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Abstract

Bacteroidota are the most common bacteria in the human gut and are responsible for
degrading complex polysaccharides that would otherwise remain undigested. The
abundance of Bacteroides in the gut is shaped by phages such as crAssphages that
infect and kill them. While close to 600 genomes have been identified computationally,
only four have been successfully cultured. Here, we identify and characterize three
novel crAssphage species isolated from wastewater and infecting the bacterial host
Bacteroides cellulosilyticus WH2. We named the novel species, Kehishuvirus winsdale
(BcO1), Kolpuevirus frurule (Bc03), and Rudgehvirus redwords (Bc11) which span two
different families and three genera. These phages may not have co-evolved with their
respective bacterial hosts. The phages had a conserved gene arrangement with known
crAssphages, but gene similarity within phages belonging to the same taxa was highly
variable. Across the three species, only two structural genes encoding a hypothetical
protein and a tail spike protein were similar. Evolutionary analysis revealed the tail spike
protein is undergoing purifying selection and was predicted to bind to a TonB-dependent
transporter on the host cell surface, suggesting a role for host specificity. This study
expands the known crAssphage isolates and reveals insights into the crAssphage
infection mechanism. The availability of pure cultures of multiple crAssphage infecting
the same host provides an opportunity to perform controlled experiments on one of the

most dominant members of the human enteric virome.
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Introduction

There is an intricate relationship between gut microbiomes and human health. A healthy
gut microbiome contains a high diversity of microbes that help with digestion, regulate
the immune system, and alter brain function (1-3). Application of the metagenomics
technique, a culture-independent technique that captures the diversity of the microbial
community in a sample (4,5) has transformed our understanding of the prevalence of
bacteria and the corresponding bacteriophages in the environment (6—9). From
metagenomic datasets, we have observed a correlation between bacterial and
bacteriophage populations which suggests bacteriophages play a role in controlling the
ratios of different bacteria (10,11). For instance, within an environment with high or low
bacterial densities, phages favor integration into the bacterial host, while at intermediary
densities the phages favor host lysis (12). The human gut microbiome has high bacterial
densities, including a high abundance of Bacteroidota (formerly Bacteroidetes) (13-15),
which are shaped by the phages that infect and kill them such as crAssphages. The
dsDNA crAssphages have a podovirus-like morphology, genomes ranging between 100
and 200 kb, and conserved gene order (16—18). These bacteriophages are ubiquitous,
can stably colonize an individual, and do not appear to be associated with health or
disease states (17,19). This phage was first discovered computationally by cross-
assembling DNA sequence reads from human gut microbiome samples (20), and to
date, there have been close to 600 crAssphage genomes identified computationally, but

only four cultured phages (16,21).

The isolation of crAssphages in vitro remains a challenge with only four successful pure

isolates after eight years of experimental research. In 2018, Kehishuvirus primarius
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81 (crAss001) was isolated from Bacteroides intestinalis (22). A brace of phages,

82  Wulfhauvirus bangladeshii DAC15 and DAC17, were isolated from wastewater effluent
83 infecting Bacteroides thetaiotaomicron (23). Finally, Jahgtovirus secundus (crAss002)
84  was isolated on Bacteroides xylanisolvens (24). All the pure isolates exhibited host

85  specialist morphotypes that can be maintained in the continuous host culture, but none
86 possess lysogeny-related genes to suggest a lysogeny lifestyle (22,25). Alternative

87 mechanism proposed is that these phages host populations cycle between sensitive
88 and resistant states through phase variation of capsular polysaccharides or through

89 exhibiting pseudolysogeny or a carrier state phenotype (25). Transmission electron

90 microscopy (TEM) of these phages has confirmed podovirus-like morphology

91  (22,24,26).

92  Analysis of all known crAssphage that includes the pure cultures and the
93 computationally identified crAssphage led to grouping of these phages to distinct group.
94  Recently, International Committee of Taxonomy of Viruses (ICTV) published a formal
95 report on classification of Crassvirales order into four families, ten subfamilies, 42 new
96 genera, and 72 new species (18,27). This classification was based on phylogenetic
97 analysis of conserved structural genes, such as major capsid protein (MCP), terminase
98 large subunit (terL), and portal protein (portal). Despite this progress and expansion of
99 the Crassvirales order, functional annotation of viral genome remains challenging, with
100 lots of genes annotated as hypothetical proteins with no known biological function.
101 However, subsequent analysis with the Crassvirales has improved our understanding of
102 phage diversity, and revealed their unique biological characteristics (28,29). For

103 instance, these genomes contain three discernible regions encoding for 1) structural
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104 proteins involved in producing the capsid and tail genes, 2) transcription proteins and 3)
105 replication proteins that are involved in the successful replication of the phage that is
106 activated in the different stages of phage infection (16). They also revealed unique

107 characteristics of the lineage including switching DNA polymerases, alternative coding
108 strategies (30—33), and the variable density of introns across taxa (16,33). Further,

109 cryogenic-electron microscopy of K. primarius (crAss001) added the structural basis of
110 the genes and description of the mechanisms of assembly and infection (26). An

111  evolutionary study of crAssphages showed that capsid protein is the most conserved
112 gene, followed by two other uncharacterized proteins within the structural module (18).

113 The remaining modules are highly variable with little homology to other known proteins.

114  Here we present the isolation and characterization of three novel crAssphage isolates
115 from wastewater. We present three new species within Steigviridae and Intestiviridae
116 families and how they infect the same host, Bacteroides cellulosilyticus WH2. We

117 computationally predict the genes playing a role in host specificity, providing insights
118 into the evolution of these dominant phages, and how their interactions shape the gut

119 microbiome.

120 Results

121 Isolation and assembly of phage genomes B. cellulosilyticus WH2

122  We isolated and sequenced 16 B. cellulosilyticus WH2 phage isolates, with phage
123 (BcO1 to Bc12) genomes sequenced on the Oxford Nanopore platform assembled using

124  Flye and Unicycler, while genomes (Bc01 to Bc08, Bc13 to Bc16) sequenced on the
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125 lllumina platform were assembled using MEGAHIT assembly. We used multiple

126  assemblers as bioinformatics assembly tools have some level of algorithmic nuances as
127  well as sensitivities to different features (Table S1). For each genome, our selection
128 criterion (viral, highest read coverage, unitig approximately 100kb) identified as

129 complete phage genome for 14 of the 16 phage samples across both sequencing

130 platforms (Table S1). Two genomes (Bc04, Bc12) did not assemble due to their

131 coverage profile (Figure S1), were also identified to be replicates of other assembled
132 genomes and therefore left out of this analysis. Finally, the 14 phage genomes from the
133 Nanopore based assembly were polished with Illumina reads correcting for substitution,
134 insertion, and deletion errors (Table S1). These assembled unitigs were then processed
135 to calculate the average nucleotide identity (ANI) (part of CrassUS workflow), and

136 genomes with more than 95% ANI were grouped as likely phage replicates (Table S1).
137  This reduced our phage genomes to three clusters of phages from which we selected

138 the highest confidence genomes: Bc01, Bc03, and Bc11.

139 Taxonomic assignment of the three novel isolates

140 To identify the taxa of the three representative isolates, BLASTN searches were

141  performed against the non-redundant (nr/nt) NCBI database confirming that all three
142  representative isolates (BcO1, BcO3 and Bc11) were crAssphage (34). The phylogenetic
143 tree built from conserved proteins including the major capsid protein (MCP), portal,

144  terminase large subunits (terL) genes from all 14 assembled phage genomes

145 demonstrated that BcO1 and Bc03 belong to the Steigviridae family, and Bc11 to the
146 Intestiviridae family (Figure 1, Figure S2). The taxonomic classification follows the ICTV

147  report with suggestions on defining a taxonomy for phage genomes belonging to the
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148 Crassvirales order. Taxonomic classification of the three genomes was also confirmed
149  with ANI and shared protein information, identifying BcO1 to belong to Kehishuvirus,
150 Bc03 to Kolpuevirus, and Bcll to a novel genus group that we propose to call

151 Rudgehvirus.

152  All three isolates are novel species exhibited less than 95% identity to any known

153 crAssphage genome. BcO1 is most similar to the reference genome Kehishuvirus

154  primarius (crAss001, MH675552) with 95.5% identity across 79.1% genome coverage.
155 BcO03 aligns with Kolpuevirus hominis (crAssphage cr126_1, MT774391) with 82.8%
156 identified across 53.73% query coverage. Bc11 aligns with the reference genome

157  Jahgtovirus intestinalis (OGOL01000109) with 74.7% identity across only 9.9% query
158 coverage. We named these novel species Kehishuvirus winsdale (Bc01), Kolpuevirus

159 frurule (Bc03), and Rudgehvirus redwords (Bc11) (Table 1).
160 Table 1: Genome characteristics of the three novel crAssphage representative isolates

161 Figure 1: Phylogenetic tree of the portal protein showing that isolate K. winsdale (Bc01)
162 and K. frurule (Bc03) belong to the family Steigviridae (cyan), and R. redwords (Bc11) to

163 Intestiviridae (red). The outgroup is set to Cellulophaga phage phil3:2.

164 Genome characteristics of the novel species

165 Kehishuvirus winsdale (Bc01) is 100,841 bp, with 104 proteins and 24 tRNAs identified
166  within the genome (Table 1). The cumulative GC% of this genome is 35.09% (Table 1)
167  which is lower than the bacterial host GC% of 42.8%. This genome is 95% similar to the
168 isolate K. primarius (crAss001). In a few crAssphage genomes, a direct terminal repeat

169 has been proposed to be involved in genome packaging (including K. primarius) but no
8
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170 direct terminal repeat was identified in K. winsdale. There was also no evidence of stop
171 codon reassignment in this genome as observed in closely related reference K.

172  primarius (Table S2). While 24 tRNA genes were identified within a contiguous segment
173 from 88,172 to 93,727 bp on the genome, no tRNA suppressors were found that would
174  be used to stop codon reassignment (Table S2). Functional gene annotations were
175 performed by aligning the 104 predicted genes across all the known Caudovirales

176 genomes and generating functional assignments for 48 genes (Table S3). From the
177  functional assignments, we were able to divide the genome into three regions

178  (structural, transcription, and replication) as observed across all the other crAssphage
179 genomes (Figure 2). There was no lysogeny module or integrase-related genes

180 detected within the phage genome and there was no evidence of temperate replication

181 in the plague morphology.

182  Kolpuevirus frurule (Bc03) belonged to the same family, Steigviridae as K. winsdale

183 (Bc01). This genome was shorter in length (99,523 bp) but with a similar GC content of
184  33% (Table 1). This genome is 82% similar to a reference genome to this isolate

185  Kolpuevirus hominis (CrAssphage cr126_1). Neither direct terminal repeat genome

186 packaging, stop-codon reassignment, nor integration and lysogeny were observed

187 (Table S2). Functional characterization of this genome predicted 108 genes, of which 45
188 were assigned a function (Table S4). In this genome, only four tRNA genes were

189 predicted, two coding for arginine (TCT anticodon), and the other two encoding

190 asparagine (GTT anticodon), and tyrosine (GTA anticodon).

191 Finally, Rudgehvirus redwords (Bc11) is 90,575 bp in length with 29.15% GC, and there

192 were 84 genes encoded within this genome (Table 1). Taxonomic assignment of this
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193 genome placed this isolate within the Intestiviridae family, but in a novel genus.

194  Currently, this genus includes only this isolate (Figure 1), with the neighboring clade
195 including Jahgtovirus crAssphages. We named the new genus Rudgehvirus following
196 the ICTV Caudovirales order naming suggestions. The reference genome that is most
197 closely related to this genome is Jahgtovirus intestinalis (uncultured phage cr54 1) with
198 75%. In addition, pure culture isolate crass002 (J. secundus) also belongs to the closely
199 related clade. There were 84 predicted genes with standard stop codons, as there was
200 no evidence of codon reassignment (Table S2), and 36 of these genes were assigned a
201 function (Table S4). Similar to one-third of crAssphage genomes currently known, there

202  were no tRNA genes (Table S2) identified in this genome.

203 We compared the gene arrangement across the three novel species by comparing gene
204  similarity with clinker (only greater than 30%) and demonstrated that Steigviridae (Bc01,
205 BcO03) isolates shared more gene similarity compared to Intestitviridae (Bc11) in

206  congruence with taxa classification (Figure 2). Across the three isolates, there were only
207 three shared genes: two encoding structural proteins, and one hypothetic gene within
208 replication machinery. Steigviridae isolates shared 68 genes: 24 belonging to the

209 structural region; none within the transcription machinery; and the remaining 44 genes
210  within the replication machinery. Finally, Kehishuvirus (BcO1) and Rudgehvirus (Bc11),
211  and Kolpuevirus (Bc03) and Rudgehvirus (Bcl11) shared two structural genes along with

212  one hypothetical gene within the replication machinery.

213  Figure 2: A) Transmission electron microscopy images negatively stained with uranyl
214  acetate of the three isolates, K. winsdale (Bc01), K. frurule (Bc03), and R. redwords

215 (Bcll). B) Gene arrangement and functional annotation of the three genomes color-

10
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216 coded based on their functional modules and hypothetical genes represented in white.
217  The direction of the arrows represents the direction of the gene read from the genome,
218 and the arrows themselves represent individual genes. The links connecting the genes

219 indicate sequence identity, ranging from 30% (grey) to 100% (black).

220 Podovirus-like morphology

221  Transmission electron microscopy (TEM) of the three species revealed all have a

222  podovirus-like morphology (Figure 2). K. winsdale (Bc01) displayed polyhedral capsids
223  with a diameter of 9411+ 13! 'nm, tails with collar structures that were 34( 1+ 3 Inm with
224  several tail fibers with variable lengths. K. frurule (Bc03) included capsids of diameter
225 97 + 3 nm, a tail with collar structures of 33 + 3 nm, and several tail appendages of
226 variable length. Finally, R. redwords (Bc11) was slightly smaller in size with capsids of
227  size 90 = 4 nm, tails with collar structures measuring 25 = 4 nm, with tail appendages
228 that were of variable length but different tail structure than the other two crAssphage

229 genomes.
230 Synteny across crAssphages

231 Comparing the three new species from this study with the four reference crAssphage
232 isolates available showed gene similarity expected from the taxonomic assignment.
233  Within the Steigviridae genomes including two new species and three reference

234 genomes, K. winsdale (BcO1) was most similar to K. primarius (crAss001) sharing 76 of
235 106 genes, and two isolates belonging to the Wulfhauvirus genus (DAC15 and DAC17)
236 shared 115 of the 121 genes with the highest similarity. Meanwhile, K. frurule (Bc03)

237 was equidistant from the species of Kehishuvirus (68 genes shared) and Wulfhauvirus

11
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238 genus (71 genes) (Figure 3A). The third isolate R. redwards (Bc11) was compared to
239 the J. secundus (crAss002) as these two isolates belonged to an Intestiviridae family,
240 and they shared 37 genes including 11 structural genes, three transcription genes, and
241 23 replication-related genes (Figure 3B). However, they are both overall dissimilar to
242  genomes from Steigviridae (Figure 3A). A notable characteristic was that tail-related
243 genes were only shared by those isolates infecting the same host. K. winsdale (Bc01),
244 K. frurule (Bc03) and R.redwords (Bc11) shared unique tail-related genes although they

245  belonged to different genera (Figure 2).

246  Figure 3. Gene synteny across seven pure culture isolates across two crAssphage

247 families A) Steigviridae family comprising five isolates spanning across three genera B)
248 Intestiviridae family comprising two isolates from two genera. The arrows represent

249 genes, with their direction indicating the gene direction, and their color indicating cluster
250 group with the grey-colored arrows representing unique genes that didn't form any

251 clusters. The functional color coding for A and B are different. Finally, the links

252  connecting the genes are color-coded based on sequence similarity, ranging from grey
253  (30%) to black (100%). New isolates included in this study are represented with * next
254  to their name, and the tail proteins that were shared between the three isolates from this

255  study are highlighted with a red box.

256  Structural proteins playing a role in host specificity

257 To test if the common genes across the three new species in this study play a role in
258 host specificity, we performed evolutionary analyses comparing 1,887 genes across the

259 14 crAssphage isolates from this study along with four reference genomes. Overall,

12
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260 1,766 of them were categorized into 383 orthologous groups (Table S6), and the

261 remaining 121 genes were singletons. We identified 64 orthogroups (193 genes) that
262  were specific to Kehishuvirus, 55 orthogroups (564 genes) specific to Kolpuevirus, 89
263  orthogroups (187 genes) specific to Wulfhauvirus, 73 orthogroups (148 genes) specific
264  to Rudgehvirus, and 5 orthogroups (10 genes) specific to Jahgtovirus genera. Testing
265 for host-specificity within each of these groups only identified two orthogroups—

266 OG000000 (including BcO1 protein gp23) and OG000008 (including BcO1 protein

267 gp22)-encoding a hypothetical gene and tail spike protein within the structural block,
268 which only included genes from crAssphage isolates that infect B. cellulosilyticus WH2
269 (Table 2). These two orthogroups also represent the two tail proteins that were common

270 across the three new isolates in this study (Figure 3).

271 Calculating the number of synonymous (ds) and non-synonymous (dn) mutations

272  occurring within the orthogroups reflected dx/ds <1, suggesting purifying selection.

273  Averaging all the sequence pairs, we used the codon-based z-test to identify genes

274  under selection and found that OG000000 followed the null hypothesis (z-score=0.56, p-
275 value=0.29) suggesting that the gene is under neutral evolution, while OG000008

276 rejected the null hypothesis (z-score=0.56, p-value<0.001), suggesting that the gene is

277 under purifying selection.

13
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278 Table 2: Inferred selection of the three orthogroups with genes from all crAssphage
279 isolates infecting the host B. cellulosilyticus. Orthogroups under purifying selection are

280 represented with an asterisk (*)

281 Prediction of the phage receptor binding domain

282  The predicted structure of all 103 proteins from K. winsdale (BcO1) were generated
283 using Colabfold (35) (Protein structures available at

284  doi.org/10.25451/flinders.21946034). Each of those models was individually docked
285 against all 3,223 predictions from the B. cellulosilyticus WH2 proteome available in the
286  AlphaFold database using hdock-lite. The PDB files for all the structural models and a
287 summary of the docking scores are provided in the supplemental material (Table S7).
288 The strongest predicted docking interactions were between K. winsdale protein RNA
289  polymerase subunit (gp47) with the bacterial transmembrane EamA-family transporter
290 (UniProt ID: AOAOPOGB77, hdock-score =-711), tail spike (gp22) with TonB-dependent
291 receptors (UniProtID: AOAOPOGGAZ2, hdock-score =-700), and transmembrane protein
292  (gp44) with outer membrane protein (UniProt ID: AOAON7IEG6, hdock-score =-672).
293  Although 34 of the phage proteins bind to bacterial proteins named TonB receptors,
294  they each had unique UniProtID. The bacterial host, B. cellulosilyticus WH2 contains six
295 TonB homologs and 112 TonB-dependent transporters, similar to other Bacteroides
296 genomes. These transporters are typically used by Bacteroides to take up starches
297  (36), but we propose, based on structural modelling, that one or more of the TonB-
298 dependent receptors, are utilized by crAssphage to penetrate through the cell

299 membrane.

14
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300 Figure 4: A) 3D structure of tail spike protein (gp22) from K. winsdale (Bc01) visualized
301 using PyMOL, B) 3D structure of tail spike protein (gp22) interaction (black) with TonB-

302 dependent receptor (yellow) from the bacterial host, B. cellulosilyticus WH2.

303 Discussion

304 The role of crAssphage in the human gut is enigmatic, partly because so few

305 crAssphages have been cultured (17). Here, we present three novel crAssphages
306 spanning three genera but infecting one B. cellulosilyticus WH2, which suggests that
307 these phages may not have co-evolved with their bacterial host, suggesting other
308 factors driving to crAssphage evolution. Functional characterization of these novel
309 species and comparison to other reference genomes revealed synteny across

310 crAssphage isolates, with a higher range of gene similarity observed within phage
311 belonging to the same taxa. Across the three novel species, we identified a single
312  structural gene encoding tail spike protein that was found in all three species and was
313 under purifying selection. Protein docking predicted that the tail spike protein binds to
314 the TonB-dependent transporter on the bacterial surface, which is a known receptor for

315 phage sensitivity, suggesting the tail spike protein plays a role in host specificity.

316 We isolated and classified the three novel crAssphages to family and genus level

317 classification (Figure 1), with two species in the Steigviridae family, that we named

318 Kehishuvirus winsdale (Bc01), and Kolpuevirus frurule (Bc03). K. winsdale (Bc01) is
319 closely related to the first crAssphage isolate, K. primarius (crAss001), while K. frurule
320 (BcO03) is the first pure culture isolate from its genus. Finally, the third species belongs to

321 anovel genus and species that we named Rudgehvirus redwords (Bc11). Whole
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322 genomic comparison revealed synteny across all the crAssphage genomes with gene
323 order conserved, despite differences in gene similarity (Figure 2, Figure 3) as observed
324  Crassvirales order (16). As expected, isolates from the same family-level classification
325 have more gene similarity than across families (Figure 3). Within a family, conserved
326 genes include structural genes (MCP, terminase large subunit, portal, Integration Host
327  Factor (IHF), tail tubular and stabilization protein), replication machinery genes (DnaG
328 primase, DnaB helicases, SNF2 family, AAA+ superfamily and lysis genes), and

329 transcription genes (RNA polymerase subunits, nuclease of the PDDEXK family)

330 (Figure 3, Table S3, S4 and S5) (42) as observed in other crAssphages (16). The study
331 found that the crAssphage isolates within the Steigviridae family encoded DNA

332 polymerase A, while those within the Intestiviridae family encoded DNA polymerase B.
333  This observation is consistent with the DNA polymerase switching previously reported in
334 crAssphages(16). While some crAssphage isolates have been found to have

335 reassigned stop codons (30,33), none of the novel isolates in this study reassigned stop

336 codons by measuring coding density and the absence of suppressor tRNA (Table S2).

337 On the other hand, comparing the morphology of the three species showed differences
338 in capsid sizes relative to the reference crAssphage isolates. The capsid diameter was
339 larger in size, between 90 to 97 nm for the three species in this study (Figure 2)

340 compared to the reference genomes that were estimated to be 77 nm (22,24). We

341 confirmed this difference was not an artefact of how the capsid diameter was measured
342 by repeating the measurements for K. primarius (crAss001) and J. secundus (crAss002)
343 (Figure S4), and all the phages were negatively stained with uranyl acetate. In tailed

344 phages, the genome length is expected to increase as the cube of the capsid diameter,
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345 because DNA is packaged at a constant density of about 0.5bp/nm? (37,38). However,
346 the two closely related genomes K. primarius (crAss001) and K. winsdale (Bc01) only
347 varied by 1,838 bp while K. winsdale capsid was 22% larger in diameter (94 nm versus
348 77 nm), displaying an internal volume that could accommodate 80,000 bp more than K.
349  primarius (crAss001). The difference in the capsid size could be attributed to the

350 variations in the scaffold protein, as observed in Staphylococcus aureus phages where
351 the same major capsid protein assembled within different scaffolding proteins generates
352 different capsid sizes (39,40). Two possible mechanisms might be responsible for filing
353 the additional interval volume of K. winsdale (Bc01). First, this species could follow a
354  headful packaging mechanism storing more DNA than just the viral genome length. This
355 packaging mechanism was predicted in J. secundus (crAss002) (24); nonetheless, the
356 absence of direct terminal repeats (Table 1) is uncommon in tailed phages using the
357 headful mechanism (41). Second, the presence of internal proteins in the capsid could
358 occupy the remaining volume, as shown in the capsid of K. primarius (crAss001)

359 genome (26).

360 Isolation of multiple crAssphages infecting the same host revealed that the tail spike
361 protein is conserved among crAssphages infecting the same host (Figure 3). Tail spike
362 proteins are important in tailed bacteriophages for binding to specific membrane

363 receptors on the bacteria (43). We also found evidence of purifying selection acting on
364 the tail spike protein, indicating its essential role in host specificity (Table 2). Using
365 structural modelling, we predicted that the tail spike protein interacts with the TonB-
366 dependent receptor on the bacterial surface, a gene that has been shown to play a

367 critical role in phage infection of Bacteroidota and other species (Porter et al., 2020;
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368 Shkoporov, Khokhlova, et al., 2021). The interaction between crAssphage and TonB-
369 dependent receptors along with capsular polysaccharides has been shown to play a
370 role in the long-term persistence observed in these phages (25). TonB-dependent

371 receptors are involved in the uptake of various nutrients, including iron, which is an

372 essential element for many bacteria. By targeting these transporters, the crAssphage is
373 able to hijack the host's nutrient acquisition machinery such as capsular polysaccharide
374  biosynthesis for its own benefit, allowing it to persist and replicate within the host over a
375 longer period of time (25). Further, another study has shown that crAssphage RNA

376 polymerase and tail proteins were undergoing positive selection by comparing genomes
377 assembled from parent and infant fecal samples(44). However, in that study they didn't
378 characterize the crAssphage taxa or host, therefore the difference in the selection

379 pressure may be likely due to these external evolutionary pressures. We also suggest
380 that tail spike proteins can be used to cluster crAssphage genomes to groups that

381 potentially infect the same bacterial host.

382  Overall, in this study we identified and characterized three novel crAssphage species
383 isolates from wastewater and infecting the bacterial host Bacteroides cellulosilyticus
384 WH2. Our findings expand the known crAssphage isolates and provide insight into the
385 role of the tail proteins in host specificity and infection. Outcomes of these efforts

386 resulted in a unique model of three distinct crAssphages infecting the same strain which
387 can be now utilized experimentally to study one of the dominant members of the gut

388 microbiome, and how their interactions shape the gut microbiome.
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389 Methods

390 Phage sampling

391 Untreated sewage water (influent) was collected from a waste treatment plant in Cardiff,
392 CAin 1L Nalgene bottles. Upon collection, the bottles were placed on ice and in the
393 dark for processing. An aliquot of 30 ml influent was put into a sterile 50 ml centrifuge
394 tube and centrifuged at 5,000 RCF for 5 min to pellet the debris. The supernatant was
395 decanted and passed through a 0.22 um Sterivex filter. The filtrate was used as a

396 phage source and stored between 2to 8 1.

397 Host bacteria cultivation

398 The bacterial strain, B. cellulosilyticus WH2 (45) was used as the bacterial host and was
399 received as glycerol stocks from Washington University, St. Louis. Bacteria were grown
400 in brain-heart infusion media supplemented with 2mM MgSO,, and 10mM MgCl, we

401 denote as BHISMg. Culture plates were supplemented with 1.5% agar and incubated at
402 3771 for 48 hours under anaerobic conditions with 5% H,, 5% CO,, and 90% N.

403  Following incubation, a sterile loop was used to transfer an isolated colony into a 12 hr
404  deoxygenated BHISMg broth. Following anaerobic incubation at 3771 for 24 hours the
405  liquid cultures were further subcultured into another BHISMg broth and incubated

406 overnight.

407 Plaque assays

408 Plaque assays were performed with minor modifications described below. Before

409 beginning the plague assays, BHISMg plates were deoxygenated for 12 hrs in the
19
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410 anaerobic chamber and pre-warmed before use. For top agar plates, cooled molten
411  BHISMg with 0.7 % agar was inoculated with 500 ul of bacteria, and between 2ul and
412 50 pl of processed phage influent was overlayed onto BHISMg plates. The plates were
413 cooled for 15 minutes before incubating at 37°C for up to five days. Plates were

414  assessed daily for the development of plaques.

415 Lysate preparation

416 Plaque from each plate was inoculated into 200 ul of SM buffer and homogenized to
417  diffuse the phage from the agar to the buffer. A 200 ul aliquot of the phage was added
418 to B. cellulosilyticus WH2 bacteria in the log-growth phase and grown at 37°C

419 anaerobically, overnight. The tubes containing the bacteria and phage were manually
420 shaken every 30 min for the first three hours of incubation. Post incubation, tubes were
421  centrifuged at 4500 x g for 5 min, and the supernatant was collected and concentrated
422  using a 50,000 kDa MWCO Vivaspin ultrafiltration unit (Sartorius). Phage lysate was

423  stored at 4°C.

424  Titering enumeration

425 Phage titering was undertaken using the molten agar overlay method described above.
426 A 200 pl aliquot of the lysate was diluted 10-fold in sterile SM buffer, and 10 ul was

427  spotted onto a BHISMg plate. The plates were incubated for 24-48 hr at 37 °C. After
428 incubation, the plates were analyzed by counting the plaques obtained and determining

429 the titer.
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430 Viral DNA extraction and sequencing

431 DNA extractions were performed using the Phage DNA isolation kit (Norgen) as per
432  manufacturer instructions. In short, 1 ml of phage lysate was DNase | treated, lysed,
433 and treated with Proteinase K. The sample was added to a spin column and washed
434  three times. DNA was eluted in 75 pl of the elution buffer. The second elution

435 recommended by the kit was not performed. The DNA obtained was quantified using a
436  Qubit 1x dsDNA high-sensitivity assay kit (Invitrogen, Life Technologies). For Oxford
437  Nanopore MinlON sequencing the library preparation and sequencing were performed
438 using Oxford Nanopore Rapid Barcoding Sequencing Kit (SQK-RBK0004). The lllumina
439 sequencing libraries were prepared by extracting the total nucleic acid (RNA and DNA)
440 using the COBAS AmpliPrep instrument (Roche), with NEBNext library construction and
441  sequenced on lllumina MiSeq as described in (46). Eight of the samples were

442  sequenced on both Nanopore and Illlumina sequencing platforms (BcO1 to Bc08), four
443  were sequenced only on Nanopore platforms (Bc09 to Bc12), and the remaining four
444  were sequenced only on lllumina platforms (Bc13 to Bc16). The sequencing data were

445  deposited to Sequence Read Archive in Bioproject, PRINA737576.

446  For the Nanopore sequenced isolates, basecalling was performed with Guppy v6.0.1.
447  The reads were then processed with Filtlong v.0.2.20 (47) to remove reads less than
448 1,000 bp in length and exclude 5% of the lowest-quality reads. Similarly, lllumina

449  sequences were processed with prinseq++ (48), filtering reads less than 60 bp in length,

450 reads with quality scores less than 25, and exact duplicates.
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451 Genome assembly

452  The steps for genome assembly are available as a pipeline based on Snakemake using

453  Snaketool (49) and available on GitHub (50).

454  Nanopore reads were assembled using Unicycler (51) and Flye (52), while lllumina
455  reads were assembled using MEGAHIT (53). These assemblers were selected as they
456  provide assembly graphs of the contigs assembled, which would be utilized for

457  completing fragmented genome assemblies, (54-58). To assess the quality of the

458 assembly, the resulting contigs were processed with ViralVerify to detect viral contigs
459  (59), read coverage was calculated using CoverM (60), and whether the contigs were
460 fragmented using assembly graph information. The assembly graph includes details of
461 connecting unitigs (high-quality contigs) that represent the longest non-branching paths

462  joined together to form contigs.

463  Unitigs that were greater than 90 kb, identified as viral, with the highest read coverage,
464 and described as complete (CheckV) were selected from each assembly. For each

465 genome, one representative unitig (higher quality contigs) was selected (circular,

466 longest contig with high read coverage) per sample, as the complete phage assembly.
467 Inthe end, the assemblies were polished with high-coverage lllumina reads using Polca

468 to reduce sequencing-related errors (61).

469 Taxonomic and functional annotation

470 The isolates in this study were processed with CrassUS (62). CrassUS was developed

471  specifically for annotating genomes from the Crassvirales order, incorporating a focused
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472  database including known crAssphage genomes. This program generates a table of
473 taxa annotations, functional annotations, the presence of direct terminal repeats (DTR),
474  and average nucleotide identities of the most similar reference genomes. Taxonomic
475 annotations from CrassUS were used, as they follow the ICTV (27,29) Crassvirales
476 order demarcation criteria to determine taxonomy. The three conserved genes across
477  crAssphages including major capsid protein (MCP), portal protein, and terminase large
478  subunit (terL) were used to build the phylogenetic trees. The phylogenetic trees were
479 plotted in iTol (63). The predicted genes and their arrangement across species were
480 visualized using clinker plots (64), after re-circularizing the genes to start at the terL in
481 order to examine synteny across the phage genomes assembled. Finally, phages may
482  encode their own tRNA genes escaping the host translation machinery, and these were

483  predicted with tRNA-scanSE (65).

484  Transmission electron microscopy imaging

485 Bacteroides phages were grown using the phage overlay method described above.

486 Phage lysates were diluted 1:10, and 5 uL of the diluted phage lysate was applied to a
487 plasma-cleaned grid for two minutes at room temperature. The grids were formvar and
488 carbon coated 200 mesh grids and they were plasma cleaned using the Gatan (Solarus)
489 Advanced plasma system for 30 sec prior to use. The excess phage lysate sample was
490 wicked off with Whatman filter paper and the grid was washed with 5 uL of water. The
491 sample was negatively stained with 5 uL of the 2 % w/v uranyl acetate for 1 minute. The
492  excess stain was wicked off with filter paper to dry the sample on the grid. The grid was

493 then imaged using a Tecnai G2 Spirit TEM operated at 120kV at a magnification of
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494  49,000x and the images were recorded on an AMT Nanosprint 15 digital camera using

495  software v7.0.1.

496 Phage measurements were calculated using the ImageJ software (66). The capsid
497  diameter was measured by obtaining the diameter of the circle circumscribing the

498 capsid, such that the more distant vertices of the projected capsid contacted the circle
499  (Figure S3). For the tail, the length was calculated from the base of the capsid to the
500 end of the visible tail, including the collar section of the phage structure. Tail fibres or
501 appendages were not calculated (Figure S3). Average measurements from 5 phages
502 were calculated and reported. The TEM image was further edited for publication using

503 the GNU Image Manipulation Program (GIMP) (67).

504 Evolutionary analyses

505 The 14 crAssphage isolated and sequenced in this study and the four reference pure
506 culture isolates, K. primarius (crAss001), W. bangladeshii (DAC15), Wulfhauvirus

507 isolate (DAC17), and J. secundus (crAss002) were assessed together for this analysis.
508 Orthologous genes were identified from genes predicted from the above 18 genomes,
509 using Orthofinder (68). Orthogroups that included genes that were only present in

510 phages from the host—B. cellulosilyticus WH2—were assessed further for signatures of

511 host specificity.

512 These orthogroups were aligned using Muscle (69) codon-based multiple sequence
513 alignment in MEGAL11 (70). To test for codon-based positive selection, we calculated
514 the probability of rejecting the null hypothesis of strict neutrality (dy = ds), and in favour
515 of the alternate hypothesis (dy > ds). The dy/ds values were calculated from the MSA
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516 using MEGA v.11.0 (71), with the Li-Wu-Luo method (72). The variance of the

517 difference was computed using bootstraps, set to 100 replicates.
518 Predicting proteins 3D structure and docking

519 The 3D structures of the proteins from K. winsdale (Bc01), K. frurule (Bc03), and R.
520 redwords (Bcl11) were predicted using Colabfold version 1.4.0 (35) on the Gadi server
521 at the National Computational Infrastructure (NCI). The previously predicted 3D protein
522  structures of all the proteins for B. cellulosilyticus WH2 were downloaded from the

523 AlphaFold Protein Structure Database via the Google Cloud Platform (73). All protein
524  pairs were docked using hdock-lite version 1.1 (74) on the Gadi server. The results from
525 hdock were sorted based on the binding score in the output file to identify the highest-
526  quality binding predictions for each phage protein. The 3D structure of the proteins were

527  visualized using PyMOL.

528 Data availability

529 The samples were submitted to Sequence Read Archive within the project,

530 PRJINA737576. B. cellulosilyticus WH2, K. winsdale (Bc01), K.frurule (Bc03), and R.
531 redwords (Bcll) are all available on Genbank with accessions QQ198717 (Bc01),
532 QQ198718 (Bc03), and QQ198719 (Bc11), and we are working on making them

533 available through ATCC. The 3D protein structures for the three crAssphage genomes

534  are available to download at doi.org/10.25451/flinders.21946034.
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811 Supplementary Figures

812 Figure S1. Genome coverage of the sequenced reads across samples. A) Genome
813 coverage in Nanopore sequenced reads, B) Genome coverage in Illlumina sequenced
814 reads. The samples with * in red were not sequenced on the platform, and * in black
815 didn't produce a complete phage contig
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817 Figure S2: Showing the taxa classification of the three novel species remains consistent
818 across the three conserved proteins A) Major capsid protein (MCP), B) portal protein C)
819 terminase large subunit (terL). The outgroup across all three trees set to Cellulophaga
820 phage phil3:2. The placement of the three novel species are highlighted on the tree,
821 BcO01 belonging to Kehishuvirus genera (light blue), BcO3 belonging to Kolpuevirus

822 genera (purple), and Bc11 belonging to a novel genus named Rudgehvirus (brown).
823

824  Figure S3: TEM phage measurements were taken for A) Capsid diameter, by drawing a
825 circle around the polygon with the edges within the circle. The diameter of this circle
826 was measured and represented as the capsid diameter. B) For tail length, a line was
827 drawn from the base of the capsid to the visible edge of the tail fibers. This was

828 repeated over five phages of the same sample and an average with standard deviation

829 was calculated across all of them
830

831 Figure S4: TEM measurements of capsids of A) K. primarius (crAss001) image from
832  (Shkoporov et al. 2018) measured to be 81 + 2 nm and B) J. secundus (crAss002)
833 images from (Guerin et al. 2021) measured to be 75 £ 3 nm using ImageJ software. The

834  scale bar on both figures represents 100nm.

835 Supplementary Tables

836 Table S1: Phage genome assembly overview

837
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838 Table S2: Coding density and search for tRNA suppressors within the three Bc

839 genomes

840

841 Table S3: Kehishuvirus winsdale (Bc01) functional annotation from crassus

842

843 Table S4: Kolpuevirus frurule (Bc03) functional annotation from crassus

844

845 Table S5: Rudgehvirus redwords (Bc11) functional annotation from crassus

846

847 Table S6: Orthologous groups identified across the 18 crAssphage isolates, highlighted
848 the two orthogroups that are present within the 14 crAssphage isolates from this study,
849 infecting the same bacterial host.

850

851 Table S7: Summary of the Kehishuvirus winsdale (Bc01) proteins interacting with

852  Bacteroides cellulosilyticus WH2 proteins using hdock-lite.
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ORTHOGROUP  Gene Function Number Of Dyy/Ds P Z
Sequences Value  Statistic
OG0000000 Structural 20 0.96 0.29 0.56
protein (gp23)
OG0000008* | Tail spike protein 14 0.26 <0.001 9.15

(9p22)
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