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24 Summary
25

26  Our emerging view of the gut microbiome largely focuses on bacteria and less is
27  known about other microbial components such as of bacteriophages (phages).
28 Though phages are abundant in the gut, very few phages have been isolated

29 from this ecosystem. Here, we report the genomes of 27 phages from the United
30 States and Bangladesh that infect the prevalent human gut bacterium

31 Bacteroides thetaiotaomicron. These phages are mostly distinct from previously
32 sequenced phages with the exception of two, which are crAss-like phages. We
33 compare these isolates to existing human gut metagenomes, revealing

34  similarities to previously inferred phages and additional unexplored phage

35 diversity. Finally, we use host tropisms of these phages to identify alleles of

36 phage structural genes associated with infectivity. This work provides a detailed
37 view of the gut’s “viral dark matter” and a framework for future efforts to further
38 integrate isolation- and sequencing-focused efforts to understand gut-resident
39 phages.

40

41  Introduction

42

43 Bacteriophages (phages) are highly abundant constituents of free-living
44  and host-associated microbial communities (microbiomes) (Brussow and

45  Hendrix, 2002, Barr et al., 2013). Like other microbiome members (e.g. bacteria,

46  fungi), the diversity and abundance of phages differ between healthy and
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47  diseased individuals. While some gut resident phages appear to be unique to

48 individual humans and stable across long time scales (Shkoporov et al., 2019),
49  others correlate with host disease status (Manrique et al., 2016, Duerkop et al.,
50 2018). These observations highlight the possibility that phages of host-

51 associated microbiomes play central roles in the structure and function of these
52 communities and may therefore impact human health. Taken together with the
53  burgeoning antibiotic resistance crisis, this possibility amplifies the importance of
54 phage therapy as an alternative or supplement to existing paradigms of

55 microbiome management (e.g. widespread antibiotic use).

56 In contrast to the enthusiasm for phages and phage-based therapeutics is
57  an underlying reality that gut-resident phages, as a microcosm of the global

58 phage population, are poorly understood. This deficiency is highlighted when a
59 typical path for generating and addressing hypotheses in the microbiome field is
60 considered. For example, sequencing-based approaches are often used in the
61 microbiome field to generate hypotheses about complex microbial ecosystems.
62 These hypotheses are subsequently addressed experimentally using a varied

63 and expanding toolkit of molecular, genetic, immunological, and microbiological
64 tools. This sequencing-to-mechanism approach is not straightforward for phages
65 for several reasons. First, unlike bacteria, phages do not have conserved marker
66 genes (e.g. the 16S rRNA marker gene) that enable phylogenetic classification
67 and analysis. Instead, phage genomes must be inferred from metagenomic

68 studies, either based on conservation of phage-like genes (e.g., terminase, DNA

69 polymerase) (Grazziotin et al., 2017), sequence identity relative to known phage
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70 isolates (Roux et al., 2015), or by database-independent approaches (Ren et al.,
71  2017). While powerful for general characterization of changes in the composition
72  of phage communities, inter-study methodological variation (e.g. sample

73  preparation, contig assembly, reference databases used) can impact a study’s
74  conclusions to a greater extent than the treatment effects (e.g. health or disease
75  status) (Gregory et al., 2019).

76 Furthermore, metagenomic approaches fail to provide definitive

77  information on the bacterial hosts of these phages. To address this deficiency,
78 many methods have been developed to predict the bacterial hosts of phages

79 inferred from metagenomes. For example, homology searches, identification of
80 CRISPR spacers, and co-occurrence analysis were used to make the prediction
81 that the highly prevalent and abundant crAssphage infects bacteria in the phylum
82  Bacteroidetes (Dutilh et al., 2014). This prediction was validated in part when a
83 crAss-like phage (CrAss001) was isolated on Bacteroides intestinalis (Shkoporov
84 etal., 2018). However, based on the divergence of CrAss001 from the

85  prototypical crAssphage combined with the astounding diversity of crAss-like

86 phages across host associated and environmental microbiomes (Yutin et al.,

87 2018, Guerin et al., 2018), it is likely that other crAss-like phages infect other

88  bacterial strains within the Bacteroidetes phylum. Furthermore, crAss-like phages
89 can simultaneously be biomarkers of healthy and diseased states. For example,
90 one crAss-like phage, IAS virus, is enriched in HIV" individuals with low CD4

91 counts (Oude Munnink et al., 2014) while some crAss-like phages are stable over

92 a 12 month period in healthy humans (Shkoporov et al., 2019).
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93 CrAss001 is one of four isolated and sequenced phages confirmed to
94 infect Bacteroides, the most abundant bacterial genus in the human gut
95  microbiome. The other three phages are B40-8 and B124-14 (which infect B.
96 fragilis) and Hankyphage, which is present as a prophage in many Bacteroides
97  strains (Benler et al., 2018, Ogilvie et al., 2012, Hawkins et al., 2008). Despite
98 the prevalence of Hankyphage lysogens in the public databases, Hankyphage
99 induced from a Hankyphage-containing B. dorei lysogen was unable to form
100 plaques on Hankyphage-naive B. dorei or additional Bacteroides species (Benler
101 et al., 2018). Additionally, CrAss001 does not form robust plaques on B.
102 intestinalis despite persisting at high levels in co-culture with its host for nearly
103  one month (Shkoporov et al., 2018). These observations suggest that unexplored
104 factors influence Bacteroides-phage interactions.
105 Additional Bacteroides phages were previously isolated but not
106 sequenced, representing limitations in connecting experiment-focused studies
107  with bioinformatics-focused studies. Our recent work incorporated 71 phage
108 isolates to show that multiple phase-variable mechanisms, including capsular
109 polysaccharides (CPS), modify bacteriophage susceptibility in B.
110 thetaiotaomicron. These findings mirror work in other isolated phages where cps
111 is a major determinant of phage-host tropism (Porter et al., 2019). However, in
112  the absence of genome sequences, phage-encoded determinants of host tropism
113  were not previously explored.
114 Here, we report the genomes of 27 phages that infect B. thetaiotaomicron

115 (18 previously described isolates (Porter et al., 2019) and 9 new isolates; Table
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116  S1). By comparing these genomes with those of existing Bacteroides phage

117 isolates and with phage genomes identified from publicly available metagenomic
118 studies, we simultaneously reveal similarities to previously inferred phage

119 genomes and additional unexplored phage diversity. Finally, analysis of these
120 genomes in the context of their cps-specific host ranges reveals targets for future
121  study aimed at understanding the structure-function relationship of phage host
122 range and phylogeny. We suggest the utility and feasibility of future efforts that
123  integrate both isolation- and computational-based methods. Such an approach
124  would enrich databases of known phage-host pairs by providing additional

125 reference genomes and definitive host information. Furthermore, isolated phages
126  will enable investigators to build experimental systems to test hypotheses and
127  theoretical predictions and contribute to a growing collection of phages that may
128 be used in the future for therapeutic or biotechnological applications.

129

130 Results

131

132  Isolation and comparative analysis of 27 phages infecting B. thetaiotaomicron
133

134 Our study centers of phages isolated from four geographic locations, three
135  within the US and one in Bangladesh (Figs. 1A, Table S1). Using a previously
136  reported protocol for phage isolation (Porter et al., 2019), we isolated 9

137  bacteriophages from primary wastewater effluent from the Sand Island

138 Wastewater Treatment Plant (Honolulu, Hawaii) or from sewer-adjacent pond
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139  water at two locations in Dhaka, Bangladesh. High titer stocks were prepared of
140 these 9 phage isolates and of a subset of 17 phages from an existing collection
141  of 71 B. thetaiotaomicron-infecting phages isolated from Ann Arbor, Michigan
142 and San Jose, California (Porter et al., 2019). Phage genomes were sequenced
143 and assembled. The phages are grouped into three genomically related clusters
144  (a, B, y) and have genomes that are on average 38kb +/- 0.4kb, 99kb +/- 0.3kb,
145 and 177kb +/- 4.5kb, respectively, and exhibit extensive genomic mosaicism
146  (Figs. S1-S3; Table S1). Transmission electron microscopy of one

147  representative from each cluster reveals distinct virion morphologies. Based on
148 these representatives, cluster a phages are siphoviruses, cluster § phages are
149 podoviruses, cluster y phages are myoviruses, and the capsid sizes of these
150 phages scale with genome size (Figure 1B-D).

151 Phage genomes were annotated and compared on the basis of shared
152  gene content (pham membership) (Cresawn et al., 2011). Phams are built and
153 expanded when a candidate protein shares 232.5% identity or blastp e-value
154 <1e-50 with one or more existing members of the pham. A dendrogram was built
155 based on the presence or absence of each pham in each phage, which

156  confirmed the three distinct genome clusters (Figs. 1E, $S1-S3). Genome maps of
157  representatives of each of these clusters are shown in Figs. 1F-H. tRNAs were
158 detected in cluster 3 and y phages (n=12-13 and n=2-3, respectively) but not in
159 cluster a phages (Tables S1, S2).

160 While there is a high degree of intra-cluster sequence identity, there are

161 only two phams shared between clusters: pham 150 (encoding a putative
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162  thymidylate synthase) and pham 23 (encoding collagen triple helix repeats),

163  which are shared between all cluster 8 and y representatives. Consistent with
164  observations from previously isolated phages (Hatfull and Hendrix, 2011), the
165  majority (roughly 80%) of phams in these B. thetaiotaomicron-infecting phages
166  have no detectable conserved domains or known functions (Tables S3-S5).

167

168 Comparative analysis of B. thetaiotaomicron phages with existing Bacteroides
169  phage isolates.

170

171 We compared these 27 B. thetaiotaomicron-infecting phages to 4 other
172  previously sequenced Bacteroides-infecting phages (Benler et al., 2018, Ogilvie
173  etal., 2012, Hawkins et al., 2008, Shkoporov et al., 2018) (Fig. 2). We noted
174  extensive shared phams (n=53) and genome organization between the cluster 3
175 phages (DAC15 and DAC17) and CrAss001 (Fig. 2, Fig. S4, Table S6),

176  reinforcing previous predictions that at least a subset of crAss-like phages prey
177  on Bacteroides. A small number of phams are shared between the other isolated
178  B. thetaiotaomicron-infecting phages and the previously isolated Bacteroides-
179 infecting phages. Pham 22 is present in CrAss001 and the cluster y phages.
180 Pham 400 is present in cluster y phages and in B124-14/B40-8, pham 887 is
181 shared between B124-14 and the cluster a phages, pham 423 is shared between
182  cluster a phages and B40-8, and pham 394 is shared between Hankyphage and
183 the cluster a phages (Table S6). Based on this lack of relatedness, our cluster a

184  and cluster y phages represent the first isolates of two novel clades of
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185  Bacteroides-infecting phages. Furthermore, B40-8 and B124-14 are members of
186 a separate cluster (cluster ) and Hankyphage is a singleton with no isolated
187 relatives (Fig. 2). These cluster assignments are validated by vConTACT2 (Bin
188 Jang et al.,, 2019) (see Methods). No RefSeq phage genomes from the

189  ProkaryoticViralRefSeq94-Merged database were grouped into clusters with

190 these 31 isolated phages.

191

192 Identification of phages related to isolated B. thetaiotaomicron phages in existing
193  metagenomes.

194 Because the majority of phage-focused work in the gut microbiome field is
195 based on metagenomic sequencing, we wondered if relatives of the sequenced
196  B. thetaiotaomicron-infecting phage isolates could be found in existing

197 metagenomes. To identify relatives of these phages, we used the protein search
198 feature of SearchSRA (Torres et al., 2017, Levi et al., 2018, Towns et al., 2014,
199 Stewart et al., 2015, Buchfink et al., 2015b, Langmead and Salzberg, 2012) to
200 map 100,000 subsampled reads from each of the ~100,000 metagenomes in the
201  Sequence Read Archive (SRA) onto representatives of clusters a, B, and y

202 (SJCO1, DAC15, and DAC20, respectively). We identified 812 candidate

203 metagenomes in the SRA where at least one of the representative phage

204 genomes was covered by reads at an estimated real depth of >15% (given the
205 true sequencing depth of the sample) and the percent of the genome detected
206  was >20% for SJCO1, DAC15, or DAC20 (Fig. 3A-C). We subsequently focused

207  on human gut-derived metagenomes possessing sequences that are SJC01-like
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208 (>50% detected, >30x estimated coverage), DAC15-like (>40% detected, >15x
209 estimated coverage), or DAC20-like (>20% detected) genomes for further

210 analysis (Table S7). These metagenomes were downloaded from NCBI and

211 assembled. Contigs containing significant hits (blastp e-value <1e-3) for >25% of
212  the genes in SJCO01, DAC15, or DAC20 were compared to the genomes of the
213 isolated Bacteroides-infecting phages described above. See Methods for a more
214  detailed description of this method of identifying Phage in SearchSRA (PhiSh).
215 Several PhiSh genomes were identified which are related to SJCO1. These

216 genomes include previously uncharacterized contigs from prior studies (PhiSh01
217  —PhiSh03, PhiSh05 — PhiSh07)(Monaco et al., 2016, He et al., 2017, Liu et al.,
218 2016, Zheng et al., 2017, Guthrie et al., 2017) and a genome previously identified
219 in a study examining the rapid evolution of the human gut virome (PhiSh04)

220 (Minot et al., 2013). Serendipitously, we noticed that HSCO01, a genome of a

221 phage predicted to infect Bacteroides caccae (Reyes et al., 2013) is related to
222 these cluster a isolates and cluster a-like PhiSh genomes (Figs. 3DE; Table S8).
223 vConTACT2 also places all of these SJCO01-like PhiSh genomes within cluster a.
224 Six DAC15-like genomes were identified with this method (PhiSh08 —

225 PhiSh13) (Table S8). Five of these genomes (PhiSh08 — PhiSh12) were

226  previously identified in a study aimed at identifying crAss-like phages in human
227  fecal metagenomes (Guerin et al., 2018) while PhiSh13 represents a novel

228 crAss-like phage genome (He et al., 2017). Importantly, these DAC15-like PhiSh
229 genomes are diverse (they can be classified into the previously described

230 candidate crAss-like genera 6, 7, and 10; Table S8) and are differentially

10
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231 clustered by vConTACT2 (clusters 3 and €), demonstrating that the PhiSh

232 identification approach is capable of detecting genomes that are closely and

233  distantly related to the PhiSh bait genome used (Fig. 3D).

234 Despite identifying a diverse collection of cluster a-like and cluster B-like
235 PhiSh genomes, only partial y-like PhiSh genomes were identified (Fig. 3C). The
236 lack of full-length y-like PhiSh genomes may be due to insufficient sequencing
237  depth of the original studies or the presence of highly divergent phages which
238 share subsets of genes with cluster y phages.

239

240 Identification of infection-associated phams

241 Our previous work demonstrated that multiple phase-variable

242  mechanisms, including capsular polysaccharides (cps), modify bacteriophage
243  susceptibility in B. thetaiotaomicron (Porter et al., 2019). However, phage-

244  encoded determinants of host tropism in these phages were previously

245 unexplored. When the cps specificities of these phages are compared with

246  genome cluster membership (Fig. 1B, Table S1), relationships between genome
247  cluster membership and host range become evident (Fig. 4A). For example,

248  cluster y phages tend to be most restrictive in their host range, primarily infecting
249  c¢ps7, cps8, and acapsular B. thetaiotaomicron. Cluster 3 phages are similarly
250 restricted in their host range but are unique in their ability to efficiently infect B.
251 thetaiotaomicron cps3. Some cluster a phages have promiscuous host ranges
252 while other cluster a phages have restrictive host ranges (more similar to those of

253  the cluster B and cluster y phages). This variation in host range among cluster a

11
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254  phages prompted us to search for phams that are associated with the different
255 infection patterns in the cluster a phages.

256 We noted two major themes driving variation among the cluster a phages:
257  variation between shared predicted structural components in these phages, such
258 as gene products (gps) 4, 5, and 8; and mosaicism in genes at the 3’ end of the
259 genomes, representing genes encoding small hypothetical proteins and genes
260 encoding predicted DNA methylases. (Fig. S1). Therefore, we considered the
261  possibility that allelic variation and presence/absence of phams could contribute
262  to differences in host range among the phages. To account for each of these
263  possibilities, we used an algorithm to identify infection-associated phams (IAPs).
264  Specifically, we computed phams at alternative cutoffs such that membership
265 was dictated by only by varying levels of amino acid (AA) identity between (25
266 and 100%; see Methods). As the threshold value increases, the total number of
267 phams increases, with a concomitant decrease in mean pham membership (Fig.
268 4B), as previously observed (Cresawn et al., 2011). With the possibility that

269 different thresholds may reveal allelic variants that correspond to infectivity, we
270 compared these alternative pham tables with infection thresholds. This approach
271 identified 662 total phams across all 64 infectivity/pham threshold comparisons in
272  the 19 cluster a phages. Of these, 135 were identified as IAPs.

273 Among the |APs is cluster a gp8, which is present in all cluster a phages,
274  exhibits substantial sequence variation among these phages, and is predicted to
275 encode a tail protein (Figs. 1F, 4C, S1). At the 85% AA identity cutoff, gp8 is

276  grouped into two distinct phams and phages that have the SJCO01-like variant

12
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277 infect cps1, cpsd, cps6, and Acps B. thetaiotaomicron more efficiently than those
278 that do not (Fig. 4D). Analysis of this IAP in the context of metagenome-derived
279 cluster a-like phages reveals additional variation not represented in our isolates
280 (Fig. 4E). Interestingly, the variants of this IAP in PhiSh02 and HSCO01 contain
281 Bacteroides-Associated Carbohydrate Binding Often N-terminal (BACON)

282 domains (See (Reyes et al., 2013) and Supplementary Data 1). These

283  combined observations suggest a role for this IAP in differential recognition of
284 complex polysaccharides (e.g. capsular polysaccharides) across confirmed

285  Bacteroides-infecting phages and related genomes.

286

287  Discussion

288

289 In this work, we integrate phenotypic and genomic analysis of isolated
290 phages with metagenomic analysis to highlight several opportunities for future
291 study of gut-resident phages. In particular, though metagenome-focused studies
292  of phages continue to generate tremendous insights into the composition and
293 dynamics of viromes in the gut and other ecosystems, they are limited in scope
294  due to a lack of definitive connections between predicted phages and their

295 bacterial hosts. Several approaches have been developed to predict phage host
296 range (Edwards et al., 2016). These approaches have been validated in part,
297  notably for CrAss001, which was isolated on B. intestinalis after predictions that
298 crAss-like phages infect members of the phylum Bacteroidetes (Dutilh et al.,

299 2014, Yutin et al., 2018). We further validate these predictions with two more

13
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300 crAss-like phages, DAC15 and DAC17, which infect B. thetaiotaomicron. This
301 brings the total number of published isolates of this highly abundant viral family to
302 three (Figs. 2, S4). As more crAss-like phages are isolated, we anticipate that
303 existing discrepancies relating to the roles of these phages in the gut (e.g. some
304 crAss-like phages are associated with disease (Oude Munnink et al., 2014) while
305 others are stably maintained in healthy individuals (Shkoporov et al., 2019)) can
306 be disentangled with controlled experimental approaches.

307 Similarly, based on our genomic and metagenomic analysis of cluster a
308 phages, we show that two previously reported phage genomes (PhiSh04 and
309 HSCO01) are related despite differences in temporal dynamics and predicted host
310 range (Fig. 3D) (Reyes et al., 2013, Minot et al., 2013). This raises questions
311 regarding what determinants encoded by phage or bacterial host are responsible
312 for observed differences in host range and phage population dynamics. Some
313 insights come from experiments using the cluster a phage ARB25 in gnotobiotic
314 mice. ARB25 is stably maintained in a bi-colonization with its host for months and
315 the phase-variable mechanisms used by B. thetaiotaomicron to evade ARB25
316 are dependent on the presence of CPS among other cell surface features (Porter
317 etal.,, 2019). HSCO1, unlike PhiSh04 or ARB25, does not stably co-exist with its
318 predicted host (B. caccae) in gnotobiotic mice (Reyes et al., 2013), suggesting
319 that although HSCO1 is related to phages that are stably maintained, it may have
320 distinct ecological impacts in the gut. Alternatively, it is possible that other

321 members of the gut microbiome affect the relationship between a phage and its

322  host bacterium.

14
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323 By combining work that involves phage isolation, sequencing, and

324  phenotypic characterization, with metagenomic analyses, we hope to reciprocally
325 inform these studies (e.g., by adding phages and information on IAPs to

326 publically available databases) and to provide the reagents necessary to

327 experimentally test hypotheses using the broad toolkit available in the gut

328 microbiome field (e.g., by probing phage-host interactions using gnotobiotics and
329 molecular genetics). Future isolation efforts can be further optimized with high
330 throughput approaches (e.g. robotics and automated liquid handling) or as part of
331 educational efforts like those pioneered by the SEA-PHAGES program (Hanauer
332 etal., 2017), which would simultaneously crowd source the effort while providing
333 training opportunities for the next generation of microbiome scientists. Together,
334 this integration will allow for a more comprehensive consideration of the

335 interactions that occur between phages and their hosts at the population,

336 individual, and molecular scales.

337

338 Methods

339 Bacterial strains and culture conditions.

340 The bacterial strains used in this study are listed in Table S9. Frozen

341 stocks of these strains were maintained in 25% glycerol at -80°C and were

342  routinely cultured in an anaerobic chamber (Coy) under 5% H, 10% CO2, 85%
343 Ny at 37°C in Bacteroides Phage Recovery Medium (BPRM), as described

344  previously (Porter et al., 2019): per 1 liter of broth, 10 g meat peptone, 10 g

345 casein peptone, 2 g yeast extract, 5 g NaCl, 0.5 g L-cysteine monohydrate, 1.8 g
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346 glucose, and 0.12 g MgSO4 heptahydrate were added; after autoclaving and
347  cooling to approximately 55 °C, 10 ml of 0.22 pm-filtered hemin solution (0.1%
348 w/vin 0.02% NaOH), 1 ml of 0.22 pm-filtered 0.05 g/ml CaCl; solution, and 25 mi
349  of 0.22um-filtered 1 M Na,COs solution were added. For BPRM agar plates, 15
350 g/L agar was added prior to autoclaving and hemin and Na,CO3; were added as
351 above prior to pouring the plates. For BPRM top agar used in soft agar overlays,
352 3.5 g/L agar was added prior to autoclaving. Hemin, CaCl,, and Na,CO3 were
353 added to the top agar as above immediately before conducting experiments.
354  Bacterial strains were routinely struck from the freezer stocks onto BPRM agar
355 and grown anaerobically for up to 2 days. A single colony was picked for each
356  bacterial strain, inoculated into 5 mL BPRM, and grown anaerobically overnight
357 to provide the starting culture for experiments.

358

359  Bacteriophage isolation from primary wastewater effluent and sewer-adjacent
360 pond water

361 The bacteriophages described in this study were isolated from primary
362 wastewater effluent from the Ann Arbor, Michigan Wastewater Treatment Plant
363 and from the San Jose-Santa Clara Regional Wastewater Treatment Facility, as
364 described previously (Porter et al., 2019). For the current study, phages were
365 isolated from primary wastewater effluent from the Sand Island Wastewater

366 Treatment Plant (Honolulu, Hawaii) or from sewer-adjacent pond water in Dhaka,
367 Bangladesh (Table S1). Water samples were centrifuged at 5,500 rcf for 10

368 minutes at room temperature to remove any remaining solids. The supernatant
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369 was then sequentially filtered through 0.45 pm and 0.22 pym polyvinylidene

370 fluoride (PVDF) filters. This processed primary effluent was concentrated up to
371 500-fold via 100 kDa PVDF size exclusion columns.

372 Initial screening for plaques was done using a soft agar overlay method
373  where 50 yL of the concentrated primary effluent was combined with 0.5 mL

374  overnight culture and 4.5 mL BPRM top agar and poured onto a standard circular
375  petri dish [100 mm x 15 mm]. Soft agar overlays were incubated anaerobically at
376 37 °C overnight. To promote a diverse collection of phages, no more than 5

377 plaques from the same plate were plaque purified and a diversity of plaque

378 morphologies were selected as applicable.

379 Single, isolated plaques were picked into 100 uL phage buffer (prepared
380 as an autoclaved solution of 5 ml of 1 M Tris pH 7.5, 5 ml of 1 M MgS0O4, 2 g
381 NaClin 500 ml with ddH20O). Phages were plaque purified using a 96-well plate-
382 based method, where serial dilutions were prepared in 96-well plates and 1 pL of
383 each dilution was spotted onto a solidified top agar overlay. This procedure was
384 repeated at least 3 times to plaque purify each phage.

385 High titer phage stocks were generated by flooding a soft agar overlay on
386 a plate that yielded a “lacey” pattern of bacterial growth (near confluent lysis).
387  Following overnight incubation of each plate, 5 ml of sterile phage buffer was
388 added to the plate to re-suspend the phage. After at least 2 hours of incubation at
389 room temperature, the lysate was spun at 5,500 rcf for 10 minutes to clear debris
390 and then filter sterilized through a 0.22 ym PVDF filter. For more details on

391 phages used in this work, see Table S1.
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392

393  Phage genome sequencing and assembly

394 DNA was extracted from high-titer phage lysates and sequencing libraries
395 were prepared using the Ultra Il FS Kit (New England Biolabs) or for ARB14 and
396 ARB25, the TruSeq Nano DNA LT Kit (lllumina). Libraries were quantified using a
397 BioAnalyzer (Agilent) and subsequently sequenced using 150-base single-end
398 reads (lllumina MiSeq), or for ARB14 and ARB25, 250-base paired-end reads
399 (lllumina MiSeq). Phage genomes were assembled using Geneious version 9.1.5
400 with default options after trimming reads with an error probability limit of 0.05. All
401 genomes published here circularized during assembly. Phage genomes

402  belonging to the same cluster were rearranged to have identical 5’ ends.

403 Coverage for each assembly was calculated by mapping reads onto each

404 assembled genome using bowtie2 (Langmead and Salzberg, 2012) (--very-

405 sensitive) and then using jgi_summarize_ban_contig_depths from the MetaBAT?2
406 tool (Kang et al., 2019) to calculate mean coverage depth.

407

408 Annotation and comparative analyses of B. thetaiotaomicron infecting phages
409 Protein-coding genes and tRNAs were predicted and annotated using

410 DNA-Master default parameters (http://cobamide2.pitt.edu/), which incorporates

411 Genemark (Besemer and Borodovsky, 2005), Glimmer (Delcher et al., 1999),
412  and tRNAscan-SE (Lowe and Eddy, 1997). To classify genes into related groups
413  (phams) and identify conserved domains, Phamerator was used with default

414  parameters (Cresawn et al., 2011). Phage genome ends and packaging
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415  strategies for cluster B phages were inferred using PhageTerm (Garneau et al.,
416  2017) which identified clear direct terminal repeats (DTRs). PhageTerm was
417 unable to identify DTRs or cohesive ends in the cluster a or y phages, possibly
418 indicating a headful packaging strategy. The large terminase proteins share
419  significant similarity (BLASTP e-value <1e-3) with the PBSX-family of large
420 terminases, which also use a headful packaging strategy (Table S1) (Anderson
421 and Bott, 1985). To predict virion structural genes, iVireons was used with default
422  parameters (Seguritan et al., 2012). Protein-coding genes were classified as
423  “predicted structural genes” (e.g. general structural, tail, or capsid, annotated in
424  Fig. 1) for genes with score 0.7 and above. To visualize genome-level

425 relationships among phages, pham tables were processed with Janus

426  (http://cobamide2.pitt.edu/) and Splitstree using default parameters. Phage

427  genomes were clustered together using vConTACT2 and the

428  ProkaryoticViralRefSeq94-Merged database with default parameters (Bin Jang et
429 al., 2019). CRISPR protospacers were identified and used as the basis for host
430 prediction of the isolated B. thetaiotaomicron phages and PhiSh genomes with
431 CRISPRdb (Grissa et al., 2007) and the JGI IMG/VR Spacer Database(Paez-
432  Espino et al., 2019) with an E-value cutoff of 1. Matches with the highest percent
433  sequence identity are shown in Tables S1 and S8. Genomes of the phage

434 isolates described in Table S1 are uploaded to NCBI (BioProject ID

435 PRJNA606391).

436

437  Quantitative host range analysis

19


https://doi.org/10.1101/2020.03.04.977157
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.04.977157; this version posted March 5, 2020. 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.

438 Host range analysis was carried out as previously described (Porter et al.,
439  2019). Briefly, high titer phage stocks were prepared on their “preferred host
440  strain,” which is the strain yielding the highest titer of phages in a pre-screen of
441 phage host range (Table S1). Lysates were then diluted to approximately 10°
442  PFU/mL, were added to the wells of a 96-well plate, then further diluted to 10°,
443 10 and 10° PFU/mL. One microliter of each dilution was plated onto solidified
444  top agar overlays containing wildtype B. thetaiotaomicron, acapsular B.

445  thetaiotaomicron, or B. thetaiotaomicron expressing a single capsule (Table S9).
446  After spots dried, plates were incubated anaerobically for 15-24 hours prior to
447  counting plaques. Phage titers were normalized to the “preferred host strain.”
448

449  Infection associated pham identification

450 We defined an infection-associated pham (IAP) as a pham that (1) was
451 found in every phage of a given cluster (a, 3, and y; see Fig. 1) that infected the
452  B. thetaiotaomicron isolate in question, but (2) was not found in every phage of
453  the same cluster. Criterion (1) is a stringent threshold. For example, if 10 different
454  phages infected a given bacterial strain, but only 9 shared a particular pham, it
455  would fail criterion (1). Criterion (2) was included to eliminate core genes.

456 We employed two important thresholds when identifying IAPs.

457  The first of these is an infection threshold - the normalized percentage of

458 infectivity a given phage on a given isolate as described in the methods section
459  'Quantitative host range analysis'. Here, a stringent threshold is 100%, which

460 considers “infection” to be a case where the phage generates as many plaques
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461 on a given B. thetaiotaomicron strain as it does on its preferred host strain. A
462  permissive threshold is 1% - here a phage would have to cause 1/100th as many
463 plaques as it did on its preferred host. The second of these is the pham identity
464 threshold - the percentage sequence identity that two genes must share to be
465 counted as in the same pham. This clustering is described in methods section
466  ‘Annotation and comparative analyses of B. thetaiotaomicron infecting phages.’
467  Here, a stringent clustering threshold is 100%, where genes sharing 100%

468 sequence identity are grouped in the same pham. A permissive threshold would
469 be 1%. The lower this threshold, the more disparate the sequences that are
470  grouped together.

471 We computed our IAP identification algorithm using as thresholds each
472  member of the product set of [1%, 5%, 10%, 50%] X [25%, 27.5%, 30%, 35%,
473  40%, 45%, 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 100%] (infection

474  threshold and pham identity threshold, respectively). Code and data are available
475 as Supplementary Data 2, which provides a simple python script and the

476  accompanying data allowing exact reproduction of the method.

477 Comparisons of cluster a gp8 and homologs from metagenome-derived
478  cluster a genomes (PhiSh01-PhiSh07, HSCO01) were conducted using Clustal
479  Omega (Sievers et al., 2011) and visualized using The Interactive Tree of Life
480  (Letunic and Bork, 2019) with default parameters.

481

482  Transmission Electron Microscopy
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483 High titer phage lysates of representatives from each genome cluster
484 (SJCO1, DAC15, DAC20) were precipitated overnight at 4°C with gentle rocking
485 in a solution of 1M NaCl and 10% w/v PEG8000. Phages were then precipitated
486  via centrifugation (5500xg for 10 minutes at 4°C). Six milliliters of phage buffer
487  was added to the pellet and broken with gentle agitation and swirling and the
488 mixture was incubated overnight at 4°C with gentle rocking. The following day,
489 the sample was centrifuged at 5500xg for 10 minutes at 4°C. CsCl was slowly
490 added to the supernatant and gently dissolved via gentle swirling (final

491  concentration 75% w/v solution). Samples were centrifuged at 26,000 RPM for
492 24 hours at 5°C. Phage bands were extracted and stored at 4°C.

493 CsCl-banded lysates were applied directly to glow discharged Carbon
494  Type-B 200 mesh copper grids. Samples were allowed to adsorb to the grids for
495 3 minutes and were subsequently washed with 2 drops of ultrapure water. Three
496  drops of uranyl acetate (1% w/v in water) were applied to the grid and the third
497  drop was maintained on the grid for 1 minute. Filter paper was used to remove
498 the majority of the uranyl acetate and allowed to dry at room temperature.

499  Samples were then viewed at 120 kV on a JEOL JEM-1400 transmission

500 electron microscope and images were collected using a Gatan Orius digital

501 camera.

502

503 Comparative genomic analyses between isolated B. thetaiotaomicron infecting
504 phages, other isolated Bacteroides-infecting phages, and PhiSh genomes.

505 Genomes of representatives of each genome cluster (SJC01, DAC15,
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506 DACZ20) were queried against the entire SRA using SearchSRA (Torres et al.,
507 2017, Levi et al., 2018, Towns et al., 2014, Stewart et al., 2015, Buchfink et al.,
508 2015b, Langmead and Salzberg, 2012). To determine whether these genome
509 clusters are found in human gut metagenomes, one representative from each
510 cluster (SJCO01, DAC15, DAC20) was queried using SearchSRA using the

511 “protein search” option. SearchSRA uses DIAMOND blastx to query 100,000
512 reads from each of ~100,000 metagenomes publicly available in NCBI SRA

513 against a single query amino acid sequence. The input data for each

514 representative phage genome consisted of a single amino acid sequence

515 consisting of every translated gene in order of appearance in the genome,

516 separated by “XXX”. This input format was required when the analysis was

517 conducted (July 24, 2019).

518 Data were retrieved from SearchSRA in the typical BLAST M8 format (one
519 file per NCBI metagenome aligned to the reference phage) and parsed into BED
520 format. BEDTools (Quinlan, 2014) coverage was used to calculate the coverage
521 depth of each base pair along the genome. These tables were read into R 3.6.2.
522  For each sequence run (SRR) that had =1 read aligning to a query amino acid
523 sequence, SRAdb (Zhu et al., 2013) was used to get the associated sample
524  accession number (SRS) and other related sample metadata. Coverage data
525 from sequencing runs belonging to the same sample were combined, and then
526  average coverage depth and detection (% of bases with = 1x coverage) was
527 calculated for each metagenome sample mapped.

528 For each metagenome sample mapped where the number of reads
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529 sequenced was >10000, the estimated true coverage depth of the reference

530 phage in that metagenome sample was calculated as # spots

531 sequenced*SearchSRA average coverage / 100000. To determine whether to
532 assemble a given metagenome and search for a relative of a given

533 representative phage, we filtered the list of metagenome samples based on

534  whether the estimated real coverage was >15% and the percent of the genome
535 detected was >20%. This list was filtered further by selecting only human gut
536 ~metagenomes and by selecting samples where coverage and detection were the
537 highest (Table S7).

538 Metagenomes were downloaded from NCBI SRA using parallel-fastg-

539 dump 0.6.5 (https://github.com/rvalieris/parallel-fastq-dump). For each

540 metagenome assembled, reads were trimmed using BBDuk

541 (https://sourceforge.net/projects/bbmap/) 38.69 (parameters ref=adapters,phix

542  threads=$(( $coreNum - 2)) ktrim=r k=23 mink=11 hdist=2 tpe tbo gtrim=rl

543  trimg=20 minlen=55) and assembled using MEGAHIT v1.2.9 (--mem-flag 2 —k-list
544  21,29,39,49,59,69,79,89,99) for all samples, or —k-list

545  21,29,39,49,59,69,79,89,99,109,119,129,139,149 if read length was >=2x250bp.
546 To identify contigs in the metagenome assemblies that might be putative
547 relatives of the representative phages, we used DIAMOND 0.9.24(Buchfink et al.,
548 2015a) to build a blastx database containing all individual amino acid sequences
549 from all three representative genomes. DIAMOND blastx queries consisted all
550 contigs from a single metagenome assembly. Individual contigs containing

551 significant (e <= 0.001) hits for >25% of the genes from a given representative
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552 phage genome were reoriented to align the 5’ ends with isolated phage genomes
553 and then included in subsequent Phamerator analysis (Table S8). See

554  Supplementary Data 1 for Genbank and fasta files of the PhiSh genomes. A
555 tutorial for performing this analysis can be found as Supplementary Data 3.

556

557 Supplementary Data

558 Supplementary Data 1-3 are accessible at

559 https://drive.google.com/open?id=100fpin0IDy-6iGDDe17-OEzsOyrNHIBuU.
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584 Figure legends

585

586 Figure 1. Isolation and characterization of 27 Bacteroides thetaiotaomicron-
587 infecting phages. (A) Phages were isolated from wastewater samples collected
588 from 3 locations in the United States and from 2 locations in Dhaka, Bangladesh.
589 (B) Network phylogeny analysis of phage genomes, compared according to

590 shared gene content using Phamerator, as described in Methods, reveals 3

591 genomically distinct phage clusters. Colored circles indicate groups of phages
592  according to cluster assignment, assigned by vConTACT2. (C-E) Annotated

593 genome maps of representative members of each cluster (SJC01, DAC15, and
594 DACZ20). Genes are represented as colored boxes and conserved domains are
595 inlaid yellow boxes within genes. If a gene has a conserved domain, it is

596 annotated in black text. iVireons was used to predict structural genes as

597 described in Methods and are annotated in red as predicted tail, major capsid, or

26


https://doi.org/10.1101/2020.03.04.977157
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.04.977157; this version posted March 5, 2020. 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.

598 general structural (tail, MCP, +S, respectively). (F-H) Transmission electron

599 micrographs of SJC01, DAC15, and DAC20 show morphological differences

600 between these representatives of the phage clusters. See Table S1 for additional
601 details on the isolation locations and genotypic/phenotypic characterization of
602 these phages.

603

604 Figure 2. Network phylogeny of 31 Bacteroides-infecting phages based on
605 gene content. The genomes of 31 Bacteroides infecting phages were compared
606 according to shared gene content using Splitstree and cluster assignments were
607 made using vConTACTZ2, as described in Methods.

608

609 Figure 3. Identification of Phage in SearchSRA (PhiSh) related to isolated
610 B. thetaiotaomicron-infecting phages. Representatives of each genome

611 cluster (SJCO1, DAC15, DAC20) were used to query the entire NCBI SRA using
612 SearchSRA as described in Methods. (A-C) Coverage depth (log10-transformed)
613 of SJCO01, DAC15, and DAC20 genomes, respectively in the 100 best hits to
614 SJCO1 identified via Search SRA (tDNA mode). The percentage of SJCO01,

615 DAC15, and DAC20 genomes detected (= 1 read) in each metagenome is

616 indicated by the gray shaded column on the right of each panel. (D) Network
617 phylogeny of Bacteroides-infecting phage genomes described in Figure 2 and
618 related genomes identified in publicly available metagenomes. Genomes were
619 clustered using vConTACT2. The subset of cluster alpha phages enclosed in a

620 rectangle is shown in greater detail at the right-hand side of the panel. Phages
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621 highlighted in panel E are in bold. (E) Genome maps of 4 cluster a phages

622 (SJCO1, ARB25, PhiSh04, and HSCO01). The genes are color-coded according to
623 pham membership and are numbered. Pairwise nucleotide identity is represented
624  as shading between genomes. The color of this shading represents the degree of
625 sequence similarity with violet being the most similar, progressing through the
626  color spectrum to red, which is the least similar. Regions with no shading indicate
627  no similarity with a BLASTN score of 10 or greater.

628

629 Figure 4. Prediction of infection-associated phams (IAPs) in Bacteroides-
630 infecting phages. (A) Host range of B. thetaiotaomicron phages on strains

631 expressing a variety of CPS (WT, wild type), a single CPS (cps1-cps8 strains) or
632 no CPS (Acps, acapsular). Tenfold serial dilutions of phage lysates ranging from
633  approximately 10° to 10° plaque-forming units (PFU) / mL were spotted onto top
634  agar plates containing each of the 10 bacterial strains. Plates were then

635 incubated overnight, and plaques on each host were counted. Phage titers

636 (PFU/ml) were calculated for each host and normalized to the titer on the

637  “preferred host strain” for each replicate (individual replicates are shown, n=3 per
638 phage). The phages were then clustered based on their plaquing efficiencies on
639 the different strains (see Methods). Each row in the heatmap corresponds to one
640 of three individual experimental replicates with a phage, whereas each column
641 corresponds to one of the 10 host strains. (B) Changes in the total number of
642 phams and average pham size as a function of percent amino acid identity. (C)

643  Partial genome maps of 4 cluster a phages (SJC01, SJC10, HNLO5, and ARB25)
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644  highlighting variation in gp4, gp5, and gp8. The genes are color coded according
645 to pham membership at standard cutoffs and are numbered. Pairwise nucleotide
646 identity is represented as shading between genomes. The color of this shading
647 represents the degree of sequence similarity with violet being the most similar,
648  progressing through the color spectrum to red, which is the least similar. Regions
649  with no shading indicate no similarity with a BLASTN score of 10 or greater. The
650 red asterisk highlights gp8 from these phages. Data corresponding to these 4
651 phages in panels A and E are in bold. (D) Phages containing SJCO01-like gp8
652 were compared against phages containing the alternative allele of gp8 (85% AA
653 identity threshold) in terms of infectivity on bacterial strains highlighted in panel
654 A. SJCO1 gp8 is associated with higher infectivity of B. thetaiotaomicron cps1,
655 ¢ps5, cps6, and Acps as assessed by Mann-Whitney U Test (p<0.05 = *, p<0.01
656 =%** p<0.001 =***). (E) gp8 from cluster a isolates and the gene in the same
657  position in cluster a genomes identified from metagenomes (PhiSh01-07, and
658 HSCO01) were aligned using ClustalW and a dendrogram of these alleles was
659 created using The Interactive Tree of Life (See Methods).

660

661 Figure S1. Genome maps of B. thetaiotaomicron-infecting cluster a phages.
662 The genes are color-coded according to pham membership and are numbered.
663 Pairwise nucleotide identity is represented as shading between genomes. The
664  color of this shading represents the degree of sequence similarity with violet

665 being the most similar, progressing through the color spectrum to red, which is
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the least similar. Regions with no shading indicate no similarity with a BLASTN

score of 10™ or greater.

Figure S2. Genome maps of B. thetaiotaomicron-infecting cluster B phages.
The genes are color-coded according to pham membership and are numbered.
Pairwise nucleotide identity is represented as shading between genomes. The
color of this shading represents the degree of sequence similarity with violet
being the most similar, progressing through the color spectrum to red, which is
the least similar. Regions with no shading indicate no similarity with a BLASTN

score of 10 or greater.

Figure S3. Genome maps of B. thetaiotaomicron-infecting cluster y phages.
The genes are color-coded according to pham membership and are numbered.
Pairwise nucleotide identity is represented as shading between genomes. The
color of this shading represents the degree of sequence similarity with violet
being the most similar, progressing through the color spectrum to red, which is
the least similar. Regions with no shading indicate no similarity with a BLASTN

score of 10 or greater.

Figure S4. Genome maps of DAC15, DAC17, and CrAss001. The genes are
color coded according to pham membership and are numbered. Pairwise
nucleotide identity is represented as shading between genomes. The color of this

shading represents the degree of sequence similarity with violet being the most
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similar, progressing through the color spectrum to red, which is the least similar.
Regions with no shading indicate no similarity with a BLASTN score of 10 or

greater.
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