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24  Data statement: All supporting data have been provided within the article or through
25  supplementary data files. Four supplementary tables and six supplementary figures are

26  available with the online version of this article.
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27 Abstract

28 Filamentous vibriophages represent a massive repertoire of virulence factors which can be
29 transferred across species boundaries, leading to the emergence of deadly pathogens. All
30 filamentous vibriophages that were characterized until today were isolated from human
31  pathogens. Considering frequent horizontal gene transfer among vibrios, we predict that other
32 environmental isolates, including non-human pathogens also carry filamentous phages, of
33 which some may encode virulence factors.

34 The aim of this study was to characterize the phage repertoire, consisting of prophages and
35 filamentous phages, of a marine pathogen, Vibrio alginolyticus. To do so, we sequenced eight
36 different V. alginolyticus strains, isolated from different pipefish and characterised their
37  phage repertoire using a combination of morphological analyses and comparative genomics.
38 We were able to identify a total of five novel phage regions (three different Caudovirales
39 and two different Inoviridae), whereby only those two loci predicted to correspond to
40  filamentous phages (family Inoviridae) represent actively replicating phages. Unique for this
41  study was that all eight host strains, which were isolated from different eukaryotic hosts have
42  identical bacteriophages, suggesting a clonal expansion of this strain after the phages had
43 been acquired by a common ancestor. We further found that co-occurrence of two different
44  filamentous phages leads to within-host competition resulting in reduced phage replication by
45  one of the two phages. One of the two filamentous phages encoded two virulence genes (Ace
46  and Zot), homologous to those encoded on the V. cholerae phage CTX®. The coverage of
47  these zot-encoding phages correlated positively with virulence (measured in controlled
48 infection experiments on the eukaryotic host), suggesting that this phages is an important
49  virulence determinant.

50

51
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52 I mpact statement:

53 Many bacteria of the genus Vibrio, such as V. cholerae or V. parahaemolyticus impose a
54  strong threat to human health. Often, small viruses, known as filamentous phages encode
55  virulence genes. Upon infecting a bacterial cell, these phages can transform a previously
56  harmless bacterium into a deadly pathogen. While filamentous phages and their virulence
57  factors are well-characterized for human pathogenic vibrios, filamentous phages of marine
58 vibrios, pathogenic for a wide range of marine organisms, are predicted to carry virulence
59  factors, but have so far not been characterized in depth. Using whole genome sequencing and
60 comparative genomics of phages isolated from a marine fish pathogen V. alginolyticus, we
61  show that also environmental strains harbour filamentous phages that carry virulence genes.
62  These phages were most likely acquired from other vibrios by a process known as horizontal
63  gene transfer. We found that these phages are identical across eight different pathogenic V.
64  alginolyticus strains, suggesting that they have been acquired by a common ancestor before a
65  clonal expansion of this ecotype took place. The phages characterized in this study have not

66  been described before and are unique for the Kiel V. alginolyticus ecotype.

67

68 Data Summary:

69 1. The GenBank accession numbers for all genomic sequence data analysed in the
70 present study can be found in Table S1.

71 2. All phage regions identified by PHASTER analysis of each chromosome and the
72 respective coverage of active phage loci are listed in Table S2.

73 3. GenBank files were deposited at NCBI for the two actively replicating filamentous
74 phages VALG®6 (Accession number: MN719123) and VALG®8 (Accession

75 number: MN690600)
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76 4. The virulence data from the infection experiments have been deposited at

77 PANGAEA: Accession number will be provided upon acceptance of the manuscript.
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78 Introduction

79 Bacteriophages contribute significantly to bacterial adaptation and evolution. In particular
80  through bacterial lysis and subsequent killing, phages impose a strong selection pressure on
81 their bacterial hosts. However, phages can also transfer genetic material to neighbouring cells
82  via horizontal gene transfer (HGT) thereby increasing bacterial genome plasticity (1). In
83  addition, many phages, in particular temperate and filamentous phages, often carry virulence
84  genes (2, 3). When such filamentous phages integrate into the bacterial chromosome, they
85 can alter the phenotype of their bacterial host, resulting in increased bacterial virulence,
86  through a process known as lysogenic conversion (3).
87 One of the best-known examples of lysogenic conversion is the transformation of non-
88  toxigenic Vibrio cholerae into deadly pathogens via the filamentous CTX® phage, that
89 carries the cholera toxin (CT) (3). Since this first description of lysogenic conversion in 1996,
90 several other filamentous phages of which many carry bacterial virulence factors have been
91  discovered in particular for the genus Vibrio. For instance, two phages VfO4K68 and
92 VfO3K6 that carry the zona occludens toxin (Zot) and the accessory cholera enterotoxin
93  (Ace), have been isolated from V. parahaemolyticus (4, 5). Zot and Ace are particularly
94 common among vibriophages isolated from human pathogens, such as V. cholerae and V.
95 parahaemolyticus (6-8) but are also present in prophage-like elements of non-human
96 pathogens such as V. coralliilyticus (9) and V. anguillarum (10), suggesting frequent HGT
97 among different vibrio species (11).
98 Other environmental vibrios, which cause severe diseases, not only in marine animals but
99 also in humans, include for instance: V. splendidus, V. tubiashii and V. alginolyticus (12-15).
100  While virulence of these vibrio species is often attributed to multiple factors, such as
101  temperature and host immunity (16), the phage repertoire and any phage-encoded virulence

102  factors of environmental isolates are often not well characterized. One reason might be that
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103  only long-read sequencing data which allow us to generate fully-closed genomes, are suitable
104  to reliably identify integrated phages. Another reason might be a research bias towards
105  human pathogens. There are 196 closed Vibrio genomes (as of October 2019), of which more
106  than 50% comprise human pathogens such as V. cholerae (51 genomes), V. parahaemolyticus
107 (33 genomes), and V. wulnificus (18 genomes), while all other environmental isolates are
108  represented with fewer than 10 genomes per species. Additionally, to our knowledge only 17
109  filamentous vibriophages have so far been described in detail of which all were isolated from
110  human pathogens, i.e. V. cholerae (11 phages) and V. parahaemolyticus (5 phages). Some of
111 these 17 filamentous phages, encode at least one virulence factor. Other filamentous
112  vibriophages, which do not encode virulence factor, are still able to transfer them to other
113 strains by means of specialized transduction (17, 18). Recombination between filamentous
114  vibriophages can further result in hybrid phages, which are then able to vertically transmit
115  toxins to other vibrios (17, 19). Indeed, some filamentous vibriophages can infect distantly
116  related species (20) and phage-mediated horizontal transfer of virulence genes seems to be a
117  dynamic property among environmental vibrios (21). Thus, the low number of well-described
118  filamentous vibriophages is concerning and it is essential that we start to characterize
119  filamentous phages and their virulence factors in environmental Vibrio isolates. We predict,
120  that also filamentous phages isolated from environmental vibrios, may contain virulence
121  factors responsible for disease outbreaks in marine eukaryotes. Indeed, a closer look at more
122 than 1,800 Vibrio genome sequences, covering 64 species revealed that 45% harboured
123 filamentous phages which encoded Zot-like proteins (22). Even though a detailed
124  characterization of these phages is missing, this study suggests that also filamentous
125  vibriophages of non-human pathogens contain virulence genes in (22).

126 The aim of the present study was to identify prophages and filamentous phages (both types

127  will also be referred to as non-lytic phages in the present study) isolated from closely related
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128 V. alginolyticus strains and to characterize their virulence potential. V. alginolyticus, a
129  ubiquitous marine opportunistic pathogen can cause mass mortalities in shellfish, shrimp and
130  fish, resulting in severe economic losses worldwide (23-25). Additionally, wound infections
131 and fatal septicaemia in immunocompromised patients caused by V. alginolyticus have been
132 reported in humans (26). In contrast to the classical human pathogenic vibrios, only little is
133 known about V. alginolyticus phages and their potential role in its virulence. By combining
134  morphological and comparative genomic analyses we identified and characterized three
135 prophages and two novel filamentous phages from eight different environmental V.
136  alginolyticus isolates of which one filamentous phage encoded virulence genes homologues
137  tothose found in V. cholerae and V. parahaemolyticus.

138
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139 Methods:

140 Vibrio alginolyticus strains used in the present study were isolated either from the gut or
141  the gills of six different pipefish (Syngnathus typhle) in the Kiel Fjord in 2012 (27) and have
142  been shown to cause mortality in juvenile pipefish ((28), and this study). Using a
143  combination of PacBio and Illumina sequencing we generated eight closed bacterial genomes
144  of the host bacteria as described in (28).

145

146  Phageisolation and sequencing
147  Prophage induction

148 We induced filamentous phages from all nine V. alginolyticus strains using Mitomycin C
149  (Sigma), for details see (28), with some modifications: bacteria were grown in liquid
150 Medium101 (Medium101: 0.5% (wi/v) peptone, 0.3% (w/v) meat extract, 3.0% (w/v) NaCl in
151  MilliQ water) at 250 rpm and 25 °C overnight. Cultures were diluted 1:100 in fresh medium
152  at a total volume of 20ml and grown for another 2h at 250 rpm and 25 °C to bring cultures
153 into exponential growth before adding Mitomycin C at a final concentration of 0.5 pg/ml.
154  Afterwards, samples were incubated for 4 h at 25 °C at 230 rpm. After 4 h, lysates were
155  centrifuged at 2500019 for 5 min. The supernatant was sterile filtered using 0.45 um pore size
156  filter (Sarstedt, Nimbrecht, Germany). We added lysozyme from chicken egg white
157  (10ug/ml, SERVA Heidelberg, Germany) to disrupt the cell walls of potentially remaining
158  host cells, RNAse A (Quiagen, Hilden, Germany) and DNAse | (Roche Diagnostics,
159  Mannheim, Germany) at a final concentration of 10 pg/ml to remove free nucleic acids and
160 remaining host cells as described in (29). After incubation at 25°C for 16 hours phage
161  particles were sedimented by ultracentrifugation using a Sorvall Ultracentrifuge OTD50B
162  with a 60Ti rotor applying 200,000 g for 4 hours. The supernatant was discarded and the

163  pellet was dissolved in 200 pl TMK buffer, and directly used for DNA isolation.
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164

165  Prophage DNA extraction

166 DNA isolation was performed using a MasterPure DNA Purification kit from Epicenter
167  (Madison, WI, USA). We added 200 pl 2x T&C-Lysis solution containing 1 pl Proteinase K
168  to the phage suspensions and centrifuged the samples for 10 min at 10,000 g. The supernatant
169  was transferred to a new tube, mixed with 670 pl cold isopropanol and incubated for 10 min
170  at — 20°C. DNA precipitation was performed by centrifugation for 10 min at 17,000 g and
171  4°C. The DNA pellet was washed twice with 150 pl 75% ethanol, air-dried and re-suspended

172 in DNase free water.

173

174  Prophage sequencing

175 dsDNA for library construction was generated from viral sSDNA in a 50 pl reaction. The
176  reaction was supplemented with 250 ng viral ss/DNA dissolved in water, 5 pmol random
177  hexamer primer (#SO142, Thermo Scientific), 10 units Klenow Fragment (#EP0051, Thermo
178  Scientific) and 5 pmol dNTPs each (#R0181, Thermo Scientific) and incubated at 37°C for 2
179  hours. The reaction was stopped by adding 1 pl of a 0.5M EDTA pH 8 solution. The
180 generated DNA was precipitated by adding 5 pl of a 3M sodium acetate pH 5.2 and 50 pl
181  100% Isopropanol to the DNA solution, gently mixing and chilling for 20 min at -70°C. DNA
182  was pelleted via centrifugation at 17,000 g, 4°C for 10 min. Pellets were washed twice with
183  70% ethanol. Remaining primers and viral ss/DNA were removed in a 50 pl reaction using
184 10 units S1 nuclease (#EN0321, Thermo Scientific) for 30 min at 25°C. S1 nuclease was
185 inactivated through addition of 1uM 0.5M EDTA pH 8 and incubation for 10 min at 70°C.
186  Consequently ds/IDNA was precipitated as described above and resolved in pure water.

187  Presence of ds/DNA was verified via TAE gel electrophoresis in combination with an
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188  ethidium bromide staining and visualization via UV-light. NGS libraries were generated with
189 the Nextera XT DNA Sample Preparation Kit (lllumina, San Diego, USA), and the
190  sequencing was performed on an Illumina GAIl sequencer (lllumina, San Diego, USA). All
191  generated reads were checked for quality using the programs FastQC (30) and Trimmomatic
192 (31).

193

194 Transmission electron Electron microscopy was carried out on a Jeol 1011 electron
195  microscope (Eching, Germany). Negative staining and transmission electron microscopy
196 (TEM) of phage-containing particles was performed as described previously (29, 32).

197  Phosphotungstic acid dissolved in pure water (3%; pH 7) served as staining solution.

198

199 Genomic analysis:

200 Prediction of phage regions: All host genomes were scanned with PHASTER (33) to
201 identify prophage like elements in each chromosome. Predicted prophage regions were
202  further analysed using Easyfig (34) for pairwise phage sequence comparisons and synteny
203  comparisons with an E-value cut-off of 1e-10. We used SnapGene Viewer (v. 4.3.10) to
204  generated circular genomes including the predicted prophage regions from each strain.

205

206 Annotation: Annotation was performed using Prokka v1.11 (35) which was applied using
207  prodigal for gene calling (36), Vibrio as the genus reference (--genus Vibrio option) and a
208 comprehensive Inoviridae vibriophage protein database as a phage features reference
209 database. Reference Inoviridae vibriophages used for the reference protein fasta database are
210  listed in (Supplementary material, Table S3).

211 Prediction of active phage regions: All reads from phage DNA have been mapped using

212 bowtie2 (37) to the corresponding reference V. alginolyticus genome. The generated mapping
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213 files were analysed using TraV (38) to visualize phage DNA derived coverage within the
214  genomic context. Increased coverage was exclusively observed in genomic regions that have
215  been identified by PHASTER (33) as phage regions. This was used as an indication for active
216  prophages.

217 To estimate the relative phage production of each active phage locus we estimated the
218  coverage of each locus relative to the coverage of the chromosome. Deeptools v.3.3.0 (39)
219 was used to compute read coverage which was normalized using the RPKM method as
220  follows: RPKM (per bin) = number of reads per bin/ (number of mapped reads (in millions) *
221  bin length (kb)). The length of the bin used is 1kb.

222

223 Comparative genomic analyss: We used the MUSCLE algorithm implemented in
224 AliView v. 1.15 (40) to conduct whole genome alignments within all phage-groups that
225 showed a high similarity based on Easyfig. Additionally, we performed alignments of the
226  flanking regions by comparing five genes located upstream and five genes located
227  downstream of each integrated phage.

228 To investigate the phylogenetic relationship of Vibrio phage VALG®6 and Vibrio phage
229  VALG®8 with other well-studied filamentous phages we generated a phylogenetic tree based
230 on the major coat protein (pVIII) of 20 well-characterized filamentous phages, which
231 determined the structure of the virion coat. This protein is the most abundant protein present
232 in all filamentous phages (41) and commonly used to infer phylogenetic relationships
233 between filamentous phages. After alignment of the protein sequences using MUSCLE (42),
234 we constructed a phylogenetic tree using the Bayesian Markov chain Monte Carlo (MCMC)
235 method as implemented in MrBayes version 3.2.5 (43, 44). The TN93 (45) model plus
236  invariant sites (TN93 + 1), as suggested by the Akaike information criterion (AIC) given by

237  jModelTest (46), was used as statistical model for nucleotide substitution. The MCMC
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238  process was repeated for 10° generations and sampled every 5000 generations. The first
239 2000 trees were deleted as burn-in processes and the consensus tree was constructed from the
240 remaining trees. Convergence was assured via the standard deviation of split frequencies
241  (<0.01) and the potential scale reduction factor (PSRF~1). The resulting phylogenetic tree
242 and associated posterior probabilities were illustrated using FigTree version 1.4.2

243 (http://tree.bio.ed.ac.uk/software/figtree/). We used Propionibacterium phage B5 which is a

244  phage preying on a gram-positive bacterium as an outgroup.

245 We additionally compared the predicted phage regions from the present study with
246  potential phage regions from all other so far published fully closed V. alginolyticus genomes
247  (Table S4). To do so, we identified potential phage regions on each chromosome using
248 PHASTER (33) and compared those with the phage regions from the present study using
249  Easyfig (34).

250

251 Analysis of virulence factors. We found that one of the active filamentous phages (i.e.
252 Vibrio phage VALG®6) contains the virulence cassette comprising the Zot and the Ace
253  proteins, which is frequently found in vibriophages and responsible for severe gastro-
254  intestinal diseases (47, 48). To compare these two proteins with other Zot and Ace proteins
255  isolated from various vibriophages we generated protein alignments using AliView (40) and
256  examined the presence of Walker A and Walker B motifs in Vibrio phage VALG®6 Zot
257  proteins. We further used the TMHMM Server (http://www.cbs.dtu.dk/servicess/TMHMM/)
258  to confirm the presence of a transmembrane domain typically found in the Zot protein.

259

260

261

262 Infection experiments:
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263 We performed a controlled infection experiment to estimate the virulence of the eight
264  sequenced strains on juvenile pipefish (a detailed description of methods and the statistical
265 analysis can be found in (28). Briefly, we fed 9-12 juvenile pipefish per tank in using
266 triplicate tanks with Artemia nauplii which were previously exposed to ~10° CFU/ml or
267  seawater as control. Twenty-four hours post infection, each fish was killed and bacterial load
268  was determined as colony forming units (CFU/ml) as in (28).

269

270  GenBank files were deposited at NCBI for the two actively replicating filamentous phages

271 VALG®D6 (Accession number: MN719123) and VALG®8 (Accession number: MN690600)

272
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273  Reaults

274 1. General overview

275 We sequenced the bacterial DNA of eight closely related Vibrio alginolyticus strains as
276  well as the DNA extracted from the supernatant of mitomycin C treated liquid cultures of
277  each strain. Within the eight sequenced V. alginolyticus strains we discovered three different
278  prophage regions each of which could be assigned to the family Caudovirales and two
279  different regions that were assigned to filamentous phages (family Inoviridae). From the
280  sequenced supernatant we could only identify filamentous phages but no head-tail phages,
281  suggesting that in the present strains, filamentous phages are the only active replicating
282  phages. To locate the exact positions of the induced prophages, we performed a PHAGE-seq
283  experiment (29). In control experiments, the complete procedure has been applied without
284  mitomycin C where the reference genomes were sequenced using lllumina technology. Both
285  experiments revealed an increased coverage exclusively at Inoviridae loci (Supplementary
286  material Figure S1). This indicates that induced and non-induced cultures produce
287  comparable amounts of particles encoded by the same filamentous phage. As a further
288  control total DNA without DNase A treatment resulted in a coverage increased by the factor
289 of 100-100,000 at the loci encoding filamentous phages compared to the average
290  chromosomal coverage. We thus conclude that the cultures produced a permanent amount of

291  phage particle protected sSSDNA independent of the induction from mitomycin C.

292

293 2. Caudovirales

294 Whole genome comparison between the eight sequenced V. alginolyticus strains revealed
295  the presence of three different prophage regions belonging to the family Caudovirales, none
296  of which generated phage particles nor protein protected DNA in the experimental settings

297  used in this study (Figure 1). Thus, a more thorough classification based on morphological
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298  characterization was not possible. We further did not find regions of increased coverage for
299  these three Caudovirales regions (Supplementary material Figure S1) on the bacterial
300 chromosomes indicating that these phages were neither actively replicating in uninduced
301 bacterial cultures nor able to switch to the lytic cycle upon induction with mitomycin C. We
302 could not identify sequence similarities between these three different Caudovirales phages,
303  suggesting that they are genetically distinct phages. However, each of the three Caudovirales
304 phages was 100% identical across all eight strains where they all have the same integration
305  site (Figure 2).

306

307 Vibrio phage VALG®1: The genome of Vibrio phage VALG®1 is composed of a 33.3kb

308 DNA molecule with a GC content of 46.06 % and no tRNAs. The total open reading frames
309 (ORFs) is 22, with 10 ORFs assigned to one of five functional groups typical for phages
310 (Replication, Assembly, Structural proteins, Integration, Lysis) and 12 ORFs to hypothetical
311  proteins (Figure 1). All ORFs were orientated in the same direction. Even though Vibrio
312  phage VALG®1 could not be found in induced and uninduced supernatants, it is predicted to
313  be intact according to PHASTER. Vibrio phage VALG®1 is exclusively found on
314 Chromosome 1, where it has a unique integration site, which is identical across all eight
315 sequenced strains. The phage genome as well as the flanking regions (five genes upstream
316  and five genes downstream of the integrated phage) showed 100% sequence similarity across
317 all eight sequenced strains, suggesting that the phage is highly conserved across host-strains.
318 Comparative genomic analysis between Vibrio phage VALG®1 and ten closest hits on NCBI
319  reveals that the two closest related phages are FDAARGOS_105 integrated on chromosome 1
320 of V. diabolicus with a query cover of 77% and a similarity of 94.68% followed by an

321  uncharacterized region on chromosome 1 of V. alginolyticus ATCC 33787 with a query cover
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322 of 57% and a similarity of 96.13%. These low query covers suggest that Vibrio phage

323  VALG®1 is a novel bacteriophage.

324 Vibrio phage VALG®2: The genome of Vibrio phage VALG®2 is 26.3 kb with a GC

325 content of 49.37 %, no tRNAs and a total of 29 ORFs, with 22 assigned to one of five
326  functional phage-related groups and seven hypothetical proteins (Figure 1). All ORFs were
327 orientated in the same direction. Vibrio phage VALG®?2 is predicted to be questionable by
328 PHASTER, suggesting that it does not contain sufficient prophage genes to be considered a
329 complete functional phage. Even though, Vibrio phage VALG®2 has a unique integration
330 site on chromosome 2 across all eight strains, the upstream region is not identical across
331  strains. In contrast, the downstream region of Vibrio phage VALG®? is identical across all
332 strains and has a length of 2584 bp followed by another prophage, identical across all
333  sequenced strains and, identified as Vibrio phage VALG®2b. Due to their incompleteness
334 and the short gap between these two phages we refer to them as a Caudovirales complex

335  consisting of Vibrio phage VALG®2 and Vibrio phage VALG®2b.
336

337 Vibrio phage VALG®2b: Vibrio phage VALG®2b is predicted to be incomplete by

338 PHASTER, suggesting that it may represent a cryptic phage. The genome of Vibrio phage
339 VALG®2 is 26.5 kb long, with zero tRNAs and a GC content of 48.32%. Of the 20 identified
340 OFRs, 12 could be assigned to phage-functional groups and eight as hypothetical proteins.
341  Vibrio phage VALG®2 contains an ORF assigned as MarR family transcriptional regulator
342  accompanied with a transposase 3749 bp upstream.

343

344 3. Inoviridae

345 Phage morphology: We determined the morphology of all active phages from every strain

346  using a transmission electron microscope (TEM, see Supplementary material, Figure S2).
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347  According to the International Committee on Taxonomy of Viruses (ICTV), all phage
348  particles were identified as filamentous phages.

349 Phage genomics: Within the eight sequenced V. alginolyticus strains we could identify two

350 different filamentous phages, i.e. Vibrio phage VALG®6 and Vibrio phage VALG®8. Both
351 phages contain single-stranded ssDNA genomes of 8.5 and 7.3 kbp in size and a GC content
352 of 44.6% and 46.3%, respectively. ORFs were mostly orientated in a single direction,
353  whereas the transcription regulator was transcribed in the reverse direction (Figure 3). Both
354  phages showed similar functional genes (typical for Inoviridae), which could be roughly
355 grouped into three functional modules: Replication, assembly or structural proteins (41).
356  Vibrio phage VALG®6 and Vibrio phage VALG®8 share relatively little homology, except
357  for proteins involved in DNA replication (Figure 3).

358 Vibrio phage VALG®6 can be found exclusively on chromosome 2 in all eight strains, has
359  aunique integration site and is identical across all strains. In contrast, Vibrio phage VALG®8
360 can only be found in five out of the eight strains and has a more diverse life-style. It can
361 integrate on chromosome 2 (strain K0O4M3, KO4M5, K10K4), chromosome 1 (Strain KO5K4,
362  K10K4) or exists extra-chromosomally (strain KO4M1 without an intrachromosomal copy or
363 in strain KO5K4 with an intrachromosomal copy, Figure 4). When integrated on chromosome
364 2, Vibrio phage VALG®8 is always located directly behind Vibrio phage VALG®6,
365  sometimes resulting in multi-phage cassettes (Figure 2). When integrated on chromosome 1,
366  Vibrio phage VALG®8 is orientated in a reverse order as on chromosome 2. In strain K10K4,
367  Vibrio phage VALG®8 is found on both chromosomes.

368

369 Phage activity: All loci predicted to correspond to filamentous phages represent actively
370 replicating phages. We conclude this from several lines of evidence. First, we were able to

371  detect filamentous phages in TEM pictures of all cultures (see Supplementary material,
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372 Figure S2). Second, phage particles isolated from induced and uninduced cultures contained
373  exclusively DNA that matched at these phage loci (Supplementary material, Figure S1, Table
374  S2). Differences in coverage values of loci corresponding to both filamentous phages we
375 found that the production of phage particles varies across phage regions and strains
376  (Supplementary material, Table S2). For strains that did not contain Vibrio phage VALG®8,
377  we found that all regions encoding Vibrio phage VALG®6 had on average a 100000x higher
378  coverage relative to the coverage of the chromosome. However, the presence of Vibrio phage
379  VALG®8 reduced the coverage of Vibrio phage VALG®6 encoding regions by 10 — 1000x,
380  but only when Vibrio phage VALG®8 was integrated on chromosome 2, not when it existed
381  exclusively extrachromosomal or had an additional copy on chromosome 1.

382 Phylogeny: Whole genome alignment (Figure 3) and phylogenetic comparisons (Figure 5)
383  based on the major coat protein (pV1I1) suggest that Vibrio phage VALG®6 and Vibrio phage
384 VALG®8 group closely with other known filamentous vibriophages. Overall, filamentous
385  vibriophages group more closely with class Il phages of Pseudomonas and Xanthomonas and
386 form a distinct cluster from class | filamentous coliphages. Vibrio phage VALG®6 shares
387 more sequence homology with VfO4K68 and VfO3K6, both isolated from V.
388 parahaemolyticus (Figure 3). Vibrio phage VALG®8 shares more sequence homology with
389 VF33 also isolated from V. parahaemolyticus. Blastn comparisons using whole phage
390 genomes suggest that Vibrio phage VALG®6 and Vibrio phage VALG®8 are different from
391  other bacteriophages described until today. For Vibrio phage VALG®6 the two closest hits
392  were the two V. parahaemolyticus phages VfO4k68 and VfO3k6 with query covers of 66%
393 and 75% and similarity values of 94.65% for each phage. The closest hits for Vibrio phage
394  VALG®8 were the two V. parahaemolyticus phages V12 and V{13 with a query cover of
395  88% and a similarity of 94.65%.

396
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397 To compare all non-lytic phages between strains from the present study and other V.
398  alginolyticus isolates we used PHASTER to predict prophages from all available closed non-
399 Kiel V. alginolyticus genomes and found a total of 14 predicted prophage regions (Table S4).
400 Comparisons between those uncharacterized vibriophages and phages from the present study
401 revealed that Vibrio phage VALG®6 and the Caudovirales cassette consisting of Vibrio
402 phage VALG®2 and 2b is unique to the Kiel alginolyticus system. In contrast, we found
403  integrated Inoviridae with high similarity to Vibrio phage VALG®8 in four of the six non-
404  Kiel V. alginolyticus strains and one integrated Caudovirales that shared high similarity with
405  Vibrio phage VALG®1 and had the same attL/ attR sequence, i.e. CGTTATTGGCTAAGT
406  (Figure 2). Despite having two, respectively one, unique integration site within the Kiel
407  isolates, phages from the non-Kiel isolates with high similarity to Vibrio phage VALG®8 and
408  Vibrio phage VALG®1 were mostly integrated on different positions in the respective
409 chromosomes (Figure 2). All other uncharacterized phages did not contain functional genes
410 typical for Inoviridae suggesting that no other filamentous phage is present in the non-Kiel
411  strains. In contrast to the Kiel strains, where most phages were integrated on chromosome 2,
412  only two out of the non-Kiel strains had prophages on chromosome 2 and one strain
413 FDAARGOS_108 did not have a single prophage in its genome. Overall, the typical phage
414  composition consisting of Vibrio phage VALG®6, Vibrio phage VALG®2 and 2b on
415  chromosome 2 together with Vibrio phage VALG®1 on chromosome 1 is unique for our

416  system and has not been found elsewhere.

417
418 Multi-phage-cassettes
419 We found multi-phage cassettes on chromosome 2 in two strains, i.e. KO4M3 and K0O4Mb5.

420  While the cassette in KO4MD5 consists of Vibrio phage VALG®6 followed by Vibrio phage

421 VALG®8, K04M3 has two multi-phage cassettes. The first cassette consists of Vibrio phage
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422  VALG®6, followed by a tandem repeat of two identical Vibrio phage VALG®8 regions, the
423  second cassette, which is located 10389 bp downstream of the first cassette is identical to the
424 one identified in KO4M5. Even though Vibrio phage VALG®6 is identical across all strains,
425  the second replicate in KO4M3, which represents the start of the second multi-phage cassette,
426  misses the transcription regulator and has major deletions, particularly affecting assembly
427  and structural proteins (Supplementary material, Figure S4).

428

429  Virulence of Kiel V. alginolyticus ecotypes

430 Comparative genomic analysis between virulence factors commonly encoded on
431  filamentous phages revealed that only Vibrio phage VALG®6 contains the virulence cluster
432  containing Ace and Zot. In contrast no known virulence factors could be found on Vibrio
433 phage VALG®8 and the described Caudovirales. Sequence comparisons of Zot proteins
434 encoded on different vibrios revealed that the Vibrio phage VALG®6 encoded Zot is highly
435  similar to Zot genes encoded on other closely related Vibrio species from the harveyi clade
436  (such as V. parahaemolyticus or V. campbellii, Figure S5). Even though we found less
437  similarity between the Vibrio phage VALG®6 encoded Zot protein and CTX®-encoded Zot
438  proteins, we found two conserved motifs (Walker A and B, common among human
439  pathogens), which were at the N-terminal side of the Zot proteins (Figure S5). In addition, we
440  found a transmembrane domain in the Vibrio phage VALG®6 encoded Zot protein (Figure
441  S6), suggesting that similar to the CTX®-encoded Zot, the Vibrio phage VALG®6 encoded
442  Zot is also a transmembrane protein.

443 Controlled infection experiments on juvenile pipefish revealed differences in total
444 bacterial load among strains, a proxy for virulence. We found that those strains, that only
445  encode Vibrio phage VALG®6 (i.e. KO1M1, KO6K5 and KO8M3) were the most virulent

446  (Figure 6). Whereas strains with a reduced coverage of Vibrio phage VALG®6 encoding
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447  regions were by far the least virulent strains, in particular strain KO4M5, where we also
448  observed the strongest reduction in coverage compared to Vibrio phage VALG®8-free
449  strains.

450

451
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452  Discussion

453 We present five new non-lytic phages (comprising filamentous phages and prophages)
454  isolated from eight different Vibrio alginolyticus strains. Using a combination of whole
455  genome sequencing, comparative genomic analyses, and transmission electron microscopy
456  we found three distinct phage regions belonging to the family Caudovirales and two distinct
457  regions corresponding to actively replicating filamentous phages. Based on comparative
458  genomic analyses we conclude that all five phages described in the present study are novel
459  bacteriophages. Our main findings are that (1) closely related V. alginolyticus isolates, which
460  were isolated from different eukaryotic hosts have identical bacteriophages, which are unique
461  for this ecotype, (2) filamentous phages can have different life-styles and are able to supress
462  each other, and (3) horizontal gene transfer (HGT) of Vibrio phage VALG®6 containing the
463  virulence cluster comprising zona occludens toxin (Zot) and accessory cholera enterotoxin
464  (Ace) may have led to the emergence of pathogenicity of the Kiel V. alginolyticus ecotype.
465

466  Closdy related V. alginolyticus isolates, which were isolated from different eukaryotic hosts
467  shareunique but identical bacteriophages

468 Four of the five described phages in this study (i.e. Vibrio phage VALG®1 on
469  chromosome 1, the Caudovirales complex consisting of Vibrio phage VALG®2 and
470  VALG®2b as well as the filamentous Vibrio phage VALG®6 of chromosome 2) were
471  present in all eight sequenced strains, had the same integration site and no variation in
472  flanking regions on the chromosome (only exception: upstream region of Vibrio phage
473  VALG®2). Only the filamentous Vibrio phage VALG®8 was not present in all strains,
474  existed in two different life-styles (intra- and extrachromosomal) and had different
475  integration sites (possible recombination with both chromosomes). All eight strains have no

476  core genomic variation and sequence variation is mainly attributable to differences in mobile
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477  genetic elements (MGEs), such as plasmids and presence/ absence of Vibrio phage VALG®8
478  (49). Comparative genomic analyses across a wider range of V. alginolyticus isolates
479 indicated that the phage repertoire of the Kiel alginolyticus ecotype is unique and cannot be
480 found elsewhere. Thus, we hypothesize that the identical prophage composition in this
481  ecotype together with the identical integration sites and flanking regions suggests that these
482  phages may have been acquired from a common ancestor before a clonal expansion of the
483  Kiel alginolyticus ecotype took place. Under this scenario we predict that these five
484  prophages are increasing the fitness of this ecotype in the present habitat and are thus
485  maintained by selection.

486 The sampling design, spanning two different organs (gills or gut) from six different
487  pipefish allows us not only to look at the phage composition of closely related bacteria across
488  eukaryotic hosts but also within eukaryotic hosts. We found more similarity within pipefish
489  Nr. 4 (strains K0O4M1, KO4M3 and K04M5) than across all six pipefish: First, all three strains
490 contained Vibrio phage VALG®8, and second, the only two multi-phage cassettes were
491  found in strains KO4M3 and K04MD5, both isolated from pipefish Nr. 4. It is tempting to
492  speculate that the high prevalence of Vibrio phage VALG®8 relative to all eight sequenced
493  strains is a result of the close proximity between strains inside the gut, which favours the
494  rapid horizontal spread of Vibrio phage VALG®8. Future experiments would be needed to
495  study the likelihood for Vibrio phage VALG®8 to establish successful chronic infections and
496  the circumstances which favour the different life-styles (extra- or intra-chromosomal) and
497  integration sites (chromosome 1 or chromosome 2).

498

499  Filamentous phages differ in their life-style

500 While Vibrio phage VALG®6 was exclusively found at one integration site across all

501 eight sequenced strains (exceptions: the multi-phage cassettes in strains K04M3 and
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502 KO04M5), Vibrio phage VALG®8 had different integration sites on both chromosomes and

503  existed intra-and extrachromosomal. We identified one, respectively two extrachromosomal

504 closed circular contigs within the assembly of strains KO4M1 and KO05K4 representing

505 multimers of Vibrio phage VALG®8 (Figure 4). This indicates the presence of

506 extrachromosomal phage replicons in two out of the eight sequenced V. alginolyticus
507 genomes. Filamentous phages typically multiply via the rolling circle replication (RCR)

508 mechanism (41). Considering that KO5K4 contains another copy of Vibrio phage VALG®8

509 integrated on chromosome 1 and that the extrachromosomal contigs contain two, respectively

510 three copies of Vibrio phage VALG®8 (Figure 4), we hypothesise that the K05K4

511  extrachromosomal contigs represent RCR intermediates of the integrated Vibrio phage

512 VALG®8. However, to confirm or falsify this hypothesis experiments using knock-out

513  versions of the intrachromosomal copy of Vibrio phage VALG®8 in strain KO5K4 have to be

514  performed which are beyond the scope of this study. In contrast, KO4M1 does not contain an

515 intrachromosomal version of Vibrio phage VALG®8 and the extrachromosomal contig of

516 KO04ML1 only consists of one phage replicon (Figure 4). This suggests that Vibrio phage

517 VALG®S is able to establish a chronic extra-chromosomal infection without the need of an

518 intrachromosomal copy.

519

520  Within-host competition can lead to the reduction of phage producing particles

521 Vibrio phage VALG®1 has been predicted to be complete, but we did not find phage
522  particles of head-tail phages in the supernatant nor did we detect any DNA-sequences in phage
523  particles that map to its region in the chromosome under lab-conditions. Without a proof-of
524  principle which would again require knock-out versions of the filamentous phages, we can
525  only speculate that the Caudovirales Vibrio phage VALG®1 is supressed by the two actively

526  replicating filamentous phages. Indeed, within-host competition between different


https://doi.org/10.1101/859181
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/859181; this version posted November 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

527 Caudovirales has been found in other systems, for instance in Bacillus licheniformis (29).
528  Alternatively, Vibrio phage VALG®1 might be not induced within the conditions of our
529  experimental set up or could have been wrongly predicted to be complete by the software but
530 is, however not able to actively replicate suggesting prophage domestication, which has also
531  been predicted for Vibrio phage VALG®2 and 2b. When head-tail phages switch from the
532  lysogenic to the lytic cycle they always kill their host. Selection for a strict repression of the
533 lytic life cycle of prophage inactivation should thus be strong (50). Indeed, bacterial genomes
534 have numerous defective prophages and prophage-derived elements (51, 52), which
535 presumably originate from pervasive prophage domestication (50). By domesticating
536  prophages, bacteria can evade the risk of getting lysed but are still able to maintain beneficial
537  accessory genes, in the present case for instance the Mar family proteins encoded on the
538 defective Vibrio phage VALG®2b, which encode transcriptional regulators involved in the
539  expression of virulence, stress response and multi-drug resistance (53, 54). Another case of
540  within-host competition between phages is the 10-x reduced coverage of Vibrio phage
541 VALG®6 in strains where both filamentous phages were present. Again, we hypothesise, that
542  one phage, in this case Vibrio phage VALG®8, negatively affects the replication of another
543  phage, here Vibrio phage VALG®6. As above, to verify or falsify this hypothesis, knock-out
544  versions of strains containing both filamentous phages would be required, as have been used
545 in (29). Within-host competition is common among different head-tail prophages within the
546  same host leading to strong selection for short lysis time (55). However, to the best of our
547  knowledge, nothing is known about within-host competition among filamentous phages and
548  whether filamentous phages are able to supress each other’s replication. However, studies on
549 the classical biotype V. cholerae where CTX® was present as an array of two truncated, fused
550 prophages found, that even though the cholera toxin in expressed, no viral particles are

551  produced (56). Deficiencies in the array-structure and not mutations affecting individual
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552 CTX®d genes have been suggested to be responsible for the absence of phage particle
553  production. Similarly, we found that the strongest reduction in coverage for Vibrio phage
554  VALG®6 encoding regions, where Vibrio phage VALG®6 was present as part of a multi-
555  phage cassette, containing arrays of two or more adjacent filamentous phages (strain K0O4M3
556 and strain KO4M5). As we also did not find any genomic differences among the different
557 regions encoding for Vibrio phage VALG®6, it is tempting to speculate that similar
558 deficiencies in array structure are causing the coverage reduction of Vibrio phage VALG®6
559  encoding regions. Alternatively, suppression of one phage by another could be the result of
560 methylation leading to a less efficient or even inactivate phage particle production. Future
561 studies unravelling within-host interactions of filamentous phages should elucidate whether
562  such within-host competitions can influence the dynamics and evolutionary trajectories of
563  filamentous phages.

564

565 HGT of Vibrio phage VALG®6 containing the virulence cluster comprising Zot and Ace may
566  have led to the emergence of the pathogenic Kid V. alginolyticus ecotype

567 Filamentous phages are the most recognized vibriophages and present in almost every
568 Vibrio genome sequenced to date (for a detailed overview see (57)). Filamentous phages
569 isolated from the Kiel V. alginolyticus ecotype share more homology with filamentous
570 phages isolated from V. parahaemolyticus than with other non-Kiel V. alginolyticus strains.
571  This suggests a constant movement of filamentous phages between different Vibrio species
572 without losing the ability to replicate in the old host(s). Indeed, some filamentous
573  vibriophages have a very broad host range (20) and movement of vibriophages is not
574  uncommon (58-60). If filamentous phages are able to establish a chronic infection in the new
575 host, this movement of phages across species boundaries will facilitate horizontal gene

576  transfer (HGT), which plays a significant role in the evolution of vibrios (57).
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577 HGT also contributes substantially to the emergence of pathogenic vibrios from non-
578  pathogenic environmental populations (57). For instance, CTX® is able to transduce the
579 cholera toxin (CT) from V. cholerato V. mimicus leading to the emergence of a pathogenic V.
580 mimicus form (58, 59). Many vibriophages contain virulence genes responsible for severe
581  gastro-intestinal diseases (47, 48). For instance, almost 80% of clinical V. parahaemolyticus
582  strains contain filamentous phages, encoding the zona occludens toxin (Zot) (22). Also, non-
583 human pathogens, such as V. coralliilyticus and V. anguillarum contain prophage-like
584 elements encoding Zot, suggesting frequent horizontal gene transfer (HGT) of Zot via
585  prophages among vibrios (11). In the present study, we found one filamentous phage, i.e.
586  Vibrio phage VALG®6, that contains the virulence cluster comprising Ace and Zot, which
587 are common among vibrios (61). Considering the high homology between Vibrio phage
588 VALG®6 and phages isolated from V. parahaemolyticus this might represent another
589 example where the movement of a filamentous phages across species boundaries leads to the
590 transfer of virulence factors possibly being responsible for the pathogenicity of Kiel V.
591 alginolyticus ecotypes. Controlled infection experiments revealed a close link between
592  virulence and coverage of the region encoding for Vibrio phage VALG®6. Strains, for which
593  we observed a strong reduction in the coverage for the region encoding for Vibrio phage
594 VALG®6 caused a reduced infection load compared to strains, with a high coverage for this
595 locus. This suggests that the low coverage may result in a reduced number of viral particles
596 and potentially a reduced production of both toxins, which may ultimately result in lower
597 virulence. We are aware, that to be able to ultimately prove that Ace and Zot encoded on
598 Vibrio phage VALG®6 are causing the virulence of our isolates we would need a strain that
599  does not contain Vibrio phage VALG®6 for further experiments.

600

601 Conclusion
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602 By characterizing two novel filamentous vibriophages isolated from environmental strains
603  we increase our knowledge about filamentous vibriophages, which is as of October 2019
604  heavily biased towards human pathogens. We show that also non-human pathogenic vibrios
605 represent a reservoir of filamentous phages, which can contain virulence factors and
606  potentially move between species leading to the emergence of pathogens. We want to
607  encourage future studies on the phage-repertoire and their virulence factors of other non-
608 human pathogenic vibrios. By looking at a wider range of Vibrio species we will then
609  considerably expand our knowledge on the types of MGEs in Vibrio and in particular how

610 they influence the virulence and evolution of this species.
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807 Figurelegends

808

809 Figure 1 Genomic maps of Vibrio phage VALG®1 (top), Vibrio phage VALG®2 (bottom left) and Vibrio phage VALG®2b
810 (bottom right). ORFs are color-coded according to predicted function: red: replication, green: assembly, blue: structural
811 proteins, yellow: integration, purple: lysis, orange: accessory genes, grey: hypothetical proteins.

812

813 Figure 2 Whole Chromosome alignment with prophage regions in coloured boxes/ arrows. Active prophages
814  are marked in red. Blocks of the same colour indicate phage-types, purple: Vibrio phage VALG®1, light blue:
815  Vibrio phage VALG®2, Vibrio phage VALG®2b complex, dark green: Vibrio phage VALG®6, light green:
816  Vibrio phage VALG®8, dark blue: multi-phage complex containing sequences of Vibrio phage VALG®6 and
817  Vibrio phage VALG®8, grey: unknown phages.

818

819 Figure 3 Genomic maps of Vibrio phage VALG®6 (second from top) and Vibrio phage VALG®8 (third from top) in
820 comparison to VfO4K68 (top) and VF33 (bottom). ORFs are color-coded according to predicted function: red: replication,
821 green: assembly, blue: structural proteins, grey: hypothetical proteins. High homologous sequences are indicated by dark
822 grey and low homologous sequences by light grey. pl — pX correspond to known filamentous phage proteins and putative

823  homologues.

824

825 Figure 4 Extrachromosomal contigs of (a) Strain KO4M1 and (b) Strain KO5K4 with the 2-replicon containing
826  contig (left) and the 3-replicon containing contig (right). ORF-coding and protein names as in Figure 3.

827

828 Figure 5 Phylogenetic tree based on the major coat protein (pVII1) alignment highlighting the position of Vibrio
829  phage VALG®6 and Vibrio phage VALG®8 relative to other filamentous phages. The corresponding NCBI
830  accession numbers for the different phages are denoted in brackets, ena accession numbers are indicated with an
831  *, uniport accession numbers of the major coat protein are indicated with **. For outgroup Proprionibacterium

832 phage B5 was used. Class | and Class Il phages represent clusters according to (62).
833

834  Figure6 Virulence of all eight sequenced strains (x-axis), measured as bacterial load (CFU/m).
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