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Abstract

In this study, we describe the isolation and characterization of novel bacteriophage
vB_EcoP_Kapil (Kapil) isolated from a strain of commensal Escherichia coli inhabiting the
gastrointestinal tract of healthy mice. We show that Kapil is a temperate phage integrated into
tRNA argW of strain MP1 and describe its genome annotation and structure. Kapil shows
limited homology to other characterized prophages but is most similar to the seroconverting
phages of Shigella flexneri, and clusters taxonomically with P22-like phages. The receptor for
Kapil is the lipopolysaccharide O-antigen, and we further show that Kapil alters the structure of
its hosts O-antigen in multiple ways. Kapil displays unstable lysogeny, and we find that
lysogeny is favored during growth in simulated intestinal fluid. Furthermore, Kapil lysogens
have a competitive advantage over their non-lysogenic counterparts both in vitro and in vivo,
suggesting a role for Kapil during colonization. We thus report the use of MP1 and Kapil as a
model system to explore the molecular mechanisms of mammalian colonization by E. coli to ask

what the role(s) of prophages in this context might be.

Importance

Although research exploring the microbiome has exploded in recent years, our
understanding of the viral component of the microbiome is lagging far behind our understanding
of the bacterial component. The vast majority of intestinal bacteria carry prophages integrated
into their chromosomes, but most of these bacteriophages remain uncharacterized and
unexplored. Here, we isolate and characterize a novel temperate bacteriophage infecting a

commensal strain of Escherichia coli. We aim to explore the interactions between
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bacteriophages and their hosts in the context of the gastrointestinal tract, asking what role(s)
temperate bacteriophage may play in growth and survival of bacteria in the gut. Understanding
the fundamental biology of gut commensal bacteria can inform the development of novel

antimicrobial or probiotic strategies for intestinal infections.

Introduction

Escherichia coli is a Gram-negative bacterium normally inhabiting the lower
gastrointestinal (Gl) tract of humans and other warm-blooded animals (1). Despite being one of
the most widely studied prokaryotic model organisms, there remains an immense complexity to
the lifestyle of E. coli that we are only beginning to appreciate; one of these layers of complexity
is the interactions between E. coli and the bacteriophages that infect it. Bacteriophage (or simply
phage) exhibit two main lifestyles; lytic phage infect and immediately begin replicating within
their host, eventually causing cell lysis and releasing progeny phages. Temperate phage replicate
through the same lytic cycle, but can also display an alternate life cycle, the lysogenic cycle,
where the phage integrates into the genome of their host and resides as a mostly-dormant
prophage, replicating along with the host chromosome and being disseminated into daughter
cells. Once the host cell experiences stress such as DNA damage, the prophage excises from the
chromosome and enters the lytic cycle to ensure its own survival (2). Temperate phage have been
gaining attention as we begin to appreciate their abundance; it has been estimated that
approximately half of all sequenced bacterial genomes contain intact prophage, and even more
contain prophage elements (3). Interestingly, the abundance of temperate phage residing in the
commensal gut microbiome of mice appears to be even higher (4), indicating that temperate

phage may play a role in bacterial community dynamics during colonization. Indeed, many
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recent studies and reviews have highlighted the importance of phages in the microbiome

community (5-8).

One of the ways in which temperate phage influence the biology of their hosts is through
lysogenic conversion. During lysogenic conversion, accessory genes encoded on the prophage
are expressed in the host cell during lysogeny. These accessory genes influence the biology of
the host cell, without affecting the phage life cycle. One form of lysogenic conversion is
seroconversion, in which bacteriophages encode proteins that alter the structure of the host
lipopolysaccharide (LPS) O-antigen. The most well-known seroconverting phage are those that
infect Shigella flexneri; lysogeny with these phage results in modification of the O-antigen
through either glucosylation or O-acetylation, leading to a change in bacterial serotype (9). This
can have different benefits for the bacterial host including antigenic variation and immune
evasion, since the mammalian innate immune system mounts a serotype-specific antibody
response (9). Beyond immunogenicity, LPS is an essential component of the outer membrane

that is important for membrane stability and barrier function (10).

Here, we describe the isolation and characterization of novel bacteriophage Kapil,
capable of O-antigen modification. Kapil was isolated from a wild commensal strain of E. coli,
and the phage genome was sequenced and compared to other characterized phages. We also
report the identification of the O-antigen as the receptor for Kapil and show that this phage
displays an unstable temperate lifestyle. Our characterization of Kapil suggests that it has a
significant impact on the fitness of E. coli in the GI environment, and that it should serve as an
excellent model system to explore the impact of temperate bacteriophage on E. coli colonization

of the mammalian Gl tract.
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88  Results and Discussion

89  Kapil is a novel Podoviridae with a narrow host range

90 Recently, Lasaro et al. (2014) showed that the Cpx, Arc, and Rcs two-component
91 systems found in Escherichia coli were required for colonization of the murine GI tract by a
92  strain of commensal E. coli, MP1. We began performing competitions between Cpx, Arc, and
93  Rcs mutants and wild-type (WT) MP1 in vitro to further explore the molecular mechanisms
94  behind the observed colonization phenotypes. MP1, MP7, and MP13 are identical strains except
95 for the presence of fluorescent plasmids pML8 and pASQ7 integrated into the chromosomes of
96 MP7 and MP13 respectively, at the A attachment site (11). Because MP7 and MP13 are marked
97 with mcherry and gfpmut3.1, these strains are easily distinguishable during co-culture
98  competition experiments. Unexpectedly, when co-culturing MP13 rcsB mutants with MP7, we
99  found that the rcsB mutants strongly outcompeted the WT (data not shown). Because Lasaro et
100 al. (2014) showed that mutation of rcsB decreased competitiveness in a mouse colonization
101 model, we wondered if this reflected a differential ability of the Rcs mutant to compete in vitro
102 vs in vivo and set out to investigate this. Because of the strong competitive advantage, we
103  hypothesized that the rcsB mutant could perhaps be directly killing the WT in some way. To test
104  if there was a bactericidal factor secreted by the rcsB mutant, we isolated the supernatant from
105  cultures of MP13 rcsB mutants and spotted it onto lawns of MP7. Unexpectedly, the supernatant
106  cleared the MP7 lawn, and serial dilutions of the supernatant showed spotty clearing, reminiscent
107  of phage plaques. We then screened our entire strain collection of all strains derived from MP1,
108  MP7, and MP13 for their abilities to produce plaques on each other. A clear trend emerged; the

109  supernatants of MP1 and MP13 background strains could produce plaques on lawns of MP7, but
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110  supernatant derived from MP7 background strains could not produce plaques on either MP1 or
111  MP13. Thus, we began identification and characterization of the phage found in MP1 and MP13.
112 Because our cultures of MP1 and MP13 containing phage did not appear to have a
113 pronounced growth defect in comparison to MP7, we hypothesized that the phage in these
114  cultures may be temperate, as a lytic phage would be more likely to lyse the cultures resulting in
115  avisible reduction in cell density and poor growth. Analysis of the previously published genome
116  sequence for MP1 (11) using the prophage identification tool PHASTER (12, 13) revealed six
117  putative prophages integrated into the chromosome of MP1 (Figure 1A). Of these, only one
118  prophage was scored as intact by PHASTER (12, 13) (Figure 1A); we hypothesized that this
119  prophage was the most likely candidate for the phage plaques we had observed because of the
120 completeness of the prophage sequence. To confirm this, we performed polymerase chain
121 reaction (PCR) on colonies of MP1, MP7 and MP13, as well as on phage lysates prepared from
122 MP1 and MP13 with three primer pairs targeting the coat, portal, and tail proteins within the
123 Sf101-like Intact_1 prophage region identified by PHASTER. Bands were consistently observed
124  for MP1 and MP13 colonies and phage lysates and were consistently absent for MP7 colonies for
125  all primer pairs (data not shown). This indicates that the phage present in MP1 and MP13
126 cultures likely corresponds to the Sf101-like Intact_1 prophage region identified by PHASTER
127  in the MP1 genome. Despite several attempts to induce phage from MP7 using DNA damaging
128  agents, phage could never be isolated from MP7. Since Lasaro et al. (2014) previously showed
129  that MP7 and MP13 had equal competitive indices in vivo, we decided to investigate this further.
130  Upon testing the original stock of MP7 isolated by Lasaro et al. (2014), we found that this strain
131  does in fact contain the Intact_1 prophage region (data not shown), and that only our stock of

132 MP7 lacks the Intact_1 prophage region. These findings are important as they demonstrate that
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133 any competitive advantage that would have been provided by carrying the Intact_1 prophage did
134  not play a role in the findings of Lasaro et al. (2014), since both MP7 and MP13 contain the
135  prophage. We therefore renamed our stock of MP7 which lacks the Intact_1 prophage region to
136  KP7, in order to avoid confusion with the original MP7 stock which does contain the Intact_1
137  prophage region.

138 Transmission electron microscopy (TEM) (Figure 1B) of phage lysates collected from
139  MP1 and MP13 revealed phage particles with a mean capsid diameter of 70.10 = 2.92 nm and
140  tail length 15.37 = 1.45 nm placing this phage in the family Podoviridae and order Caudovirale.
141 We screened 11 strains of E. coli (Top10, MG1655, TJ-LM, TJ-WM, TJ-LR, MC4100, W3110,
142 BW25113, J96, E2348/69, Nissile 1917) and Citrobacter rodentium DBS100 for susceptibility to
143  the phage (see Table S1). Top1l0, MG1655, MC4100, W3110, and BW25113 are E. coli K-12
144  derivatives (14) whereas TJ-LM, TJ-WM, TJ-LR, J96, E2348/69, and Nissile 1917 are natural E.
145  coli isolates (15-18). All strains were completely resistant to infection; from our strain
146  collection, KP7 is the only strain that this phage can infect. PHASTER analysis of each of the
147  strains tested shows no predicted Sf101-like prophage regions; it is therefore unlikely that they
148  are protected from infection via superinfection immunity, but we cannot rule this out entirely as
149  all strains tested are lysogenized by several prophages (data not shown). This preliminary
150  analysis suggests that the newly isolated phage has a relatively narrow host range; a trend which
151  has been observed in other temperate phages isolated from the gut (19). This phage forms diffuse
152  plagues on KP7 with an average plaque diameter of 2.0 £ 0.22 mm after overnight incubation at
153 37 °C. Although the morphology of phage particles on TEM and plagques on soft-agar overlays
154  were consistent, to confirm that the Intact_1 prophage region is the only prophage in MP1

155  capable of active excision and lytic replication we performed PCR on DNase-treated phage
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156  lysates using primers corresponding to each putative prophage region identified by PHASTER
157  and a nuoA primer pair to control for genomic DNA contamination. No bands were observed in
158  KP7 lysates, and only the band corresponding to Intact 1 prophage was observed in the MP13
159  lysate (Figure S1).

160

161  Kapil lacks sequence homology with other Podoviridae, and has a modular lambdoid genome

162 Although the whole genome sequence for MP1 has already been published (11), to be
163  thorough and ensure that the isolated phage was truly a prophage and not introduced by

164  contamination from our laboratory, whole genome sequencing was performed on our stocks of
165 MP1, KP7, and MP13. We also aimed to find the integration site and characterize the genome of
166  the isolated phage. As anticipated, the 39 kb Sf101-like region was present in the genomes of
167  MP1 and MP13, and absent from the genome of KP7. Unfortunately, the phage genome was

168  assembled into its own linear contig, not showing where it may be integrated into the host

169  chromosome. This was observed in both the original MP1 sequence (11) and in our resequencing
170  attempt; it is likely that the phage genome was in its circular form (ie. excised from the host

171 chromosome) since we extracted DNA from late stationary phase cultures. Upon closer analysis
172 of the original MP1 sequence (11), it appears that the ends of contig NZ_JEMI101000030,

173 corresponding to the Intact_1 prophage region, are actually terminal repeats indicating that the
174  sequence is circular. To confirm this circularity, primers were designed pointing outward from
175  each end of the phage contig (prophage_left and prophage_right primers, Table S2), and PCR
176  and Sanger sequencing was performed on DNA extracted from phage lysates. The sequence of

177  the PCR product obtained was consistent with the conclusion that the phage exists in a circular
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178  form at some point during its lifecycle and confirmed complete sequencing of the entire phage

179  genome.

180 When the phage genome was analysed using BLASTn (20) with the viral filter (taxid:
181  10239), the top hit was Enterobacteria phage Sf101 (accession NC_027398.1) with 96.47%
182  identity but only 33% query cover, indicating that this phage represents a novel viral species,
183  with less than 95% nucleotide sequence similarity to any other characterized phage (21). We thus
184  named this novel phage vB_EcoP_Kapil (Kapil, NCBI:txid:2746235). When the viral filter is
185  removed, the top hit still only shows 96.92% identity and 44% query cover to Kapil (E. coli
186 genome assembly FHI87, scaffold-10 contig-14.0_1 42036, accession LM996987.1).
187  Visualization of the alignments between Kapil and Sf101 (Figure 2) showed that a ~10 kb
188  region of Kapil corresponding to the virion morphogenesis module is the most conserved region.
189  Further, Kapil may represent a novel genera of the family Podoviridae, since it shares less than
190 50% nucleotide sequence similarity to any other characterized Podoviridae genus (21).
191  Comparing the genome sequence of Kapil against the type-species for each Podoviridae genus
192 inthe ICTV 2019.v1 Master Species List (22), the top hit, Enterobacteria phage P22 (accession
193  NC_002371.2), belonging to the genus Lederbergvirus, shares only 83.62% identity and 20%
194  query coverage with Kapil. The taxonomy of Kapil was further explored using vContact2 (23),
195 this analysis showed that Kapil belongs to the same viral cluster as phages P22 (24) and Sf101

196  (25) (Figure S2).

197 The genome of Kapil (accession MT813197) is 39,436 bp in length and represents
198  0.83% of the genome of MP1. The GC content of Kapil is 47.1%, slightly lower than the 50.6%
199  of the host genome. Kapil has a modular genome structure typical of many lambdoid phages

200 (Figure 2) (26). Beginning from xis, the first region of the Kapil genome is rich in hypothetical
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201 proteins and proteins with unknown function. The next segment of the genome is characterized
202 by the DNA replication/repair/regulation module; this region has a Lambda-like organization,
203 with CIII, N, CI, cro, CII, O, P, and Q. This module is followed by two tRNAs immediately
204  preceding the lysis module (holin, lysin, Rz). The next module is responsible for virion
205  morphogenesis, encoding proteins responsible for the head assembly (terminases, scaffold,
206  portal, coat), followed by tail assembly (DNA stabilization protein, tail needle knob, DNA
207  transfer and ejection proteins). The final module is required for integration, including xis, int, and
208  attP. For a detailed view of annotation and functional assignments for all protein coding

209  sequences (CDS) in Kapil, see Table S3.

210

211 Kapil integrates into the 3’ end of host tRNA argW

212 To begin our search for the integration site of Kapil, we used BLASTn (20) to look for
213 prophages similar to Kapil in the NCBI nucleotide database. We then analyzed the host

214  chromosome surrounding these Kapil-like prophages to find any similarities with the MP1

215  chromosome. We identified two contigs in MP1 whose ends shared significant similarity to the
216  regions surrounding Kapil-like prophages found in the NCBI database. The end of the first
217  contig encodes the dsdAXC genes, while the end of the second contig encodes yfdC, mlaA, and
218  fadLlJ genes. Primer pairs were designed to amplify the putative prophage-chromosome

219  junctions (prophage and chromosome_left; prophage and chromosome_right primers, Table S2);
220 PCR products were then sequenced and aligned with the original sequences to determine the
221  integration site of Kapil, and its orientation in the host chromosome. Kapil integrates into the
222 chromosome between genes yfdC and dsdC, with phage int gene closest to the chromosomal

223 yfdC locus, and the phage xis gene on the opposite end of the prophage closest to the

10
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224  chromosomal dsdC gene (Figure 3A). Notably, the way in which the original MP1 sequence (11)
225  was assembled actually captures the chromosome-prophage left_junction (Figure 3A), since the
226 end of contig NZ_JEMI01000016 contains Kapil xis (annotated as Torl in the original sequence)
227  directly downstream of dsdC. yfdC is a predicted inner membrane protein, belonging to the

228  formate-nitrate transporter family and may be involved in resistance to surfactants (27); dsdC is a
229  transcriptional regulator involved in D-serine detoxification (28). This region of the genome is
230  hypervariable among different E. coli pathotypes, and a variety of prophage and phage-like

231  genes are often found at this locus (29).

232 With the integration site for Kapil identified, we then looked back at our whole-
233  genome sequencing data for KP7, the strain lacking the Kapil prophage. In this strain, the
234  integration locus was correctly assembled; the two contigs that we confirmed to surround the
235 integrated Kapil prophage in MP1 were assembled into one complete contig in KP7. We noticed
236 a tRNA-Arg in between dsdC and yfdC that was not annotated on the contigs surrounding the
237  Kapil prophage in MP1. Since tRNAs are common integration sites for phage (30), this site was
238  further investigated. When we investigated the chromosomes of MP1 and MP13 with the Kapil
239  prophage integrated as described above, we noticed a 17 bp duplication on either end of the
240  integrated prophage; this sequence (5 — AATGGTGTCCCCTGCAG — 3”) is found at the 3” end
241  of the tRNA-Arg and is the putative Kapil att site (Figure 3A). To be clear, this tRNA-Arg is
242  intact whether or not Kapil is integrated into the chromosome, since the 3’ end is maintained by
243  the Kapil putative attP when it integrates into the chromosome. The attB site was not picked up
244 by the auto-annotation programs in MP1 and MP13 since during sequencing the two contigs

245  surrounding Kapil were not assembled into the correct scaffold, as they were in KP7.

11
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246 Interestingly, the Kapil putative attP is identical to prophages Sf6 (31), HK620 (26),
247  and KplEl (32) except for the 5° A which is excluded from the Sf6, HK620, and KplE1 attP
248  sites. Like these phages, the Kapil attP lies between the int and xis genes, so upon integration
249  into the host chromosome, the int and xis genes are located on either end of the prophage (Figure
250  3A). We generated a KP7 AattB::kan mutant resulting in a precise deletion of the 17 bp putative
251  attB, and replacement with a kanamycin (kan) resistance cassette. Despite deletion of the
252  putative attB site, Kapil retains the ability to infect and replicate within this host (Figure 3B).
253  We noted a slight reduction in both the efficiency of plaquing and plaque size on this host
254  compared to the WT (Figure 3B). We next determined the efficiency of lysogeny by Kapil of
255  WT KP7 compared to KP7 AattB::kan by infecting each strain with Kapil at a multiplicity of
256 infection of 10 and plating out survivor colonies. Using primers that span the prophage_left
257  junction we consistently observed bands for WT KP7 (19/20 colonies screened), but never
258  observed bands for KP7 AattB::kan (0/24 colonies screened). When these colonies were grown
259  up overnight and their supernatant was spotted onto a lawn of naive KP7, all KP7 cultures
260 produced zones of clearing on KP7, and only 3/24 AattB::kan colonies produced zones of
261  clearing. Since these AattB::kan survivor colonies did not appear to have any growth defect in
262 comparison with WT KP7 survivor colonies, it seems unlikely that they were lytically infected
263 with Kapil, and we propose that rather they were lysogenized with Kapil via integration at an
264  alternative att site elsewhere in the genome.

265 Although we did not explore this further experimentally, altered growth rate of the
266  AattB::kan mutant, and/or increased latent period of Kapil when infecting this mutant could be
267  responsible for the reduced plaque size (33). Similarly, the observed reduction in relative

268  efficiency of plaquing could be explained by a reduced number of viable phage infections in the

12
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269  mutant host, and/or any alterations to the latent period of Kapil that could result in it taking
270  longer for plaques to become visible on the mutant host lawn compared to the WT (33). If
271  integration is important for the lifecycle of Kapil, it’s possible that because Kapil cannot
272  integrate into the mutant host chromosome at the same rate as the WT, this results in a longer
273 latent period and thus smaller and fewer plaques on the mutant with the disrupted native attB
274 site.

275

276  The Kapil receptor is LPS O-antigen, and is modified by Kapil both during initial binding and

277 later during lysogeny

278 Many phage use LPS as a receptor for host cell infection, particularly Podoviridae (34),
279  including phages HK620 (35) and P22 (24), among others. Based on this knowledge, we
280  hypothesized that Kapil may use LPS as its receptor. We isolated spontaneous mutants resistant
281  to Kapil by picking survivor colonies from lawns of KP7 overlaid with Kapil. Since Kapil is
282  temperate, survivor colonies were screened for lysogeny by colony PCR with primers spanning
283  the prophage-chromosome junction, and by growing up survivor colonies overnight and spotting
284  their supernatant onto KP7. Two Kapil-resistant survivor colonies were verified to not be
285  lysogenized by Kapil, and were chosen for further analysis (KP61, KP62). LPS profiling by
286  SDS-PAGE and silver staining showed that the Kapil-resistant mutants have severely truncated
287  LPS compared to the WT (Figure 4A). The genomes of KP61 and KP62 were sequenced, and
288  variant calling was performed using WT KP7 as a reference. Both Kapil-resistant strains
289  contained only one mutation relative to WT; a 1 bp deletion in the wzy polymerase causing a
290  frameshift resulting in a truncation (Figure 4B; Figure S3). Mutations in wzy result in synthesis

291  of a complete core LPS, but only 1 O-unit is displayed on the cell surface (36), instead of the
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292 usual long-chain O-antigens, consistent with what was observed on silver staining. These results
293  indicate that Kapil likely binds the KP7 O-antigen as its primary receptor, however it appears
294  that 1 O-unit is insufficient for recognition, as wzy mutants are completely resistant to infection

295  (Figure 4C).

296 To confirm that O-antigen is the receptor for Kapil, we proceeded to create two LPS
297 mutants; KP7 Awaal::kan which has complete core, but no O-antigen (37), and KP7
298  AwaaF::kan which has a severely truncated core structure consisting of lipid A, Kdo, and
299  heptose (38). Surprisingly, KP7 Awaal::kan is able to be infected by Kapil, but at an extremely
300 low efficiency (faint clearing in undiluted spot, Figure 4C), whereas KP7 AwaaF::kan is
301  completely resistant to infection by Kapil (Figure 4C). This indicates that in the absence of O-
302 antigen, Kapil may be able to recognize a portion of the outer-core structure that is intact in
303  Awaal.::kan but absent in AwaaF::kan, as a secondary receptor; in KP61 and KP62 the single O-
304 unit may obscure this secondary receptor to prevent Kapil recognition/binding. Interestingly, E.
305  coli W3110 waaF mutants have been shown to not produce flagella (39), so this presents another
306  putative secondary receptor for Kapil. However, no individual plaques can be observed when
307  Kapil is spotted on KP7 Awaal ::kan (Figure 4C) so it is also possible that the spot is the result
308  of bactericidal activity, and not a productive phage infection (33). In light of the identification of
309 the O-antigen as the receptor for Kapil, our previous host-range results make sense; many of the
310  strains we tested lack O-antigen (K-12 derivatives MC4100, MG1655, BW25113, W3110), and
311  those that do produce O-antigen (natural isolates E2348/69, J96, DBS100, TJ-LM, TJ-WM, TJ-
312 LR, Nissile 1917) do not appear to have the same O-antigen structure as KP7 on silver-stained
313 SDS-PAGE (data not shown). Although the data presented here is not an extensive screen of all

314  possible serotypes of E. coli, it is possible that Kapil is specific to one or a few serotypes;
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315 identification of the precise region of O-antigen that Kapil recognizes as its receptor will help to

316  clarify these results.

317 While performing LPS profiling in the previous experiments, we noticed that the LPS
318  profiles of MP1 and MP13 differed from the LPS profile of KP7 (Figure 4A). We hypothesized
319 that the change in LPS structure was due to lysogenic conversion by Kapil. Several of the
320 bacteriophage most similar to Kapil have been shown to cause seroconversion in their respective
321  hosts. Phages Sf101 and Sf6 both encode O-acetyl transferases to cause seroconversion in their
322 host, S. flexneri (25, 40); and phage P22 encodes an O-antigen glucosylation cassette (gtrABC) to
323  cause seroconversion in its host Salmonella enterica serovar Typhimurium (41). We began by
324  searching for CDS in the genome of Kapil with homology to known seroconversion proteins.
325 Although none of the CDS in Kapil were annotated as possible O-antigen
326 modifying/seroconverting proteins, closer examination revealed limited regions of homology to
327  known seroconversion proteins in a few CDS. Kapil hypothetical protein 5 (hyp5) has limited
328 homology with acyl- and acetyl- transferases, and hypothetical protein 19 (hyp19) has limited
329  homology with an inhibitor of alpha polymerase (iap) involved in seroconversion. Many of the
330 phages infecting S. flexneri that are closely related to Kapil encode seroconversion genes that
331 are located near the int-att-xis region of the genome (9), so we included two additional CDS as
332 putative seroconversion proteins due to their location in the genome and lack of homology to any
333  known proteins in the NCBI viral BLASTp database; Kapil hypothetical protein 24 (hyp24)
334 encoded between the tail spike protein and integrase, and hypothetical protein 25 (hyp25)

335 encoded between the integrase and attP site.

336 We cloned each of these four putative seroconversion proteins into the pTrc99a

337  overexpression vector (42), and introduced them into KP7, then compared the LPS profiles of
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338  each overexpression strain, the vector control, and WT KP7 and MP13. Unfortunately, none of
339 the strains overexpressing the four putative seroconversion proteins from Kapil had altered LPS
340 profiles (data not shown). Although none of these proteins were found to be individually
341  responsible for seroconversion, we could not eliminate the possibility that they could be working
342  with other phage-encoded proteins to produce the altered LPS phenotype as there are numerous
343 examples of seroconverting phage that encode entire gene cassettes responsible for
344  seroconversion, including Pseudomonas aeruginosa phage D3 (43) and Salmonella phage P22
345  (41). We thus individually deleted hyp5, hyp24, and hyp25 from Kapil lysogens and examined
346 LPS profiles via silver stained SDS-PAGE; once again, none of these genes were found to be
347  responsible for Kapil-mediated O-antigen modification, as the LPS profiles of each mutant were
348 identical to the WT lysogen (data not shown). Notably, we were unable to delete hyp19. Both
349  ToplO (Invitrogen) cells carrying pUC18 (44) with the Ahyp19 construct, and our donor strain
350  MFDpir (45) carrying pRE112 (46) with the Ahyp19 construct had quite severe growth defects.
351  We hypothesize that this may be due to one of the hypothetical proteins flanking hyp19 that is
352 present on the deletion construct exerting some type of toxicity in these strain backgrounds
353  which are not lysogenic for Kapil. Additionally, when screening sucrose-resistant colonies for
354  double-crossovers, we noted an unusually high rate of Kapil excision. Colonies with single-
355  crossovers (verified to be lysogenic via colony PCR) were grown in Luria-Bertani broth (LB) for
356 6 hours before plating on sucrose to select against pRE112. Only 9/2000 sucrose-resistant
357  colonies retained the Kapil prophage (0.45%), while under normal conditions, approximately
358  90% of the population retains the Kapil prophage after 24 hours of growth in LB (data not

359  shown).
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360 Although we were unsuccessful in identifying the gene responsible for Kapil-mediated
361  O-antigen modification, it is interesting that the genetic basis for this O-antigen modification by
362  Kapil appears to not be well-conserved, as no strong hits to known O-antigen modifying
363  proteins could be identified. It will be valuable to determine the molecular mechanisms behind
364  Kapil phage-mediated O-antigen modification, and whether these mechanisms are indeed novel.
365  Since we identified the LPS O-antigen as the receptor for Kapil, and Kapil lysogens are
366  protected from superinfection by Kapil, there is a distinct possibility that Kapil-mediated O-
367  antigen modification is a mechanism for the observed superinfection immunity. If the modified
368  LPS displayed on the cell surface of Kapil lysogens is unable to be bound by Kapil phage, this
369 could prevent superinfection by Kapil or similar O-antigen binding phages. Besides
370  superinfection immunity, modification of the LPS O-antigen could alter the immunogenicity of
371 Kapil lysogens, if for example this modification leads to a change in serotype. However, what
372 the relevance of this would be for a non-pathogenic strain of E. coli such as MP1 is unclear.
373  Finally, modification of the O-antigen structure could alter the barrier function of LPS, resulting

374 in, for example altered resistance to antibiotics or altered membrane rigidity (10).

375 Phages that use the O-antigen as a receptor also commonly modify the O-antigen using
376  the tail spike protein (tsp) to facilitate movement to the bacterial outer membrane, where
377  irreversible binding and particle opening can occur (47). To determine if O-antigen degradation
378  via tsp was responsible for the altered LPS structure between Kapil lysogens and non-lysogens
379  observed on SDS-PAGE (Figure 4A), we set up a mock infection with Kapil and purified KP7
380  LPS and ran these samples alongside the uninfected controls from KP7 and MP13. It appears that
381  treatment of purified KP7 LPS with Kapil results in an altered LPS structure (suggesting

382  degradation of O-antigen by Kapil), but this structure is different from that of either the WT or
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383  lysogenic backgrounds (Figure 4D). Therefore, Kapil is responsible for alteration of the LPS
384  structure both upon binding O-antigen prior to infection, and later via lysogenic conversion.
385  Kapil tsp has considerable sequence conservation in the head-binding domain (most similar to
386  phages HK620 and Sf101), but no sequence similarity to any other viral proteins in the NCBI
387 database along the length of the protein. Therefore, it is difficult to predict what type of
388  enzymatic activity the Kapil tsp may have, and further work is needed to characterize the

389  molecular mechanisms of Kapil-mediated O-antigen modification through tsp.

390

391  Kapil is an unstable temperate phage, and shows an altered lifestyle in simulated intestinal

392  conditions

393 To investigate the lifestyle of Kapil, we measured the titer of Kapil along with host
394  cell counts in cultures of lysogens. After only 24 hours of growth, ~1x10® PFU/mL can be
395 isolated from standard laboratory cultures of lysogens (data not shown). The ratio of phage per
396  cell (PFU/CFU) in cultures of lysogens is only 0.050 + 0.020 after 24 hours of growth and rises
397 10 41.66 + 11.79 PFU/CFU when identical cultures are grown with sub-inhibitory concentrations
398  of mitomycin C (Figure 5A). This suggests that Kapil can be induced through the traditional
399  SOS pathway in response to DNA damaging agents, although there appears to be a basal level of
400  spontaneous induction even in the absence of mitomycin C. To determine if Kapil lytic
401  replication is recA-dependent, we repeated the above assay in a ArecA::kan lysogen background
402  and did not observe plaque formation in either the presence or absence of mitomycin C (data not
403  shown), indicating that both spontaneous and DNA-damage-response induction of Kapil occur

404 in a recA-dependent manner. Given the level of spontaneous induction, we wondered how
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405  carriage of Kapil might impact host cell growth rate. Kapil slightly reduces the growth rate of
406 its host compared to the identical non-lysogenized strain, KP7 (Figure S4A).

407 Since MP1 was recently isolated from the feces of a healthy mouse (11) and is more
408  host-adapted than our standard laboratory strains of E. coli such as MG1655 or MC4100, we
409  wondered if Kapil might be important to the biology of commensal E. coli in the GI tract. To
410  investigate the biology of Kapil under more physiologically-relevant conditions, we repeated the
411  same experiments following the numbers of phage and host cells in media composed of 50% LB
412 and 50% simulated intestinal fluid (SIF) as well as 50% LB and 50% simulated gastric fluid
413  (SGF) (48). We found lower ratios of Kapil PFU to host CFU in SIF when compared to LB
414  (Figure 5A), although the strains grow to nearly identical cell densities. Importantly, the rate of
415  Kapil adsorption to host cells is equal across all tested media types (Figure S4B); thus, we
416  conclude that the differences in PFU/CFU ratios reflect the approximate induction rates of
417  Kapil. We next performed prophage stability assays, which showed that upon repeated sub-
418  culturing of a lysogen, the percentage of the population carrying Kapil reduces by approximately
419  10% upon each successive sub-culture in LB, and that the lysogen population is more stable in
420 media composed of 50% LB and 50% SIF (Figure 5B). This result supports our previous finding
421  that the original MP7 isolate lost the Kapil prophage before arriving at our lab, likely during
422  handling or passaging. Finally, we monitored the expression of Kapil CI using a luminescent
423  reporter assay. The regulatory region of the Kapil genome is well-conserved, and is reminiscent
424  of phage A, which famously uses the Cl phage repressor to maintain lysogeny (reviewed by
425  (49)). We thus cloned the promoter region of Kapil ClI (-86 to +13) into the luminescent reporter
426  plasmid pNLP10 (50), and monitored light production as an indicator of Cl expression, and thus

427  maintenance of the lysogenic cycle. Monitoring Cl-lux activity over time revealed interesting
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428  gene expression patterns; we found that when Kapil lysogens are grown in SIF, a clear
429  “decision” is made around 2 hours post-subculture to favor lysogeny, as seen by a sharp increase
430 in Cl-lux activity (Figure 5C). In contrast, the Cl-lux expression patterns in LB and SGF do not
431 show this induction and instead plateau throughout exponential growth (Figure 5C). We also
432 included a culture grown with sub-inhibitory concentrations of mitomycin C, and as expected,
433 noted the lowest Cl-lux activity in this condition (Figure 5C). After 24 hours of growth, we again
434  measured Cl-lux activity and observed increased Cl-lux in SIF compared to both LB and SGF
435  (Figure 5D), supporting our previous results (Figure 5ABC).

436 The previous three assays agree; there is a lower level of Kapil induction when
437  lysogens are grown in LB supplemented with SIF compared to LB alone or LB supplemented
438  with SGF, and this low level of induction is likely responsible for the increased stability of the
439  lysogen population in media supplemented with SIF. This result is unexpected because LB is
440  considered a non-stressful standard lab media, yet there is a higher proportion of spontaneous
441  phage induction in this condition, compared to a less rich and more challenging simulated
442  intestinal media (Figure S4C). Additionally, since the PFU/CFU in LB diluted 50% with either
443  distilled water or phosphate-buffered saline (PBS) were nearly identical to full LB (Figure S4D),
444 it seems likely that the lower rate of induction observed in SIF is not simply due to dilution of
445  the rich LB media and may be specific to intestinal conditions. Since the rate of Kapil induction
446 is lower in SIF, and more lysogens are retained in the population in SIF (Figure 5), this could
447  indicate that lysogeny with Kapil is selected for in intestinal conditions, as it is retained in the
448  prophage state in SIF. This could mean that when integrated as a prophage, Kapil may provide
449  some advantage to the cell which may be dispensable under standard lab conditions. Prophages

450 have been shown to provide fitness benefits to their hosts, including resistance to osmotic,
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451  oxidative and acid stresses, as well as influencing biofilm formation (51); many of these stresses
452 would be encountered during colonization of the mammalian Gl tract. Notably, there are also
453  examples where prophages are detrimental to their hosts’ overall fitness during colonization of
454  the GI tract (52); our observations regarding the stability of Kapil lysogens in simulated
455 intestinal conditions warranted further investigation into how (or if) Kapil influences the fitness
456  of commensal E. coli during colonization of the GI tract.

457

458  Kapil confers a competitive advantage to its host

459 To investigate how carriage of Kapil might impact the overall fitness of its host, we
460  performed competitive assays between KP7 and MP13. In vitro, we co-cultured KP7 and MP13
461 in either LB or SIF, plating cultures onto tetracycline and enumerating the number of red-
462  fluorescent (KP7), and green-fluorescent (MP13) colonies every 24 hours. MP13 strongly out-
463  competes KP7, and this competitive advantage is further enhanced when cells are co-cultured in
464  SIF, compared to LB (Figure 6A). Although the difference in the relative proportion of each
465  strain between LB and SIF after 48 hours of co-culture is not statistically significant, these
466  results were replicable (data not shown). We expected that MP13 may out-compete KP7 since it
467  carries a phage that KP7 is sensitive to, but were surprised by the strength of this competition,
468 since Kapil is a temperate phage. Further, the increased strength of Kapil lysogen
469  competitiveness in SIF supports our previous findings regarding the stability of Kapil lysogens
470 in SIF (Figure 5), suggesting that the interactions between Kapil and its host are altered in
471  simulated intestinal conditions, compared to standard lab conditions. These findings open the

472  doors to ask meaningful questions about what the precise roles of temperate phages are in the Gl
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473  tract, and how their interactions with their bacterial hosts are altered in this environment,
474  compared to a laboratory environment.

475 To expand on these findings, we performed competitive assays in vivo, utilizing specific-
476  pathogen-free (SPF) mice to study these interactions in the presence of a healthy microbiome.
477  We performed two treatments: mice were treated with either KP7 or MP13 alone (colonization)
478  or a mixture of KP7 and MP13 (competitive colonization). Both KP7 and MP13 stably colonize
479  SPF mice for at least 28 days without significantly impacting mouse body weight (data not
480  shown), but there is no difference in colonization levels between the two strains (Figure 6B).
481 Interestingly, this data is contradictory to what others have found regarding the fitness of
482  lysogens in the Gl tract (52, 53). Importantly, both of these previous studies were performed in
483  germ-free mice, while we studied the fitness of lysogens in the presence of a complex
484  microbiome. Further, it is not surprising that each unique phage-host pair may interact with each
485  other and with their surrounding environment in unique ways. These findings highlight the
486  knowledge gap in our current understanding of how temperate phage behave in physiologically-
487  relevant conditions. During competitive colonization of SPF mice, MP13 once again strongly
488  out-competes KP7 (Figure 6C), supporting our in vitro findings. In contrast to our colonization
489  results (Figure 6B) the competitive colonization results (Figure 6C) are supported by the
490  previously mentioned studies (52, 53) which found that temperate phage provided a competitive
491  advantage to their host when in competition with naive phage-susceptible hosts. Our findings
492  that the role of Kapil in colonization appears to be relevant only when in competition with non-
493  lysogenized neighbors is a novel finding in the realm of in vivo studies investigating the role of
494  temperate phages. Importantly, competition is a physiologically-relevant condition, as bacteria

495 are never “alone” when colonizing the healthy GI tract; these results warrant further
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496  investigation into how temperate bacteriophage modulate community dynamics in these densely
497  colonized environments. Our previous results (Figure 5) demonstrate that in pure culture,
498  lysogeny (as opposed to lytic induction of Kapil) is favored in SIF, but whether or not this is
499  maintained during competition is still under investigation. It is tempting to assume that Kapil
500 provides a competitive advantage to its host via direct killing of naive competitors, but if
501 lysogeny is favored in the intestine as our previous results suggest, then this may not be the

502  mechanism of competition.

503 In conclusion, we have isolated and begun the characterization of a novel bacteriophage
504 infecting commensal E. coli. The genome of Kapil has been sequenced and annotated, and the
505  prophage integration site in the host genome has been identified. Further, we demonstrate that
506 Kapil shows unstable lysogeny, and that lysogeny appears to be selected for in intestinal
507  conditions. O-antigen is the Kapil receptor and Kapil appears to modify the host O-antigen
508 upon initial binding, and later in infection through lysogenic conversion, although the molecular
509 mechanisms are yet to be elucidated. Our findings show that Kapil lysogeny confers a
510 competitive advantage during colonization of the mouse Gl tract, and we propose that MP1 and
511  Kapil will serve as a good model system to explore what role(s) temperate phages may play in

512  colonization of the Gl tract by commensal strains of E. coli.

513

514  Materials and Methods

515  Bacterial Strains and Growth Conditions

516 Strains MP1, MP7, and MP13 were a generous gift from the Goulian lab (11). A

517  complete list of bacterial strains used in this study can be found in Table S1. Unless otherwise
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518  specified, all strains were grown in LB (10 g/L tryptone, 5 g/L NaCl, 5 g/L yeast extract)
519  supplemented with the appropriate antibiotics, at 37 °C and 225 rpm. When plated, cells were
520 grown on LB 1.5% agar supplemented with the appropriate antibiotics and incubated inverted at
521 37 °C. Antibiotic concentrations used are as follows: ampicillin 100 pg/mL, kanamycin 30 or 50

522 pg/mL, tetracycline 15 pg/mL. All chemicals were obtained from MilliporeSigma Canada.

523

524  Phage Isolation, Propagation, Host Range, and Transmission Electron Microscopy

525 Phage were isolated from overnight cultures of MP1 or MP13 by pelleting cells, and
526  filter-sterilizing the supernatant using a 0.45 um syringe-driven filter. Individual plaques were
527 isolated, propagated, and phage stocks prepared by previously described methods (55), slightly
528 modified. Briefly, the above phage-containing supernatant was mixed with susceptible host
529  strain KP7 1:1, then 3.5 mL soft agar (LB 0.7% agar) was added, the mixture was poured onto
530 solid LB agar plates, and incubated overnight. Individual plaques were picked with a sterile
531  Pasteur pipette and gently resuspended in 500 pL modified suspension media (SM) (50 mM
532 Tris—HCI (pH 7.4), 100 MM NaCl, 10 mM MgSO,). This suspension was then amplified using
533 the soft-agar overlay technique as above. Plates with near-confluent lysis were used to prepare
534  high-titre stocks by collecting the soft-agar layer as follows: SM was poured onto the surface of
535 the plate, and soft agar was gently scraped into a 50 mL Falcon tube using a sterile scoopula,
536  rocked at room temperature for 1 hour and centrifuged to pellet the soft agar. The supernatant
537  was filter-sterilized using a 0.22 um syringe-driven filter, and stored at 4 °C. Plaque diameter
538 was measured from 10 plaques, using Fiji software (56); the mean and standard deviation are

539  reported.
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540 Phage samples were prepared for transmission electron microscopy and imaged by
541  previously described methods using uranyl acetate as a background stain (55) at the University of
542  Alberta Advanced Microscopy Facility. Virion measurements were performed using Fiji

543  software (56) from 44 phage particles; the mean and standard deviation are reported.

544 The host range for Kapil was determined by growing strains of interest overnight, then
545 50 pL of overnight culture was added to 3.5 mL soft agar and poured onto a LB plate. Once
546  solidified, Kapil lysate was serially diluted and spotted onto each strain. In parallel, a whole
547  plate overlay was prepared as above, using 300 pL undiluted phage lysate and 50 pL overnight
548  culture. The following day, plates were scored for presence or absence of plaques, with KP7
549 included as a positive control. The whole plate overlays were collected as above, for each strain
550 tested. These “trained” Kapil lysates were serially diluted and spotted back onto the same strain
551  to see if Kapil host range could be expanded by extended incubation with a particular host, as

552 compared to the first round of spotting.

553

554  Genome Sequencing and PCR

555 Pure cultures were grown by streaking from glycerol cryo-stocks, then picking single
556  colonies and growing overnight. DNA was extracted from overnight cultures using the Lucigen
557  MasterPure Complete DNA and RNA Purification Kit, and the concentration and quality of
558 gDNA was checked using the NanoDrop 2000c. Library preparation and whole genome
559  sequencing was performed by the Microbial Genome Sequencing Centre (MiGS, Pittsburgh PA).
560 Libraries were prepared with the Illumina Nextera kit, and sequenced using the NextSeq 550

561  platform.
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562 PCR was performed using Taq polymerase (Invitrogen) following the manufacturer’s
563  directions; a single colony was suspended in 20 pL nuclease-free water and 5 pL of this
564  suspension was used per 50 pL reaction. Phage DNA was extracted via phenol/chloroform
565  extraction (57), and 1-5 pL of phage DNA was used per 50 pL reaction. PCR products were
566  checked by running 10 pL on a 2% agarose gel and staining with ethidium bromide. All primers
567  used in this study can be found in Table S2. Sanger sequencing was performed by the Molecular

568  Biology Service Unit at the University of Alberta.

569

570 Genome Assembly, Annotation, and Taxonomy

571 Paired-end reads of 2x150 bp received from MiGS were uploaded to the public server at
572 usegalaxy.org (58). Galaxy, and all tools there-in, was used for bacterial genome assembly,
573  annotation, and analysis as follows. lllumina adapters and low-quality reads were trimmed using
574  Trim Galore! (59). Reads were then checked for quality using FastQC (60) and MultiQC (61).
575  Trimmed reads were de novo assembled using Unicycler (62), functioning as a SPAdes (63)
576  optimizer as no long-read data was generated. Quality of assemblies was assessed using Quast
577  (64), and bacterial genomes were then annotated using Prokka (65, 66). SnapGene software
578  (from Insightful Science; available at snapgene.com) was used for genome visualization, creating

579  genome maps, and designing primers.

580 The Kapil genome was manually annotated using previously described methods (67),
581  slightly modified. This method uses a rigorous approach to score CDS based on various
582  parameters; low-scoring CDS are then discarded, and the remaining CDS are analyzed to

583  determine their correct start codon, again based on a scoring system. Briefly, the prophage
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584 genome was run through three auto-annotation programs; GenemarkS (68), Glimmer3 (69) at

585  CPT Phage Galaxy public server (cpt.tamu.edu/galaxy-pub), and Prokka (65) at usegalaxy.org

586  (66). The coding potential for each putative CDS was determined using GenemarkS coding
587  potential graph (68). Putative CDS were then searched against NCBI’s non-redundant protein
588  database using BLASTp (20), and scored based on whether they had significantly similar hits (as
589  determined by the E-value, using a cut-off of E-10), and whether those hits were known proteins
590 or hypotheticals. Each CDS was scored based on the length of overlap with neighboring CDS, as
591  extremely long overlaps are unlikely, while short overlaps of 1, 4 or 8 bp are more favorable as
592  these suggest organization into an operon. Finally, CDS were scored based on the length of the
593  ORF, where extremely short CDS are penalized the most heavily. Low scoring CDS were
594  discarded prior to start codon identification. Start codons for each CDS were scored in a similar
595  manner, using again the coding potential graph from GenemarkS (68), the number of auto-
596 annotation programs that selected the start codon, sequence similarity matches in NCBI, and
597 length of the ORF. These parameters are listed in order of most important to least and were used
598  to select the most likely start codon for each CDS. CD-Search (70) was also performed for all

599  CDS to assist with functional assignment.

600 Taxonomic evaluation was performed using vContact2 v9.8 (23) through the CyVerse
601  platform (www.cyverse.org). The analysis was run with the default parameters, using NCBI
602  Bacterial and Archaeal Viral RefSeq V85 (with ICTV + NCBI taxonomy) as the reference
603  database. The resulting network was visualized using CytoScape (71). Duplicated edges were
604 removed from the network (edges represent connections between two nodes, in this case
605  viruses), and only first-neighbors to Kapil were kept (nodes that have a direct connection to the

606  Kapil node). An edge-weighted, spring-embedded layout was used so that nodes that are more
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607  closely related appear closer together spatially, and edges were weighted so that stronger

608  connections (ie. more sequence similarity between two viruses) appear darker and thicker.

609

610 Lipopolysaccharide Profiling

611 The general structure of LPS was analyzed by profiling LPS extracts on SDS-PAGE with
612  silver staining. LPS was extracted using a modified proteinase K micro-digestion protocol (72)
613  as follows; bacterial strains of interest were grown overnight, then 1 mL of this culture was
614  washed twice with PBS, resuspended to a final OD®® of 2.0 in PBS, and pelleted. Cells were
615  resuspended in 50 pL lysis buffer (2% SDS, 4% 2-mercaptoethanol, 10% glycerol, 1M Tris pH
616 6.8, bromophenol blue to a deep blue color) and incubated at 95 °C for 10 minutes to lyse cells.
617  Whole cell lysate was cooled to room temperature, then 10 pL 2.5 mg/mL proteinase K (20
618  mg/mL stock solution was diluted in lysis buffer first) was added and incubated at 56 °C for 1
619 hour. Standard polyacrylamide gels were prepared with 12% acrylamide (19:1
620  acrylamide:bisacrylamide) (73), 1-5 pL of proteinase K-treated whole cell lysate (LPS extract)
621  was loaded per well and run at 80 V in Tris-glycine running buffer (25 mM Tris, 200 mM
622  glycine, 0.1% SDS) until the dye front nearly reached the bottom of the gel. Silver staining was
623  performed as previously described (74), and imaged on a clear petri dish using an iPhone

624 camera.

625 To determine if Kapil is capable of degrading LPS, LPS was extracted from cultures of
626  KP7 (non-lysogenic for Kapil) and MP13 Kapil lysogens using a phenol extraction method
627  adapted from Davis and Goldberg (75), purified KP7 LPS was then incubated with Kapil and

628 compared to the untreated controls. The phenol extraction was used in place of proteinase K
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629  digestion (as above), as Kapil was not viable in the lysis buffer, even after inactivation of
630  proteinase K at high temperatures (data not shown). Briefly, KP7 and MP13 were grown up
631  overnight, cultures were pelleted and washed in PBS, then resuspended in 1.5 mL PBS to give a
632 final OD®® of 2.0. Cells were pelleted and resuspended in 200 puL Laemmli buffer (50 mM Tris-
633 HCI pH 6.8, 4% SDS, 10% glycerol, 0.1% bromophenol blue, 5% p-mercaptoethanol), then
634  boiled for 15 minutes to lyse cells. Once cool, DNase | and RNase A were added to cell lysates
635 at 37 °C for 10 minutes. Proteinase K was then added, and lysates were incubated at 55 °C
636  overnight. The following day, 200 pL Tris-saturated phenol was added to lysates, then vortexed
637  for 10 seconds before incubating at 65 °C for 15 minutes. Once cool, samples were centrifuged at
638 14,000 rpm for 10 min at 4 °C, and the upper phase was transferred to a new tube. 2.5 vol
639 ethanol was added to precipitate LPS, then centrifuged at 15,000 rpm for 20 minutes.
640  Supernatant was discarded, pellets air dried, then resuspended in 50 pL nuclease-free water.
641  Kapil was added to KP7 LPS at a “MOI” of 10 (assuming that 1.5 mL of OD°® 2.0 culture was
642  concentrated into 50 pL) and incubated at 37 °C without shaking for 30 minutes. Phage-treated
643  and untreated KP7 LPS, along with MP13 untreated LPS were run on SDS-PAGE and silver
644  stained, as above, using 15 L of LPS extract, as this extraction method produced a lower yield.
645 A portion of the phage-treated samples were serially diluted and spotted onto an KP7 soft-agar
646  overlay to ensure that phage particles remained viable after incubation with LPS (data not

647  shown).
648

649  Generation of Mutants

650 Spontaneous Kapil-resistant mutants were isolated by spotting Kapil onto a soft-agar

651  overlay prepared with KP7. The following day, six colonies that grew within the cleared phage
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652  spots were picked and re-streaked onto LB. The following day, these colonies were screened for
653  lysogeny with Kapil using PCR with primers that span the phage-genome junction. Two
654  colonies that did not produce phage-genome bands were grown up overnight, then the
655  supernatant was filter-sterilized and spotted onto a soft-agar overlay prepared with KP7. The
656  absence of plaques on KP7 confirmed that these two mutants are not Kapil lysogens. To identify
657  which mutations were responsible for the Kapil-resistant phenotype, each colony was sent for
658  whole genome sequencing at MiGS, as above. SNPs were identified using BreSeq (76) and

659  snippy (77) through Galaxy (58), using the KP7 genome as a reference.

660 KP7 AwaaF::kan and MP13 ArecA::kan mutants were constructed via P1 transduction,
661  as previously described (78, 79) using the corresponding Keio collection mutant (80) as a donor.
662  The previously described Lambda Red system (81) was used to generate KP7 Awaal.::kan. Once
663  sequencing confirmed the correct mutation in waal, P1 transduction was used (as above) to
664 move these mutations into a fresh KP7 background, to avoid the possibility of any off-site
665  mutations acquired during construction. Putative seroconversion genes were deleted via allelic

666  exchange, as previously described (82).

667

668  Efficiency of lysogeny, phage and cell counts, prophage stability, and luminescent reporter

669 assays

670 Efficiency of lysogeny was determined by infecting KP7 and KP7 AattB::kan with Kapil
671 at a multiplicity of infection of 10 at 37 °C for 30 minutes, then washing and plating out
672  surviving cells. The following day, survivor colonies were screened by colony PCR using

673  primers that span the prophage_left junction (chromosome_left, prophage_left primers, Table
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674  S2) to look for integration of Kapil at the putative attB site. The same set of colonies were also
675  grown overnight in liquid culture. Overnight cultures were then assayed for lysogeny by spotting
676  the culture supernatant onto a soft-agar overlay prepared with KP7; the supernatants of Kapil

677  lysogens produce plaques on KP7.

678 To monitor the CFUs and PFUs in cultures of MP13 Kapil lysogens over time, three
679  colonies of MP13 and three colonies of KP7 (non-lysogenic control) were picked and grown
680  overnight. The next day cultures were adjusted to OD®® 1.0 to ensure equal cell numbers, then
681  sub-cultured 1:100 into LB, LB with 0.5 ng/pL mitomycin C, LB mixed 50-50 with simulated
682 intestinal fluid (SIF — 6.8 g KH,POy,, 1.25 g pancreatin, 3 g bile salts in 1 L dH20, pH adjusted
683  to 7 (48)), or LB mixed 50-50 with simulated gastric fluid (SGF — 2 g/L NaCl, 3.2 g/L porcine
684  mucosa pepsin, pH adjusted to 3.5 (48)). After 24 hours incubation, an aliquot was taken from
685  each culture. Cells were spun down, washed in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM
686  Na,HPO,, 1.8 mM KH,PO,), serially diluted, plated onto LB, and grown overnight to enumerate
687  the number of cells in the culture. In parallel, the culture supernatants (containing phage) were
688  serially diluted, spotted onto KP121 soft-agar overlays, and incubated overnight at 30 °C to
689  enumerate the number of phage particles in the culture. KP121 was used to enumerate phage as
690 this strain has a much lower efficiency of lysogeny with Kapil compared to WT KP7, allowing

691  for more accurate enumeration.

692 Prophage stability was assayed by serially propagating cultures of Kapil lysogens. MP13
693  cultures were grown in biological triplicates (three independent colonies) in either LB, LB mixed
694  50-50 with SGF, LB mixed 50-50 with SIF, or LB with 0.5 ng/pL mitomycin C for 24 hours,
695  then sub-cultured into fresh media and grown for another 24 hours. After a total of 48 hours

696 incubation (1 passage) cells were spun down and washed twice in PBS, serially diluted, plated on
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697 LB and grown overnight to get individual colonies. Using velvet squares, colonies were
698  replicated onto a LB plate spread with 50 puL of an overnight culture of KP7 to screen for
699  lysogens (83). This replica plating technique results in two distinct phenotypes: colonies that
700  produce a zone of clearing in the KP7 lawn are scored as lysogens, and colonies without a zone
701 of clearing are scored as non-lysogenic (see Figure S5 for examples and experimental
702  verification of these phenotypes). The relative loss of Kapil lysogens in the culture was

703 calculated by dividing the non-lysogen CFU/mL by the total CFU/mL.

704 Luminescent reporters were constructed by cloning the CI promoter region into the
705  luminescent reporter plasmid pNLP10 (50) via standard PCR cloning. Kapil lysogens carrying
706  pNLP10 Cl-lux were grown overnight in biological triplicate in LB + Kan. The next day, each
707  overnight culture was sub-cultured 1:50 into LB + Kan in 4 replicates (one for each media type),
708  so that each media type assayed contained the same 3 biological replicates. After 1.5 hr growth,
709  cultures were spun down for 5 minutes at 4000 rpm. Supernatant was poured off, and cells were
710  resuspended in 2 mL of either: LB, 50% LB / 50% SGF, 50% LB / 50% SIF, or LB + 0.5 ng/uL
711 mitomycin C. To measure luminescence, 100 pL of culture was aliquoted into a sterile black 96-
712 well plate, then luminescence and absorbance at 600 nm were measured using the Victor X3
713 2020 multilabel plate reader (Perkin Elmer). Luminescence (counts per second, CPS) was

D600

714  divided by bacterial optical density (OD>™) to account for variations in growth, and the average

715  of 3 biological replicates was plotted, with the standard deviation shown as error bars. The

716  experiment was repeated 3 times.

717

718  Bacterial competitions
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719 In vitro competitive assays were performed by growing KP7 and MP13 overnight
720  cultures in biological triplicate. Each culture was standardized to an OD®® of 1.0 in PBS to
721 ensure approximately equal cell numbers, then 10 pL of KP7 and 10 pL MP13 were sub-cultured
722 into 2 mL of either LB or SIF. Immediately, co-cultures were briefly vortexed and 100 pL of the
723 culture was aliquoted, then co-cultures were incubated at 37 °C 225 rpm for 24 hours. To
724  enumerate the starting cell counts of each strain, samples from co-cultures were serially diluted
725  10-fold in PBS, then 10 pL of each dilution was plated onto LB containing 15 pg/mL
726  tetracycline using the track dilution method; once dry, plates were incubated overnight at 30 °C.
727  Plates were imaged using the ChemiDoc system, using DyLight 550 for visualization of
728 mcherry, and StarBright B520 for visualization of gfpmut3.1. Notably, although cultures were
729  standardized to equal optical density, the starting inoculum of KP7 was much higher than MP13.
730  We hypothesize that this is due to the demonstrated spontaneous induction of Kapil; the
731 resulting cell lysis in a sub-set of the MP13 population could result in more cellular debris and
732 thus a lower number of viable cells at the same optical density measurement. Every 24 hours, co-
733 cultures were sub-cultured 1:100 into fresh media, and again 100 pL of the mature culture was

734 sampled to perform cell counts as above.

735 In vivo studies were performed using mature adult C57BL/6J male mice kept in the
736 animal facility at the University of Alberta. Mice not harboring coliforms, as confirmed by
737  plating on MacConkey agar (BD, Sparks, MD), were housed on aspen wood chip bedding

738  materials in sterilized filter-topped IsoCages with nestlets, mouse huts and nesting materials as
739  enhancements. The room environment was controlled for temperature (20 - 22 °C), relative
740  humidity (40 %), and light cycle (12-h light and 12-h darkness). Mice were given ad libitum

741  access to water and a standard chow diet and cages were handled in a biosafety cabinet under
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742 specific pathogen-free conditions. Animals were randomly grouped into 4 to 5 mice per cage by
743 ablinded lab animal technician. Cages were allocated into 3 treatments: colonization with KP7,
744  colonization with MP13, and competitive colonization with a mixture of KP7 and MP13. KP7
745  and MP13 were cultivated in 10 mL of LB medium (Fisher Scientific, Nepean, ON) at 37 °C for
746 16 h. Each mouse received 0.1 mL of culture medium containing approximately 1.0 x 10’ CFU
747  of E. coli cells by oral gavage. Body weights were recorded, and fecal samples were collected at
748 0, 7,14, and 28 days post-infection (DPI). Enumeration of E. coli was conducted by serial

749  dilutions of fecal samples plated on MacConkey agar and total CFUs per gram of feces were then
750  calculated. For competitive colonization, MacConkey plates were replica-plated onto LB + Tet
751 and imaged as above. The protocols employed were approved by the University of Alberta’s
752 Animal Care Committee and in accordance with the guideline of the Canadian Council on the

753  Use of Laboratory Animals.

754

755  Statistics and Data Visualization

756 The Shapiro-Wilk test was used to check the normality of data distribution and the log
757  transformation or arcsin transformation was applied to address skewed data. Student's t-test or
758  one-way ANOVA with Tukey’s post-hoc test was performed accordingly. Data were present as
759  mean = standard deviation (SD). A p-value below 0.05 was considered statistically significant.
760  Unless otherwise specified, statistical analysis was performed using either Microsoft Excel or

761  GraphPad Prism 7 (54), and graphs were generated in Microsoft Excel.

762
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Data Availability

The genome of Kapil can be accessed from NCBI GenBank (accession MT813197).
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1022 Figure Legends
1023

1024  Figure 1. PHASTER analysis of MP1 and transmission electron microscopy image of
1025 Kapil. (A) The genome of MP1 (accession JEMI01000000) (11) was analyzed for putative
1026  prophage regions using PHASTER (12, 13). Prophage regions identified by PHASTER are
1027  shown, including the most common phage from the NCBI viral database, and their
1028  corresponding accession numbers. Intact, questionable, and incomplete scores were assigned by
1029 PHASTER. (B) Kapil phage lysate was stained with 4% uranyl acetate on a copper grid, and

1030  viewed by transmission electron microscopy at 140,000x magnification.
1031

1032  Figure 2. Genome of Kapil, and alignment with the most closely related phage, Sf101.
1033  Above, layout of the Kapil genome, with ORFs color coded as follows: lysis module in blue,
1034  structural/morphogenesis in pink, DNA replication/repair/regulation in green, tRNAs in yellow,

1035  and hypothetical proteins and proteins of unknown function in grey. Below, the alignment of the
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Kapil genome against the genome of phage Sf101 is visualized with Kablammo (84); darker
lines represent higher sequence homology between the two phage. Sf101 seroconversion protein

(gp16 O-acyltransferase B) is indicated in purple.

Figure 3. The integration site of Kapil. (A) The structure of Kapil integrated into the host
chromosome; host ORFs are indicated in orange, and phage ORFs are indicated in green and
grey, in between the attL and attR sites. Nucleotide sequences are provided for both the left and
right host-prophage chromosome junctions, including 20 bp upstream and downstream of the
bolded and underlined att sites. Grey shading on the junction_right sequence indicates the
location of the Kapil hyp25 gene, and orange shading indicates the host argW gene. (B) Kapil
phage lysate was serially diluted and spotted onto soft-agar overlays of either WT KP7 or KP7

AattB::kan.

Figure 4. Kapil uses the O-antigen as a receptor and modifies its structure. (A) LPS
extracted by proteinase K digestion was run on SDS-PAGE and silver stained; spontaneous
Kapil-resistnat mutants in lanes 3 and 4 correspond to KP61 and KP62, respectively. (B)
Schematic representing the truncated wzy polymerase from KP61 and KP62 compared with the
full-length WT protein. (C) Kapil phage lysate was serially diluted and spotted onto soft-agar
overlays with a variety of mutants in the KP7 background. (D) Phenol-extracted LPS was run on
SDS-PAGE and silver stained; in lane 2, KP7 LPS was treated with Kapil phage prior to running

on SDS-PAGE.
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1058  Figure 5. Stability of Kapil lysogens grown in different media. (A) Cultures of MP13 (Kapil
1059  lysogen) were grown in LB, 50% LB 50% simulated gastric fluid (SGF) (48), 50% LB 50%
1060  simulated intestinal fluid (SIF) (48), or LB supplemented with 0.5 ng/uL mitomycin C for 24
1061  hours. After 24 hours the number of cells were enumerated by spotting on LB plates, and the
1062  number of phages were enumerated by spotting on soft-agar overlays prepared with KP121.
1063  PFU/mL was divided by CFU/mL to obtain PFU/CFU; the values represent the average of three
1064  biological replicates, and error bars represent the standard deviation. One outlier value was
1065  excluded for the mitomycin C treatment. A one-way ANOVA was performed with a Tukey’s
1066  post-hoc test on log-transformed data. (B) MP13 was grown in the same media as above for 24
1067  hours, then sub-cultured into fresh media and grown for another 24 hours. After 48 hours total
1068 incubation, cells were plated onto LB agar, then replica plated onto a second LB agar plate
1069 spread with KP7 to screen for Kapil lysogens (Figure S5). The number of non-lysogenic
1070  colonies was divided by the total number of colonies to obtain % loss of Kapil; values represent
1071  the average of three biological replicates, and error bars represent the standard deviation. A one-
1072 way ANOVA was performed with a Tukey post-hoc test on arcsin-transformed data. (C)
1073  Luminescent reporter assay; the activity of Kapil Cl-lux was monitored in Kapil lysogens
1074 grown in the same media as above. The average luminescence (counts per second, CPS)
1075  normalized to bacterial optical density (OD®®) is reported for three biological replicates, and
1076  error bars represent the standard deviation. (D) Cl-lux activity after 24 hours of growth. The
1077  average normalized luminescence is reported for three biological replicates, and error bars
1078  represent the standard deviation. A one-way ANOVA was performed with a Tukey post-hoc test.

1079
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1080 Figure 6. Kapil lysogens have a competitive advantage over their non-lysogenic
1081  counterparts. (A) In vitro competitive assay; KP7 and MP13 were co-cultured in either LB or
1082  SIF. Each strain was enumerated every 24 hours, after which co-cultures were sub-cultured into
1083  fresh media and grown for an additional 24 hours. The relative proportion of each strain was
1084  calculated by dividing KP7 or MP13 CFU/mL by the total CFU/mL. The average of 3 biological
1085  replicates is reported, with the standard deviation as error bars. A t-test assuming unequal
1086  variance was performed on arcsin-transformed data at t=48 hr and found no statistical
1087  significance between the two treatments (p > 0.05). (B) In vivo colonization; coliform-free mice
1088  were gavaged with either KP7 or MP13, and log (CFU/g feces) was enumerated by plating on
1089  MacConkey media after 14 days. The average of 4 mice is reported, with standard deviation as
1090 error bars. A t-test assuming unequal variance was performed and found no statistical
1091  significance between the two treatments (p > 0.05). (C) In vivo competitive colonization;
1092  coliform-free mice were gavaged with a mixture of KP7 and MP13, and the relative proportion
1093  of each strain was enumerated after 14 days. The average of 10 mice is reported, with standard
1094  deviation as error bars.

1095

1096  Figure S1. PCR of DNase-treated lysates for putative prophages identified by PHASTER.
1097  Primers were designed to amplify each of the putative prophage regions on the MP13 genome
1098 identified by PHASTER (12, 13) (I = Intact_1, Q = Questionable, IC = Incomplete). Cultures of
1099  KP7 and MP13 were grown for 24 hours with 0.5 ng/uL mitomycin C, then culture supernatants
1100  were collected, filter sterilized (0.45 um), and treated twice with 0.01 mg/mL DNase A to
1101 remove genomic DNA. DNase A was inactivated with 0.5 M EDTA at room temperature for 3

1102  minutes, then 5 pL of the treated lysates were used for PCR. As a positive control, 5 uL of MP13
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1103  culture was also used for PCR to ensure that the prophage primers worked correctly. To control

1104  for gDNA contamination, a set of primers amplifying chromosomal nuoA (N) was included.
1105

1106  Figure S2. vContact2 (23) clustering of Kapil-related viruses, visualized with CytoScape
1107  (71). The entire first-neighbors network of Kapil is shown. An edge-weighted, spring-embedded
1108  model was used so that the distance between viral nodes, and the darkness and thickness of edges
1109  connecting those nodes corresponds to their sequence similarity and relatedness. Viral clusters

1110 are color coded.
1111

1112  Figure S3. Amino acid alignment of WT and truncated wzy polymerases. The amino acids of
1113  truncated wzy polymerase from Kapil-resistant LPS mutants KP61 and KP62 were aligned with
1114 the  WT  protein  from KP7 using CLC  Genomics  Workbench 21

1115  (https://digitalinsights.qiagen.com/).
1116

1117  Figure S4. Cell growth and phage adsorption rates, additional controls for PFU/CFU
1118  experiments. (A) Growth rates of KP7 and MP13 in LB, calculated as the slope of exponential
1119  phase. Overnight cultures were adjusted to OD°® 1.0 in PBS, then sub-cultured 1:100 into a
1120  sterile 96-well plate and incubated at 37 C with agitation in the Epoch2 microplate reader
1121  (Biotek, USA); OD®® was measured every 30 minutes for 16 hours. the average of 3 biological
1122 replicates and 2 technical replicates (n=6) is reported, with the standard deviation as error bars. A
1123 t-test assuming unequal variance was performed (p < 0.001). (B) The adsorption rate of Kapil to

1124  KP7 in different media. Adsorption rate was determined experimentally as previously described
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1125  (85), the average of 3 experiments is reported, with the standard deviation as error bars. A one-
1126 way ANOVA was performed (p > 0.05). (C) Growth rates of MP13 in LB, SGF, and SIF, as
1127  above. A one-way ANOVA was performed with Tukey’s post-hoc test (p < 0.001). (D) The data
1128  shown is identical to the data reported in Figure 5A, with the inclusion of 50% LB / 50% PBS
1129  and 50% LB / 50% distilled water controls. A one-way ANOVA was performed with Tukey’s
1130  post-hoc test (p < 0.001). One outlier in the 50% LB / 50% distilled water treatment was

1131  excluded.

1132

1133 Figure S5. Experimental verification of replica plating lysogeny screening method. (A) 30
1134  colonies of each phenotype (L — lysogens, NL — non-lysogens) were used for PCR to check for
1135  both free phage (FP, using primers for Kapil coat protein) and prophage (PP, using primers
1136  spanning the genome-prophage junction). All colonies were grown up overnight, then checked
1137  for superinfection immunity to Kapil by spotting 5 pL high-titre Kapil lysate onto soft-agar
1138  overlays of each strain. Colonies were also checked for production of Kapil by filter-sterilizing
1139  culture supernatants and spotting 5 pL onto KP7 soft-agar overlays. 30/30 colonies scored as
1140  lysogens were positive for free phage and prophage by PCR, and positive for superinfection
1141 immunity and Kapil production by spotting. 19/30 colonies scored as non-lysogens were
1142  negative for free phage and prophage by PCR, and negative for superinfection immunity and
1143  Kapil production by spotting. 8/30 colonies scored as non-lysogens were positive for free phage,
1144  but negative for prophage by PCR. As expected, these colonies became lysogenic after growing
1145  them up overnight, as indicated by positive superinfection immunity and Kapil production by
1146  spotting. This result indicates that this method is extremely sensitive for capturing lysogens;

1147  these nine colonies were most likely recently infected, or may have Kapil virions bound to the
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cell surface, but not yet integrated into the genome, and therefore no productive phage particles
are released onto the lawn of KP7 producing the halo phenotype. 3/30 colonies scored as non-
lysogens were negative for free phage and prophage by PCR, but became lysogenic after
overnight incubation, as indicated by positive superinfection and Kapil production by spotting.
This result was unexpected, but we believe that these three colonies likely already had phage
bound (like the previous group of 9), but the number of phage may have been too low to be
detected by PCR, since a genome prep wasn’t performed, colony suspensions were used directly
for PCR. (B) Representative phenotypes: black arrows indicate non-lysogenic colonies without a
zone of clearing, white arrows indicate Kapil lysogens producing a zone of clearing on an KP7

lawn.

Table S1. Bacterial strains used in this study.

Table S2. Nucleotide primers used in this study?

& All primers were designed in this study

Table S3. Genome annotation of bacteriophage Kapil.

* putative O-antigen modification genes
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A Prophage Region Most Common Phage Accession
Intact_1 Enterobacteria phage Sf101 NC_ 027398
Questionable_1 Enterobacteria phage DE3 NC 042057
Questionable_2 Stx2-converting phage Stx2a-F451 NC_049924
Incomplete 1 Bacteriophage APSE-2 NC 011551
Incomplete 2 Escherichia phage 500456-1 NC_ 049342

Incomplete_3 Bacillus phage G NC_023719
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