infection with WT ICP1, cultures were coinfected in the plate
with CRISPR*-Cas ICP1 and CRISPR-Cas* ICP1 each at an MOI=0.01, observed for 200 minutes in the plate
reader, and, after mechanical lysis, phage populations were plaqued on PLE (-) V. cholerae and PLE 1 V. cholerae.
Control infections with only one phage never formed plaques on PLE 1 V. cholerae. The proportion of phages
that successfully recombined was determined by the dividing the PFU/mL of each phage population on PLE 1 V.
cholerae divided by the PFU/mL on PLE (-) V. cholerae.

Bioinformatics

Transmembrane domains were predicted by conversion of all predicted open reading frames to amino acid
sequence by CLC (78) before analysis with TMHMM Server v. 2.0 (49). PRALINE was used to create amino
acid alignments of LidI (79). Homologs of TeaA (30% identity over 85% of the query) and ArrA (20% identity
over 75% of the query) were identified with BLASTP (80) and arranged into phylogenetic trees as previously
described (22). Briefly, alignments were completed with MUSCLE v3.8.31 (81) and a bootstrapped (n=100)
maximum-likelihood phylogenic tree was solved with PhyML 3.0 (82). Default settings were used for amino acid
sequences: automatic model selection with Akaike Information Criterion; SPR tree improvement with n=10
random starting trees. Trees were visualized with FigTree (83).

Supplemental Material
Supplemental figures are included following the references. Supplemental material for this article may be found
by emailing the corresponding author after the paper has been peer reviewed.

Acknowledgements

This work was supported by the National Institute of Allergy and Infectious Diseases [RO1AI127652 to K.D.S.];
K.D.S. is a Chan Zuckerberg Biohub Investigator and holds an Investigators in the Pathogenesis of Infectious
Disease Award from the Burroughs Wellcome Fund. Thanks to the Seed Lab for thoughtful discussions and help
with special thanks to Zoe Netter, Caroline Boyd, Zach Barth, and Amelia McKitterick for reviewing drafts.


https://doi.org/10.1101/790493
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790493; this version posted October 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

References

1. Twort FW. 1915. AN INVESTIGATION ON THE NATURE OF ULTRA-MICROSCOPIC VIRUSES.
Lancet.

2. D’Herelle F. 1917. On an invisible microbe antagonistic toward dysenteric bacilli: brief note by Mr. F.

D’Herelle, presented by Mr. Roux. Res Microbiol.

3. Luria SE, Delbrock M. 1943. MUTATIONS OF BACTERIA FROM VIRUS SENSITIVITY TO VIRUS
RESISTANCE. Genetics 28:491-511.

4. HERSHEY AD, CHASE M. 1952. Independent functions of viral protein and nucleic acid in growth of
bacteriophage. J] Gen Physiol 36:39-56.

5. Keen EC. 2015. A century of phage research: Bacteriophages and the shaping of modern biology HHS
Public Access. Bioessays 37:6-9.

6. Benzer S. 1961. ON THE TOPOGRAPHY OF THE GENETIC FINE STRUCTUREProc. Soc. Exp.
Biol. & Med. Griboff.

7. CRICK FHC, BARNETT L, BRENNER S, WATTS-TOBIN R1J. 1961. General Nature of the Genetic

Code for Proteins. Nature 192:1227-1232.

Hershey AD. 1946. Mutation of Bacteriophage with Respect to Type of Plaque. Genetics 31:620—40.

9. Doermannl AH. LYSIS AND LYSIS INHIBITION WITH ESCHERICHIA COLI BACTERIOPHAGE
Downloaded from.

10.  Abedon ST. 1990. Selection for lysis inhibition in bacteriophage. J Theor Biol 146:501-511.

11.  Paddison P, Abedon ST, Dressman HK, Gailbreath K, Tracy J, Mosser E, Neitzel J, Guttman B, Kutter E.
1998. The roles of the bacteriophage T4 r genes in lysis inhibition and fine-structure genetics: a new
perspective. Genetics 148:1539-50.

12. Ramanculov E, Young R. 2001. An ancient player unmasked: T4 rl encodes a t-specific antiholin. Mol
Microbiol 41:575-583.

13.  Chen OD600TUBE, Young R. 2016. The Last r Locus Unveiled: T4 RIII Is a Cytoplasmic Antiholin. J
Bacteriol 198:2448-57.

14.  Young R.2014. Phage lysis: Three steps, three choices, one outcome. J Microbiol 52:243-258.

15.  Cahill J, Young R. 2019. Phage Lysis: Multiple Genes for Multiple Barriers, p. 33—70. In Advances in
virus research.

16.  Middelboe M, Brussaard CPD. 2017. Marine Viruses: Key Players in Marine Ecosystems. Viruses 9.

17.  Shkoporov AN, Hill C. 2019. Bacteriophages of the Human Gut: The &quot;Known Unknown&quot; of
the Microbiome. Cell Host Microbe 25:195-209.

18.  Ali M, Nelson AR, Lopez AL, Sack DA. 2015. Updated global burden of cholera in endemic countries.
PLoS Negl Trop Dis 9:e0003832.

19. Seed KD, Bodi KL, Kropinski AM, Ackermann OD600TUBE-OD600TUBE, Calderwood SB, Qadri F,
Camilli A.2011. Evidence of a Dominant Lineage of Vibrio cholerae-Specific Lytic Bacteriophages
Shed by Cholera Patients over a 10-Year Period in Dhaka, Bangladesh. MBio 2:¢00334-10.

20. Angermeyer A, Das M, Singh D, Seed K. 2018. Analysis of 19 Highly Conserved Vibrio cholerae
Bacteriophages Isolated from Environmental and Patient Sources Over a Twelve-Year Period. Viruses
10:299.

21.  McKitterick AC, LeGault KN, Angermeyer A, Alam M, Seed KD. 2019. Competition between mobile
genetic elements drives optimization of a phage-encoded CRISPR-Cas system: insights from a natural
arms race. Philos Trans R Soc B Biol Sci 374:20180089.

22.  McKitterick AC, Hays SG, Alam M, Seed KD. 2019. Viral satellites exploit phage proteins to escape
degradation of the bacterial host chromosome. bioRxiv 671271.

23. O’Hara BJ, Barth ZK, McKitterick AC, Seed KD. 2017. A highly specific phage defense system is a
conserved feature of the Vibrio cholerae mobilome. PLOS Genet 13:¢1006838.

24.  McKitterick AC, LeGault KN, Angermeyer A, Alam M, Seed KD. 2019. Competition between mobile
genetic elements drives optimization of a phage-encoded CRISPR-Cas system: insights from a natural
arms race. Philos Trans R Soc B Biol Sci 374:20180089.

*


https://doi.org/10.1101/790493
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790493; this version posted October 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

25.  McKitterick AC, Seed KD. 2018. Anti-phage islands force their target phage to directly mediate island
excision and spread. Nat Commun 9:2348.

26. Barth ZK, Silvas T V, Angermeyer A, Seed KD. 2019. Genome replication dynamics of a bacteriophage
and its satellite reveal strategies for parasitism and viral restriction. bioRxiv 639039.

27. Box AM, McGuffie MJ, O’Hara BJ, Seed KD. 2016. Functional Analysis of Bacteriophage Immunity
through a Type I-E CRISPR-Cas System in Vibrio cholerae and Its Application in Bacteriophage
Genome Engineering. J Bacteriol 198:578-90.

28. Heagyl FC. THE EFFECT OF 2 4-DINITROPHENOL AND PHAGE T2 ON ESCHERICHIA COLI B
Downloaded from.

29.  Abedon ST. 1992. Lysis of lysis-inhibited bacteriophage T4-infected cells. J Bacteriol 174:8073—80.

30. Young R.2002. Bacteriophage holins: deadly diversity. J Mol Microbiol Biotechnol 4:21-36.

31.  Wang I-N, Smith DL, Young R. 2000. Holins: The Protein Clocks of Bacteriophage Infections. Annu
Rev Microbiol 54:799-825.

32. Ramanculov E, Young R. 2001. Genetic analysis of the T4 holin: timing and topology. Gene 265:25-36.

33. Delattre OD600TUBE, Souiai O, Fagoonee K, Guerois R, Petit M-A. 2016. Phagonaute: A web-based
interface for phage synteny browsing and protein function prediction. Virology 496:42-50.

34.  Sonnhammer EL, Eddy SR, Durbin R. 1997. Pfam: a comprehensive database of protein domain families
based on seed alignments. Proteins 28:405-20.

35. El-Gebali S, Mistry J, Bateman A, Eddy SR, Luciani A, Potter SC, Qureshi M, Richardson LJ, Salazar
GA, Smart A, Sonnhammer ELL, Hirsh L, Paladin L, Piovesan D, Tosatto SCE, Finn RD. 2019. The
Pfam protein families database in 2019. Nucleic Acids Res 47:D427-D432.

36. Josslin R. 1971. Physiological Studies of the t Gene Defect in T4-Infected Escherichia coli. Virology
44:101-107.

37. Garrett JM, Young R. 1982. Lethal action of bacteriophage lambda S gene. J Virol 44:886-92.

38.  Kirchhoff C, Cypionka OD600TUBE. 2017. Boosted Membrane Potential as Bioenergetic Response to
Anoxia in Dinoroseobacter shibae. Front Microbiol 8:695.

39. Novo D, Perlmutter NG, Hunt RH, Shapiro HM. 1999. Accurate flow cytometric membrane potential
measurement in bacteria using diethyloxacarbocyanine and a ratiometric technique. Cytometry 35:55-63.

40. Young R. 2013. Phage lysis: do we have the hole story yet? Curr Opin Microbiol 16:790-797.

41. Moussa SH, Kuznetsov V, Tran TAT, Sacchettini JC, Young R. 2012. Protein determinants of phage T4
lysis inhibition. Protein Sci 21:571-82.

42. Tran TAT, Struck DK, Young R. 2005. Periplasmic domains define holin-antiholin interactions in t4
lysis inhibition. J Bacteriol 187:6631-40.

43.  Chen OD600TUBE, Young R. 2016. The Last r Locus Unveiled: T4 RIII Is a Cytoplasmic Antiholin. J
Bacteriol 198:2448-2457.

44. Tran TAT, Struck DK, Young R. 2007. The T4 RI antiholin has an N-terminal signal anchor release
domain that targets it for degradation by DegP. J Bacteriol 189:7618-25.

45. Blidsi U, Young R. 1996. Two beginnings for a single purpose: the dual-start holins in the regulation
of phage lysis. Mol Microbiol 21:675-682.

46.  Graschopf A, Blasi U. 1999. Molecular function of the dual-start motif in the lambda S holin. Mol
Microbiol 33:569-582.

47. Saier MH, Reddy BL. 2015. Holins in bacteria, eukaryotes, and archaea: multifunctional xenologues with
potential biotechnological and biomedical applications. J Bacteriol 197:7-17.

48. Mehner-Breitfeld D, Rathmann C, Riedel T, Just I, Gerhard R, Overmann J, Briiser T. 2018. Evidence for
an Adaptation of a Phage-Derived Holin/Endolysin System to Toxin Transport in Clostridioides difficile.
Front Microbiol 9:2446.

49.  Sonnhammer ELL, Von Heijne G, Krogh A. 1998. A hidden Markov model for predicting
transmembrane helices in protein sequences. AAAI Press.

50.  Wang I-N. 2006. Lysis timing and bacteriophage fitness. Genetics 172:17-26.

51. Seed KD. 2015. Battling Phages: How Bacteria Defend against Viral Attack. PLOS Pathog 11:¢1004847.

52. Riding R. 1992. The algal breath of life. Nature 359:13-14.


https://doi.org/10.1101/790493
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790493; this version posted October 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

53. Falkowski PG, Barber RT, Smetacek V. 1998. Biogeochemical Controls and Feedbacks on Ocean
Primary Production. Science 281:200-7.

54. Engel P, Kwong WK, McFrederick Q, Anderson KE, Barribeau SM, Chandler JA, Cornman RS, Dainat
J, de Miranda JR, Doublet V, Emery O, Evans JD, Farinelli L, Flenniken ML, Granberg F, Grasis JA,
Gauthier L, Hayer J, Koch OD600TUBE, Kocher S, Martinson VG, Moran N, Munoz-Torres M, Newton
I, Paxton RJ, Powell E, Sadd BM, Schmid-Hempel P, Schmid-Hempel R, Song SJ, Schwarz RS,
vanEngelsdorp D, Dainat B. 2016. The Bee Microbiome: Impact on Bee Health and Model for Evolution
and Ecology of Host-Microbe Interactions. MBio 7:¢02164-15.

55.  Beans C.2017. Inner Workings: Companies seek food safety using a microbiome approach. Proc Natl
Acad Sci U S A 114:13306-13308.

56. Ganguly P. 2019. Microbes in us and their role in human health and disease. NIH Natl Hum Genome Res
Inst.

57.  Koonin E V., Dolja V V., Krupovic M. 2015. Origins and evolution of viruses of eukaryotes: The
ultimate modularity. Virology 479-480:2-25.

58. Koonin E V., Krupovic M. 2015. Evolution of adaptive immunity from transposable elements combined
with innate immune systems. Nat Rev Genet 16:184-192.

59.  Frigols B, Quiles-Puchalt N, Mir-Sanchis I, Donderis J, Elena SF, Buckling A, Novick RP, Marina A,
Penadés JR. 2015. Virus Satellites Drive Viral Evolution and Ecology. PLOS Genet 11:¢1005609.

60. Doron S, Melamed S, Ofir G, Leavitt A, Lopatina A, Keren M, Amitai G, Sorek R. 2018. Systematic
discovery of antiphage defense systems in the microbial pangenome. Science (80- ) 359:eaar4120.

61. Stern A, Sorek R. 2011. The phage-host arms race: shaping the evolution of microbes. Bioessays 33:43—
51.

62. Silva-Valenzuela CA, Camilli A.2019. Niche adaptation limits bacteriophage predation of Vibrio
cholerae in a nutrient-poor aquatic environment. Proc Natl Acad Sci U S A 116:1627-1632.

63. Xu OD600TUBE-S, Roberts N, Singleton FL., Attwell RW, Grimes DJ, Colwell RR. 1982. Survival and
viability of nonculturableEscherichia coli andVibrio cholerae in the estuarine and marine environment.
Microb Ecol 8:313-323.

64. Seed KD, Faruque SM, Mekalanos JJ, Calderwood SB, Qadri F, Camilli A.2012. Phase variable O
antigen biosynthetic genes control expression of the major protective antigen and bacteriophage receptor
in Vibrio cholerae O1. PLoS Pathog 8:¢1002917.

65. Borges AL, Zhang JY, Rollins MF, Osuna BA, Wiedenheft B, Bondy-Denomy J. 2018. Bacteriophage
Cooperation Suppresses CRISPR-Cas3 and Cas9 Immunity. Cell 174:917-925.e10.

66. Landsberger M, Gandon S, Meaden S, Rollie C, Chevallereau A, Chabas OD600TUBE, Buckling A,
Westra ER, van Houte S. 2018. Anti-CRISPR Phages Cooperate to Overcome CRISPR-Cas Immunity.
Cell 174:908-916.e12.

67. Silpe JE, Bassler BL. 2019. A Host-Produced Quorum-Sensing Autoinducer Controls a Phage Lysis-
Lysogeny Decision. Cell 176:268-280.e13.

68. Johnson-Boaz R, Chang C-OD600TUBE, Young R. 1994. A dominant mutation in the bacteriophage
lambda S gene causes premature lysis and an absolute defective plating phenotype. Mol Microbiol
13:495-504.

69. Durmaz E, Klaenhammer TR. 2007. Abortive phage resistance mechanism AbiZ speeds the lysis clock to
cause premature lysis of phage-infected Lactococcus lactis. J Bacteriol 189:1417-25.

70.  Novick RP, Christie GE, Penadés JR. 2010. The phage-related chromosomal islands of Gram-positive
bacteria. Nat Rev Microbiol 8:541-551.

71. Barrangou R, Fremaux C, Deveau OD600TUBE, Richards M, Boyaval P, Moineau S, Romero DA,
Horvath P. 2007. CRISPR provides acquired resistance against viruses in prokaryotes. Science
315:1709-12.

72.  Levine MM, Black RE, Clements ML, Cisneros L, Saah A, Nalin DR, Gill DM, Craig JP, Young CR,
Ristaino P. 1982. The Pathogenicity of Nonenterotoxigenic Vibrio cholerae Serogroup 01 Biotype EI Tor
Isolated from Sewage Water in Brazil. J Infect Dis 145:296-299.

73.  Clokie MRJ, Kropinski AM. 2009. Bacteriophages: Methods and Protocols. Humana Press.


https://doi.org/10.1101/790493
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790493; this version posted October 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

74. Bonilla N, Rojas MI, Netto Flores Cruz G, Hung S-OD600TUBE, Rohwer F, Barr JJ. 2016. Phage on
tap—a quick and efficient protocol for the preparation of bacteriophage laboratory stocks. Peer] 4:¢2261.

75. Dalia AB, Lazinski DW, Camilli A. 2014. Identification of a Membrane-Bound Transcriptional
Regulator That Links Chitin and Natural Competence in Vibrio cholerae. MBio 5:e01028-13.

76. BabaT, Ara T, Hasegawa M, Takai OD600TUBE, Okumura OD600TUBE, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori OD600TUBE. 2006. Construction of Escherichia coli K-12 in-frame,
single-gene knockout mutants: the Keio collection. Mol Syst Biol 2:2006.0008.

77.  Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C,
Saalfeld S, Schmid B, Tinevez J-OD600TUBE, White DJ, Hartenstein V, Eliceiri K, Tomancak P,
Cardona A. 2012. Fiji: an open-source platform for biological-image analysis. Nat Methods 9:676—682.

78.  CLC Genomics Workbench 11.0.

79. Simossis VA, Heringa J. 2005. PRALINE: a multiple sequence alignment toolbox that integrates
homology-extended and secondary structure information. Nucleic Acids Res 33:W289-W294.

80. NCBI NIH. Protein BLAST: search protein databases using a protein query.

81. Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, Basutkar P, Tivey ARN, Potter SC, Finn
RD, Lopez R. 2019. The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids
Res 47:W636-W641.

82.  Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk OD600TUBE, Gascuel O. 2010. New
Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies: Assessing the Performance of
PhyML 3.0. Syst Biol 59:307-321.

83.  FigTree; Molecular evolution, phylogenetics and epidemiology.

Supplemental Material


https://doi.org/10.1101/790493
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790493; this version posted October 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Bacteriophage or Organism Key

o Burkholderia sp. b14 D Found in microbe not phage
Paraburkholderia rhizoxinica
Paraburkholderia multivorans Found in metagenome/mu]t[species samples
Paraburkholderia multivorans . .
Host infected by bacteriophage:

]

]

|

]

]

|

]

|

]

|

]

]

]

]

]

|

|

|

|

]

|

Paraburkholderia multivorans
Paucimonas lemognei Vibrio sp.

Thalassospira marina
Paucibacter sp. KBW04 . Vibrio cholerae

Cupriavidus metallidurans

"X

Pusillimonas sp. EA3 Wl Enterovibrio norvegicus

Paracaedibacter symbiosus . Vi bri() cora / lll [y ticus

Paracaedibacter acanthamoebae

Odyssella thessalonicensis . Vibrio lentus

Finniella inopinata

Alphaproteobacteria B Vibrio splendidus

Hepatobacter penaci

. Vibrio breoganii

Ground water metagenome
Nucleicultrix amoebiphila
Caedibacter sp. 38-128
Caedibacter sp. 38-128
Oleiphilus sp

1206.0._10N.222.51.B10
1.165.0._10N.261.51.B7
1.133.0._10N.222.51.E4
1239.0._10N.261.52.F6
1226.0._10N.261 48.E5
1157.0._10N.261 45.B7
1.176.0._10N.261.55.F5
1.228.0._10N.261.49.C1
1118.A. 10N.261.49.F6
1.160.0._10N.261 48.B11
1.027.0._10N.286.54.B8
1.033.0._10N.222.49.B8
1.012.0._10N.261 48.C12
1251.0._10N.261 55.E5
1.088.0._10N.261 46.A1
1.024.0._10N.261.45.F8
1.022.0._10N.286.45.A10
1.046.0._10N.286.52.E3
1023.0._10N.222.51.B4
ICPI

1.084.0. N.261 49.F5
1.170.0._10N.261 52.C3
11895-B1 i
1.193.0._10N.286.52.C6
1.161.0. 10N.261.48.C5

Eugene
Cupriavidus sp. UYPR2.514
Cellvibrio sp. PSB006

Multispecies

0 g

Vibrio maritimus

G teria
Vibrio parahaemolyticus
Shewanella halifaxensis
Vibrio scopthalmi

Multispecies

Vibrio quintilis
Vibrio quintilis

Multispecies

Algicola sagamiensis
Pseudoalteromonas piscicida
Pseudoalteromonas piscicida
Multispecies

]
]
]
E Pseudoalteromonas rubra

Pseudoalteromonas sp.R3
Pseudoalteromonas denitrificans
Multispecies

Pseudoalteromonas shioyasakiensis
Pseudoalteromonas sp. $2721
Pseudoalteromonas lipolytica
Pseudoalteromonas donghaensis
Pseudoalteromonas sp. Tligl0
Multispecies

Pseudoalteromonas haloplanktis
Pseudoalteromonas nigrifaciens
Multispecies

Pseudoalteromonas neustonica
Pseudoalteromonas sp. 1_2015MBL_MicDiv
Pseudoalteromonas sp. P1-16-1b
Pseudoalteromonas sp. SK20
Multispecies

Multispecies

Pseudoalteromonaceae
Pseudoalteromonas sp. TB51

,ﬁﬁﬁﬂﬁ]

0.5

Supplemental Fig. 1 Proteins with similarity to TeaA. This unrooted tree shows proteins identified with
BLASTP that share 30% identity with TeaA over 85% of the query. The source of the sequence is shown in the
label on the tree while colored blocks denote the host the phage infects or whether the sequence was found in a
microbe or multispecies sequence entry.
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Supplemental Figure 3. Complete Western Blot. Tagged LidI™E! was visualized via western blot. EV and FLAG-LidI"*E!
expressed in trans served as controls showing FLAG-LidI™E ! specificity as well as the presence of background bands. In PLE 1 V.

cholerae, there is no detectable band similar in size to tagged LidI"'®! (as indicated by the arrow). When LidI™E ! is tagged in the
native locus and strains are infected with ICP1, FLAG-LidI™E!is visible late in infection (18 and 20 minutes post-infection).
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Supplemental Figure 4. EOP of evolution experiments in the presence of LidI*'* !, A EOP was determined between PFUs from
LidIP'E! V. cholerae infections and PFUs from EV V. cholerae infections plaqued on CRISPR-Cas (+) V. cholerae harboring each of
the specified spacers. B EOP was determined between PFUs of a population plaqued on PLE 1 V. cholerae in comparison to the PFUs
of the same population on PLE (-) V. cholerae.
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