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38  Abstract

39 Bacteriophage research has experienced a renaissance in recent years, owing to
40 their therapeutic potential and versatility in biotechnology, particularly in combating
41  antibiotic resistant-bacteria along the farm-to-fork continuum. However, certain

42 pathogens remain underexplored as targets for phage therapy, including the zoonotic
43 pathogen Streptococcus suis which causes infections in pigs and humans. Despite
44  global efforts, the genome of only one infective S. suis phage has been described.
45 Here, we report the isolation of two phages that infect S. suis: Bonnie and Clyde.

46 The phages infect 58% of 100 S. suis strains tested, including representatives of

47  seven different serotypes and thirteen known sequence types from diverse

48 geographical origins. Clyde suppressed bacterial growth in vitro within two multi-

49  strain mixes designed to simulate a polyclonal S. suis infection. Both phages

50 demonstrated stability across various temperatures and pH levels, highlighting their
51 potential to withstand storage conditions and maintain viability in delivery

52 formulations. Genome comparisons revealed that neither phage shares significant
53 nucleotide identity with any cultivated phages in the NCBI database and thereby

54  represent novel species belonging to two distinct novel genera. This study is the first
55 toinvestigate the adhesion devices of S. suis infecting phages. Structure prediction
56 and analysis of adhesion devices with AlphaFold2 revealed two distinct lineages of
57 S. suis phages: Streptococcus thermophilus-like (Bonnie) and S. suis-like (Clyde).
58  The structural similarities between the adhesion devices of Bonnie and S.

59 thermophilus phages, despite the lack of nucleotide similarity and differing ecological
60 niches, suggest a common ancestor or convergent evolution, highlighting

61 evolutionary links between pathogenic and non-pathogenic streptococcal species.
62 These findings provide valuable insights into the genetic and phenotypic

63 characteristics of phages that can infect S. suis, providing new data for the

64 therapeutic application of phages in a One Health context.

65

66 Keywords: Adhesion devices, antimicrobial resistance, bacteriophage, genomic
67 characterisation, phage therapy, Streptococcus suis

68
69 Introduction

70 The intensification of livestock farming systems has been predicted to promote the
71 emergence of pathogens from within the microbiota of host populations (1). One

72  such bacterium is Streptococcus suis, a ubiquitous coloniser of the upper porcine

73  respiratory tract. S. suis is a secondary pathogen in the porcine respiratory diseases
74  complex, a polymicrobial syndrome that affects the respiratory system of pigs.

75 However, S. suis is capable of systemic dissemination resulting in diseases such as
76  meningitis, endocarditis, arthritis, and septicaemia (2).Furthermore, the threat posed
77 by S. suis is not limited to porcine hosts. Less than 15 years after its discovery in
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78 pigsin 1954, S. suis was implicated in a case of human meningitis in Denmark (3).
79  Subsequently, several outbreaks of human infections with similar clinical

80 manifestations in pigs have been reported globally (4). Zoonotic transmission of the
81  pathogen to humans occurs via direct contact with infected pigs, or consumption of
82  undercooked pork products.

83  Although only partially understood, the pathogenicity and virulence of S. suis has
84  been linked to over 100 putative virulence factors including suilysin (sly),

85 muramidase-release protein (mrp), extracellular protein factor (epf), and capsular
86 polysaccharides (cps) (5). CPS is a critical virulence factor involved in evasion of
87  host immune mechanisms and is also the basis on which the bacterium is classified
88 into 29 serotypes (6). Serotype 2 is reported as the most common cause of S. suis
89 infection in pigs and humans globally. However, at the regional level, strains of

90 serotypes %, 9, and 1 are the most common agents of S. suis infections in South
91  America, Western Europe, and North America, respectively (7). Although vaccine
92 candidates exist, efforts to produce a universal vaccine that is cross-protective is
93 confounded by the genetic diversity of the species (8), particularly in the cps loci, a
94  common antigenic target for vaccine development. Additionally, the cps clusters are
95 prone to recombination, which can result in capsular switching (9). This implies that
96 virulent strains can evolve cps types not targeted by vaccines.

97  Antibiotics remain the primary control strategy against the pathogen, which has

98 contributed to the emergence and dissemination of antibiotic-resistant strains.

99 Previous studies that examined antimicrobial resistance (AMR) in S. suis reported
100 high levels of resistance to drugs including those not used in treating S. suis
101 infections (10). Furthermore, several studies have reported high carriage of AMR
102 determinants in S. suis genomes (11-13). The impending disaster of AMR has led to
103 increased interest in the potential application of bacteriophages (phages) as an
104 alternative/adjunct to antibiotics. Phages are viruses that can infect and kill bacteria.
105  With an estimated abundance of 10% to 1032 particles in the biosphere, these
106  ubiquitous biological entities have been isolated from a wide range of environments
107  (14). As the international community moves towards a One Health approach to
108 tackling AMR along the farm-to-fork continuum, coupled with the consumers’ growing
109 preference for greener, antibiotic-free, sustainably farmed products, phages have
110 emerged as a promising candidate for controlling bacterial pathogens. Phages target
111 bacteria in a highly host-specific manner and have no reported serious adverse
112  effects on treated subjects. As such, they have been evaluated for their potential use
113  in vivo within laboratory settings, agricultural sites, and in medicine for various
114  pathogens (15-18). However, certain bacteria including Gardnerella vaginalis,
115  Clostridioides difficile, Porphyromonas gingivalis, and S. suis remain poorly explored
116  as targets for phage therapy, often due to difficulties in isolating virulent phages
117  against them. Despite global efforts, to date, only one “infective” phage (phage SMP)
118 against S. suis has been isolated and genome-sequenced (19) while temperate
119 phages have also been induced from S. suis strains (20). Despite the setbacks in
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120 isolating and characterising virulent phages, (pro)phage-derived lysins have been
121  developed and evaluated for bactericidal activity against S. suis, as with Gardnerella
122 vaginalis and Clostridium difficile (21-24). Thus, it is imperative to characterise

123 temperate phages and explore their potential use in bacterial control using their

124  derivatives such as phage-derived lysins or engineered phages. Furthermore, it is
125 important to study temperate phages as phage resistance mechanisms have been
126  linked to S. suis virulence (25).

127 In this study, we describe the isolation of two phages named Bonnie and Clyde,

128 tripling the number of previously characterised phages infecting S. suis. The

129 genomes of both phages were sequenced and compared with phage SMP and other
130 close relatives, revealing both phages belong to distinct, novel genera. We also

131  describe the phage structures and adhesion devices using electron microscopy and
132  in silico predictions, respectively. Furthermore, we demonstrate that the two phages
133 caninfect and lyse S. suis strains of various serotypes and sequence types (STs)
134 isolated from different countries.

135 Materials and methods
136 Bacterial strains

137  All Streptococcus suis strains used in this study are listed in Table S1. S. suis

138 21171 _DNR38 and 19867 _M106485 R39 are serotype 2 strains isolated from the
139 respiratory tract of a diseased pigs in Denmark and Spain, respectively (1). All

140 strains and phages were cultivated in Todd Hewitt broth (THB) (Neogen,

141 #NCMO0061B) or agar (1.5% w/v) at 37°C under microaerophilic conditions.

142  Serotypes of strains were determined using a two-step multiplex PCR (Table S2)
143  (26) or in silico prediction based on whole genome sequencing (27). Multilocus
144  sequence typing was performed with PubMLST (28) and new allele sequences and
145  unassigned MLST profiles were submitted to PUbMLST for assignment. In total, 26
146  novel STs have been identified and subsequently added to the S. suis PubMLST
147  database.

148 S. suis phage screening and isolation

149  Thirty samples including oral fluids from healthy pigs across 20 farms in Ireland,

150 along with post-mortem lung tissue from diseased pigs, were collected and

151  processed. Oral fluids were supplemented with 0.5 M sodium chloride (NaCl) and
152  centrifuged at 5,000 xg for 15 minutes. Up to 10 g of lung tissue was homogenised in
153  a stomacher for 10 minutes in 90 mL of sterile SM buffer (50 mM Tris-HCI, 0.1 M

154  NaCl, and 8 mM MgSO,, [pH 7.4]) and centrifuged at 5,000 xg for 15 minutes. The
155  supernatants from the oral fluids and tissue homogenates were filtered through a
156  0.45 ym polyethersulfone membrane filter (Sarstedt), and the resulting filtrates were
157  screened for phages using the double-layer agar (DLA) plaque assay method (1.5%
158 agar [w/v] underlay and 0.8% agar [w/v] overlay) (29). A total of 50 strains were used
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159 in screening, with serotypes 2, 9, and 14 more highly represented due to their
160 frequent association with infections (Table S1).

161 8. suis phage propagations and purification

162  To obtain a homogeneous phage lysate, five rounds of single plaque purification
163  were performed, all carried out on strain 21171_DNR38. Subsequently, to generate
164 phage lysates, a clonal plaque was used for plaque assays to generate confluent
165 lysis. Then SM buffer was added to twelve such plates and the plates were

166 incubated on a shaker at 100 rpm for 4 hours. The top layer was disrupted, and the
167  resulting slurry was aspirated into a sterile tube. The lysate was collected by

168 centrifugation at 4,500 xg for 15 minutes and filtered through a 0.45 pm filter.

169  For liquid propagation, an exponentially growing culture (OD600 of 0.2)

170  supplemented with 40 mM MgCl, and 1 mM CaCl, was infected with 0.02 volumes of
171  the plaque-purified lysate and incubated overnight. The culture was then centrifuged,
172  filtered, and the titre was estimated using a DLA spot assay method. Briefly, 10 pL of
173  10-fold serially diluted lysate was spotted on double-layer plates and incubated

174  overnight at 37°C under aerobic conditions. The resulting plaques were counted, and
175 the titre was expressed as PFU/mL.

176 Phage DNA extraction and genome sequencing

177  The Norgen Biotek phage DNA isolation kit was used to extract DNA from the

178  purified phage lysates with some modifications to the manufacturer’s instructions
179  (Norgen Biotek Corp., Ontario, Canada). Briefly, 1 mL of the phage lysate (108

180 PFU/mL) was treated with 20U of DNase and 10X DNase buffer (#AM2238), and 1
181  pL of RNaseA (#EN0531). The reaction was incubated at 37°C for 70 minutes

182 followed by nuclease inactivation with 20mM EDTA. Four microliters of proteinase K
183 (20 mg/mL) and 500 L of lysis buffer was added and vortexed for 10 seconds. This
184  was incubated in a water bath at 56°C for 30 minutes. The mixture was treated with
185 320 pL isopropanol (Fisher Bioreagents) and purified on a column according to the
186  manufacturer’s instructions. Phage genome libraries were prepared using the

187  Nextera XT Library Preparation Kit and sequenced on an lllumina MiSeq sequencing
188 system, generating 2 x 250 paired-end reads (executed by GenProbio s.r.l, Italy).

189
190 Prophage prediction

191  The genome sequence of the bacterial host strain (19867 _M106485 R39, accession
192 no. DARZKS000000000.1) was screened for the presence of prophages using

193 geNomad with the end-to-end command (30). Nucleotide sequences corresponding
194  to 'provirus' topology hits were extracted and annotated with pharokka using default
195 parameters (31). The annotated genomes were manually inspected for hallmark

196  genes using keywords such as “terminase”, “capsid”, “tail” and “holin”.

197
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198 Prophage induction

199 Prophage induction from exponentially growing cultures of 19867_M106485 R39
200 was performed using mitomycin C (MitC), D-L-threonine coupled with temperature
201 cycling, or UV light exposure.

202  For UV induction, 38 mL of THB supplemented with 10 mM MgSO, was inoculated
203  with 2 mL of overnight culture and grown to an OD600 of 0.2. Subsequently, 6.5 mL
204 aliquots of the culture were transferred into 90 mm petri dishes, achieving a depth of
205 approximately 1 mm. The cultures were irradiated with a germicidal UV-C lamp at
206  253.7 nm for either 30 seconds or 2 minutes. After irradiation, the cultures were

207 pooled and incubated at 37°C for 2 hours. The cultures were then centrifuged at
208 4,000 xg for 10 minutes at 4°C and filtered through a 0.45 pm filter. An aliquot of the
209 lysate was taken to visualise the presence of plaques. As low levels of induction
210 were expected, the induction lysate was also enriched by adding 50 uL of host

211 (21171_DNR38) culture to 1 mL of lysate, followed by overnight incubation. The

212  propagation mix was filtered and stored at 4°C.

213  For mitomycin C induction, MitC was added to a 10 mL exponential-phase
214  (OD600nm of 0.2) culture at a final concentration of 1.5 pyg/mL and incubated for 15
215  hours. The induction mix was centrifuged, filtered, and enriched as described above.

216 By serendipity, an unintended prophage induction was observed when a culture was
217  moved from 37 to 4 °C incubation overnight. Consequently, we attempted inducing
218 the same prophage using controlled rapid temperature cycling and D-L-threonine
219  supplementation. Briefly, 9.5 mL of THB supplemented with 40 mM D-L-threonine
220 and 10 mM MgSO, was inoculated with 500 uL of overnight culture and incubated at
221  37°C for 3 hours, moved to 56°C for 2 minutes and then incubated at 4°C overnight.
222  The following day, the culture was removed from 4°C and immediately incubated at
223  37°C for 3 hours, followed by 1 hour at 4°C. The culture was then centrifuged,

224  filtered, and enriched.

225 Allinduction lysates were screened for plaque formation on 21171_DNR38 using the
226 DLA spot assay as previously described. Further confirmation of successful induction
227 was determined by amplifying the gene that encodes the terminase large subunit of
228 the predicted prophage from the 19867 _M106485_ R39 strain using specific PCR
229 primers (Table 1). The induction mixture was treated with DNase and RNase to

230 remove host and unpackaged phage nucleic acid fragments followed by inactivation
231  of the nucleases as described above. Universal 16S rRNA gene primer pair was

232 used as control to detect chromosomal, non-phage bacterial gene (26). Lysates from
233 all three methods of induction were subjected to this PCR using PCR Master Mix 2X
234 (#K0172, ThermoFisher Scientific) according to manufacturer’s instructions (Table
235 S3, Table 1).

236
237
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238 Table 1: Primer sequences and PCR conditions for phage detection

Primer | Sequence 5’ to 3’ Target Annealing/time | Extension/time
ID (bp)

TerF ACGGCTATGCTATTCCACGG Terminase | 56°C/ 30 72°C /90 seconds
TerR GCCGTGATGATTTCGCTGAC (988) seconds

16SF GAGTTTGATCCTGGCTCAG 16S rRNA | 56°C/ 30 72°C /90 seconds
16SR | AGAAAGGAGGTGATCCAGCC | (1542 bp) | seconds

239  Primer sequence and cycling conditions for detection of prophage and chromosomal DNA.
240 16SF and 16SR target non-phage DNA of bacterial chromosome. Further details about
241 reagent concentrations and cycling details are provided in Table S3.

242

243 Genome assembly and annotation

244  Phage genome de novo assembly was carried out using the SPAdes-based genome
245 assembler Shovill (32). The --trim flag and --depth 100 flag were invoked to remove
246 lllumina adaptors and reads were subsampled to a predicted 100x coverage. The
247 assembled contigs were checked for completeness using CheckV1.0.1 (33).

248 Genome annotation was performed with Pharokka v1.7.3 (31) and RAST pipeline
249  (34). The pharokka pipeline uses PHANOTATE and Prodigal for gene prediction and
250 assigns functional annotations using MMseqs2 by matching predicted coding

251 sequence (CDS) to the PHROGs, VFDB and CARD databases. The --dnaapler

252 command was used to reorient phage genomes to begin with the large terminase
253 subunit-encoding gene. To improve annotations, the genbank (.gbk) output from

254  pharokka was set as input for phold, a tool which utilises foldseek and colabfold to
255  predict structural homology (35). Lifestyle of phages was predicted with PhageTYP
256  (36). Circular genome maps of phages were constructed with phold plot command.
257  Auxilliary metabolic genes (AMGs) encoded in phage genomes were screened using
258 DRAM-v and VIBRANT (37, 38). An in silico screen of anti-viral defense systems was
259 performed using DefenseFinder (39). Protein sequences of phage endolysins were
260 extracted and concatenated for alignment with Clustal Omega (40). Seqvisr (41) was
261  used to visualise amino acid similarity using SMP endolysin as reference.

262 Phylogeny and comparative analysis of S. suis (pro)phages

263 Genomes of (pro)phages that share significant nucleotide homology with the phages
264 isolated in this study were identified with BLASTN using the core nucleotide

265 database in two searches. For both searches, only sequences with 250% query

266 coverage were considered in subsequent analyses. In the first search, the taxid 1307
267 was excluded to filter out bacterial (i.e. S. suis) hits. This returned few viral

268 (prophage) sequences that met the criteria. The search was repeated without the
269 filter and top hits were bacterial (Table 2). The regions in the bacterial genomes

270 (prophages) that share significant homology with the phages were extracted with

271 geNomad as described above. A viral proteomic tree was generated in VipTree using
272  the “with reference” setting (42). The tree was constructed based on tBLASTx

273  computations of genome-wide similarities. Intergenomic similarities among the
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phages and their closest relatives were estimated using VIRIDIC. PhageGCN and
taxmyPHAGE pipelines were used to predict phage taxonomic classification (36, 43).
VICTOR (https://ggdc.dsmz.de/victor.php) was used to generate a phylogenomic
tree. It estimated the nucleotide pairwise similarity using the Genome-BLAST
Distance Phylogeny (GBDP) method. The computed intergenomic distances were
used to infer a balanced minimum evolution tree with branch support via FASTME
including subtree pruning and regrafting postprocessing for the D4 formula. Branch
support was inferred from 100 pseudo-bootstrap replicates each. VirClust was used
for orthologous genes prediction, virus clustering and the estimation of core proteins
(44).

Table 2: Summary of sources of (pro)phage sequences used in phylogenomic and
comparative analyses

Genome ID Sequence origin Accession No.
NLS50 bacterial CP134488.1
SC183 bacterial CP071305.1
HA1003 bacterial CP030125.1
HN105 bacterial CP029398.1
M104170 C2 bacterial CP134469.1
YZDH1 bacterial CP065430.1
YSJ17 bacterial CP032064.1
HN38 bacterial CP116604.1
ISU2912 bacterial CP017785.1
MAS8 bacterial CP085085.1
90-1330 bacterial CP012731.1
ISU2660 bacterial CP031379.1
DNR43 bacterial CP102143.1
Streptococcus phage Javan597 prophage MK448818.1
Streptococcus phage Javan584 prophage MK448990.1
Streptococcus phage Javan565 prophage MK448806.1
Streptococcus phage Javan577 prophage MK448812.1
Streptococcus phage phiZJ20091101-3 prophage KX077894.1
Streptococcus phage Javan580 prophage MK448989.1
Streptococcus phage Javan548 prophage MK448981.1
Streptococcus phage phi20c prophage KC348598.1
Streptococcus phage Javan551 prophage MK448803.1
Streptococcus phage phi7917 prophage KC348601.1
Streptococcus phage Javan578 prophage MK448988.1
Streptococcus phage phi891591 prophage KC348602.1
Streptococcus phage Javan583 prophage MK448814.1
Streptococcus phage Javan566 prophage MK448985.1
Streptococcus phage Javan589 prophage MK448816.1
Streptococcus phage SMP cultivated phage EF116926

List of genomes identified through BLASTn searches against the core nucleotide database using
nucleotide sequences of phages isolated in this study. Results are derived from two distinct searches:
(1) excluding taxid 1307 (prophage or cultivated phage) and (2) without filtering to include bacterial
genomes. Only sequences with 250% query coverage were retained for analysis.
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291 Host range analysis, efficiency of plating, and phage killing assay

292  To determine the host range of the two S. suis phages, 10 uL of lysate was spotted
293 onto a double-layer agar lawn of each of the 100 host strains (Table S1). The plates
294  were incubated overnight at 37°C. Host sensitivity was scored as complete/turbid
295 lysis (+) or no lysis (-). Host sensitivity was confirmed by determining the efficiency of
296 plating (EOP). Diluted phages were spotted on strains shown to be sensitive to a
297 phage, and the plaques counted. The results were expressed as the titre of phages
298 on the test strain relative to the titre on the original host strain.

299 The in vitro lytic activity of phages on sensitive strains was assessed by infecting
300 exponentially growing host cells with phages at multiplicities of infection (MOI) of 0.1,
301 1,10 and 100. Phages were serially diluted in a 96-well plate and equilibrated by
302 incubating the plate at 37°C for 30 minutes. The phage dilutions were then

303 inoculated with bacteria to a final concentration of 107 CFU/mL. Prior to each

304 reading, the plate was shaken for 5 seconds, and the absorbance at OD600nm was
305 measured every 10 minutes over 24 hours using a microplate reader (Biotek

306 Synergy HT Plate Reader, USA). Wells containing only phage suspension or only
307 bacterial culture served as controls. The results are presented as the average of
308 three independent replicates. A threshold of p < 0.05 was considered statistically
309  significant.

310 Thermal and pH stability

311 The temperature stability of S. suis phages was evaluated by incubating phage

312 lysates at 4, 37, 40, 45, 50, 60, or 70°C for 1 hour, followed by estimating the titres
313  using DLA spot assays. For pH stability, the pH of SM buffer was adjusted with either
314  NaOH or HCI to obtaina pH of 2, 3, 4, 5,6, 7, 8, 9, 10, 11, 12, and 13. Phage pH
315 stability was assessed by adding 50 L of 2108 PFU/mL phage to 450 L of pH-

316  adjusted SM buffer. The mixture was incubated at 37°C for 1 hour, 2 hours or 24

317  hours, and the titres were estimated using the DLA method.

318 One-step growth curve

319 The latent period and burst size of the phages were determined in a one-step growth
320 experiment as described by Kropinski (45). Briefly, a 10 mL exponential-phase host
321  culture was centrifuged and resuspended in 900 uL of THB. Phage lysate was added
322  at afinal concentration of MOI 0.01 and allowed to adsorb for 15 minutes at 37°C.
323 Unadsorbed phages were removed by centrifugation, and the pellet was

324  resuspended in 10 mL prewarmed medium. The mixture was incubated at 37°C for 2
325 hours, with 200 uL aliquots taken every 5 minutes, centrifuged and the supernatant
326 diluted to estimate phage titres. The calculated PFU/mL was plotted against time and
327  burst size and latent period were estimated from the graph (45).

328
329
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330 Transmission electron microscopy

331 Two litres of phage lysate of Bonnie and Clyde was centrifuged to remove debris,
332 filtered, treated with 10% (w/v) polyethylene glycol 8,000, and incubated at 4°C

333 overnight. The phage particles were harvested by centrifugation (10,000 xg, 15 min)
334 and resuspended in 4 mL of SM buffer. An equal volume of chloroform was used to
335 extract phages from the PEG suspension three times. Purification of phage lysate
336  was performed by loading the phage on a discontinuous cesium chloride (CsCl)

337 gradient (5M and 3M) followed by centrifugation at 13,170 xg for 2.4 hours at 4°C
338 (Beckman Coulter Optima L-90K series). Phage bands were extracted and dialysed
339 against SM buffer (50 mM Tris-HCI, 0.1 M NaCl, and 8 mM MgSO4 [pH 7.5]).

340 Phages were pipetted on 100-mesh copper grids coated with carbon and allowed to
341 adsorb for 20 minutes. Subsequently, the grids were washed twice with deionised
342  water and negatively stained with 2% uranyl acetate for approximately 20 seconds.
343  Electron micrographs were generated on a Talos L120C transmission electron

344  microscope using a 4 k x 4 k Ceta camera set to an acceleration voltage of 80 kV.
345 Phage size was measured using the TEM analysis software Velox v3.9.0 (all

346  equipment from ThermoFisher Scientific, Eindhoven, Netherlands) and the mean
347 and standard deviation of at least 10 measured phage particles were calculated. The
348 TEM images were manually improved using GIMP v2.10.32 for contrast and

349  brightness adjustment.

350 AlphaFold prediction and analysis of adhesion devices

351  Structures of the adhesion device proteins (Dit, Tal and/or RBP) of Bonnie and Clyde
352  were predicted using AlphaFold2 as well as those of SMP using AlphaFold3 via

353 google servers at https://golgi.sandbox.google.com (46, 47). Stretches of Tal with
354  overlapping segments were predicted to allow the assembly of full-length multimers
355 using Coot (48). pLDDT and PAE values are reported in Fig. S1. The final predicted
356 domain structures were submitted to the Foldseek server to identify closest structural
357 homologs in the PDB (49). Sequence alignments were performed with Multalin (50).
358 Visual representation of the structures were prepared with ChimeraX (51).

359  Statistical analysis

360 All quantitative datasets generated from in vitro experiments were analysed by

361 estimating mean and standard error of the mean using independent biological

362 replicates, each conducted on different days with different bacterial cultures and
363 fresh phage lysates. GraphPad Prism 10.2.0 (USA) was used for the statistical

364 analysis. Two-way analysis of variance (ANOVA) with Dunnett’s multiple

365 comparisons test was used to evaluate temperature stability data at a statistical
366 significance level of 0.05. The statistical significance of pH stability data was

367 estimated using Kruskal-Wallis test. For phage in vitro lytic activity, one-way ANOVA
368  with Tukey’s post-hoc test was performed to determine statistically significant

369 differences. The comparisons were made between the test MOls and the no-phage
370  control.
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371 Results

372 Isolation of S. suis infecting Phages, Bonnie and Clyde

373  Over 30 samples collected from pig farms across Ireland, including slurry, oral fluids,
374 lung and tonsil tissues were processed and screened for phages against 50 S. suis
375 strains, representing different serotypes. Initially, one phage was isolated from a

376  post-mortem lung sample. This phage was initially plaque-purified on strain

377 19867_M106485 R39 and subsequently sequenced. However, sequencing results
378 revealed the presence of two contigs in the supposed single phage lysate with contig
379 coverages of 67.3 and 36.9 and sizes of 36,310 bp and 34,743 bp, respectively.

380 CheckV and pharokka annotations confirmed that the contigs represented two

381  distinct phages. To investigate the source of the two phages, we first screened the
382 genome of the propagation host for prophages using geNomad. Two “provirus”

383 topology hits were predicted: a 34 kb prophage and a 13 kb region (Table S4).

384  Nucleotide BLAST (core nucleotide database) results of the 34 kb prophage region
385 showed a 100% match to the second contig. This indicated that the 34 kb prophage
386 was induced from the propagation host. To isolate the two phages individually, a
387  suitable host strain that would minimise the risk of induction was needed.

388  Accordingly, we screened the genomes of susceptible hosts to identify strains

389  without prophages or with prophage-elements that lack hallmark genes including
390 capsid and tail proteins. Strain 21171_DNR38 was found to harbour a 13 kb provirus
391 that encodes no structural genes and was therefore used for further plaque

392 purification. Following 22 successive passages on strain 21171_DNR38, clonal

393 plaques corresponding to the first phage of 36 kb (vB_SsuS-Bonnie hereinafter

394 referred to as Bonnie) were obtained. This was initially verified by PCR using primer
395 pairs that targeted genes encoded by either of the two co-propagated phages (Table
396 S3). The second phage was (re)isolated by inducing it from its host

397  (19867_M106485_R39) through UV-light exposure, MitC induction, or temperature
398 cycling. Lysates emanating from all three methods produced translucent plaques,
399 however, following enrichment, clear spots and transparent plaques were observed
400 (Fig. 1A). Furthermore, PCR was used for the preliminary identification of the phage
401 in the induction lysate, matching it to both the predicted prophage and the second
402 phage/contig (Fig. 1B), vB_SsuS-Clyde (hereinafter referred to as Clyde). The

403 names were inspired by Bonnie Parker and Clyde Barrow, reflecting how inseparable
404 the phages were on strain 19867_M106485_R39. All three methods for inducing
405 phage Clyde were successful; however, UV induction-derived lysate was used for
406 subsequent experiments based on the higher titres achieved after the enrichment.

407
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408
409 Fig. 1: Confirmation of induction of phage Clyde by three methods

410 (A) Spot assays showing filtered induction lysates on sensitive strain 21171_DNR38
411 before (1, lll, V) and after enrichment (ll, 1V, VI) on overlay plates for UV, MitC, and
412 temperature cycling prophage induction, respectively. (B) PCR products of terminase
413 (T)and 16S rRNA (16S) gene amplified from filtered, nuclease-treated lysates

414  induced by UV, MitC, and temperature-dependent threonine induction. A crude

415 induction mixture (non-filtered and non-nuclease treated) and a culture of host strain
416 19867_M106485_R39 were used as positive controls. Negative controls included
417  strain 21171_DNR38, which does not harbour the expected prophage, and water. M1
418 and M2 indicate 100 bp and 1 kb DNA ladders, respectively.

419
420 Bonnie and Clyde are temperate phages

421  Genomic DNA was extracted from purified lysates of Bonnie and Clyde, sequenced,
422 and assembled into genomes of 36,160 bp and 34,734 bp, with average GC content
423 of 40.51 and 41.87%, respectively, similar to that of the propagation host (41.44%).
424  Bonnie has a coding density of 96.74%, encoding 72 coding sequences (CDS) of
425 which 44 could not be assigned a function by pharokka. Clyde has coding density of
426  95.07%, which encodes 64 CDS with 41 of unknown function. CDS annotations

427 improved following application of the structural homology tool, PHOLD. The number
428  of proteins with assigned function improved from 28 to 35 and 23 to 33 for Bonnie
429 and Clyde, respectively.

430 The CDSs with assigned functions could be grouped into structural (tail and capsid),
431 lysis, integration & excision, nucleotide metabolism, and transcriptional regulation.
432 Neither phage genome was predicted to encode tRNAs, AMR genes, toxins, or

433 virulence factors. However, integrases, repressors, and other genes involved in

434  lysogeny-lysis decision making were identified in both genomes. The lifestyle of the
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phages was further confirmed as temperate based on PhageTYP predictions (Table
S5). Moreover, DefenseFinder identified Retron_VII_2_ DUF3800, one of two genes
involved in Retron Type VIl anti-viral system in Clyde implying a role in
superinfection immunity. A DNA methyltransferase involved in the cytosine and
methionine metabolism pathways was detected within the nucleotide metabolism
module of Bonnie using the VIBRANT pipeline. No AMGs were identified in Clyde.
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Fig. 2: Circular genome map of S. suis phages generated with PHOLD. (A) Bonnie
and (B) Clyde. CDSs are represented as arrows indicated in the direction they are
encoded. Arrows are colour-coded based on function. Nucleotide sequences of

Bonnie and Clyde are available on GenBank under accession numbers PQ720431

and PQ720432, respectively.
Phylogeny and comparative analysis of Bonnie and Clyde

A viral proteomic tree was constructed using the nucleotide sequences of both
phages in ViPtree. The resulting tree included 1,083 dsDNA viruses including Bonnie
and Clyde (Fig. 3). Bonnie clustered closely with Streptococcus prophage phiD12
and four phages infecting S. pneumonia and S. oralis. Although distant, Clyde
clustered with the S. suis phage SMP but more closely with S. suis-infecting
prophage phi20c. Other members within the same clade include phages that infect
Lactococcus lactis, S. parauberis, S. mitis and S. pyogenes. The genome size of all
the related phages (Fig. 3) ranged from 31—49 kb. Taxmyphage and PhageGCN
placed Bonnie and Clyde in the class level (Caudoviricetes). Neither phage could be
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457 classified into any genus or species recognised by the International Committee on
458  Taxonomy of Viruses (ICTV).

33 sequences

0.001 0.005 0.1
MP (NC_008721) [36,019 nt]

,350 n
.C3 (NC_003822) [32,172 ni]
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ge 315.3 (NC_004586) 34,419 nt]
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C_0: 39,965 n
hiARI0462 (NC_031942) (40,498 nt]
CC1738 (NC_024361) (38,392 nt]

459

460 Fig. 3: Viral proteomic tree of Bonnie and Clyde with related phages generated in
461  ViPtree. Inner and outer rings represent ICTV virus family and host group. An

462 expanded view of the tree shows Bonnie and Clyde (red) and the virulent phage

463 SMP (green) with other closely related phages. The log scale bar (with dashed lines)
464 represents the genomic similarity scores (SG) computed through normalised

465 tBLASTX scores.

466  Furthermore, searches against the NCBI core nucleotide database using BLASTn
467  did not identify any cultured phage with significant homology to Bonnie and Clyde.
468 However, some deposited prophage sequences and regions in bacterial genomes
469 (S. suis) shared some nucleotide similarity with Bonnie and Clyde (with at least
470 =50% query coverage). Then together with the deposited prophage sequences and
471 phage SMP, the intergenomic similarities were estimated in VIRIDIC. Three

472 redundant prophages extracted from strains ISU2660, 90—-1330, and DNR43 were
473  subsequently removed as they were identical to a prophage in strain MA8 resulting
474  in a total of 28 (pro)phages. The closest relative of Clyde is Streptococcus phage
475 phi20c, a prophage from S. suis strain 8067, with a 52.4% intergenomic similarity.
476  Bonnie shared 75.8% similarity with a predicted prophage from strain NLS50, which
477  was isolated from a pig in the Netherlands in 2017 (Fig. 4A). The closest deposited
478 prophage sequence to Bonnie is Streptococcus phage Javan597, which shares
479  61.8% intergenomic similarity. Furthermore, Clyde shares only 0.4% intergenomic
480  similarity with Bonnie and 16.5% with phage SMP which is higher than Bonnie

481  shares with SMP (4.4%).
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Thus, based on ICTV genus (= 70% nucleotide identity) and species (= 95%
nucleotide identity) delineation for dsDNA bacterial and archaeal viruses, phage
Clyde represents a member of a novel species in a novel genus. Similarly, phage
Bonnie belongs to a different novel species within a novel genus that includes the
uncultivated prophage from strain NLS50. Additional phylogenomic analysis was
conducted using VICTOR to generate a tree from the nucleotide sequence of the 28
(pro)phages to infer evolutionary relationships among the phages. This comparison
yielded eight genus clusters spread across twenty-two species (Table S6). As
predicted above, Bonnie and NLS50_prophage fall into two different species within a
genus cluster (8). However, Clyde falls within a genus cluster (4) with its closest
relative, phage phi20c, as well as Streptococcus phage Javan548 and Javan551.
Phage SMP is the sole representative of its genus and species clusters (Fig. 4B).
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Fig. 4: Phylogenomic analysis of Bonnie and Clyde. (A) Heatmap showing
intergenomic similarities among Bonnie and Clyde, and closely related (pro)phages.
(B) Phylogenomic GBDP tree of isolated phages inferred using formula D4 in
VICTOR. Numbers above nodes (given that branch support exceeds =50%; nodes
without annotated values indicate branches with lower support) represent pseudo-
bootstrap support values from 100 replications. Tree was rooted at midpoint and the
branch lengths are scaled using the GBDP distance formula ds. The scale bar (0.02)
represents normalised dissimilarity between genomes. Coloured annotations on the
right indicate the taxonomic clustering of phages based on ICTV cut-offs (Table S6).
For each taxonomic rank, phages of the same taxon are assigned the same colour
and/or shape. GC content is represented by gradient-coloured squares from ~40%
(min; grey) to ~44% (max; blue) Genome length is represented by black horizontal
bars.

15


https://doi.org/10.1101/2025.01.07.631744
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.07.631744; this version posted January 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

507 The genome composition of Bonnie and Clyde and their closest relatives was

508 analysed, including a predicted prophage (NLS50_ prophage) and a deposited

509 prophage (Javan597) for Bonnie, as well as phi20c for Clyde, with SMP used as a
510 reference. Analysis with VirClust predicted 196 protein clusters among the six

511 phages and each phage encoded 6 to 22 unique proteins (Table S7 and S8),

512  however, no protein clusters were shared by all the six phages. One gene and three
513 other genes were shared by five and four phages, respectively. Apart from Clyde, the
514  other five phages encoded a conserved single-stranded DNA binding protein (SSB)
515  with an average amino acid similarity of 84.8%. Other genes shared by four of the six
516 phages included N-acetylmuramoyl-L-alanine amidase (84.3%), tail tape measure
517  protein (58.8%), and an unknown protein (38.7%) (Table S9). Comparative genome
518 alignment revealed high level of synteny particularly in the gene order of the head &
519 packaging, as well as the tail modules. While this synteny was observed in all six
520 phages, the average homology in these modules is low and conserved only among
521 closest relatives (Fig. 5).
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522

523 Fig. 5: Comparative linear alignment displaying genomic features of isolated phages
524  and their closest relatives. SMP is used as a reference. Arrows indicate position and
525 direction of CDSs in genomes of the (pro)phages with colour-coding representing
526 functional categories. Shaded regions between genomes represent levels of

527  similarity computed with tBLASTx. Dot plot of pairwise genome alignments is shown
528 on the far left, with a corresponding colour scale for both dot plot and alignments
529 displayed in the top left. Both dot plot and alignments were generated in ViPTree
530 using concatenated nucleotide sequence of the (pro)phages.
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531  Apart from using whole phages in bacterial control, phage lysins have been

532 characterised and purified for use against pathogens. The bactericidal activity of S.
533  suis (pro)phage-derived lysins such as LySMP, Csl2, Ly7917, PlySs2 and PlySs9, as
534  well as holins like HOISMP, has been experimentally validated both in vitro and in
535 vivo against S. suis and other pathogens in previous studies (23, 24, 52-54). The
536 protein sequence of LySMP (SMP) endolysin (481 amino acids) was used as

537 reference for comparative analysis with lysins encoded by Bonnie, NLS50, Clyde,
538 phi20c, and Javan597. These five phages encode lysins ranging from 247 to 468
539 amino acids in length and share between 19.3% to 79.3% amino acid similarity with
540 the SMP endolysin (Fig. 6A and 6B). Pairwise amino acid identity matrix is supplied
541 in Table S10.
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NLS50_prophage | Phage lysin, N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 476 Amidase 79.28 3 |
Javan597 Phage lysin, N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 468 Amidase 73.33 2 I
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542

543  Fig. 6: Phylogenetic tree of endolysins of the six (pro)phages. (A) Neighbour-joining
544  tree based on amino acid sequence of endolysins constructed with Clustal Omega.
545  Alignment was visualised with seqvisr tool using experimentally validated phage
546 SMP endolysin (LySMP) as reference. (B) Predicted holin classes and endolysins.
547  Holin transmembrane domains (TMDs) were predicted with DeepTMHMM. Lysin
548 type is based on catalytic domains; N-terminal N-acetylmuramoyl-L-alanine amidase
549 (amidase) and N-terminal cysteine/histidine-dependent amidohydrolase/peptidase
550 (CHAP). Abbreviation: “aa” represents length in amino acids.

551
552
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553 Protein structure predictions and topological model assembly

554  The means by which S. suis phages recognises and bind to their host is currently
555 unknown. To this end, we sought to predict the structure of the tail-associated

556  proteins of Bonnie and Clyde including the predicted distal tail protein (Dit), tail-

557  associated lysin (Tal), and, when present, the receptor-binding protein (RBP). We
558 then compared the structure predictions of the adhesion machineries of Bonnie and
559 Clyde, with those of previously isolated S. suis phage SMP, as well as the well

560 characterised tail structure of Streptococcus thermophilus (St) phage STP1 (55) for
561  which the host recognition and binding is described. In lambdoid tailed phages, the
562 genes encoding the adhesion machinery are located between those encoding the tail
563 tape measure protein (TMP) and the holin and lysin (56). The adhesion machineries
564 typically comprise three main proteins: the Dit, the Tal, and, frequently, an RBP,

565 which may occur in variable order (56). In St phages including STP1, these three
566 genes are arranged sequentially in the Dit, Tal, and RBP order (55, 57). In Bonnie, all
567 three genes were identified, whereas for Clyde and SMP, only the genes encoding
568 Dit and Tal were present. Structural predictions were therefore made for the Dit and
569 Tal gene products and their complexes, as well as for the RBP of Bonnie.

570 Dit proteins can be divided into two domains corresponding to the N- and C-terminal
571  regions of the polypeptide chain. The N-terminal domain, known as the belt,

572  comprises two B-sheets, a B-hairpin, and an a-helix (58, 59). The C-terminal domain
573 called the galectin, is a two B-sheet structure similar to a galectin domain but lacking
574 its saccharide-binding residues. The Dit protein of some phages, including that of
575 phage Lambda, lack a galectin domain, while in others, such as phage T5, it is

576 replaced by the OB-fold domain (60). Dits often contain carbohydrate-binding

577 module (CBM) insertions within the galectin domain and are referred to as “evolved
578 Dits” (61, 62). Evolved Dit proteins have been observed, as seen in the ~500 amino
579 acid-long Dit proteins of St phages, which also contain a CBM inserted within the
580 galectin domain (55, 57). In contrast to STP1 (56) and other St phages, the Dits of
581  Bonnie, Clyde, and SMP are not evolved and belong to the classical Dit family. As
582  such, these Dits are unlikely to participate in host binding (Fig. 7A).

583 The Tals of siphophages are trimeric and consist of an N-terminal structural domain
584  of ~350-400 amino acids (59, 63, 64). In many phages, this domain is followed by an
585 extension that is believed to play a role in cell wall polysaccharide/peptidoglycan
586 degradation, as seen in L. lactis P335 phage TP901-1 (64, 65), or in host binding as
587 in the Bacillus subtilis phage SPP1 (66). The Tal extension of STP1 is 1,092 amino
588 acids long, containing an N-terminal structural domain and two CBMs in the

589 extension (Fig. 7A, STP1).

590 Bonnie possesses a trimeric Tal of 990 amino acids, with a classical N-terminal
591  structural domain (residues 1-384). Unlike STP1, which possesses an Ig-like
592  domain, Bonnie presents a tandem of small B-stranded domains (55)(Fig. 7A,
593 Bonnie). This is followed by a triple B-stranded domain, forming a distinct small
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594  module, though no relevant similar structure was identified by Foldseek in the PDB.
595 Short collagen linkers connect to a domain similar to the three 3-domains described
596 in the St phages’ Tals adjacent to a CBM. Foldseek identified this CBM as a member
597 of the CBM X-2 family, according to the CAZy classification. After the CBM, a helical
598 triplex abuts a B-prism as observed for STP1 (55).
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600 Fig. 7: Structural representation of the Dits and Tals from S. thermophilus phage
601 STP1 and S. suis phages Bonnie, Clyde and SMP. (A) Surface representation of the
602 complexes formed by hexameric Dits and trimeric Tals. CBMs are annotated with
603 their closest structural homologues. (B) Ribbon view of the Tal C-termini of STP1
604 and Bonnie. (C) Ribbon view of the superimposition of the Tal C-termini of STP1
605 (blue) and Bonnie (yellow). (D) Ribbon view of the Tal C-termini of Clyde and SMP.
606 (E) Ribbon view of the superimposition of the Tal C-termini of SMP (blue) and Clyde
607  (yellow). (F) Close-up surface view of the Tal C-terminus of Clyde. The crevice and
608 putative receptor binding site is boxed (white).

609 In addition to Dit and Tal, Bonnie possesses RBPs. Structural predictions of the

610 RBPs of Bonnie and STP1 as monomers identified a linear assembly of 3-stranded
611  domains forming a 3-sandwich along with a complex C-terminal domain (Fig. 8A and
612 B). Attempting to predict the full-length RBPs as a trimer revealed that the four -
613 sandwiches do not pack together, while the C-terminal domain forms a compact

614  trimer (Fig. 8C and D; Fig. S1). The structure includes a small 3-prism composed of
615 3x4 B-strands, followed by three packed B-sheets and terminated in three packed [3-
616 sandwiches. This last domain resembles the RBP heads of lactococcal phages, and
617  Foldseek identified hits with RBP of the lactococcal phages TP901-1 and p2 (56, 67—
618 69). While the RBP heads of STP1 and Bonnie exhibit similar folds, differences in
619 the length of their loops and their sequences suggest they may target distinct

620 polysaccharidic receptors (Fig. S2A).

621  Following the Dit hexamer, Clyde’s Tal N-terminal structural domain is immediately
622 followed by a long triple helix and a CBM, which was identified by Foldseek as

623 belonging to the CAZy CBM X-2 family (Fig. 7, Clyde). From this CBM, a long triple
624 helix abuts another CBM, which is identified as belonging to the CAZy CBM22-1

625 family. Immediately following this, a large B-prism domain is observed, continuing
626 into a complex triplex domain formed of B-turns and a-helices, which abuts a

627 complex C-terminal domain (Fig. 7, Clyde). This C-terminal domain forms an

628 intertwined B-prism, comprising 14 B-strands of variable length, decorated with long
629 loops, and culminating in a C-terminal segment of two a-helices per monomer,

630 forming a trimeric bundle of six a-helices (Fig. 7D and E). Foldseek retrieved a weak
631 hit with the fibre tip of Bdellovibrio bacteriovorus H100 (Prob. 0.21; E-value 9.8x10-";
632 PDB ID: 8ond) (70). The B. bacteriovorus H100 fibre trimeric domain exhibits a large
633 crevice at the interface between its monomers, a feature also observed in

634  Salmonella phage P22, where it is filled by an O-antigen oligosaccharide (PDB ID:
635 30th0) (71). Notably, a similar crevice is also observed in Clyde’s Tal C-terminal

636 domains (Fig. 7F), strongly suggesting that it may act as a binding domain for

637 polysaccharidic receptors.

638 SMP exhibits very similar features when compared to Clyde, with the main difference
639 being the shorter length of the second triplex helix and the presence of only one
640 CBM, which is structurally similar to the CBM1 of Clyde (Fig. 7, SMP). The C-
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641  terminus of the Tal is highly superimposable to that of Clyde, as both Tal sequences
642 share 98.4% identity in their last 250 residues (Fig. 7E, Fig. S2B)

Bonnie

s 30,?/ 5
g 12
QL

643

644  Fig. 8: Structural representation of the RBPs from S. thermophilus phage STP1 and
645 S. suis phage Bonnie. Ribbon representation of the RBP monomer from STP1 (A)
646 and Bonnie (B), rainbow coloured from its N- (blue) to C-terminus (red). (C) Ribbon
647 representations of the RBP C-terminal trimer assemblies from STP1 and Bonnie.

648 Plaque and virion morphology of Bonnie and Clyde

649 Both phages were propagated on strain 21171_DNR38 in THB. Bonnie produced
650 clear, medium-sized plaques with frayed edges that measured 1.02 + 0.05 mm in
651 diameter and Clyde produced clear pinhead plaques measuring 0.29 + 0.06 mm
652 (Fig. 9A and 9C). TEM analysis revealed both phages exhibit a long, flexible, non-
653 contractile tail and an icosahedral capsid. Clyde has a shorter tail compared to
654 Bonnie, however, no obvious structures such as central fibre were observed at the
655 Dbase of either phage (Fig. 9B and 9D).
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656

657 Fig. 9: Plaque and virion morphology of Bonnie and Clyde. (A) plaques of Bonnie
658 and (C) Clyde on double-layer agar plates. Plaque diameters of Bonnie (1.02 + 0.05
659 mm) and Clyde (0.28 £ 0.06 mm) were measured with ImageJ software (National
660 Institute of Health, Bethesda, USA). Scale bar represents 1 mm. Representative
661  electron micrographs of (B) Bonnie and (D) Clyde. Bonnie has a capsid (56.27
662 2.33 nm in diameter) and a long non-contractile tail of length 186.92 + 5.92 nm and
663  width 9.38 + 0.81 nm. Clyde has a capsid that measures 54.22 + 3.37 nm in length
664  with a short non-contractile tail of 143.01 £6.26nm and 10.2 + 0.44 nm. Scale bar
665 represents 100 nm.

666
667 Host spectrum of Bonnie and Clyde

668 The susceptibility of 100 pathogenic S. suis strains to phages Bonnie and Clyde was
669 evaluated by plaque assays. Bonnie produced plaques or clear zones on 15% of
670 tested strains while Clyde formed plaques/clear zones on 58%. Collectively, the

671  phages could infect 58 of the 100 strains tested. These susceptible strains include
672 seven serotypes and thirteen known S. suis sequence types. Neither Bonnie nor
673 Clyde could infect strains of other species (S. thermophilus, L. cremoris, and E. coli;
674 Table S1). The EOP relative to strain 21171_DNRS38 for 29 susceptible strains that
675 formed plaques was tested. The EOP ranged from 0.001 to 1.2 (10° to 108 PFU/m).
676 Both Bonnie and Clyde produced plaques at a comparable efficiency on strains D71
677 and 21169_DNR36.

678
679
680
681
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682 Table 3: Host range of Bonnie and Clyde.

Strain Bonnie Clyde Serotype ST | Year Pathotype Country
94 8576_4887 - + 14 28 1994 | Respiratory Canada
89 5046 - + 2 25 1989 | Systemic Canada
89 6891 2 - + 2 25 1989 | Respiratory Canada
90 2741 7 - + 2 25 1990 | Systemic Canada
1602951 - + 2 25 2014 | Respiratory Canada
1596201 - + 14 1 2014 | Systemic Canada
1463646 - + 14 1 2013 | Systemic Canada
1667796 - + 2 NF 2014 | Systemic Canada
1093404 - + 27 NF 2008 | Systemic Canada
21137_DNR4 - + 2 28 2018 | Respiratory Denmark
21136_DNR3 - + 2 28 2018 | Respiratory Denmark
21135_DNR2 - + 2 28 2018 | Respiratory Denmark
21169_DNR36 + + 2 28 2018 | Respiratory Denmark
21171_DNR38 + + 2 1 2018 | Respiratory Denmark
21172_DNR39 + + 2 1 2018 | Respiratory Denmark
21173_DNR40 - + 2 28 2018 | Respiratory Denmark
21176_DNRA43 - + 2 28 2018 | Respiratory Denmark
D1 - + 2 1 2019 | Unknown Ireland
D3 + + 2 1 2019 | Respiratory Ireland
D5 - + 2 1 2019 | Systemic Ireland
D6 + + 2 1 2019 | Systemic Ireland
D7 + + 2 1 2019 | Unknown Ireland
D8 - + 2 28 2012 | Respiratory Ireland
D10 - + 2 1 2012 | Systemic Ireland
D14 - + 2 1 2011 | Systemic Ireland
D16 - + 14 1 2011 | Unknown Ireland
D17 + + 2 1 2011 | Systemic Ireland
D19 - + 2 1 2010 | Respiratory Ireland
D23 - + 14 1 2008 | Unknown Ireland
D24 - + 2 1 2012 | Respiratory Ireland
D29 - + 7 29 2008 | Respiratory Ireland
D31 - + 4 856 2008 | Unknown Ireland
D32 + + 2 2629 2007 | Unknown Ireland
D35 - + 2 2646 2019 | Respiratory Ireland
D42 - + 16 2632 2019 | Respiratory Ireland
D46 + + 2 1 2019 | Respiratory Ireland
D49 - + 16 2632 2019 | Systemic Ireland
D52 + + 2 1 2018 | Systemic Ireland
D57 - + 2 2646 2019 | Respiratory Ireland
D58 + + 14 1 2019 | Systemic Ireland
D68 + + 2 1 2020 | Unknown Ireland
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D71 + + 14 1 2020 | Systemic Ireland
D75 - + 9 2640 2020 | Respiratory Ireland
D78 - + 2 1 2020 | Respiratory Ireland
D79 - + 2 25 2020 | Systemic Ireland
D84 - + 2 2641 2021 | Unknown Ireland
D93 - + 2 28 2021 | Systemic Ireland
D94 - + 14 124 2021 | Systemic Ireland
19858 M105281_R30 - + 7 24 2017 | Respiratory Spain
19867_M106485_R39 + + 2 1 2018 | Respiratory Spain
19779_M101513_S1 - + 2 1 2017 | Systemic Spain
19797_M104300_S19 - + 2 1 2017 | Systemic Spain
19798_M104300_S20 - + 2 1 2017 | Systemic Spain
19802_M105040_S24 - + 2 1 2017 | Systemic Spain
19803_M105040_S25 - + 2 1 2017 | Systemic Spain
19806_M105244_S28 - + 2 1 2017 | Systemic Spain
19807_M105244_S29 - + 2 1 2017 | Systemic Spain
19785_M102095_S7 + + 2 1 2017 | Systemic Spain

683 Host range of Bonnie and Clyde determined using spot assay. A total of 100 strains
684  were tested (Table S1) but only strains susceptible to at least one of the phages are
685 presented here. Susceptibility is scored as + (plaques/clear zone) or — (no

686 plaques/clear zone). Abbreviations: NF, not found (sequence type undetermined).
687 Pathotype: “Respiratory” refers to strains recovered from the respiratory tract of

688 diseased pigs; “Systemic” refers to strains isolated from sites outside the respiratory
689 tract; “Unknown” refers to strains of unspecified origin.

690
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692 Fig. 10: Efficiency of plating. The EOP relative to strain 21171 _DNR38 was

693 estimated using spot assays for 29 susceptible strains that formed plaques in host
694 range analysis. The EOP values ranged from 0.001 to 1.2 (105to 108 PFU/ml) for
695 strains with detectable plaque formation. Strains where no plaques were observed
696 (EOP =0.00) are indicated by blank white boxes.

697 In vitro lytic activity of Bonnie and Clyde

698 The changes in bacterial density in response to phage exposure was monitored over
699 24 hours. On strain 21171_DNR38, the bactericidal activity of Clyde was generally
700 proportional to the MOI in a dose-dependent manner. All MOls tested showed a

701  statistically significant difference compared to the no-phage group (p < 0.0001).

702  However, at higher MOls (100 and 10), regrowth of resistant populations was

703 observed at 8 hours and 20 hours post-infection, respectively (Fig. 11B). In the case
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of Bonnie, highest inhibition was observed at MOI 10 (highest MOI tested) and MOI
0.001 (p < 0.0001). Near the 6-hour time point, an exponential increase in bacterial
density, comparable to the no phage control was recorded at MOI 1, 0.1 and 0.01
(Fig. 11A). Upon infection with a cocktail of Bonnie and Clyde, 21171_DNR38 growth
was inhibited, particularly at MOls 10 and 1 for up to 6 hours, following which
bacterial density increased exponentially. Based on Clyde’s lytic activity at MOI 10,
two different mixed-strain cultures were exposed to Clyde at this MOI. The growth of
both multi-strain mix A (21171_DNR38, 19867_M106485_R39, DNR36, D71, and
M105040_S24) and multi-strain mix B (21171_DNR38, D94, D8, D52, and D75) was
significantly supressed (p < 0.0001), although not completely.
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Fig. 11: In vitro lytic activity and one-step growth curves. Bacterial killing activity of
(A) Bonnie, (B) Clyde and (C) a cocktail of both phages at different MOls was tested
in vitro. ODeoo was read every 10 minutes for 24 hours. (D) Lytic activity of Clyde
(MOI 10) against two multi-strain cultures was monitored for 24 hours. Multi-strain
mix A (21171_DNR38, 19867_M106485_R39, DNR36, D71, and M105040_S24) and
Multi-strain mix B (21171_DNR38, D94, D8, D52, and D75). One step growth curves
for (E) Bonnie and (F) Clyde at MOI 0.01. The error bars represent the standard
error of the mean from independent replicate experiments.

One step growth curve and burst size

One-step growth experiments determined Clyde had an approximate latent period of
55 minutes and a burst size of 35 PFU per infected cell. The latent period of Bonnie
was estimated to be 55 minutes with a smaller burst size of 27 PFU per cell (Fig. 11E
and 11F).
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728  Stability of Bonnie and Clyde under different pH and temperature conditions

729  The stability of phages under different thermal and pH conditions is crucial for

730 storage and downstream processing. To evaluate this, the stability of Bonnie and

731  Clyde was assessed by incubating aliquots at various temperatures and pH levels.
732  For Clyde, titres remained stable at 37, 40 and 50°C for up to 120 minutes, showing
733  no significant difference compared to storage temperature (4°C) (p > 0.05). However,
734  at 60°C phage titres dropped below detection limits within 30 minutes. Titres of

735  Bonnie did not significantly decrease at 37 or 40°C following exposure for up to 120
736  minutes compared to 4°C (p > 0.05). However, at 50°C, titres gradually declined,

737  with a 3.2 log PFU/mL loss from the initial 8.6 log PFU/mL after 120 minutes. At

738  60°C, titres significantly dropped to 2.9 log PFU/mL by 30 minutes and by 90 minutes
739 no plaques were detected. Phage stability was lost at 70°C for both phages. When
740 incubated in pH-adjusted SM buffer (2,3,4,5,6,7,8,9,10,11,12 and 13) for 1, 2 or 24
741 hours, no significant change in viability was recorded across time points. There was
742  complete inactivation of phage particles at pHs 2 and 13. Howover, both phages

743  were stable from pH 4 to pH 10.
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745  Fig. 12: Stability of phages under different physicochemical conditions. Stability of
746  Bonnie (A) and Clyde (B) at different temperatures was monitored over 120 minutes.
747  Stability of Bonnie (C) and (D) Clyde was assessed following incubation in different
748 pH-adjusted SM buffer for 1 hour, 2 hours, and 24 hours. Error bars represent the
749  standard error of the mean from independent replicate experiments.
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750 Discussion

751 In this study, we report the isolation of two temperate phages that infect S. suis:

752  Bonnie, isolated from pig tissue, and Clyde, obtained through prophage induction.
753  Despite extensive screening of diverse samples, only Bonnie was isolated during the
754  screening of pig-derived samples by plaque assay. Although the previously isolated
755  S. suis phage SMP has been described as “lytic” and “virulent”, in our study, PhaTYP
756  analysis predicted its lifestyle as temperate (Table S5). There are currently several
757  bacteria for which virulent phages have not been reported, including Legionella

758  pneumophila, Clostridioides difficile, Bifidobacterium species, and S. suis (72-74). A
759  potential reason for the difficulty in isolating phages against S. suis is due to the high
760 level of phase variation in the defence mechanisms of the bacterium (25, 75, 76).
761 This would mean that in a culture derived from a single colony, phase variation

762  rapidly produces genotypically and phenotypically diverse subpopulations, some of
763  which cannot be infected by phage leading to their growth in a plague assay, and a
764  failure to observe plagues. We made a similar observation when Bonnie was

765 passaged on 19867 _M106485 R39—the initial isolation host—where plaque

766  formation was inconsistent based on the version of bacterial stock used. Modulation
767  of bacterial susceptibility to phage through phase variation has been described in
768  other species including Campylobacter jejuni, C. difficile, and Haemophilus

769 influenzae (77-79). In the case of H. influenzae, phage extinction was observed

770  when the resistant subpopulation exceeded 34% (79). Future work will use

771 19867 _M106485 R39 to investigate the mediation of phage susceptibility by phase-
772  variable genes.

773  While MitC is routinely used to induce prophages in bacteria, previous attempts to
774  induce prophages in S. suis lysogens harbouring full-length prophages were largely
775 unsuccessful, with only two prophages induced from fifty-six isolates (80). All three
776  methods used in this study successfully induced the expected prophage (Clyde) from
777 19867 _M106485 R39; however, the resulting plaques were turbid and of low titres.
778  Spiking the filtered induction lysates with 21171_DNR38 improved plaque formation
779 and enabled subsequent single-plaque purification. As previously demonstrated in
780 other bacteria (81-84), temperature cycling was shown to trigger prophage induction
781 in S. suis

782  Genomic analysis revealed that Bonnie and Clyde shared only 4.4% and 16.5%

783  nucleotide similarity with phage SMP, respectively. A search could not identify any
784  closely related cultivated phage. Consequently, Bonnie and Clyde were compared to
785 SMP, 15 publicly available S. suis prophages, and ten prophages predicted from
786  publicly available host genomes, based on nucleotide similarity estimated using

787  BLASTN. This comparison confirmed that Bonnie and Clyde are two novel species
788 that belong to two distinct novel genera. Orthologous proteins from six (pro)phages,
789 including Bonnie and Clyde, their closely related phages, and SMP as reference,
790 were grouped into protein clusters. While no core clusters were identified, all

791  (pro)phages, except Clyde, encode a conserved SSB protein, a protein previously
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792 identified in seven of twelve S. suis (pro)phages (80). The SSB bind to single-

793 stranded DNA with high affinity to protect against degradation and formation of
794  secondary structure during phage DNA replication (85). In its absence, phages co-
795  opt host SSB for viral replication. The use of SSB by phages is so common that they
796 have recently been shown to activate defence systems such as Hna, Retron-Eco8,
797  Hachiman, and AbpAB (86, 87). The previously characterised PlySs2, which has a
798 CHAP domain shares 90.2% protein identity with the endolysin of Clyde (23). In
799  contrast, the endolysin encoded by Bonnie, and the other S. suis phages is a N-
800 acetylmuramoyl-L-alanine amidase. Lysins and holins of S. suis phages have

801 previously been purified and tested both in vitro and in vivo. The endolysins of

802 Bonnie and Clyde could further be developed and evaluated for their specific

803 antimicrobial activity against S. suis.

804

805  Structural predictions of the adhesion device proteins of Bonnie and Clyde revealed
806 two distinct lineages of S. suis phages: St-like, exemplified by STP1 (55), and S.
807  suis-like, similar to SMP. Bonnie’s structure aligns with the St phage-like lineage,
808 possessing an RBP, while Clyde and SMP are specific to phages infecting S. suis.
809 The S. suis lineage phages lack RBPs but display a Tal C-terminal domain that may
810  function in receptor-binding. Regarding the Tal C-terminus of Clyde (or SMP), it is
811  noteworthy that Foldseek returned many hits from AlphaFold database (AFDB)

812  consisting of Tal C-termini from S. suis and other streptococcal phages, but not from
813 St phages (Fig. S3A). Similarly, despite the overall similarity of Bonnie’s RBP C-

814  terminus to those St phages, submitting Bonnie’s RBP C-terminus to Foldseek also
815 returned hits in the AFDB from Tals of S. suis and other streptococcal phages, but
816 not from St phages (Fig. S3B). These observations suggest that, from the

817  perspective of adhesion device, two very different families of phages can specifically
818 infect S. suis. Furthermore, despite the lack of nucleotide similarity and their different
819  ecological niches, the structural similarities between the adhesion devices of Bonnie
820 and St phages, might point to two possible evolutionary scenarios. The structural
821  similarities could arise from a common ancestral gene, connecting S. suis and S.
822  thermophilus through divergent evolution, as observed in the structurally similar RBP
823 (68) and capsid proteins (88) shared by some mammalian viruses and phages.

824  Alternatively, the observed similarities may be the result of convergent evolution,
825 where these similar structures have evolved independently to adapt for adhesion to
826 host surfaces. Such convergence has been described between the baseplates of
827 coliphage T4 and lactococcal phage p2 (63), as well as the Dits of phages infecting
828  S. aureus, Bacillus subtilis, and L. lactococcus (89). Both scenarios highlight

829 potential complex evolutionary links between pathogenic and non-pathogenic

830 streptococcal species.

831  Bonnie and Clyde have long, non-contractile tails consistent with previously reported
832  S. suis (pro)phages Ss2, and SMP (19, 90). Collectively, Bonnie and Clyde infect
833  58/100 strains tested, with Bonnie displaying a narrower host range (15/100 strains),
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834  similar to SMP. Every strain susceptible to Bonnie was also susceptible to Clyde
835 albeit with varying EOP. This observation is likely driven by transient factors—such
836 as mutations in host receptors and acquisition of anti-phage systems through

837  horizontal gene transfer—shaped by coevolutionary dynamics and evolutionary
838 trade-offs within the same host species rather than fixed intrinsic barriers like non-
839 host resistance due to differences in receptor binding sites observed in host range at
840 higher taxonomic levels (91). Bonnie and Clyde’s differential host range may result
841  from receptor-level adaptations, with Clyde’s adhesion device targeting a subset of
842 receptors not recognised by Bonnie’s RBP. These specificities align with nested
843 bipartite interaction networks, where specialist phages like Bonnie target subsets of
844  generalist phages’ hosts (92, 93). Moreover, anti-phage defence systems may

845  contribute to the observed host range. As we showed previously, S. suis genomes
846 encode between one to ten of 20 distinct defence systems that may target different
847  stages of the phage life cycle (20). Bonnie-resistant strains may harbour defence
848 systems that are activated by Bonnie-specific triggers such as SSB, while Clyde
849 overcomes these barriers through alternative infection strategies. Future

850 transcriptomic and knockout studies could investigate these dynamics by exploring
851 host responses to Bonnie and Clyde using Clyde-susceptible, Bonnie-resistant

852 strains, as well as bacteriophage-insensitive mutants (BIMs). Bonnie and Clyde were
853 first co-isolated when superinfection of 19867_M106485_R39 by Bonnie triggered
854  the induction of Clyde (prophage). Such induction events increase the likelihood of
855 recombination between the two phages which may lead to the emergence of new
856 phage genotypes with wider host specificities (94, 95). Additionally, induced phages
857 could infect and lyse cells resistant to the superinfecting phage (96) thereby

858 potentially improving therapeutic outcomes.

859  We investigated the in vitro lytic activity of the phages against 21171_DNR38 at

860 different MOls. Clyde generally inhibited 21171 _DNR38 growth in an MOI-dependent
861  manner whereas with Bonnie, the highest inhibition was observed at MOI 10 and
862 0.001. Resistance to Bonnie and Clyde was observed at certain MOls (Fig. 11A and
863 11B) by 6 hours and 8 hours, respectively. In the context of phage therapy, BIMs

864 have been shown to display attenuated virulence in vivo (97), facilitate the reversion
865 of antibiotic resistance (98), and sensitise resistant strains to other infecting phages
866 (99). Phenotypic characterisation and in vivo experiments could be used to evaluate
867 the fitness trade-offs in Bonnie and Clyde-resistant mutants.

868 Combining the phages into cocktails did not improve lytic activity beyond that

869 observed with individual phages, as the activity of the cocktail was comparable to
870 Bonnie alone, with resistance emerging by 6 hours post-infection in three of the five
871  MOlIs tested. While phage cocktails have been shown to improve bacterial clearance
872 and minimise emergence of phage-resistant populations through synergistic

873 interactions, antagonism is not uncommon, where similar phages compete for the
874  same surface molecules (16, 100). Given that Bonnie and Clyde have different

875 adhesion devices, antagonism seem less likely, but our results are more consistent
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876  with the findings in E. coli infecting-phages, where the efficacy of individual phages
877  did not predict efficacy of cocktails (101). When tested in vitro against two multi-
878  strain cultures that mimic the polyclonal nature of infection, Clyde significantly

879 inhibited bacterial growth. Each multi-strain group (Fig. 11D) consisted of strains
880 from two or three different serotypes (serotypes 2, 9, and 14), which are among the
881  most commonly implicated agents in human and animal S. suis infections globally.

882 Phage stability is a key factor in their application as therapeutics, particularly as the
883 acidic environment of the mammalian gastrointestinal tract can inactivate free

884 phages when administered orally. Both Bonnie and Clyde were shown to be very
885 stable across different pH and temperature conditions. Downstream processing such
886 as encapsulation, freeze drying, and formulation into inhalable dry powders and

887 steam pellet feed can be used to improve stability in different temperatures and

888 extend shelf-life in phages such as Bonnie and Clyde (102, 103).

889 Overall, the phages described herein will support future investigations into the

890 evolutionary relationships between phages and S. suis in the context of host

891 recognition and infection, anti-phage defence mechanisms, and bacterial virulence.
892 Beyond fundamental research, the demonstrated stability and in vitro activity of
893 Bonnie and Clyde highlight their potential as antibacterial agents either through
894  engineering obligately virulent mutants, or using their encoded proteins, such as
895 endolysins.

896
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1328 Figure Legends
1329 Fig. 1: Confirmation of induction of phage Clyde by three methods

1330 (A) Spot assays showing filtered induction lysates on sensitive strain 21171_DNR38
1331  before (1, lll, V) and after enrichment (ll, IV, VI) on overlay plates for UV, MitC, and
1332 temperature cycling prophage induction, respectively. (B) PCR products of terminase
1333 (T) and 76S rRNA (16S) gene amplified from filtered, nuclease-treated lysates

1334 induced by UV, MitC, and temperature-dependent threonine induction. A crude

1335 induction mixture (non-filtered and non-nuclease treated) and a culture of host strain
1336 19867_M106485_ R39 were used as positive controls. Negative controls included
1337 strain 21171_DNR38, which does not harbour the expected prophage, and water. M1
1338 and M2 indicate 100 bp and 1 kb DNA ladders, respectively.

1339 Fig. 2: Circular genome map of S. suis phages generated with PHOLD. (A) Bonnie
1340 and (B) Clyde. CDSs are represented as arrows indicated in the direction they are
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1341  encoded. Arrows are colour-coded based on function. Nucleotide sequences of
1342 Bonnie and Clyde are available on GenBank under accession numbers PQ720431
1343 and PQ720432, respectively.

1344  Fig. 3: Viral proteomic tree of Bonnie and Clyde with related phages generated in
1345 ViPtree. Inner and outer rings represent ICTV virus family and host group. An

1346 expanded view of the tree shows Bonnie and Clyde (red) and the virulent phage
1347  SMP (green) with other closely related phages. The log scale bar (with dashed lines)
1348 represents the genomic similarity scores (SG) computed through normalised

1349 tBLASTX scores.

1350 Fig. 4: Phylogenomic analysis of Bonnie and Clyde. (A) Heatmap showing

1351 intergenomic similarities among Bonnie and Clyde, and closely related (pro)phages.
1352 (B) Phylogenomic GBDP tree of isolated phages inferred using formula D4 in

1353 VICTOR. Numbers above nodes (given that branch support exceeds 250%; nodes
1354  without annotated values indicate branches with lower support) represent pseudo-
1355 bootstrap support values from 100 replications. Tree was rooted at midpoint and the
1356  branch lengths are scaled using the GBDP distance formula d4. The scale bar (0.02)
1357 represents normalised dissimilarity between genomes. Coloured annotations on the
1358 right indicate the taxonomic clustering of phages based on ICTV cut-offs (Table S6).
1359  For each taxonomic rank, phages of the same taxon are assigned the same colour
1360 and/or shape. GC content is represented by gradient-coloured squares from ~40%
1361  (min; grey) to ~44% (max; blue) Genome length is represented by black horizontal
1362  Dbars.

1363 Fig. 5: Comparative linear alignment displaying genomic features of isolated phages
1364 and their closest relatives. SMP is used as a reference. Arrows indicate position and
1365 direction of CDSs in genomes of the (pro)phages with colour-coding representing
1366 functional categories. Shaded regions between genomes represent levels of

1367  similarity computed with tBLASTx. Dot plot of pairwise genome alignments is shown
1368 on the far left, with a corresponding colour scale for both dot plot and alignments
1369 displayed in the top left. Both dot plot and alignments were generated in ViPTree
1370 using concatenated nucleotide sequence of the (pro)phages.

1371  Fig. 6: Phylogenetic tree of endolysins of the six (pro)phages. (A) Neighbour-joining
1372 tree based on amino acid sequence of endolysins constructed with Clustal Omega.
1373  Alignment was visualised with seqvisr tool using experimentally validated phage
1374  SMP endolysin (LySMP) as reference. (B) Predicted holin classes and endolysins.
1375 Holin transmembrane domains (TMDs) were predicted with DeepTMHMM. Lysin
1376 type is based on catalytic domains; N-terminal N-acetylmuramoyl-L-alanine amidase
1377 (amidase) and N-terminal cysteine/histidine-dependent amidohydrolase/peptidase
1378 (CHAP). Abbreviation: “aa” represents length in amino acids.

1379  Fig. 7: Structural representation of the Dits and Tals from S. thermophilus phage
1380 STP1 and S. suis phages Bonnie, Clyde and SMP. (A) Surface representation of the
1381 complexes formed by hexameric Dits and trimeric Tals. CBMs are annotated with
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1382 their closest structural homologues. (B) Ribbon view of the Tal C-termini of STP1
1383 and Bonnie. (C) Ribbon view of the superimposition of the Tal C-termini of STP1
1384 (blue) and Bonnie (yellow). (D) Ribbon view of the Tal C-termini of Clyde and SMP.
1385 (E) Ribbon view of the superimposition of the Tal C-termini of SMP (blue) and Clyde
1386 (yellow). (F) Close-up surface view of the Tal C-terminus of Clyde. The crevice and
1387  putative receptor binding site is boxed (white).

1388  Fig. 8: Structural representation of the RBPs from S. thermophilus phage STP1 and
1389 S. suis phage Bonnie. Ribbon representation of the RBP monomer from STP1 (A)
1390 and Bonnie (B), rainbow coloured from its N- (blue) to C-terminus (red). (C) Ribbon
1391 representations of the RBP C-terminal trimer assemblies from STP1 and Bonnie.

1392  Fig. 9: Plaque and virion morphology of Bonnie and Clyde. (A) plaques of Bonnie
1393 and (C) Clyde on double-layer agar plates. Plaque diameters of Bonnie (1.02 + 0.05
1394 mm) and Clyde (0.28 + 0.06 mm) were measured with ImagedJ software (National
1395 Institute of Health, Bethesda, USA). Scale bar represents 1 mm. Representative
1396 electron micrographs of (B) Bonnie and (D) Clyde. Bonnie has a capsid (56.27 +
1397 2.33 nm in diameter) and a long non-contractile tail of length 186.92 + 5.92 nm and
1398  width 9.38 + 0.81 nm. Clyde has a capsid that measures 54.22 + 3.37 nm in length
1399  with a short non-contractile tail of 143.01 £6.26nm and 10.2 + 0.44 nm. Scale bar
1400 represents 100 nm.

1401  Fig. 10: Efficiency of plating. The EOP relative to strain 21171_DNR38 was

1402 estimated using spot assays for 29 susceptible strains that formed plaques in host
1403  range analysis. The EOP values ranged from 0.001 to 1.2 (10°to 108 PFU/ml) for
1404  strains with detectable plaque formation. Strains where no plaques were observed
1405 (EOP =0.00) are indicated by blank white boxes.

1406  Fig. 11: In vitro lytic activity and one-step growth curves. Bacterial killing activity of
1407  (A) Bonnie, (B) Clyde and (C) a cocktail of both phages at different MOls was tested
1408 in vitro. ODsoo was read every 10 minutes for 24 hours. (D) Lytic activity of Clyde
1409 (MOI 10) against two multi-strain cultures was monitored for 24 hours. Multi-strain
1410 mixA(21171_DNR38, 19867_M106485 R39, DNR36, D71, and M105040_S24) and
1411 Multi-strain mix B (21171_DNRS38, D94, D8, D52, and D75). One step growth curve
1412  for (E) Bonnie and (F) Clyde at MOI 0.01. The error bars represent the standard
1413  error of the mean from independent replicate experiments.

1414  Fig. 12: Stability of phages under different physicochemical conditions. Stability of
1415 Bonnie (A) and Clyde (B) at different temperatures was monitored over 120 minutes.
1416  Stability of Bonnie (C) and (D) Clyde was assessed following incubation in different
1417  pH-adjusted SM buffer for 1 hour, 2 hours, and 24 hours. Error bars represent the
1418 standard error of the mean from independent replicate experiments.
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