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SUMMARY

Phages are highly abundant in the human gut, yet most of them remain uncultured. Here, we present a gut
phage isolate collection (GPIC) containing 209 phages for 42 commensal human gut bacterial species.
Genome analysis of the phages identified 34 undescribed genera. We discovered 22 phages from the Salas-
maviridae family that have small genomes (~10-20 kbp) and infect Gram-positive bacteria. Two phages from
a candidate family, Paboviridae, with high prevalence in the human gut were also identified. Infection assays
showed that Bacteroides and Parabacteroides phages are specific to a bacterial species, and strains of the
same species also exhibit substantial variations in phage susceptibility. A cocktail of 8 phages with a broad
host range for Bacteroides fragilis strains effectively reduced their abundance in complex host-derived com-
munities in vitro. Our study expands the diversity of cultured human gut bacterial phages and provides a valu-

able resource for human microbiome engineering.

INTRODUCTION

Bacteriophages (phages) are highly abundant in the human gut,
with estimates ranging from 108 to 10'° phage particles per gram
of human feces."? Phages, as bacteria predators, greatly influ-
ence the composition and function of the human gut micro-
biome.*>® Many studies have discovered the important relation-
ship between gut phage diversity and human health.°® These
studies relied heavily on biocinformatic approaches.®'® Because
of the lack of universal classification marker genes on phage
genomes and the high sequence divergence, these bio-
informatic approaches are unable to identify novel phages in
the absence of reference genomes, and the vast majority
(75%-99%) of putative bacterial phage sequences identified
from human gut metagenomic data cannot be classified taxo-
nomically or associated with any microbial hosts."''®

Despite the increasing number of human gut bacterial isolates
from recent large-scale cultivation studies,'®'® efforts to isolate
phages for these human gut bacteria are still limited to a few clin-
ically potential pathogenic bacteria species, such as Escherichia
coli,'® Enterococcus faecalis,?® and Clostridium difficile.”’ Be-
sides these studies, Bacteroides-infecting phages are the most
studied human gut commensal bacterial phages. In the 1980s,

phages targeting Bacteroidetes fragilis from sewage®® and
feces®® were successfully isolated. Recently, 27 phages targeting
Bacteroidetes thetaiotaomicron were isolated from sewage using
8 lipopolysaccharide genetically modified strains.>* The crAss-
like phages, one of the most abundant phages in the human
gut, were isolated using Bacteroides intestinalis®®> and
B. thetaiotaomicron®* as hosts. These results indicated that the
effort to isolate phages for gut bacteria is feasible and can lead
to a better understanding of the human gut ecosystem.?®?” How-
ever, large-scale phage cultivation for the majority of commensal
bacteria species in the human gut microbiome is still lacking.

In addition, phage isolates for gut bacteria can be an effective
tool for manipulating the microbiome.?®*° In gnotobiotic mice,
phages can directly knock down susceptible bacteria and lead
to cascading effects on other bacterial species, demonstrating
the potential to modulate the microbiome.® Phage has also
been shown to be effective in several cases in which specific
phages were used to remove pathogens, resulting in a credible
outcome. For example, phages targeting cytolysin-producing
E. faecalis can attenuate alcoholic liver disease,*° phages target-
ing Fusobacterium nucleatum can augment the efficacy of
chemotherapy®' and immunotherapy® for colorectal cancer,
and phages targeting Klebsiella pneumoniae can suppress
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intestinal inflammation.*® These studies demonstrated the feasi-
bility of applying phages to gut microbiome engineering and high-
lighted the unique value of cultured gut phages in understanding
the biological function of specific microorganisms in disease.

In this study, we developed a systematic phage cultivation
workflow to isolate phages for human gut bacteria, resulting in
a collection of 209 unique phages for 42 common bacterial spe-
cies in the human gut that we isolated using the plaque assay.
Comprehensive analyses of these isolated phages demonstrated
their prevalence in the human gut and the host range of represen-
tative isolated phages. These results shed light on bacteria-
phage interactions in the human gut and lay the groundwork to
leverage these phages to manipulate the gut microbiome.

RESULTS

Large-scale phage cultivation for commensal human gut
bacteria

We developed a systematic phage cultivation workflow to isolate
phages for human gut bacteria. Briefly, phage particles were en-
riched by both the coculture-based and concentration-based
methods from the human feces and wastewater samples. Then
we implemented the soft agar overlay method to isolate and pu-
rify phages (Figures 1A and S1; see STAR Methods). In total, 411
bacteria strains were used as hosts for phage isolation. These
bacterial strains were isolated from the human feces of healthy
donors and spanned across 5 phyla (Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, and Fusobacteria), 49 genera,
and 109 species (Table S1). Our efforts resulted in the successful
isolation of phages for 42 human gut bacterial species, including
15 species of Bacteroidetes, 19 Firmicutes, 4 Actinobacteria, and
4 Proteobacteria (Figures 1B and 1C). These 42 bacterial species
represent the common commensal bacteria in the human gut,
with a median prevalence of 31.9% and an average relative abun-
dance of 36.5% in metagenomic samples (n = 12,485).%*

To uncover the genome features of these phage isolates, we
sequenced and assembled phage genomes, yielding a gut
phage isolate collection (GPIC) of nonredundant 209 high-quality
phage genomes (Table S1). GPIC phage genome sizes range
from 12,228 to 167,563 bp, with a GC content varying from
0.265 to 0.59 (Figure 1D; Table S1). The majority of GPIC phages
(77%, n = 160) have genomes ranging in size from 30 to 60 kbp.
All of these GPIC phage genomes were predicted to encode
13,488 genes in total; 9% of the genes have a functional annota-
tion by Prokka,*® and 26% of the genes can be annotated by
mapping to the PFAM database using hmmscan (E value =
1e—5)°" (Table S1). In particular, we identified 126 tRNA genes
in the GPIC phage genomes (Table S1), which may be related
to a bias in codon or amino acid usage between phages and their
bacterial hosts.*®**? DNA methylase genes were detected in 62
GPIC phages (Table S1). Nine of the GPIC phages encoded inte-
grase genes (Table S1), suggesting that they were temperate
phages. Based on the amino acid similarity of phage genes to
the viral subset of the TEEMBL database, '® all 209 GPIC phages
were assigned to the class Caudoviricetes, which is dominant in
the human gut virome.®*° Taken together, this work represents a
large-scale gut phage cultivation effort that yielded 209 nonre-
dundant phage isolates against 42 commensal human gut bac-
terial species.
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Genomic diversity of GPIC phage isolates

To assess the GPIC phages, we compared the genomes with the
RefSeq phage genomes in NCBI. Sequence alignment to the
NCBI RefSeq phage sequences showed that ~86% (n = 179)
of the GPIC phages lacked similar sequences (query coverage
less than 30%) (Figure 2A), indicating that these phages are
unique. In the Gut Phage Database (GPD),"" the largest collec-
tion of putative phage sequences predicted from the human
gut metagenomes, sequence alignment showed that ~74%
(n=154) of the GPIC phages had highly similar sequences (query
coverage > 70% and identity > 60%) (Figure 2A), thus providing
direct validation of the metagenome-assembled gut phages in
GPD. Moreover, ~16% (n = 33) of the GPIC phages had no
similar sequences (query coverage less than 30%) to the GPD
genomes; these genomes expanded the reference catalog for
future metagenomic analyses of human gut phages.

To assess the genomic diversity, we performed a vConTACT2-
based analysis of the GPIC phages, NCBI RefSeq phages (n =
3,502), and GPD phages with a predicted complete genome (n =
14,936) (see STAR Methods).”? The resulting gene-sharing
network had 18,647 nodes linked by 1,515,942 edges, with each
node representing a phage genome from GPIC, NCBI RefSeq, or
GPD. The nodes formed 146 discrete components (DCs, i.e., sub-
networks of inter-connected nodes) (Figure S2). Here, to focus the
analysis on the GPIC phages, we only showed 8 DCs that con-
tained the GPIC phages (-VIIl) (Figure 2B). DCs /-l include
phages from all three different collections, DCs V-VIII include
phages from both GPD (n = 89) and GPIC (n = 80), and DC /V in-
cludes phages from NCBI RefSeq (n = 13) and GPIC (n = 3) (Fig-
ure 2B). In particular, DCs V-VIII lack any NCBI RefSeq phages,
implying that these phages were not previously isolated. Bacterial
hosts of the phages in DCs V-VIIl include 5 genera: Bacteroides,
Phocaeicola, Parabacteroides, Bifidobacterium, and Eggerthella
(Figure 2B), all of which are highly prevalent and abundant in the
human gut.'®** Some bacteria species within the same genera
had distinct phages with high genomic diversity in different DCs
(Figure 2B). For example, phages targeting Bacteroides were
found in three different DCs (/, V, and VI), phages targeting Bifido-
bacterium in two different DCs (Il and VII), and phages targeting
Clostridium in two different DCs (/ and //). Despite this, the phage
congregation in the network is mostly consistent with the
phylum-level taxonomy of their hosts (Figure S2).

Based on the vConTACT2 result, all GPIC phages were group-
ed and distributed into 45 different viral clusters (VCs, Table S1),
which approximates viral genus-level taxonomy.” Only 11 VCs
of them, including 33 GPIC phages (~16%), contained the se-
quences from the NCBI RefSeq phages (Table S1). The remain-
ing 176 GPIC phage isolates (~84 %) that spread across 34 VCs
were not classified using this method, indicating that these
phages represent the newly isolated members of as-yet unde-
scribed gut phage genera.

Small-genome phages of the Salasmaviridae-family-
infecting Gram-positive human gut bacteria

We noticed that all phage genomes in DC /I (Figure 2B) had small
genome sizes (less than 28 kb), with 98.2% (535 out of 545) hav-
ing genome sizes between 12 and 20 kb (Figure 3A). This DC
contained 545 phages, including 22 GPIC phages, 10 NCBI
RefSeq phages, and 513 GPD phages, which were distributed
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Figure 1. Systematic cultivation of human gut bacteriophages
(A)The workflow for phage isolation, purification, and genomic analysis. Primary wastewater from two municipal sewage treatment plants and healthy human
feces were used for phage isolation. All the strains used in this study were isolated from human feces. Two methods for phage enrichment were used, including
coculture with target strains and concentration by tangential flow and protein concentrators. The detection and purification of phage from phage-enriched
samples used the double-layer plate method. The genomes of all purified phages were extracted, sequenced, and annotated (see STAR Methods, Figure S1, and

Table S1).
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are marked with white dots. The phylogenetic tree was constructed using the maximum likelihood method and the Tamura-Nei mode with MEGA X*° (see STAR

Methods).

(C) The host distribution of the 209 GPIC phages.
(D) The genome size distribution of the GPIC phages. A small dot indicates a phage genome, and different colors indicate the phage-targeted bacteria at a

genus level.

in 83 VCs (Table S2). The bacterial hosts of the GPIC phages in
DC Il belonged to 4 genera, including Clostridium, Bifidobacte-
rium, Hungatella, and Amedibacillus, and these phages were
distributed across 6 different VCs. The hosts of the NCBI

RefSeq phages in DC /I are Bacillus (8 phages, including the
phage phi29,*® in 2 VCs) and Bifidobacterium (2 phages from
honey bees’ gut in the same VC).** The CRISPR spacer-based
host prediction*® (STAR Methods) showed that the hosts of the
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(A) The proportion of matched GPIC phages in the NCBI nucleotide collection database and the Gut Phage Database (GPD). The genome sequences of the phage
isolates were compared with the phage sequences in the NCBI and GPD databases, respectively (identity > 60%). Sequence alignment was performed under the

default parameters of Blast+ 2.11.0.*"

(B) Viral cluster analysis of the GPIC phages based on vConTACT2. A total of 18,653 phage genome sequences were included in the network, of which 3,502 are
reference phage genome sequences in the NCBI, 14,936 are complete phage genome sequences predicted in the GPD database, and 209 are GPIC phage
isolates. They were clustered together according to their protein content and protein similarity using vConTACT2 with the default sets.* Only the nodes related to
our phage isolates are kept in the figure. The complete network is shown in Figure S2. Reference phage genomes from the NCBI reference genome database are
labeled with lavender blue color. Phage genomes from the GPD database are labeled with light gray color. The 209 GPIC phage genomes are labeled with
different colors based on their host taxonomy. See also STAR Methods and Figure S2.

GPD phages in DC Il were from 31 genera—Firmicutes (25
genera), Actinomyces (5 genera), and Tenericutes (1 genus)
(Table S2). Interestingly, all of these bacterial hosts are Gram
positive (Table S2).

According to the criteria for the classification of tailed phages
by the International Committee for the Taxonomy of Viruses
(ICTV),*®4 all of these phages were categorized as belonging
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to the Salasmaviridae family because they formed a monophyletic
group (DC Il in Figure 2B) and shared a significant number of or-
thologous genes (n = 2, >10% of genome) with 8 NCBI RefSeq
Salasmaviridae phages (e.g., Bacillus phage phi29). To further
reveal the genomic diversity of the Salasmaviridae phages, we
performed a shared gene-based heatmap analysis on all 545 ge-
nomes in DC /. The heatmap indicated that all these phages
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Figure 3. Characterization of the Salasmaviridae phages

(A) The genome size range of the Salasmaviridae phages. A total of 545 phage genome sequences were included in DC IIt, of which 22 are GPIC phages, 10 are
from the NCBI RefSeq, and 513 are complete phage genome sequences predicted in the GPD database.

(B) A heatmap based on shared genes of the Salasmaviridae phages. The CRISPR spacer-based host prediction*® showed that the hosts of this branched phage
include bacteria from 31 genera—Firmicutes (25 genera), Actinomyces (5 genera), and Tenericutes (1 genus). The orthologous proteins were identified by
OrthoFinder with the default set.*

(C) Genome-wide comparison of 9 selected Salasmaviridae phage isolates and the phage morphology of two representative GPIC Salasmaviridae phages.
Genome comparison and visualization were performed using Easyfig*” in which the alignment was performed using the default parameters of Blastn in the
software.

(D) Unrooted maximum-likelihood phylogenetic tree of the Salasmaviridae phages. The tree was constructed based on the phage DNA polymerases of the
isolated phages, including 22 GPIC phages and 10 NCBI reference phages. The evolutionary history was inferred by using the maximum likelihood method and a
JTT matrix-based model with MEGA X.*° The GPIC phages are marked in a black circle. See also Figures S3A and S3B and Table S2.

formed two subfamilies. The proportion of orthologous proteins  bacterium (Figure 3B; Table S2). Based on the host information
shared by these two subfamilies was less than 20% (Figure 3B).  of the phages, of all VCs in DC /I, 87% (n = 72) had hosts limited
The subfamily I (153 genomes, 16 VCs) contains only twoisolated  to a single bacterial genus.

Amedibacillus-infecting GPIC phages, AM70P1 and AM70P2, To characterize the genome organization of the Salasmaviridae
and the subfamily Il (392 genomes, 67 VCs) contains 30 isolated  phages, 6 GPIC phages and 3 NCBI RefSeq phages (representing
phages infecting Clostridium, Hungatella, Bacillus, and Bifido- 9VCsinDC /) were selected (Figure 3C). Annotation revealed that
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Figure 4. Characterization of the candidate family Paboviridae phages

(A) Distribution of the GPIC phage isolates in the human gut. Top 10 highly prevalent GPIC phages, crAss001 and crAss002 in 1,333 human gut samples from 8
studies. A phage with genome breadth coverage by the reads in a sample greater than 30% is considered to be present in the sample. The phage presence is
indicated by a red line in the graph (see STAR Methods).

(B) Number of the GPD phage genomes similar to those of the GPIC phages, including PD491P1, AS73P1, crAss001, and crAss002. The phages in the GPD
database were selected based on sequence similarity (sequence identity > 60% and breadth coverage > 70%) (see STAR Methods).

(C) Genome-wide comparison and phage morphology of the GPIC phages PD491P1 and AS73P1. The genome can be divided into four main regions encoding
the genes for DNA processing, lysis and structure-related proteins, and hypothetical proteins, respectively. Genome comparison and visualization were per-
formed using Easyfig®’ in which the alignment was performed using the default parameters of Blastn in the software (see STAR Methods).

(D) Phylogenetic tree of the isolated phages infecting the strains of the Bacteroidetes phylum and the candidate family Paboviridae phages. The tree was
constructed based on the large terminase subunits using the MAFFT alignment.®” The phages include isolated phages infecting the strains of the Bacteroidetes
phylum and all the candidate family Paboviridae phages from the GPD database based on the identity of the large terminase subunit sequences with those of the
GPIC phages PD491P1 and AS73P1. The genus-level taxonomy of bacterial hosts of these phages is marked. See also Figures S3C-S3F and Table S3.

the Salasmaviridae phage genomes had a similar gene organiza-
tion with 4 distinct regions (Figure 3C), encoding genes for struc-
tural proteins, lysis-related proteins, proteins involved in DNA
processing, and hypothetical proteins, respectively. Two GPIC
phages (Bifidobacterium phage BD811P1 and Clostridium phage
CI55P1) with small genomes (17,657 and 14,205 bp) were
selected for transmission electron microscopy (TEM) and dy-
namics of infection, showing that both were short-tailed phages
with head diameters of 50 and 36 nm, respectively, and exhibiting
significant inhibitory effects on their bacterial hosts (Figures 3C
and S3A). Based on the accurate host information of the isolated
Salasmaviridae phages (22 GPIC phages and 10 NCBI RefSeq
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phages), we constructed phylogenetic trees for these phages us-
ing four conserved orthologous proteins, including DNA polymer-
ase B, DNA encapsidation protein, major capsid protein, and por-
tal proteins (Figures 3D and S3B). All of these trees clustered the
32 phages into 9 groups in agreement with the vConTACT2-
based result; all phages in each group had hosts limited to a single
bacterial genus.

An undescribed and highly prevalent phage family in the
human gut

We determined the prevalence of 209 GPIC phages and 2 iso-
lated crAss-like phages (crAss001°° and crAss002°°) in 1,333
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Figure 5. Host specificity of the human gut phages

(A) Cross-species infection assay. Rows represent Bacteroides strains; columns represent Bacteroides phages. Left: phylogenetic tree of Bacteroides strains
based on the 16S rRNA gene. The phylogenetic tree was constructed by using the maximum likelihood method and the Tamura-Nei mode with MEGA X.*° Top:
cluster of Bacteroides phages based on shared genes (see Figure S4). The black square indicates that the corresponding strain can be infected by the phage, and
the gray square indicates that it cannot be infected.

(B) Phage infection assay on B. fragilis strains isolated from different individuals. Rows represent Bacteroides strains from four donors; columns (top) represent
B. fragilis phages, including phages BF503P1, BF494P1, BF344P1, BF766P4, BF766P1, BF702P1, BF486P1, BF695P2, and BF698P1. The light red square
indicates that the phage has a strong or weak effect on the corresponding strain, and the gray square indicates that the phage does not affect the corresponding
strain. Strong: the phage can form a plaque with a clear and large zone on the plate. Weak: the phage can form a plaque with a vague zone. Negative: no plaque
formed. (See STAR Methods and Figure S4.)

(C) Alteration of relative abundance and absolute abundance of B. fragilis in the in vitro culture of human gut microbiome. Fecal samples from 3 donors were
cultured with the phage cocktail or the heat-killed phages in vitro and were sampled at 24 h for metagenomic sequencing.

(D) Alteration of gut microbiome in response to phage treatment in vitro. PCoA (principal coordinate analysis) based on Jaccard dissimilarity matrices showed
significant differences between the cultures with the heat-killed phage treatment and the phage cocktail treatment.

(E and F) The relative abundance (E) and the absolute abundance (F) of B. fragilis in the cultures of donor #1 for 120 h by subcultivation every 24 h.

(legend continued on next page)
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publicly available human gut metagenomes from eight studies
(Figure 4A; see STAR Methods). By mapping metagenomic reads
to the phage genomes (coverage > 30%), we discovered that the
prevalence of 2 GPIC phages (Parabacteroide phage PD491P1
29.5%, and Alistipes phage AS73P1 19.5%) was higher than
that of the two isolated crAss-like phages (crAss001, 11.3%
and crAss002, 14.5%) but lower than that of the prototype crAss-
phage (41%) (NC_024711). We did not detect any temperate
phage elements (e.g., integrase) in the phage genomes, nor did
we detect the phage genomes in the genomes of their hosts,
implying that they were lytic phages. The phage PD491P1 was
detected in the samples in all countries except Tanzania (Fig-
ure 4A), with the highest prevalence reaching 43.0% in
Denmark-Spain samples (Figure S3C). The top 10 GPIC phages
with a high prevalence in the human gut were differently distrib-
uted between the Tanzanian and the populations from other
countries (ANOSIM, p < 0.0001), as we can see that 9 of 10 of
these phage isolates were not detected in the metagenomic
sequencing datasets from the Tanzanian (Figure S3C).°' The Tan-
zanian dataset was sampled from Hadza people in Africa, who
typically live in rural settings distant from urban centers. This
implied that the living habitat could affect the human gut micro-
biome. We also searched in the GPD database for the highly
similar sequences (coverage > 70% and identity > 60%) to
the two GPIC phages, yielding a total of 207 (PD491P1) and 187
(AS73P1), respectively, when compared with the crAss-like
phage isolates (36 for crAss001 and 142 for crAss002) (Figure 4B).
This suggested that Parabacteroide phage PD491P1 and Alis-
tipes phage AS73P1 represent members of the most prevalent
isolated phages in the human gut so far.

The genome sequences of two GPIC phages, PD491P1 and
AS73P1, infecting distinct hosts were highly similar, with a similar
genome size (~45 kb) and 42 functional genes shared, account-
ing for 61% of their total number of genes (Figure 4C). The ge-
nomes are organized into 4 distinct regions encoding for struc-
tural proteins, lysis-related proteins, proteins involved in DNA
replication processing, and hypothetical proteins. TEM showed
that the morphology of Parabacteroides phage PD491P1 and
Alistipes phage AS73P1 are both long-tailed phages with head
diameters of 63 and 52 nm, respectively (Figure 4C). These
two phages both exhibited modest inhibitory effects on their
bacterial hosts (Figure S3D). In addition, we discovered genes
for radical S-adenosylmethionine (SAM) enzymes in the ge-
nomes of these two phage genomes (Figure 4C), which are
thought to be involved in promoting anaerobic bacterial meta-
bolism during infection.*® It is worth noting that a Parabacter-
oides phage (phage PDS1, MN929097) has been independently
isolated and sequenced and has high sequence identity with
phages PD491P1 (identity = 97.37%) and AS73P1 (identity =
82.82%) (Figure S3E).

We discovered 508 GPD genomes encoding the large termi-
nase subunits with significant similarity to those of the phages
PD491P1 and AS73P1 (E value < 1e—6) (Table S3). According

Cell Host & Microbe

to CRISPR spacer-based bacterial host prediction,*® 82.2% of
these phages (419 out of 510) were assigned to hosts belonging
to 8 genera in the Bacteroidales order, namely, Bacteroides, Alis-
tipes, Odoribacter, Parabacteroide, Prevotella, Barnesiella, Bu-
tyricimonas, and Dysgonomonas (Table S3). We constructed a
phylogenetic tree using the large terminase subunit to investi-
gate the evolutionary relationship between these phages and
the currently isolated phages that infect the phylum of Bacteroi-
detes (Figure 4D). These phages significantly diverged from
other Bacteroidetes phages and formed a distinct clade.

To classify this clade of phages according to the criteria estab-
lished by the ICTV, we performed a shared gene-based heatmap
analysis of all complete phage genomes (n = 258), resulting in 4
distinct groups. These 258 phages were assigned to 4 VCs by
vConTACT2, have an average genome size of 44.27 kbp, and
encode 56 genes on average. These groups shared more than
28% (n = 16) but less than 70% of homologous proteins (Fig-
ure S3C). The members of G1 (VC_117_0 and VC_118_0) had
the hosts of Bacteroides, Odoribacter, Parabacteroides, and
Alistipes; G2 (VC_617_0) had the hosts of Bacteroides, Prevo-
tella, and Dysgonomonas; G3 (VC_120_0) had the hosts of Bac-
teroides, Prevotella, and Odoribacter; and G4 (VC_120_0) had
the hosts of Odoribacter. In 95% of these 258 complete phages,
30 orthologous proteins were identified, 24 of which were anno-
tated as unknown function proteins, indicating that the function
of these conserved proteins was specific to the phages of this
clade but needs further investigation. Thus, accordingly, we
tentatively classify these phages as an undescribed family in
the class Caudoviricetes, named as the candidate Paboviridae
family, which infects Parabacteroides, Alistipes, and other bacte-
rial genera within the Bacteroidales order in the human gut.

The host specificity of Bacteroides and Parabacteroides
phages

Bioinformatic analysis indicated that one-third of human gut
phages likely have a broad host range and are not limited to a
single host species." To explore the extent to which the human
gut phages can infect hosts across distinct species, we conduct-
ed experiments to determine the host range of a subset of GPIC
phages. First, to test if the phages could infect their hosts across
species, we selected 15 GPIC Bacteroides phages and 28
strains from 9 Bacteroides species to perform a cross-infection
experiment (Figures 5A and S4A). However, in all of these tests,
we observed that none of the phages could infect cross-species
bacterial strains (Figure 5A). Then, to test if the phages could
infect cross-species bacterial strains derived from the same indi-
vidual donor, we determined the host range of 9 B. fragilis
phages (Figures S4B and S4C) on all 58 Bacteroides isolates
from two individual donors, 17 of which were B. fragilis strains,
and 41 of which belonged to the other 5 Bacteroides species,
showing that none of the phages can infect their hosts of
different species (Table S4). A similar result was obtained for
the Parabacteroides phages (Figures S4E and S4F; Table S4).

Blank, the culture was not treated. Heat-killed phages: the culture was treated with heat-killed phages. The phage cocktail consists of 8 phages targeting
B. fragilis strains, including phages BF344P1, BF702P1, BF766P4, BF766P1, BF695P2, BF698P1, BF486P1, and BF494P1. Relative abundance and absolute
abundance of B. fragilis were estimated using Kraken2° and the qPCR assay, respectively. Scale bars represent +SEM. p values between the cultures with heat-
killed phages and the living phage cocktail were determined by t test with a two-tailed test. *p < 0.05, **p < 0.01, ns: no significance. Bonferroni correction was

used for multiple hypotheses testing.>® See STAR Methods and Figure S5.
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Human gut bacteria exhibit strain-level diversity in gene con-
tent and function.*®™° In this study, we discovered strain-level
diversity in phage susceptibility for all tested bacterial species,
including B. fragilis, B. thetaiotaomicron, Phocaeicola dorei,
and P. vulgatus (Figure 5A; Table S4). In particular, 8 B. fragilis
strains from four individuals showed different patterns in phage
susceptibility (Figure 5B), even between the strains with a high
ANI (average nucleotide identity) > 99.99% (Figure S4D). For
example, strains BSC50, TSN8, and BSC11 were isolated from
the same individual donor; the former two were infected by 3
phages with varying degrees of infection efficiency, whereas
strain BSC11 was infected by 7 phages. A similar result was
observed in the case of P. merdae (Figures S4G-S4l). This can
be explained by phase variation of capsular polysaccharide op-
erons and/or bacterial receptor gene regulation for these bacte-
rial strains.®-¢"

The high host specificity of phages allows for precise micro-
biota modulation.®?® To demonstrate the feasibility of using
GPIC phages to modulate human gut microbiota, we selected
8 B. fragilis phages with distinct genome sequences (Figure S4C)
and varying host specificity (Figures 5B and S5A) to prepare an
8-phage cocktail with a broad host range for B. fragilis strains.
This phage cocktail was added to in vitro culture® of gut micro-
bial communities derived from stool samples of three donors
(see STAR Methods). The result indicated that both the absolute
abundance and the relative abundance of B. fragilis in the com-
munity were significantly reduced under 24 h treatment of the
phage cocktail, in comparison with the control group (p < 0.05)
(Figure 5C). Interestingly, we found that the composition of the
gut microbiome altered substantially in response to the phage
cocktail treatment (Figure 5D; Table S5), but no significant differ-
ence in alpha-diversity was observed for all three samples.
Furthermore, using the in vitro culture of the gut microbial com-
munity derived from the stool sample of donor#1, we compared
the effects of the phage cocktail and the individual phages under
longer incubation time (up to 72 h). We found that the phage
cocktail significantly reduced the abundance of B. fragilis
compared with the control group (blank or heat-killed phages)
(p < 0.05) (Figure S5B), and the knockdown effect of the phage
cocktail was significantly stronger than individual phages (Fig-
ure S5C). Finally, we performed serial cultivation of stool (donor
#1)-derived in vitro communities for 120 h (subcultivation every
24 h) after phage treatment. The phage cocktail significantly
reduced the abundance of B. fragilis throughout the 120 h exper-
iment (Figures 5E and 5F), showing a long-lasting knockdown ef-
fect on the target species. It is worth noting that the abundance
of B. fragilis slightly increased during the late stages of incuba-
tion cultivation (Figures 5E and 5F), hinting at potential phage-
sensitivity of strain-level variations in phage susceptibility®®
and/or rapid bacteria-phage co-evolution.®®

DISCUSSION

A massive number of putative phage genomes have been iden-
tified using bioinformatics approaches from human gut metage-
nomic sequencing data.’’"">'* The culture and isolation of hu-
man gut phages, especially for commensal anaerobic gut
bacteria,?® are thus of considerable interest. In this study, we ob-
tained 209 isolated phages for 42 gut bacterial species that
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represent a large phylogenetic diversity of human gut bacteria
across 4 phyla. This effort expands the existing collections of hu-
man gut phage isolates with high-quality reference genomes,
and comprehensive analyses provide additional findings for the
human gut virome when compared with the gut phage sequence
databases predicted from the metagenomic data. For example,
this study defines an undescribed family named as candidate
family Paboviridae with a high prevalence in the human gut,
showing that phage cultivation can be essential to unraveling
the dark matter of gut phages. The experiment in which we suc-
cessfully knocked down the targeted species in the microbiome
in vitro using a phage cocktail highlights the value of the isolated
gut phages in the microbiome study.

In this study, we demonstrated the feasibility of isolating spe-
cific phages for a variety of commensal gut bacteria derived
from the human gut. Our study demonstrated that a large number
of gut bacterial phages can be isolated and cultured using the
double agar plate method. The failure of phage isolation for
some bacterial species indicated that the workflow could be
improved in the future for phages that do not form plaques (e.g.,
crAss002 phages®). Interestingly, the majority (199/209) of the
GPIC phages were isolated from the sewage wastewater samples
(Table S1). We conducted a metagenomic analysis of the samples
for phage isolation, and the result indicated that the diversity of the
phage population (VCs, n = 100) in the sewage wastewater sam-
ples was greater than that in the human fecal samples (VCs,
average n = 68.6) (Figure S1C). This discrepancy may not be suf-
ficient to explain the bias in isolating phages from these two types
of samples. It has been observed that bacteria and their phages
co-exist in the human gut.'® A study has shown that phase-vari-
able capsular polysaccharides and lipoproteins can modify gut
phage susceptibility in B. thetaiotaomicron.?® Moreover, in our
study, the host range determination of the phages against the
strains of a specific species of Bacteroides and Parabacteroides
demonstrated that bacterial strains sharing a high identity
(ANI > 99.9%) genome in an individual human gut have variable
susceptibility to phages. Thus, this evidence suggests that
many gut bacteria have evolved to acquire resistance to co-exist-
ing phages. This could also explain why we failed to isolate
phages for the gut bacteria from autologous feces despite
comprehensive enrichment of the phage particles (Table S1).

Phage therapy has shown great potential for precise modula-
tion of the human gut microbiota,**®” where phages were used
to remove specific pathogens or pathobionts. The GPIC phage
isolates provide a valuable resource for modulating the human
gut microbiota. In this study, we showed that the relative abun-
dance of B. fragilis in the in vitro cultured human gut microbiome
was successfully knocked down by a phage cocktail. Enterotoxi-
genic B. fragilis is a candidate pathogen in inflammatory bowel
disease and colorectal cancer.?®’° The results presented here
demonstrate that the GPIC phage isolates have potential appli-
cations for the removal of targeted pathobionts in the human
gut microbiome. In addition, phage-based interventions will pro-
vide a unique tool to perturb the human gut microbiome and
advance our understanding of the complex ecological network.
However, we note that the targeted species may co-exist with
phages after the initial decline in abundance (Figures 5E and
5F). This phenomenon has also been observed in animal exper-
iments.®>”" Potential mechanisms’®"® include the regulation of
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bacterial gene expression,®’ phase variation of capsular poly-
saccharide operons,®® and strain-level diversity of the human
gut species.”* The introduction of additional phages in the cock-
tail and the development of engineered phages’>’® may over-
come this limitation in future applications.

In conclusion, GPIC is a unique resource that offers access to
hundreds of phage isolates targeting human gut strains. We
envision that GPIC will help elucidate the role of phages in the
gut microbiome and support the application of phage-based mi-
crobiota modulation in scientific and therapeutic investigations.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

GPIC phages, see Table S2 This study CGMCC 6.9201 - 6.9409
Bacterial strains This study N/A
Chemicals, peptides, and recombinant proteins

Phosphate-buffered saline (PBS) Sangon Biotech Cat#E607008
L-CysteineL-Cysteine Sangon Biotech Cat#A600132
PEG8000 Sangon Biotech Cat#A100159A
Hemin Sangon Biotech Cat#A602521
Kanamycin Sangon Biotech Cat#A100408
Vancomycin Sangon Biotech Cat#A100990
Bacteroides Bile Esculin agar Solarbio Cat#LA7310
Brain Heart Infusion (BHI) Huankai Biology Cat#28363
Vitamin K3 Sangon Biotech Cat#A502486
SM buffer Sangon Biotech Cat#B548130
Ribonuclease A Takara Cat#2158
Recombinant DNase | Takara Cat#2270A
Premix Tag™ Takara Cat#RR901A
Critical commercial assays

Takara MiniBEST Viral RNA/DNA Takara Cat#9766
Extraction Kit

Nextera DNAIlllumina Nextera DNA Flex lllumina Cat#FC-121-1031
Library Prep kit

QlAamp MinElute Virus Spin Kit Qiagen Cat#57704
DNeasy UltraClean 96 Microbial Kit Qiagen Cat#10196-4
Genomic DNA Extraction Kit Sangon Biotech Cat#B518225
E.Z.N.A.® Gel Extraction Kit Omega Bio-Tek Cat#D2500-01
SYBRGreen PCR Master Mix Yeasen Biotech Cat#11201ES08
Oligonucleotides

Bacterial 16S rRNA gene PCR, (27F: 5’- Sangon Biotech N/A
AGAGTTTGATCMTGGCTCAG-3’, 1492R:

5'-GGTTACCTTGTTACGACTT-3’,)

qPCR, B. fragilis 16S rRNA gene, (Forward: Sangon Biotech N/A

5-TGATTCCGCATGGTTTCATT-3’,
Reverse: 5’-
CGACCCATAGAGCCTTCATC3’)

Deposited data

GPIC phage genomes, see Table S2
Metavirome data of five human feces and
one wastewater samples

Metagenomic data of 18 samples of human
feces with a 24-hours batch culture in vitro
Metagenomic data of 45 samples of human
feces with a 120-hours serial batch culture
in vitro

Metagenomic data of 99 samples of human
feces with a 72-hours batch culture in vitro

GenBank
NCBI

NCBI

NCBI

NCBI

el Cell Host & Microbe 31, 665-677.e1-e7, April 12, 2023

Accession #: OP172633 - OP172841
Accession #: PRUNA861902

Accession #: PRINA866369

Accession #: PRUINA924508

Accession #: PRUNA924526

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Sequences of 16S rRNA genes and Zenodo https://doi.org/10.5281/

bacterial genomes used in this study

zenodo.7050205

Software and algorithms

BLAST+
vConTACTv2
DIAMOND
Cytoscape
MEGA
OrthoFinder
Prodigal
Graphpad Prism

EasyFig
CrisprOpenDB

BBmap
MAFFT
FastANI
Kraken2
GTDB-Tk
CheckV
Prokka
VirSorter2
SPAdes
Tbtools
qPCRsoft
LEfSe

Vegan
RStudio
R

Camacho et al.*’

Jang et al.*?
Buchfink et al.””

Shannon et al.”®

Kumar et al.*®
Emms et al.*®
Hyatt et al.”®

http://www.graphpad.com/
scientific-software/
Sullivan et al.*’

Dion et al.*

Bushnell et al.®®

Katoh et al.®
Jain et al.?'
Wood et al.>
Chaumeil et al.®?
Nayfach et al.®®
Seemann®®

Guo et al.®*
Nurk et al.®®
Chen et al.®®
Analytik Jena
Segata et al.®’

Dixon®
https://www.rstudio.com

https://www.rproject.org/

v2.11.0
v0.9.19
v0.9.24
v3.9.1
X
v2.5.2
v2.6.1
v9.0.0

v2.2.5

https://github.com/edzuf/
CrisprOpenDB

v39.01
v7.490
v1.32
v2.0.7-beta
v2.1.0
v1.0.1
v1.14.6
v1.0.6
v3.14.0
v1.108
v4.1

http://huttenhower.sph.
harvard.edu/lefse/

v2.6.4
v4.1.2
v4.1.2

Others: Publicly available metagenomic data from eight studies used in this paper

Study 1: 40 samples from Tanzania
Study 2: 62 samples from ltaly
Study 3: 156 samples from Austria

Study 4: 249 samples from Denmark
and Spain

Study 5: 199 samples from France and
Germany

Study 6: 250 samples from UK
Study 7: 145 samples from China
Study 8: 232 samples from China

Smits et al.”’

Rampelli et al.®®

Feng et al.*°

Li et al.”

Zeller et al.”

Xie et al.”®
Qin et al.*

Zhang et al.”

NCBI: PRUNA392180
NCBI: PRUNA553191
EBI: PRJEB7774
EBI: PRJEB5224

ENA: PRJEB6070

EBI: PRJEB9584
NCBI: PRUNA422434
EBI: PRJEB6997

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by the lead contact, Yingfei Ma

(yingfei.ma@siat.ac.cn).

Materials availability

All the phages isolated in this study have been deposited in CGMCC (China General Microbiological Culture Collection Center,
https://cgmcc.net/english/) with the accession numbers CGMCC 6.9201 - CGMCC 6.9409. CGMCC will make these phage isolates
available to the international scientific community (https://cgmcc.net/english/deposit). This study did not generate new unique
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reagents. This study was approved by the Ethics Committee of the Shenzhen Institutes of Advanced Technology, Chinese Academy
of Sciences with the approval number SIAT-IRB-191015-H0388. Meanwhile, all these phage isolates can be available upon request
by contacting the lead contact, Yingfei Ma (yingfei.ma@siat.ac.cn).

Data and code availability
The 209 phage genomes isolated in this study have been uploaded to the NCBI database with the accession numbers OP172633 -
OP172841 (Details in Table S1). The metavirome data of five human fecal samples and one wastewater sample have been uploaded
to the NCBI database with the BioProject ID PRINA861902. The metagenomic data of 18 samples of human feces with a 24-hour
batch culture in vitro under phage cocktail treatment or heat-killed phage treatment has been uploaded to NCBI, BioProject ID
PRJNA866369. The metagenomic data of 45 samples of human feces with a 120-hours serial batch culture (subculture every 24h)
in vitro under different treatments has been uploaded to NCBI, BioProject ID PRINA924508. The metagenomic data of 99 samples
of human feces with a 72-hours batch culture (sampling every 24h) in vitro under different treatments have been uploaded to NCBI,
BioProject ID PRINA924526. All the sequences of 16S rRNA genes and bacterial genomes used in this study were deposited at Men-
deley Data (https://doi.org/10.17632/ybfcgstgyw.1) or at Zenodo Data (https://doi.org/10.5281/zenodo.7050205).

The present study did not generate code, and mentioned tools used for the data analysis were applied with default parameters
unless specified otherwise in the section of STAR Methods.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains

Table S1 lists all of the strains used for phage isolation in this study. All the strains were isolated from the human feces of healthy
Chinese donors for this study. The main procedures are as follows: Fecal samples were collected from healthy human donors not
taking any drugs during the last three months before sampling. The samples were immediately transferred to an anaerobic chamber
(Vinyl Anaerobic Chambers, Coylab, USA), homogenized in phosphate-buffered saline (PBS) supplemented with 0.1% cysteine, then
diluted and spread on agar plates containing growth medium (YCFA plates). Plates were incubated anaerobically at 37 °C for 2-
3 days in an atmosphere of 85% N,, 5% CO,, and 10% H,. A single colony was picked, streaked on a new plate, and incubated
anaerobically at 37 °C for another 2-3 days. The purification steps are repeated once to obtain pure strains. The isolates were
then transferred to a liquid medium and incubated at 37 °C for another 2 days. Finally, we amplified and sequenced the full 16S
rRNA genes obtained using the PCR primer pair (27F 5-AGAGTTTGATCMTGGCTCAG-3’; 1492R 5°GGTTACCTTGTTACGACTT-
3’). Strains with double peaks in the sequences were discarded or entered into a new round of purification process. All purified strains
were stored at -80 °C in glycerol suspension (25%, v/v) containing 0.1% cysteine. The taxonomy for the isolates was identified using
the full-length 16S rRNA gene sequences by comparing the sequences of 16S rRNA genes against those in the database of GTDB
version 202 (Table S1). For the isolates with whole genome sequences, the taxonomy was also analyzed by GTDB-Tk v2.1.0 with the
database version of release-202 (Table S1), a toolkit for classifying prokaryotic genomes using the Genomic Taxonomy Database
(GTDB).?® The phylogenetic tree of these strains based on 16S rRNA genes was constructed by using the Maximum Likelihood
method and the Tamura-Nei mode with MEGA X.*°

Bacterial culture conditions

All these bacterial isolates were grown in Brain Heart Infusion (BHI, Huankai Biology) liquid medium containing hemin and vitamin K3.
Bacterial isolates were cultured in an anaerobic chamber (Bactron VI, Shellab, Sheldon Manufacturing, Incorporation using a mixed
gas of 5% Hy, 5% CO,, and 90% N,) at 37 °C. For BHI agar plates, 15 g/L agar was added. For BHI top agar used in soft agar overlays,
4 g/L agar was added before autoclaving. The strains were first re-streaked from the glycerol stock onto BHI agar plates and grown
anaerobically for up to 1-2 days. A single colony was subcultured into a pre-reduced liquid BHI broth, and grown anaerobically over-
night to provide the starting culture for experiments.

Ethics statement
The use of human fecal samples was explained in detail to the volunteers and approved by the Ethics Committee of the Shenzhen
Institute of Advanced Technology, Chinese Academy of Sciences, with the approval number SIAT-IRB-191015-H0388.

METHOD DETAILS

Phage isolation from sewage wastewater samples and human feces

In this study, phages were isolated from municipal sewage wastewater samples collected from the Nanshan Wastewater Treatment
Plant and Futian Wastewater Treatment Plant (Shenzhen, China) or human feces mixtures of 20 individual Chinese donors in Shenz-
hen, China. Wastewater samples were centrifuged at 9000 rcf for 10 min at 4 °C to remove any remaining solids. The supernatant was
then sequentially filtered through 0.8 um and 0.22 um polyvinylidene fluoride (PVDF) filters to further remove bacterial cells. Human
fecal samples were added SM buffer pre-cooled at 4 °C at a ratio of 10 times the mass of the stool immediately after the samples were
collected, and the samples were shaken and mixed. The samples were then sequentially centrifuged at 5000 rcf, 8000 rcf and 13000
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rcf for 10 min at 4 °C. Finally, the supernatant was filtered through 0.8 um and 0.22 um PVDF filters in turn, and the filtrate was stored
at4 °C.
To ensure the success of phage isolation, phages in these processed samples were enriched in two ways.

1) Toenrich the phages specific to a given host, the processed samples were cocultured with the host bacterial cells for 3 consec-
utive rounds of co-culturing enrichment. Briefly, in the first round of enrichment, we added 12 mL of 3-fold concentrated BHI
medium, 600 pL of bacterial cells (ODggo~0.3) and 24 mL of the processed wastewater samples or fecal samples to a 50 mL
centrifuge tube, and placed the tube in an anaerobic box for overnight incubation at 37 °C. In the second round of enrichment:
The culture of the first round was centrifuged for 5 min at 4 °C, 8000 rcf, and the supernatant (6 mL) was passed through a
0.22 um membrane, and inoculated with 200 pL of fresh bacterial cells and 3 mL of 3-fold concentrated BHI medium in a
15 mL tube overnight in an anaerobic incubator at 37°C. After three rounds of enrichment, the culture was centrifuged at 4
°C, 8000 rcf and filtered with 0.22 um PVDF membrane, and the filtered culture was detected by spotting method to detect
the presence of the phages infecting the target strain in the final coculture. Specifically, 2.5 pL of enriched droplets were placed
on the solidified top agar layer containing the target strain, and incubated anaerobically at 37 °C overnight.

2) To enrich all phages, the processed samples were further processed using the tangential flow device and protein concentra-
tors. The membrane pore sizes used for bacterial removal and phage concentration were 0.22 um and 100 KD, respectively.
The resulting phage concentrates were further concentrated by protein concentrators with a pore size of 100 KD. The phages in
the processed samples were concentrated up to 2000-fold in this process.

These phage-enriched samples were used to isolate phages and further were purified by the double-layer plate method. To facil-
itate a diverse collection of phages, no more than 6 plaques from the same plate were selected according to the plague morphology.
The procedure is as follows:

1) Determination of phage titer in the phage-enriched samples: 500 uL of the corresponding bacterial cells (ODggo~0.6) plus
4.5 mL of semi-solid medium were used for plating. After solidification, 2.5 uL of each phage-enriched sample was used for
plating, and the phage titer was calculated after culturing for 24h.

Selection of single phage plaque: 10 pL of the dilution for each phage-enriched sample, 500 pL of bacterial culture solution, and
4.5 mL of semi-solid medium were mixed for plating, and incubated at 37 °C for 24h to observe the plaque morphology on the
plate. For each sample, at least 3 dilutions were selected for plating to form plaques clearly on the plate and to see the diversity
of plaque morphologies.

Purification of the phage isolates derived from a single plaque: according to the plaque morphologies, plaques were picked
using a sterilized toothpick and transferred into 1 mL SM buffer. The supernatant was filtered through a 0.22 um filter
membrane for plating and purification again. This procedure was repeated three times consecutively to ensure successful
purification for each phage. The well-purified phage isolates were selected and placed in 1 mL SM buffer, filtered with
0.22 um PVDF membrane, and stored at 4°C.

n

£

In summary, two types of samples including human feces and municipal sewage wastewater were used to isolate phages for the
human gut bacteria. However, most (199/209) of the GPIC phages were isolated in this study from the sewage wastewater samples
(Table S1)). In particular, no phage plagues were observed for all 94 strains from 5 donors when the same fecal samples were used for
phage isolation (Table S1). In addition, a step-by-step workflow for phage isolation from primary wastewater is shown in Figure S1A.

Phage genome sequencing, assembly and annotation

High-titer phage stocks were prepared by liquid culture or solid spotting for genome sequencing. 0.2 mL of the purified phage was
added to the culture medium (10 mL) of the target strain in the early logarithmic growth phase, and the mixture was cocultured over-
night to obtain a high titer of the phage. Alternatively, 20 uL purified phage can also be directly dropped on the soft agar overlay to
form large plaques. After overnight incubation, the plaque was resuspended in 4 mL of SM buffer and incubated at room temperature
for about 1 h. Finally, the lysate was centrifuged at 5500 rcf for 10 min and filter-sterilized through a 0.22 um PVDF filter to obtain a
high-titer phage stock.

Phage genome DNA was extracted from the high-titer phage stock with Takara MiniBEST Viral RNA/DNA Extraction Kit. The
sequencing library was prepared using the lllumina Nextera DNA Flex Library Prep kit and sequenced by lllumina MiSeq. Reads
were assembled with SPAdes 3.14.0 with default options after trimming reads with an error probability limit of 0.05.%° The median
positional coverage for these assemblies was 1329x (Figure S1B), and no contamination was detected in the sequencing reads.

The overall quality of the genome assembly was evaluated using CheckV.% The completeness level of ~88% of GPIC phages was
larger than 90% based on AAl (average amino acid identity) -based approach in CheckV. Details about the predicted genome
completeness (AAl-based) and closed genomes of GPIC phages by checkV can be found in Table S1. Closed genomes were
also predicted by checking proviruses, direct terminal repeats (DTRs) and inverted terminal repeats (ITRs).?® Here, a total of 142
genomes were identified as closed genomes, of which, 140 possessed DTRs and 2 possessed ITRs.

Assembled genomes were annotated with Prokka 1.14.6°° using a custom database constructed from NCBI RefSeq viral
genomes®” as well as using VOGDB’s hmm profile (http://vogdb.org/).

Cell Host & Microbe 31, 665-677.e1-e7, April 12, 2023 e4



http://vogdb.org/

¢? CellPress Cell Host & Microbe

Phage host range assays

Host range analysis was carried out using high-titer phage stocks. 2.5 pL high titer phage stocks were plated onto solidified top agar
overlays containing target strains. After the spots dried, plates were incubated anaerobically for about 16h before counting plaques.
Host susceptibility was established when a lysis plaque was observed. To obtain as many Bacteroides strains as possible from a
single individual donor, we used two Bacteroides-selective media to screen and cultivate Bacteroides strains from human feces.%%%°
The two Bacteroides-selective media are Bacteroides Bile Esculin (BBE) agar supplemented with gentamicin (100 ng/uL) and BBE
agar supplemented with kanamycin (10 ng/uL) and vancomycin (0.5 ng/uL), respectively. Ultimately, we screened 58 Bacteroides
isolates from 200 clones from two individual donors.

Transmission Electron Microscopy

High titer phage stock for each phage isolate was used for Transmission Electron Microscopy (TEM). Five microliters of phage stock
were adsorbed onto carbon-coated copper grids and negatively stained with phosphotungstic acid (2% w/v, pH 4.5). After drying,
the preparation was examined on a JEM-2100 electron microscope (JEOL, Tokyo, Japan). Bacteriophage size was determined from
the average of three independent pictures.

Phage enrichment from sewage wastewater samples and human feces for metagenomic sequencing

The enrichment of viral particles from the sewage wastewater samples used the tangential flow and protein concentrators
described above. Viral particles were concentrated from stool samples using polyethylene glycol (PEG) precipitation protocol.
Briefly, NaCl was added to 10 mL of fecal phage suspension to a final concentration of 0.5 M (0.29 g/10 mL) and solid
PEG8000 was added to a final concentration of 10% (w/v, 1.0 g/10 mL). The mixture was fully dissolved and kept at 4 °C overnight
(more than 16h). The liquid from the previous step was centrifuged at 12,000 g for 20 min at 4 °C, the supernatant was removed,
and the pellet was collected and resuspended in 400 pL of SM buffer. 360 pL of the supernatant was taken from the previous step,
added 40 pl of 10X DNase buffer, and then added 8U TURBO DNase (4 uL) and 20U RNAse (0.2 puL) at 37 °C for 1h. The digested
solution was inactivated in a water bath at 70 °C for 10 min and proceeded to the next step of kit purification. Phage genome
extraction was performed using the QlAamp MinElute Virus Spin Kit. Reads were assembled using SPAdes® and high-quality,
non-redundant phage contigs were selected based on the identification of phage sequence, contig length, and read coverage us-
ing VirSorter2."%°

Comparative genomic analysis of phage genomes

All the genomes of the GPIC phage isolates and all the complete phage genomes predicted in the GPD database were pooled and
processed with vConTACT2,%? which compares both the presence and absence of homologous proteins between phage genomes
and the sequence identity between homologous proteins and then generates probabilistic clusters of contigs with high similarity.
Protein similarities were calculated using DIAMOND”” (version 0.9.24, running in BLASTp mode with default sets) to compare pro-
teins against the Viral RefSeq v201 database provided by vContACTv2. Protein clusters were generated with the Markov clustering
algorithm, and viral clusters (VCs) were generated with the clusterONE algorithm. Benchmarking against the RefSeq phages re-
vealed that the boundaries of GPD VCs were equivalent to a genus level, with 96% of the tested 2,304 phages’ VCs agreeing with
the ICTV’s (International Committee on Taxonomy of Viruses) genus-level viral taxonomy assignments for NCBI RefSeq viruses.*?
The obtained phage similarity network was visualized in Cytoscape v3.9.1.”% The network was filtered and manually sorted by
removing duplicate edges and applying an edge-weighted Spring Embedded Layout. In the network, a discrete component
(DC) is made up of the phage genomes that share homologous genes and these phage genomes have no genes shared with
the phage genomes of other discrete components.

Identification of phage orthologous proteins and classification of phage genomes

According to the rank-specific demarcation criteria for tailed phages (Class Caudoviricetes) by the ICTV, the classification for tailed
phages is conducted based on the phage genomes.*® The viral family is represented by a cohesive and monophyletic group in the
main predicted proteome-based clustering tools (e.g. vConTACT2 network) and members of the family share a significant number
of orthologous genes. Accordingly, in this study, two groups of phages were classified as a viral family, respectively. Briefly, these
two groups of phage genomes formed two monophyletic groups in the predicted network by vConTACT2.

The encoded proteins of phages were predicted using Prodigal v2.6.1.”? Orthologous proteins shared between phages were
detected by OrthoFinder with default parameters.*® The presence/absence of orthologous proteins between phages was initially
converted into a binary count matrix where the percentage of shared orthologous proteins was calculated. Heatmaps were made
based on the percentage of shared orthologous proteins and clustering of phages was performed. These phages were clustered
based on the percentage of shared orthologous proteins and visualized using TBtools.?® The orthologous proteins were separately
aligned using the MAFFT v7.490 with the default sets. The phylogenetic trees were inferred by using the Maximum Likelihood method
and JTT matrix-based model with MEGA X.°°

Distribution of phage isolates in the human gut
Metagenomic reads from 1,333 human gut samples were mapped to our phage isolates using BBmap with default settings.?° These
samples were drawn from eight different studies.®'**°° Read coverage of targeted phage isolates in different metagenomic samples
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is presented as a heatmap. In this study, a phage genome with a coverage of more than 30% was considered to be present in this
metagenomic sample. The source of these 1,333 human gut metagenomic samples used in this study was listed in key
resources table.

CRISPR spacer-based prediction of bacterial hosts

The prediction of host bacteria for the phages in this study used a CRISPR spacer-based approach as described in the previous
study.*® CrisprOpenDB is a command-line host prediction tool,** and its default settings were used in this study. The host
prediction tool provides four levels of prediction (level 1-4). In this study, we only considered the first two levels of predictions (levels
1 and 2).

Design of a phage cocktail to reduce B. fragilis species in the human gut microbiome in vitro

To knock down B. fragilis from the human gut microbiome, according to their host ranges (see phage host range assays), 8 phages
(F766P4, BF486P1, BF494P1, BF766P1, BF702P1, BF695P2, BF698P1, and BF344P1) with distinct genome sequences (Fig-
ure S4C) were selected to make up the cocktail with a host range for all the tested B. fragilis strains. Each phage was adjusted
to 5107 PFU/mL and equally mixed for the cocktail. The human fecal samples were collected from healthy Chinese donors (do-
nors #1, #2, and #3). The samples were mixed with 25% glycerol and 0.1% cysteine and filtered using gauze to remove solid res-
idues, then stored at -80 °C for use. In the in vitro culture experiment, 20 uL of the processed human fecal sample for each donor
was added to 2 mL fresh YCFA liquid medium (the modified version of DSMZ media 1611, https://mediadive.dsmz.de/medium/
16117?mobile=1) and cultured in 96 deep-well plates (Sangon Biotechnology, Shanghai, China) in an anaerobic chamber (Bactron
VI Sheldon Manufacturing, using a mixed gas of 5% H,, 5% CO,, and 90% N,) at 37 °C for 24h. The phage cocktail (20 puL) was
added to the wells at the initial timepoint. The heat-killed phage cocktail was obtained by incubating the phage cocktail in a
FALCON polypropylene round-bottom tube at 98 °C for 30 min. After 24h of incubation, samples were collected for DNA extraction
and subsequent analysis.

For the experiment with long-time incubation, 20 uL of the processed human fecal sample of donor #1 was used. The sample and
phages (20 uL, 5*10” PFU/mL) were added into 2 mL of the YCFA liquid medium in 96 deep-well plates and cultured in an anaerobic
chamber at 37 °C for 72h. In total, 11 experimental groups were carried out, including 1 treatment group using the phage cocktail, 8
treatment groups using 8 individual phages, 1 control group using the heat-killed phage cocktail, and 1 control group without any
treatment (i.e. blank). Each experimental group included three replicates. At the incubation time of 24, 48 and 72h, 0.5 mL samples
were collected for DNA extraction and subsequent analysis.

For the subcultivation experiment, 20 uL of the processed human fecal sample of donor #1 was used. The sample was grown in
2 mL of the YCFA liquid medium in 96 deep-well plates and cultured in an anaerobic chamber at 37 °C with 4 consecutive transfers.
The phage cocktail and the heat-killed phage cocktail were added at the initial time. Every 24h, 20 puL culture was transferred to
1.98 mL fresh YCFA medium (i.e. 100 fold dilution). One experimental group without treatment was set as a control. Each experi-
mental group included three replicates. The samples (0.5 mL) were collected every 24h for DNA extraction and subsequent analysis.

Metagenomic sequencing and estimation of the relative abundance of B. fragilis in the microbiome

The genomic DNA was extracted with the DNeasy UltraClean 96 Microbial Kit (Qiagen) using a Tecan Freedom EVO liquid handler.
The sequencing library was prepared using the lllumina Nextera DNA Flex Library Prep kit and sequenced by the lllumina Novaseq
PE150 Platform. Reads were assembled with SPAdes 3.14.0 with default options after trimming reads with an error probability limit of
0.05.%° The Kraken2 v2.0.7-beta (with default parameters and minikraken2_v1_8GB database) was used to obtain the taxonomic
abundance in metagenomic data.®* Alpha-diversity based on the Shannon diversity index and Beta-diversity based on Jaccard
dissimilarity matrices was calculated using Vegan package in R.%® LEfSe was used to identify microbial species with significant
changes in abundance between groups.®’

Estimation of the absolute abundance of B. fragilis by the qPCR assay

The total DNA of B. fragilis DA486 was extracted using the Genomic DNA Extraction Kit for Bacteria (Sangon Biotechnology,
Shanghai, China) as described in the manufacturer’s instructions. The primers (F, 5’-TGATTCCGCATGGTTTCATT-3’; R,
5’-CGACCCATAGAGCCTTCATC-3’) were designed for specific detection of B. fragilis.'"®" The PCR products were confirmed
on 1.5% agarose gel. The PCR products were purified using the omega E.Z.N.A.® Gel Extraction Kit (Bio-tek, Norcross, USA).
The concentration of the purified target DNA was 175.9 ng/uL determined by Nanodrop, and then the purified target DNA was
serially diluted with ddH,O from 175.9 ng/uL to 175.9107"° ng/uL. These tenfold dilutions (from 175.9*10° to 175.9107'° ng/
uL) were used as standards in this study.

The primer pair was used to determine the absolute abundance of B. fragilis in the microbiome derived from human fecal sam-
ples in vitro. Quantitative PCR (qPCR) was carried out using a qTOWER3 quantitative PCR System with software version 4.1
(Analytik Jena, Germany). Amplification and detection were carried out with SYBRGreen PCR Master Mix (Yeasen Biotechnology,
Shanghai, China) in a final volume of 20 uL containing a final concentration of 0.2 uM primers and 1 uL DNA templates. Amplifi-
cations were carried out using the following ramping profile: 1 cycle at 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 s, 60
°C for 20 s, and 72 °C for 20 s. A melting step was added using the default sets of the qTOWERS3 system. Standard DNA of
the tenfold dilution series was included in each gPCR plate to form a standard curve for target DNA quantification. The
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concentration of target DNA was calculated from the standard curves of standard DNA using the gPCRsoft v4.1 of gTOWERS3 with
default sets.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Graphpad Prism 9.0.0. Details of specific analyses and statistic tests are described in appli-
cable figure legends.
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