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ABSTRACT

Bacteria can acquire mobile genetic elements
(MGEs) to combat infection by viruses (phages).
Satellite viruses, including the PLEs (phage-
inducible chromosomal island-like elements) in epi-
demic Vibrio cholerae, are MGEs that restrict phage
replication to the benefit of their host bacterium.
PLEs parasitize the lytic phage ICP1, unleashing mul-
tiple mechanisms to restrict phage replication and
promote their own spread. In the arms race against
PLE, ICP1 uses nucleases, including CRISPR-Cas,
to destroy PLE’s genome during infection. However,
through an unknown CRISPR-independent mecha-
nism, specific ICP1 isolates subvert restriction by
PLE. Here, we discover ICP1-encoded Adi that coun-
teracts PLE by exploiting the PLE’s large serine re-
combinase (LSR), which normally mobilizes PLE in
response to ICP1 infection. Unlike previously charac-
terized ICP1-encoded anti-PLE mechanisms, Adi is
not a nuclease itself but instead appears to modulate
the activity of the LSR to promote destructive nu-
clease activity at the LSR’s specific attachment site,
attP. The PLE LSR, its catalytic activity, and attP are
additionally sufficient to sensitize a PLE encoding a
resistant variant of the recombination module to Adi
activity. This work highlights a unique type of adap-
tation arising from inter-genome conflicts, in which
the intended activity of a protein can be weaponized
to overcome the antagonizing genome.

INTRODUCTION

Bacteriophages (phages) are ubiquitous and predicted to
outnumber their bacterial prey 10-fold (1). The constant
competitive interactions between bacteria and their phage
predators have driven the evolution of numerous anti-phage
defense mechanisms that target different stages of the phage
life cycle (2,3). To avoid extinction, phages must overcome
bacterial strategies that hamper productive phage infection.

The rapid acquisition of offensive and defensive mecha-
nisms results in a co-evolutionary arms race that drives mi-
crobial evolution (4). Anti-phage mechanisms encoded on
mobile genetic elements (MGEs) allow for rapid dissemina-
tion of defenses in microbial populations. Some MGEs can
protect their bacterial host from phage predation by func-
tioning as virus-like parasites that hijack phage products to
promote their own spread (5–8). These subviral parasites,
often referred to as satellites, are integrated into attachment
sites in their bacterial hosts’ genomes. Upon induction dur-
ing infection by a specific phage, a subviral parasite is trig-
gered to excise (5,9,10), replicate (11,12), and hijack their
inducing phage’s structural components to package their
own genome for transduction to naı̈ve neighboring bacte-
rial cells (7,8,13,14). For the bacterial host of this inter-viral
conflict, the subviral parasite provides a benefit to the popu-
lation because the inducing phage is inhibited. In response,
the inducing phage may counteract the anti-phage mecha-
nisms inherent to successful hijacking in order to avoid in-
hibition, resulting in a subcellular arms race.

Vibrio cholerae, the causative agent of the diarrheal dis-
ease cholera (15,16), is under constant attack by preda-
tory phages (17–20). To defend against viral attack, strains
of epidemic V. cholerae have acquired subviral para-
sites called the phage-inducible chromosomal island-like
elements (PLEs) that restrict infection by their specific in-
ducing phage, the dominant lytic phage ICP1 (13). Ten dis-
tinct PLEs have been identified to date, revealing these ele-
ments as a dynamic but persistent part of the MGE reper-
toire in V. cholerae isolated from cholera patients over the
last century (20). PLEs share regions of nucleotide conser-
vation but also contain variable modules often shared be-
tween two or more PLEs (13,20). Regardless of variability,
all PLEs have a conserved mechanism to block ICP1 in-
fection: PLEs excise from the chromosome upon infection
(10,13), replicate to a high copy number (12), and pack-
age their genomes into modified ICP1 capsids to spread via
transduction to neighboring V. cholerae cells (14) (Figure
1A). PLEs employ multiple mechanisms to interfere with
different stages of the ICP1 life cycle that function synergis-
tically to prevent successful phage propagation (14,19,21).
These include decreasing phage DNA replication (12,21),

*To whom correspondence should be addressed. Tel: +1 510 664 7711; Email: kseed@berkeley.edu

C© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

https://orcid.org/0000-0002-0139-1600


Nucleic Acids Research, 2022, Vol. 50, No. 19 11139

C
PLE(-)

ICP12011

ICP12011 CR

ICP12011 CR gp97.1

PLE2

ICP11992

ICP11992 gp97.1

1. Excision

2. Replication

3. Packaging

PLE transducing 
particles

?

Defense against: 
PLEs 1-5 PLEs 1,4,5 PLE2

ICP1-encoded anti-PLE mechanisms

ICP1 without 
anti-PLE activity

CRISPR-Cas Odn Unknown

A

PLE

D

B
ICP11992

ICP12001

odn

odn gp97.1 (adi)

ICP12011

CRISPR-Cas gp97.1 (adi)

ICP12006

CRISPR-Cas

1kb

PLE(-) PLE2

PLE2 Ptac-

ICP12011

ICP12011 CR

ICP12011 CR gp97.1

ICP12006 CR

ICP12001

gp97.1WT gp97.1K2* gp97.1M90*

Figure 1. ICP1 isolates encoding adi (gp97.1) overcome PLE2-mediated anti-phage activity. (A) Schematic of the molecular warfare between Phage-
inducible chromosomal island-Like Element (PLE) and the predatory bacteriophage, ICP1. ICP1 infection of PLE(+) V. cholerae triggers PLE excision
and replication. PLE blocks phage production and packages its genome into transducing particles derived from ICP1 components that are released upon
cell lysis. ICP1 overcomes PLE’s anti-phage activity by deploying nucleases: some isolates of ICP1 encode CRISPR-Cas which defends against PLEs 1–5
(13,18). Alternatively, ICP1 can encode the origin-directed nuclease (Odn) that defends against PLEs 1,4 and 5, but not PLE2 or PLE3 (22). A CRISPR(–)
derivative of ICP12011 was shown to successfully replicate in the presence of PLE2 specifically (13), suggesting an unknown mechanism for ICP1 to defend
against PLE2 (‘Unknown’ right panel). There are ten PLEs known, however, the models above are based on experimental host range information available
for PLEs 1–5 (13,22). (B) Genomic organization of the regions of the ICP1 phage genome encoding anti-PLE mechanisms in representative isolates. Genes
represented by blue arrows are conserved in all ICP1 isolates sequenced to date (23), while accessory genes in yellow have anti-PLE activity. Genes shown
in gray are accessory genes that co-vary with the genes involved in countering PLE. (C) Ten-fold serial dilutions of various ICP1 isolates encoding gp97.1
and CRISPR (CR) and or their mutant derivatives spotted onto permissive PLE(–) or PLE2(+) V. cholerae (bacterial lawns in gray, zones of killing are
shown in black). (D) Ten-fold serial dilutions of various ICP1 isolates spotted onto the V. cholerae host indicated (bacterial lawns in gray, zones of killing
are shown in black). Ptac-gp97.1 is the plasmid expression construct to express Gp97.1 in trans, which was either wild-type (WT) Gp97.1 or engineered
to possess a premature stop codon at amino acid position +1 or +89, resulting in K2* or M90*, respectively. Spot assays were performed in biological
triplicate, and a single representative image is shown. For (B–D), the year of isolation for each ICP1 isolate is used as shorthand to differentiate unique
isolates (full isolate details provided in Supplementary Table S1).
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manipulating virion assembly to inhibit packaging of the
ICP1 genome (14), and other mechanisms that remain elu-
sive. PLE’s parasitism of ICP1 completely abolishes phage
progeny production and therefore enhances V. cholerae fit-
ness by protecting the bacterial population from further
phage attack (12,13,19,21).

As an obligate intracellular parasite of V. cholerae, ICP1
risks extinction unless it acquires counter-defense(s) against
PLE-mediated inhibition. ICP1 isolates, which have been
recovered continuously since 1992, share a core genome and
differ by accessory components, including those that allow
ICP1 to compete against PLE (22,23). Of these accessory
components, all ICP1 isolates encode one of two anti-PLE
mechanisms: either a CRISPR-Cas system or a stand-alone
nuclease, Odn (18,22–24) (Figure 1A). CRISPR-Cas uses
PLE-derived spacers transcribed from the CRISPR array
to guide the effector Cas complex to cleave PLE at vari-
ous genomic locations, while the nuclease Odn specifically
targets the PLE origin of replication. Both of these anti-
PLE adaptations directly target the PLE genome, suggest-
ing that the integrity of the PLE genome is integral to com-
bating PLE’s restriction of ICP1. When ICP1 phages are
armed with either CRISPR-Cas or Odn, PLE replication
and transduction are limited, thereby restoring ICP1 phage
production (18,22). However, the PLE replication module
has sufficient allelic variation that allows some PLEs to es-
cape nuclease attack by Odn (12,18,22). In this way, it ap-
pears that one of ICP1’s counter-defenses against PLEs has
directly contributed to PLE diversification. Since CRISPR-
Cas and Odn occupy the same genomic locus across all
known ICP1 isolates, with a phage encoding either one or
the other, ICP1 isolates encoding odn would be seemingly
incapable of overcoming certain PLEs, like PLE2, which
harbors an origin of replication not recognized by Odn (22).
Therefore, there may be selection for an additional anti-
PLE2 factor that could work synergistically with Odn to
inhibit a larger suite of PLEs. Interestingly, an ICP1 iso-
late with mutations that inactivated its CRISPR-Cas system
was still able to replicate and form plaques on V. cholerae
harboring PLE2, but not other PLEs (13) (Figure 1A).
This suggests that ICP1 phage isolates may have additional
mechanisms to antagonize certain PLE variants that await
discovery.

A conserved aspect of PLE activity is excision from the
V. cholerae chromosome immediately following ICP1 in-
fection (10,13). The mobilization of PLE is integral to its
life cycle, allowing for its dissemination to naı̈ve V. cholerae
cells, which then gain the capacity to restrict ICP1 (10,13).
This mobilization is mediated by integrases, which are site-
specific recombinases that fall into two protein families
based on their catalytic residue: tyrosine or serine (25). Like
other MGEs, PLEs rely on integrases to mediate integra-
tion and excision in response to specific cues. PLEs en-
code large serine recombinases (LSRs), which are simple,
requiring only the integrase and specific attachment (att)
sites to carry out integration (25,26) To mediate excision,
LSRs bind to a cognate recombination directionality factor
(RDF) (25,26). In both integration and excision, LSRs pos-
sess specific DNA binding activity to recognize attachment
sites and catalytic activity to introduce a double-stranded
break for precise recombination. Due to the specificity and

functionality of LSRs, they have been exploited for applica-
tions in genetic engineering (27–34).

PLEs encode one of two types of LSRs, referred to simply
as the PLE1-type and PLE2-type (20), which differ in their
integration site and cognate RDF required for excision (10).
So far, only the PLE1-type LSRs have been characterized
experimentally (10), though we infer attachment site recog-
nition for PLE2-type LSRs from the conserved integration
site of PLEs encoding this LSR type. For all PLEs, the in-
tegrase catalyzes PLE excision out of the chromosome in
response to ICP1 infection, resulting in a circularized PLE
intermediate. While PLE maintains its anti-phage activity
against ICP1 in the absence of excision, PLE is unable to
excise and transduce without the integrase (10,13). There-
fore, integrases play a vital role in the PLE life cycle by al-
lowing for the spread of PLE to neighboring cells (10). As
for many PLE genes where divergent gene products carry
out a conserved activity, it is unclear what may have con-
tributed to the divergence of the PLE LSRs. The observa-
tion that PLEs encode divergent replication modules that
can afford an evolutionary advantage upon encountering
certain ICP1-encoded counter-defenses suggests that other
variations observed between PLEs may be attributable to
the ongoing molecular arms race with ICP1.

Motivated by the observation that PLE2 did not restrict
a CRISPR-deficient ICP1 isolate, we set out to identify the
CRISPR-independent mechanism by which ICP1 can an-
tagonize PLE2 and understand why it does not afford pro-
tection against other PLEs tested (13). We found that ICP1
isolates can encode an effector protein whose activity re-
sults in degradation of the PLE2 genome. Further, we ob-
served that the anti-PLE activity of this accessory protein
is dependent on the PLE2 integrase and the specific target
sequence generated by the LSR upon PLE2 mobilization.
Unlike known anti-PLE mechanisms used by ICP1, this ef-
fector does not appear to be a nuclease itself but rather ex-
ploits the satellite-encoded recombinase to execute success-
ful counter-defense. This work broadens our understanding
of the innovations resulting from ongoing molecular arms
races by revealing that weaponizing the enzymatic activity
of other proteins can provide a means of adaptation.

MATERIALS AND METHODS

Strains and culture conditions

A complete list of strains used throughout this study can
be found in Supplementary Table S1. V. cholerae strains
used in this study are derivatives of E7946. Bacteria were
grown on LB agar plates with appropriate antibiotic(s) at
the following concentrations where appropriate: 75 �g/ml
kanamycin, 100 �g/ml spectinomycin, 2.5 �g/ml chloram-
phenicol (for V. cholerae on plates and in 0.5% LB soft
agar), 1.25�g/ml chloramphenicol (for V. cholerae in liq-
uid), 25 �g/ml chloramphenicol (for Escherichia coli).

Phage spot plates

From LB agar plates, 2 ml cultures of each V. cholerae strain
were grown to OD600 >1, then back-diluted into fresh me-
dia to OD600 = 0.05, and grown to OD600 = 0.2. For V.
cholerae strains with adi under an inducible promoter on a
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plasmid, cultures were induced with 0.15 mM theophylline
for 20 min at 37◦C with aeration. Then 150 �l of mid-
log V. cholerae was added to 4 ml of molten 0.5% LB soft
agar (supplemented with 2.5 �g/ml chloramphenicol and
0.15 mM theophylline), poured onto 100 mm × 15 mm LB
agar plates and allowed to solidify. For V. cholerae strains
with int or intS12A under an inducible promoter on a plas-
mid, cultures were induced with 1 mM isopropyl-�-D-1-
thiogalactopyranoside (IPTG) for 20 min. Then 150 �l of
mid-log V. cholerae was added to 4 ml of molten 0.5% LB
soft agar (supplemented with 2.5 �g/ml chloramphenicol
and 1 mM IPTG), poured onto 100 mm × 15 mm LB agar
plates and allowed to solidify. Once the LB agar plates so-
lidified, 2 �l of 10-fold serially diluted phages were spotted
onto the plates and incubated for 4 h at 37◦C. Following
incubation, the plates were taken out of the incubator and
imaged the next day. Assays were done in triplicate and a
single representative image is shown. Replicates have been
deposited on Mendeley Data.

Efficiency of plaquing infection assays

From LB agar plates, 2 ml cultures of each V. cholerae strain
were grown to OD600 > 1, then back-diluted into fresh me-
dia to OD600 = 0.05, and grown to OD600 = 0.2. For V.
cholerae strains with the empty vector control, or int or
intS12A under an inducible promoter on a plasmid, cultures
were induced with 1 mM IPTG for 20 min at 37◦C with
aeration. Then 10 �l of 10-fold serially diluted phages were
added to 50 �l of mid-log V. cholerae and incubated for 5
min to allow for phage attachment to cells. Infected cells
were added to 4 ml of molten 0.5% LB soft agar (supple-
mented with 2.5 �g/ml chloramphenicol and 1 mM IPTG),
poured onto 60 mm × 15 mM Petri dishes and allowed to
solidify. Once the LB agar plates solidified, the plates were
incubated overnight at 37◦C and plaque forming units were
counted and compared to the permissive strain to calcu-
late efficiency of plaquing.

Generation of mutant strains and constructs

For V. cholerae mutants containing chromosomal expres-
sion constructs, PCR products were created using splicing
by overlap extension (SOE) PCR and introduced by natu-
ral transformation as described previously (35). Ectopic ex-
pression plasmids are derivatives of pMMB67EH contain-
ing a theophylline inducible riboswitch E as described in
(10). Gibson assembly or around-the-horn cloning was used
to assemble plasmid-based expression constructs which
were then introduced into V. cholerae through conjugation
with E. coli S17. Mutant derivatives of PLEs were con-
structed by inserting a selectable marker containing arms
of homology to allow for recombination using the same
process detailed above. ICP1 mutants were created through
CRISPR-Cas gene editing as described previously (36).
Briefly, an IPTG-inducible type 1E CRISPR-Cas system
was engineered in V. cholerae and used to target various re-
gions of the ICP1 genome. To generate clean deletions, a tar-
geting plasmid was engineered with a recombination tem-
plate to delete only the gene product targeted by the spacer.
Escape phage that are able to form plaques on the target-
ing host have acquired random mutations or clean deletions

due to recombination events. All constructs were confirmed
via Sanger sequencing. The cloned attP sequences are pro-
vided in Supplementary Tables S3 and S4.

Circularization assay

From liquid cultures, V. cholerae PLE2(+) or PLE2 mutants
were infected with ICP12006�CR phage at a multiplicity of in-
fection (MOI) of 1 and incubated with aeration at 37◦C for
the time indicated before 100 �l of the sample was removed
and boiled for 10 min. Alternatively, agar stabs of plaques
(successful ICP1 infection on V. cholerae) were placed in
100 �l water and boiled for 10 min. 2�l of each boiled sam-
ple (from liquid or a plaque) was used as the template for
PCR using primers indicated in Supplementary Table S2.
The resulting reactions were run on 2% agarose gel with
GelGreen (Biotium) before imaging using an EZ Dock Im-
ager (Bio-Rad). For ectopic expression of Int, V. cholerae
containing the plasmid expressing Int was induced with 1
mM IPTG and 1.5 mM theophylline at 37◦C with aeration
for 20 min at OD600 = 0.2 prior to phage infection. For ec-
topic expression of adi in miniPLE2, V. cholerae containing
the miniPLE2 construct and plasmid encoding adi was in-
duced for 20 min beginning at an OD600 = 0.2 prior to being
boiled and used as templates for PCR, as described above.

Toxicity assays

From LB agar plates, 2ml cultures of each V. cholerae strain
were grown to OD600 > 1, then back-diluted into fresh me-
dia to OD600 = 0.05, grown to OD600 = 0.2 (if slightly
greater, normalized to OD600 = 0.2) and induced with 1 mM
IPTG for 20 min at 37◦C with aeration. Induced cultures
were plated on LB agar plates supplemented with 1 mM
IPTG and appropriate antibiotics.

Transduction assays

A V. cholerae PLE2(+) donor with a kanamycin resistance
cassette downstream of orf27 (as in (13)) was grown to
OD600 = 0.3 and infected with ICP1 at an MOI of 2.5. Cul-
tures were incubated with aeration at 37◦C for 5 min, cen-
trifuged at 5000 × g for 2 min, and washed twice with fresh
LB to remove unbound phage. Infected cell pellets were then
resuspended in 2 ml LB supplemented with 10 mM MgSO4
and incubated for 30 min at 37◦C with aeration. Follow-
ing incubation, during which time lysis occurred, lysates
were treated with chloroform and centrifuged at 4000 ×
g for 10 min to remove debris. 10 �l of the transducing
lysate was added to 100 �l overnight culture of a PLE(−)
spectinomycin-resistant (ΔlacZ::spec) recipient strain and
incubated for 20 min at 37◦C with aeration before plating
on LB plates supplemented with kanamycin and spectino-
mycin to select for transductants. Assays were performed in
biological triplicate.

Deep sequencing of phage-infected cultures and reads map-
ping

From LB agar plates, 2 ml cultures of each V. cholerae strain
were grown to OD600 > 1, then back-diluted into fresh me-
dia to OD600 = 0.05, grown to OD600 = 0.3, and infected
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with ICP1 at an MOI of 1 and then incubated at 37◦C with
aeration. 1 ml aliquots at t = 8 and 16 min were taken and
immediately pipetted into 1 ml ice-cold methanol. Samples
were centrifuged at 5000 × g for 3 min and total DNA was
extracted using the QIAGEN DNeasy Blood and Tissue
Kit. Illumina sequencing was performed by the Microbial
Genome Sequencing Center (Pittsburgh, PA) at a 200 Mb
depth. Then, Illumina sequencing reads for t = 8 and t =
16 min were mapped to the relevant reference files to cal-
culate read coverage and replicates were averaged. The 1
bp position for PLE2 in our mapping reference is equiva-
lent to nucleotide position 8064 in the deposited PLE2 se-
quence (accession KC152961). Read coverage across all ge-
nomic elements (V. cholerae chromosomes, ICP1 and PLE2)
was reported as percent of total reads normalized by ele-
ment length. A ratio of averaged coverages for the PLE2
genome was then determined at each nucleotide position be-
tween experimental infections with ICP1�CR�adi divided by
ICP1�CR. This ratio calculation was also performed for the
plasmid reference with intS12A divided by WT int. These cal-
culations were performed for each timepoint variable and
presence/absence of attP on the plasmid vector and then
log2 transformed. The resulting coverage ratios across each
reference for every experiment were then scanned using the
find peaks function in SciPy (37) with the following set-
tings: height = none, threshold = none, distance = 250,
prominence = 0.2, width = 500, wlen = none, rel height =
0.5, plateau size = none. The five most prominent inverse
peaks (i.e. ‘valleys’), which equate to coverage dropouts,
were plotted centered on the peak with 250 bp on either side.

Quantification of PLE genome replication by real-time quan-
titative PCR

From LB agar plates, liquid cultures were grown to
OD600 > 1, back-diluted into fresh media to OD600 = 0.05,
grown to OD600 = 0.3, infected with ICP1 at an MOI of
2.5 and incubated at 37◦C with aeration. 100 �l samples
were taken and immediately boiled for 10 min at t = 0 (un-
infected), then at 4-min increments post infection until the
final time point at t = 20 min. Boiled samples were diluted
1:1000 and subsequently used as templates for IQ SYBR
(Bio-Rad) qPCR reactions. All conditions were tested in bi-
ological triplicate, and each reported data point is the mean
of two technical replicates. The fold change was calculated
by comparing the Cq value to the standard curve of known
concentrations of PLE2 genomic DNA. A single primer set
(in Supplementary Table S2) that amplifies a region 4.8 kb
away from attP is used to detect PLE2 replication by qPCR.

Green fluorescence protein (GFP) reporter assays

The attP sequence (as in Supplementary Tables S3 and
S4) was engineered between a constitutive promoter and
GFP in a neutral locus (lacZ) in the V. cholerae chromo-
some. Plasmids containing Int, IntS12A or empty vector
control were mated into the GFP-expressing V. cholerae
strain. From LB agar plates, liquid cultures were grown to
OD600 > 1, back-diluted into fresh media to OD600 = 0.05,
grown to OD600 = 0.3. Cultures were induced with 1 mM
IPTG and 1.5 mM theophylline for 20 min to induce expres-
sion of int or intS12A. Cells were spun down at 5000 × g for

3 min. Supernatant was removed and the pellet was washed
with 2 ml 1× PBS twice. The pellet was resuspended in
2 ml 1× PBS and OD600 was read and standardized to
OD600 = 0.3 across all cultures. 200 �l of cultures were
transferred to a black 96-well plate and read with an exci-
tation of 485 nm and emission of 535 nm. Relative fluores-
cence of V. cholerae with int or intS12A was calculated com-
pared to the engineered GFP(+) V. cholerae strain contain-
ing an empty vector control plasmid. All conditions were
tested in biological triplicate, and each reported data point
is the mean of two technical replicates.

Protein purification

E. coli BL21(DE3) cells containing a plasmid-based 6xHis-
SUMO fusion to int or adi, or 6xHis-SENP2 were grown to
OD600 = 0.5 at 37◦C and induced with 0.5 mM IPTG and
grown for 16 h at 16◦C. Cells were centrifuged at 4000 × g
for 15 min and resuspended in 25 ml lysis buffer (50 mM
Tris–HCl pH 7.8 150 mM NaCl, 1 mM BME, 0.5% Triton-
X, 50 mM imidazole, Pierce™ protease inhibitor) and soni-
cated. Cells were centrifuged to remove cell debris. The re-
sulting supernatant was filtered through a 0.2 �m cellulose
filter (GE Life Sciences). Lysate was applied to an equili-
brated HisTrap (Sigma) Ni-sepharose column and washed
with 10 mL wash Buffer A (50 mM Tris–HCl, 150 mM
NaCl, 50 mM imidazole, 1% glycerol, 2 mM BME, pH
7.8), followed by 10 ml wash Buffer B (50 mM Tris–HCl,
2.5 M NaCl, 50 mM imidazole, 1% glycerol, 2 mM BME,
pH 7.8), then finally 10 ml wash Buffer A. The protein
was eluted in 1 ml aliquots of imidazole elution buffer (50
mM Tris–HCl, 150 mM NaCl, 250 mM imidazole, 1% glyc-
erol, 2 mM BME, pH 7.8). To remove the tag, the eluted
protein was dialyzed against wash Buffer A + 5% glyc-
erol overnight in 50K MWCO (Int and IntS12A) and 10K
MWCO (Adi) Slide-A-Lyzer™ Dialysis Cassettes (Thermo
Scientific™) with 20 U/mg of 6xHis-SUMO protease. To re-
move the SUMO protease and the cleaved tag for Int or
Adi, the protein was added to Ni-NTA resin, resulting in the
SUMO protease and the cleaved tag binding to the resin and
leaving the protein of interest in the unbound buffer. Protein
concentration was measured using a BioPhotometer D30
(Eppendorf). For storage, glycerol was added to 20% final
concentration and samples were flash frozen for storage at
–80◦C.

Electrophoretic mobility shift assays (EMSAs)

Primers were annealed in water using a thermocycler from
95◦C to 25◦C with an incubation of 1 min per decrease in
1◦C. Primers used as probes are in Supplementary Table S2.
80nM probes were incubated with 500 nM purified Int or
IntS12A at 30◦C for 20 min in 20 �l reactions (150 mM Tris–
HCl, 10 mM MgSO4, 50 mM NaCl, 1 mM EDTA, 1 mM
DTT, pH 7.8). The full reaction volume was then loaded
onto an 8% acrylamide 0.5× Tris–borate (TB) gel and ran
for 60 min at 100 V and stained with 0.5× TB buffer with
GelGreen (Biotium) before imaging using an EZ Dock Im-
ager (Bio-Rad). Assays were done in triplicate and a sin-
gle representative image is shown. Replicates have been de-
posited on Mendeley Data.
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In vitro recombination and nuclease assays

Probes were amplified from purified genomic DNA of
PLE2(+) V. cholerae (attL and attR), PLE2(+) V. cholerae
infected with ICP1 phage (attP), and PLE(–) V. cholerae
cells (attC). Primers used to amplify probes are available
in Supplementary Table S2. PCR products were PCR pu-
rified using Monarch® PCR DNA Cleanup Kit (New
England BioLabs) and eluted with water. The concentra-
tion of probes was measured using a BioPhotometer D30
(Eppendorf). 100 ng probes were incubated with purified
Int and/or Adi in 20 �l reactions (150 mM Tris–HCl,
10 mM MgSO4, 50 mM NaCl, 1 mM DTT, pH 7.8). Re-
actions were incubated at 30◦C for 30 min, then 1�l of
proteinase K was added to the reaction and incubated at
37◦C for 30 min, followed by 10 min at 75◦C to heat in-
activate. 10 �l of reaction was loaded onto 2% agarose
gel with GelGreen (Biotium) and ran for 30 min at 100 V
and visualized using an EZ Dock Imager (Bio-Rad). As-
says were done in triplicate and a single representative im-
age is shown. Replicates have been deposited on Mendeley
Data.

Microscopy

V. cholerae was grown in LB at 37◦C to OD600 = 0.2, then
split to half volumes. Half of each culture was induced
with 1mM IPTG, 1.5 mM theophylline and 0.1% arabinose
for 20 min at 37◦C with aeration. Cultures were pelleted
and resuspended in half volume 4% formaldehyde in 0.5×
Instant Ocean® supplemented with 20 uM Hoechst dye
(Thermo Scientific). Samples were incubated in the dark for
10 min at room temperature, then pelleted and resuspended
in 1/20 volume 0.5× Instant Ocean. 10 �l sample volume
was mixed with Prolog Gold Antifade mountant (Invitro-
gen), mounted on a glass slide with a coverslip, and imaged
on a Zeiss Axioimager fluorescent microscope with Hama-
matsu camera. Experiments were performed in biological
triplicate and slides were mounted in technical duplicate
and blinded prior to imaging. Exposure times were approxi-
mately 30 ms for DIC images and 15 ms for Hoechst-stained
DNA fluorescence images. Images were prepared in ImageJ.
Assays were done in triplicate and a single representative
image is shown. Replicates have been deposited on Mende-
ley data.

RESULTS

ICP1 encodes adi to overcome PLE2 anti-phage activity

To identify ICP1-encoded gene(s) that allow phage to an-
tagonize PLE2, we took advantage of our collection of
ICP1 mutants and began screening for ICP1 phage mu-
tants in the ICP12011 �CRISPR background that no longer
formed plaques on PLE2(+) V. cholerae. Through this
screen, we identified gp97.1 (gene product AXY82195.1)
as necessary for ICP12011 to form plaques on PLE2(+) V.
cholerae (Figures 1B and C). Gp97.1 is a small protein (147
amino acids) of unknown function unique to ICP1 isolates
and has no sequence similarity to proteins of known func-
tion. Intriguingly, gp97.1 is encoded by phages encoding

CRISPR-Cas or odn (Figure 1B), suggesting it may pro-
vide an additional fitness advantage to phages indepen-
dent of either of the known anti-PLE mechanisms. Accord-
ingly, gp97.1 was also required for an Odn(+) phage isolate,
ICP11992, to form plaques on PLE2(+) V. cholerae (Figure
1C). Notably, our initial attempts to complement �gp97.1
phage mutants were confounded by the observation that ex-
pression of gp97.1 was toxic to PLE2(+) V. cholerae (elab-
orated on further below) (Figure S1). With decreased in-
ducer concentrations (see methods) that allowed the bac-
terial lawn to form, we found that expression of gp97.1
in trans restored plaque formation for engineered �gp97.1
phage mutants on PLE2(+) V. cholerae (Figure 1D). Al-
though gp97.1 is encoded alongside other unique acces-
sory genes (Figure 1B), expression of gp97.1 in trans was
also sufficient to allow ICP12001 and the �CRISPR deriva-
tive of ICP12006 form plaques on PLE2(+) V. cholerae (Fig-
ure 1D). ICP12001 and ICP12006 are isolates that do not
encode gp97.1 or associated flanking genes (Figure 1B),
demonstrating that gp97.1 functions independently of co-
varying accessory genes. To evaluate whether the Gp97.1
protein or its transcript had the relevant activity to allow
ICP1 to form plaques on PLE2 (+) V. cholerae, we intro-
duced premature stop codons at amino acid positions +1
(K2*) or +89 (M90*) while maintaining the rest of the
gp97.1 coding region. Consistent with the relevant activ-
ity being attributable to the Gp97.1 protein, we found that
ICP1 was unable to plaque on PLE2(+) V. cholerae ex-
pressing gp97.1(K2*) and gp97.1(M90*) (Figure 1D). Since this
gene product is both necessary and sufficient for ICP1 to
overcome PLE2, and as informed by subsequent experi-
ments, we named Gp97.1 attachment site directed inhibitor
or Adi.

Genome replication dynamics following ICP1 infection of
PLE2(+) V. cholerae are indicative of Adi-mediated nuclease
activity targeting attP

Both known mechanisms that ICP1 uses to counter PLE ac-
tivity (CRISPR-Cas and Odn) harness nucleases to restrict
the robust levels of PLE replication seen during ICP1 in-
fection (12,22,24). Therefore, we evaluated the replication
of PLE2 during infection by ICP1 ± adi. Moving forward,
we performed experiments with ICP12011, which we will re-
fer to as ICP1 for simplicity (unless otherwise noted). We
opted to assess replication using deep sequencing of total
DNA during an infection time course to provide insight into
replication dynamics (12) and reveal potential regions of nu-
clease cleavage by looking for areas with sudden drops in
reads coverage (21). To evaluate total DNA content in in-
fected cells at different stages of infection, we collected sam-
ples at relatively early (8 min) and late (16 min) time points
post-infection, consistent with the established kinetics of
ICP1 replication and PLE’s response to infection (12,38).
Total DNA from samples at each time point was sequenced,
and the resulting sequencing reads were mapped to the V.
cholerae, ICP1 and PLE genomes. Consistent with previ-
ous observations measuring replication of a different ICP1
isolate in a permissive PLE(–) V. cholerae host (12), ICP1
encoding adi infecting a PLE2(+) host led to the robust ac-
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cumulation of phage DNA late in infection (Figure 2A).
As expected for this infection setup wherein PLE2 is an-
tagonized by Adi, robust phage DNA replication coincided
with minimal PLE replication. In contrast, during infec-
tion by ICP1 �adi, PLE replication increased ∼7-fold, al-
though replication of PLE2 in these experiments was not as
robust as observed previously for PLE1 following infection
by a different ICP1 isolate (12). Nevertheless, the increase
in PLE replication following infection with ICP1 �adi co-
incided with decreased phage replication (Figure 2A), con-
sistent with the established link between PLE replication
and inhibition of ICP1 DNA replication (12,21). The de-
crease in reads mapping to the PLE genome suggested that
PLE transduction would also decrease in the presence of
Adi. To test this, we evaluated PLE2 transduction follow-
ing infection by ICP1 ± adi. As expected, PLE transduction
efficiency decreased ∼10-fold following infection by adi(+)
ICP1 compared to the �adi derivative (Figure 2B). Taken
together, the observed replication dynamics and transduc-
tion assays are consistent with Adi-mediated interference of
PLE replication through nuclease activity directed against
the PLE genome itself.

Having observed diminished PLE replication during in-
fection with adi(+) ICP1, we next determined if there were
localized drops in reads coverage in the PLE genome dur-
ing infection that appeared in an Adi-dependent manner.
To generate cleavage maps across the PLE genome, we cal-
culated the coverage ratio of PLE reads obtained follow-
ing infection with ICP1 �adi relative to wild-type ICP1 at
both 8- and 16-min post-infection and analyzed coverage
drops, representing a depletion of reads (Figure 2C, Fig-
ure S2A, and Figure S2B). Intriguingly, we identified that
the reads surrounding the PLE2 circularization junction
(attP – attachment site PLE) at both 8- and 16- min post-
infection showed the largest drop in coverage when ICP1
encoded adi (Figure 2C), suggesting nuclease activity tar-
geting this region. Collectively, these data suggest that upon
ICP1 infection, PLE2 excises and circularizes to form the
attP junction, which is then targeted by phage-encoded Adi
for degradation, thereby compromising the integrity of the
PLE2 genome and favoring productive ICP1 infection.

Phage-encoded Adi requires the attP target sequence and cat-
alytically active PLE-encoded integrase for anti-PLE2 activ-
ity

Following phage infection, the formation of the PLE circu-
larization junction, attP, is dependent on the PLE-encoded
large serine recombinase (LSR) and recombination direc-
tionality factor (RDF) (10). Based on our results, we pre-
dicted that Adi mediates PLE interference through nucle-
olytic cleavage of attP; as such, we predicted that PLE2’s
LSR would be required for Adi-mediated interference.
The PLE1-type LSR (Int) (WP 002040296) was previously
shown to be required for PLE1 excision but was not neces-
sary for PLE replication or for PLE to block ICP1 plaque
formation (10,12). To experimentally confirm the require-
ment of PLE2’s predicted LSR (WP 053027292.1) (10,13)
for PLE excision in response to ICP1 infection, we con-
structed a PLE2 �int derivative and challenged it with
ICP1. Consistent with the predicted role of the PLE2 LSR,

circularization was not detected in the �int derivative and
was restored upon expression of Int in trans (Figure 3A).
These results were further confirmed by in vitro assays using
purified PLE2 Int, in which we observed the recombination
of attP and attC sites to form recombinant attL and attR
sites (Figure 3B and C), as is characteristic of LSRs (26).

In the absence of Int, PLE2 does not excise to form the
circularization junction attP (Figure 3A). Following these
observations, we predicted that Adi would require Int to
mediate excision of PLE2 to form the target sequence, attP,
allowing for ICP1 plaque formation. In support of this,
we observed that ICP1 encoding adi could no longer form
plaques on the PLE2 �int derivative (Figure 3D). ICP1’s
plaquing phenotype was restored by expressing Int in trans,
revealing that PLE2 excision sensitizes it to Adi-mediated
anti-PLE activity (Figure 3D). Replication of PLE1 follow-
ing phage infection was previously shown to reach wild-type
levels in the absence of its Int (12) or RDF (10). Therefore,
we next evaluated if Int negatively impacted PLE2 replica-
tion following infection by ICP1 expressing Adi. Consistent
with the role of Int in sensitizing PLE to Adi-mediated inter-
ference, we observed that upon adi(+) ICP1 infection, repli-
cation of wild-type PLE2 was impaired ∼100-fold relative
to PLE2 �int (Figure 3E). This observation demonstrates
that dependence on the PLE2 LSR is a critical facet of Adi-
mediated anti-PLE activity.

Having observed a drop in reads coverage consistent with
cleavage of attP in the presence of Adi (Figure 2C), we
next sought to test the hypothesis that attP alone was suffi-
cient for Adi-mediated targeting of PLE. To do this, we en-
gineered the target sequence attP directly into PLE2 �int
(Figure 4A), reasoning that the integrase would now be dis-
pensable for ICP1 plaque formation. Surprisingly, we ob-
served that adi(+) ICP1 was unable to plaque on the attP(+)
strain, indicating that attP was not sufficient to direct Adi
activity (Figure 4B). Furthermore, Adi does not possess do-
mains predicted to confer DNA binding or nuclease activ-
ity, consistent with in vitro assays in which we detected nei-
ther activity for purified Adi (Figure S3A and Figure S3B).
Therefore, we next considered the possibility that the re-
quirement of PLE2 Int for Adi-mediated anti-PLE activity
(Figure 3D) extended beyond its role in generating the attP
junction. Notably, ICP1 plaque formation was restored on
the attP(+) PLE2 �int host with the complementation of
Int in trans (Figure 4B), suggesting that the integrase protein
itself is required, and ICP1’s inability to plaque on PLE2
�int is not solely due to the lack of the attP target sequence.

Previous work has shown that the catalytic activity of
LSRs is decoupled from DNA binding activity (26,39–41).
Therefore, we considered the possibility that Adi may ex-
ploit the DNA binding activity of Int to localize to attP and
target it for degradation. To test this, we engineered a mu-
tation in the predicted catalytic serine residue of PLE2 Int
(S12A). We verified that IntS12A was catalytically inactive
using an in vitro recombination assay where, as expected,
purified IntS12A did not recombine attP and attC (Figure
S3B). To verify that IntS12A retained its DNA binding ac-
tivity, we performed in vivo and in vitro assays. To assess
DNA-binding in vivo, we cloned attP in between a consti-
tutive promoter and green fluorescence protein (GFP) in
the V. cholerae chromosome, reasoning that expression of
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Figure 2. Genome replication dynamics following ICP1 infection of PLE2(+) V. cholerae are indicative of Adi-mediated nuclease activity targeting the
PLE2 mobilization product, attP. (A) Percent DNA read abundances normalized to the element’s length for PLE2, both V. cholerae chromosomes (CHR1
+ 2), and ICP1 at the time point indicated (in minutes) following infection by ICP1 �CRISPR (�CR) harboring wild-type adi (WT) or the �adi derivative.
Bar height is the mean of two biological replicates. (B) Transduction of PLE2 following infection with ICP1 or the �adi derivative. Bar height represents
the mean of three biological replicates and each dot is a measurement from an independent assay. (C) The log2-transformed coverage ratio across the PLE2
genome (relative position shown on the X axis) following infection by �adi or WT ICP1 over the course of infection. The largest coverage ratio dropout
is focused on the 500bp region surrounding attP and represents the average of two replicates. The region comprising the circularization junction, attP, is
highlighted in grey with the dashed vertical line indicating the crossover junction between attL x attR to form attP.

a protein that binds attP would result in steric hindrance
and decreased fluorescence (Figure 4C). We found that ex-
pression of either Int or IntS12A resulted in decreased flu-
orescence compared to empty vector control in the strain
containing PLE2’s attP, consistent with DNA binding ac-
tivity for both proteins. In contrast, no decrease in fluores-
cence was observed following expression of either protein in
the strain containing PLE1’s attP (Figure 4D), consistent
with the anticipated specificity of an LSR for its cognate
att site. To confirm our in vivo assay, we assessed if puri-
fied Int and IntS12A could bind attP directly using an elec-
trophoretic mobility assay (EMSA) and found that both pu-
rified proteins demonstrated binding to attP in vitro (Figure
4E, Figure S3C, and Figure S3D). With the catalytically in-
active IntS12A we were then able to test whether Adi relies
solely on Int’s DNA binding activity, reasoning that com-
plementation of PLE2 �int::attP with the IntS12A mutant
would restore plaque formation if Adi only required Int to
localize to attP. However, we observed that adi(+) ICP1 was
still unable to form plaques even with the target sequence
attP and the DNA binding activity of IntS12A (Figure 4B).

Together, these results indicate that ICP1-encoded Adi re-
quires the catalytic activity of the PLE2 LSR and attP to
exert anti-PLE activity.

Recombination directionality factors (RDFs) are the
only group of proteins described to bind directly to LSRs,
resulting in a conformational change in the LSR to favor
the excision reaction and the formation of the circularized
junction, attP (26,42,43). The RDF for the PLE1-type LSR
has been identified as ICP1-encoded PexA (10); however,
the RDF for PLE2-type LSRs has not been identified. Our
results up to this point indicate that Adi may interact di-
rectly with PLE2 Int to induce a conformational change
and modulate its activity, similar to the role of an RDF.
To address if Adi functions as an RDF for PLE2, we first
constructed a minimal platform to assess PLE2 excision,
referred to as ‘miniPLE2’, as was previously published for
PLE1 (10). MiniPLE2 encodes Int under the control of its
endogenous promoter but no other PLE2 genes and is in-
tegrated into the same attachment site as full-length PLE2.
Upon ICP1 infection, miniPLE2 excised and circularized in
the absence of other PLE products, demonstrating that no
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Figure 3. The PLE2 integrase is necessary for adi(+) ICP1 to antagonize PLE2. (A) Agarose gel showing the circularization PCR of PLE2 derivatives lacking
ORFs and complemented with a plasmid expressing int as indicated, following phage infection (ORFs 1 and 3 flank the integrase and were also tested).
Controls on the right show circularization of wild-type PLE2 following ICP1 infection (WT) and a no template control (ntc) for the PCR. (B) Schematic
of PLE2 integrated into the chromosome with attL and attR denoting the attachment sites flanking the PLE. Excision of PLE2 upon ICP1 infection
results in formation of attP and attC for the attachment sites on the PLE and the chromosome, respectively. For excision, Int, att sites, and recombination
directionality factor (RDF) are required. For integration, only the Int and att sites are required. (C) Agarose gel showing products from in vitro DNA
recombination assays of attC and attP (integration) at increasing Int concentrations (as indicated above the gel). The input templates and recombination
products (attL and attR) are labeled on the right. (D) Ten-fold serial dilutions of adi(+) ICP1 and the �CRISPR (CR), �CR�adi derivatives spotted
on PLE(–), PLE2(+) and PLE2Δint V. cholerae containing an empty vector (EV) or plasmid expressing int under an inducible promoter. Complemented
PLE2Δint V. cholerae were grown and plated with inducer (bacterial lawns in gray, zones of killing are shown in black). (E) Replication efficiency of wild-
type (WT) PLE2 and the �int derivative in V. cholerae host strains calculated as the fold change in PLE2 DNA copy at the time indicated (in minutes)
following infection with adi(+) ICP1�CR as assessed by qPCR. For (A) and (C), L indicates the ladder.

other PLE2 genes are required for PLE2 excision (Figure
S4A). To evaluate if Adi can function as the RDF for PLE2
Int, we expressed adi in V. cholerae carrying miniPLE2 and
found Adi was not sufficient for excision and circulariza-
tion (Figure S4A). In addition, we observed PLE2 circular-
ization following infection with ICP1 �adi (Figure S4B),
supporting our conclusion that Adi is indeed not the RDF.
Having identified at least some of the necessary components
for Int/Adi mediated anti-PLE activity, we were motivated
to recapitulate the predicted att-directed nuclease activity

of purified Int and Adi in vitro. However, we observed that
while Int maintained its recombinase activity in vitro in the
presence of Adi, there was no obvious aberrant nuclease ac-
tivity when the purified proteins were combined (Figure S5).
Adi also did not inhibit the integration reaction as an RDF
would (41,44,45), further confirming it is not the RDF. The
inability to reconstitute destructive nuclease activity in vitro
could be due to a missing factor (e.g. other proteins or co-
factors in the nuclease buffer). Although we predict that Adi
may share features with the PLE2 RDF, namely its ability to
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Figure 4. PLE2 attP and catalytic activity of the PLE integrase are required for adi(+) ICP1 to antagonize PLE2. (A) Schematic of PLE2 �int::attP
construct (bottom) with attP cloned into PLE2 �int. The cartoon of circularized PLE2 is shown as a reference to indicate the formation of attP upon
ICP1 infection, which was then cloned into PLE2 �int. (B) Ten-fold serial dilutions of adi(+) ICP1 and the �CRISPR (�CR) derivative spotted on PLE(–),
PLE2(+) or PLE2Δint::attP containing an empty vector (EV) or plasmid expressing int or intS12A under an inducible promoter grown and plated with
inducer (bacterial lawns in gray, zones of killing are shown in black). (C) Schematic of the in vivo green fluorescence protein (GFP) reporter assay. Steric
hindrance by proteins that bind DNA in the region between the constitutive promoter and gfp result in lower levels of GFP expression. The DNA used
to test protein binding is the excision product attP of either PLE2 or PLE1, denoted as attPPLE2 and attPPLE1 in panel (D), respectively. (D) V. cholerae
cells with either attPPLE2 or attPPLE1 containing an empty vector (EV) or plasmid expressing int or intS12A under an inducible promoter were grown with
inducer. Relative fluorescence of int and intS12A to the empty vector control is shown. Bar height is the mean of three biological replicates and each dot is a
measurement from an independent assay. The empty vector control (set at 100%) is shown for reference. (E) Electrophoretic mobility shift assay (EMSA)
using a probe harboring attP incubated without protein (npc), with purified Int or IntS12A.

interact with and perhaps modulate Int-directed DNA ma-
nipulation, these data demonstrate that Adi is not function-
ally equivalent to the RDF but instead represents a novel
factor also capable of altering LSR activity.

PLE2 Int and attP are sufficient to sensitize PLE1 to Adi-
mediated anti-PLE activity

Previously, CRISPR-deficient adi(+) ICP1 was shown to
overcome PLE2 but could not overcome PLE1 encoding
the PLE1-type LSR (13). This observed host range aligns
with the differences between the mobility module (com-
prised of Int and cognate attachment sites) of PLE1 and
PLE2. Specifically, the integrases and excision products of
PLE1 and PLE2 are divergent (25.7% amino acid identity
and 50% nucleotide identical, respectively) (Figure S6A).
Therefore, we hypothesized that expression of PLE2 Int in
trans would sensitize PLE1 to adi(+) ICP1, but only if the
putative target site, attPPLE2 (Figure S6B), was cloned into
PLE1. To test this, we cloned attP directly into PLE1 (Fig-
ure 5A) and assessed the sensitivity of this strain to phage
infection in the presence and absence of ectopic expression
of Int. The attP(+) PLE1 strain retained the ability to re-
strict adi(+) ICP1, confirming that attP is not sufficient
for Adi-mediated anti-PLE activity (Figure 5A). Likewise,
PLE1 lacking attP retained the capacity to block plaque

formation by this phage with PLE2 Int expressed in trans
(Figure 5A). In contrast, the PLE1 strain bearing the attP
sequence was no longer inhibitory to ICP1 with PLE2 Int
expressed in trans (Figure 5A), confirming that both attP
and the PLE2 integrase are required to mediate sensitivity
to adi(+) ICP1. Further, attP was not sufficient to sensitize
PLE1 to ICP1 antagonism even in the presence of Int if attP
was cloned outside of PLE in the V. cholerae chromosome
(Figure 5B). The requirement of attP to be encoded in cis
(within PLE) is consistent with attP serving as the target se-
quence for Adi-mediated Int-dependent anti-PLE activity.

Co-expression of Int and Adi results in attachment site DNA
degradation

Having established that Int, Adi, and the target sequence
attP are sufficient for anti-PLE activity that results in im-
paired replication of the PLE genome, we wanted to directly
assess the fate of DNA in the presence of both Int and Adi.
Since we could not recapitulate DNA degradation in vitro,
we turned to experiments in V. cholerae in the absence of
phage infection. This was partly motivated by the observa-
tion that co-expression of int, but not the catalytically inac-
tive mutant intS12A, and adi was toxic to V. cholerae (Figure
6A). We anticipated this toxicity was due to nuclease ac-
tivity driven by Int and Adi. To assess this possibility, we
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performed light and fluorescence microscopy on cells after
a short induction of int, adi, or both. Congruent with the
toxicity assay results, we observed that expression of either
int or adi alone resulted in normal DNA staining, while co-
expression of int and adi resulted in a dramatic loss of DNA
signal by Hoechst staining (Figure 6B). By light microscopy,
all induced cells appeared physiologically normal, suggest-
ing that the specific observed loss of DNA signal during
Int and Adi co-expression was not due to apparent cell ly-
sis, membrane damage, or cell division defects. Interestingly,
the strain used in these assays is PLE(–) and therefore does
not contain attP, but it has attC, the chromosomal integra-
tion site also recognized by Int, suggesting that Int and Adi
will destroy any DNA for which Int has inherent specificity.

The microscopy data and cell survival assays are sugges-
tive of destructive nuclease activity upon co-expression of
int and adi in V. cholerae in the absence of other PLE and
phage products. However, we reasoned that such nuclease
activity must be directed to not be self-destructive for ICP1.
Therefore, we were curious whether co-expression of int and
adi was sufficient to mediate DNA degradation specifically
of the attP sequence, recapitulating the depletion of PLE2’s
attP observed during phage infection (Figure 2C). To assess
this, we co-expressed int or the intS12A mutant with adi in V.
cholerae containing an empty vector control or a plasmid
containing the attP target sequence and performed deep
sequencing of the total DNA before and after induction.
The resulting sequencing reads were mapped to the relevant
plasmid sequence to look for evidence of plasmid degrada-
tion. Strikingly, the proportion of total reads mapping to
the attP(+) plasmid decreased ∼10-fold only when catalyt-
ically active int was co-expressed with adi (Figure 7A). Im-
portantly, we did not observe depletion of the empty vector
plasmid upon co-expression of int and adi, indicating that

the attP sequence is required for targeting. We compared
the coverages between V. cholerae expressing the catalyti-
cally active int or its mutant derivative intS12A and scanned
for dropouts in the coverage ratio as was performed for
PLE2 previously. As expected, we observed that the largest
drop in the coverage ratio was localized at the target se-
quence, attP (Figure 7B). Further, we observed no drop in
coverage ratio when comparing the induced empty vector
plasmid controls, suggesting that nuclease activity specifi-
cally targets the attP site (Figure S7). Altogether, these data
suggest that Int and Adi are sufficient for attP targeting in
the absence of phage infection and that no other PLE or
ICP1 products are required for the depletion of attP.

Overall, our data support a model in which adi(+) ICP1
infects a PLE2(+) V. cholerae host, resulting in Int-mediated
PLE2 excision and the formation of the PLE mobilization
product, attP. Concomitantly, the anti-PLE factor Adi al-
ters Int activity such that attP, a DNA sequence which Int
has inherent specificity for, serves as the target site for its
destructive nuclease activity, resulting in loss of integrity of
the PLE genome and restored production of ICP1 progeny
phage (Figure 8A).

DISCUSSION

Here, we uncover a novel anti-PLE mechanism present in
some ICP1 isolates that appears to function as a counter-
defense mechanism by exploiting PLE’s mobility. Thus far,
known ICP1-encoded anti-PLE counter-defenses rely on
nuclease activity to target the PLE genome: CRISPR-Cas
provides anti-PLE defense against a broad range of PLEs
(13,18,24), while Odn targets the origin of replication of
PLEs 1, 4 and 5 (22). Because Odn does not target all PLEs,
Adi serves to expand a given phage’s capacity to defend
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magnification with white light (DIC) or DAPI filter (DNA). Scale bar represents 10 microns. Traces were generated manually from matched overlayed DIC
and DNA images. Slides were prepared and imaged from three independent biological replicates in technical duplicate and blinded prior to imaging.

against all PLEs. This is exemplified by ICP11992, which is
armed with both Odn and Adi, allowing it to target multi-
ple PLEs: Odn targets the origin of replication of PLEs 1,
4, and 5, while Adi restricts PLE2 by targeting the PLE2-
specific attP site. Intriguingly, many ICP1 isolates encoding
CRISPR-Cas also encode Adi (23), signifying that there is
a fitness benefit for ICP1 to maintain Adi, the anti-PLE2
effector, even in the presence of a broader anti-PLE de-
fense system. Although CRISPR-Cas restores ICP1 plaque
formation on a PLE2(+) host (13), this defense alone may
not be enough to completely abolish PLE replication and
transduction, as was observed for PLE1 (18,24). By en-
coding CRISPR-Cas and Adi, the combined action of two
anti-PLE counter-defense mechanisms could help to com-
pensate for differences in interference seen with different
CRISPR spacers (24). Further, encoding two anti-PLE sys-
tems would require multiple counter-adaptations by PLE
to escape, ensuring ICP1 maintains the upper hand. Al-
ternatively, the nuclease activity stimulated by Adi and Int
may help to generate substrates for adaptation of the phage
CRISPR system, analogous to what occurs in bacteria with
CRISPR and restriction-modification systems (46). Previ-
ous analyses show that proteins with similar functions (e.g.
anti-defense systems) cluster together in specific genomic
locations or hotspots (22,47–49). Now that the adi locus
has been functionally identified, genes in the same genomic
context in adi(–) ICP1 isolates are compelling candidates to
explore as possible additional counter-defense mechanisms.

It is interesting as to why PLEs would encode PLE2-type
integrases when doing so would sensitize PLE to Adi. Pre-
vious work has shown that PLE1-type integrases exploit
ICP1-encoded PexA as the RDF to favor the excision of
PLE1 from the chromosome (10). However, pexA is not es-
sential and can be mutated in ICP1 (10). While PLE2’s RDF
has not yet been identified, it is possible that PLE2-type in-
tegrases evolved to exploit an essential ICP1 gene product
as their RDF. Therefore, if PLE2-type integrases evolved
to exploit an essential gene, then in a tit-for-tat model, per-
haps ICP1 evolved to exploit this integrase to PLE’s demise.
While the evolutionary path that led to the divergence of
mobility modules in PLEs can only be speculated, it is clear
that the modular diversity observed across PLEs can pro-
vide a means to escape the molecular warfare with their
inducing phage while maintaining their fundamental life
cycle. Innovations arising from the conflict between these
antagonizing genomes continue to inform the investigation
of the so-called microbial dark matter, genes and systems
whose functions cannot be bioinformatically inferred but
become apparent when examined in the context of inter-
microbial conflict.

A question remains as to the specific mechanism of Adi
activity that renders PLE2 unable to restrict ICP1. Al-
though it is still unclear how Adi modulates Int activ-
ity, consideration of how LSRs function may provide in-
sight into the possible mechanism employed by Int/Adi
targeting. A hallmark of the LSR mechanism is its con-
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Figure 7. Co-expression of int and adi targets plasmids in an attP-dependent manner. (A) Percent reads abundance mapped to the plasmid indicated prior
to induction (–) and 20 min post-induction (+) in V. cholerae strains induced to express either int or intS12A and adi. Strains had either an empty vector
control (EV) or plasmid containing the PLE2 attP target sequence. Bar height is the mean of three biological replicates and each dot is a measurement
from an independent assay. (B) Log2-transformed sequence coverage ratio across plasmid containing attP (relative position shown on the X axis) following
induction of int and adi by showing the most prominent coverage drop detected compared to induction of intS12A and adi 20 min post-induction. The
largest coverage ratio dropout is focused on the 500bp region surrounding attP and represents the average of three replicates. The region comprising the
circularization junction, attP, is highlighted in grey with the dashed vertical line indicating the crossover junction between attL x attR to form attP.

certed action in double-stranded cleavage (26,39,45). Dur-
ing excision, LSRs bind to their DNA substrates and form
a synaptic complex leading to activation of the catalytic
serine residue and cleavage of the DNA substrates at the
crossover dinucleotide (26,39,45). An intermediate of this
recombination is the formation of dinucleotide 3’ overhangs
(26,39,45). One of the possible mechanisms by which Adi
could act to damage the PLE2 genome is by preventing the
integrase from re-ligating the dsDNA break while the inte-
grase is mediating recombination, thereby resulting in free
3’ hydroxyl groups on DNA ends that nucleases could tar-
get for processive degradation of the DNA (Figure 8B). This
is consistent with Int/Adi-dependent phenotypes observed
across different assays including impaired PLE replication
(Figure 2A and Figure 3E), depletion of reads mapping
to the plasmid bearing attP (Figure 7A), and visible loss
of chromosomal DNA (Figure 6B). While this proposed
mechanism suggests a direct interaction between Int and
Adi, we did not see evidence of an interaction using pull-
down assays or bacterial adenylate cyclase two-hybrid as-
says. Our attempt to recapitulate the protein-protein inter-
action may be confounded by the transience of the interac-
tion or the lack of RDF (or an additional factor) that could
stabilize the interaction between Int and Adi. Notably, how-
ever, expression of Int and Adi in V. cholerae is sufficient
for attP targeting, suggesting that nuclease activity target-
ing the PLE does not require other PLE or ICP1-encoded
factors (including the putative RDF) but does not rule out
requirements for other V. cholerae host-encoded factors.
Lastly, another way in which Int activity can be modulated
is through modification of the protein itself. However, we

are not aware of any LSRs that undergo modification, ex-
cept during recombination in which the LSR is covalently
bound to the 5’ DNA ends through a phosphoseryl linkage
(26,39–41). Thus, further study of the mechanism by which
Adi exploits Int activity to target PLE2 may reveal more
widespread modifications to LSR activity than are currently
appreciated.

To our knowledge, RDFs are the only known proteins
that interact with LSRs to modulate their activity. In the
context of phage infection, Int binds to the RDF resulting
in PLE excision. At the molecular level, RDF-Int binding
alters the activity of the LSR, modulating Int’s activity to
favor excision resulting in the recombination between attL
and attR (44,50,51), and inhibiting attP and attC recom-
bination (integration) (44). Because of the simple require-
ments and specificity of directional recombination, LSRs
are used as tools for genetic engineering (27–34). The dis-
covery of Adi and the data presented here suggest that other
factors could modulate the activity of LSRs in unexpected
ways (i.e. to have destructive nuclease activity) and impli-
cates an additional barrier in the development of LSRs as
tools for genetic engineering.

Our model of Adi activity raises the possibility that other
factors, including known defenses, could be exploited in
inter-genome conflicts. Nucleases are particularly perva-
sive effectors mediating conflicts between hosts, mobile el-
ements, and viruses (52). Such nucleases could be manipu-
lated to the detriment of the organism deploying them, in
a similar manner to how Adi exploits Int for anti-PLE ac-
tivity. For instance, perhaps some anti-CRISPRs bind Cas
proteins to modulate their activity in such a way that in-
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stead of cleaving the antagonizing genome, Cas targets its
host genome for degradation instead. Likewise, restriction-
modification systems could be exploited in such a way that
the self-genome usually protected from nuclease destruc-
tion becomes targeted. Moreover, such proteins that alter
the activity of other enzymes could be challenging to pre-
dict, perhaps explaining why such mechanisms have yet
to be discovered. Still, encoding small proteins like Adi
that weaponize existing proteins or even large protein com-
plexes may allow additional pathways to survival for mo-
bile elements like phages that have constrained genome
sizes.
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