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SUMMARY

The human gut microbiome is comprised of densely
colonizing microorganisms including bacterio-
phages, which are in dynamic interaction with each
other and the mammalian host. To address how bac-
teriophages impact bacterial communities in the gut,
we investigated the dynamic effects of phages on a
model microbiome. Gnotobiotic mice were colonized
with defined human gut commensal bacteria and
subjected to predation by cognate lytic phages. We
found that phage predation not only directly impacts
susceptible bacteria but also leads to cascading ef-
fects on other bacterial species via interbacterial in-
teractions. Metabolomic profiling revealed that shifts
in the microbiome caused by phage predation have a
direct consequence on the gut metabolome. Our
work provides insight into the ecological importance
of phages as modulators of bacterial colonization,
and it additionally suggests the potential impact of
gut phages on the mammalian host with implications
for their therapeutic use to precisely modulate the
microbiome.

INTRODUCTION

Our bodies contain roughly as many bacterial cells as our own
cells, with the greatest density in the colon at 10'* bacterial cells
(Sender et al., 2016). This microbiome benefits human health via
mechanisms including metabolic cross-feeding and immune
system priming (Brestoff and Artis, 2013). Conversely, an imbal-
anced or depleted microbiome can be deleterious. Diseases
associated with an abnormal microbiome include poor nutrient
utilization (Smith et al., 2013; Turnbaugh et al., 2006), gastroin-
testinal disease (Chang et al., 2008; Frank et al., 2007), as well
as diseases of the liver (Le Roy et al., 2013), heart (Zhu et al.,
2016), and brain (Hsiao et al., 2013). As we gain greater under-
standing of the role of the gut microbiome in human health and
disease, the leading question becomes: what factors in the gut
influence the microbes that influence us, and how can we
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leverage this knowledge toward treatments that manipulate the
microbiome?

Current approaches to modulating the gut microbiome include
dietary changes and antibiotics, but these modalities cause
broad and potentially long-lasting perturbations. For infants,
whose gut microbiomes are in a nascent state, the conse-
quences of perturbations are of particular concern as these
can lead to depleted bacterial diversity and instability in the short
term (Yassour et al., 2016) and increased incidences of allergic
disease (Bisgaard et al., 2011), obesity, (Ajslev et al., 2011) and
asthma (Abrahamsson et al., 2014) in the long term. For adults,
broad disruptions in the gut microbiome can lead to transient
or longer lasting states of dysfunction termed dysbiosis (Lynch
and Pedersen, 2016) often with depleted ecological diversity
(Lozupone et al., 2012). From both the basic scientific and ther-
apeutic perspectives, strategies are thus needed to modulate
gut bacteria more precisely and rationally within a complex com-
munity (Schmidt et al., 2018). A promising approach toward this
goal is to study the ecological antagonists of bacteria in the gut,
bacteriophages (phages). Analogous to studying natural prod-
ucts or their derivatives for therapeutic purposes (Dias et al.,
2012), studying the role of bacteriophages in the gut may illumi-
nate new approaches for the following: (1) deliberately and ratio-
nally perturbing specific bacteria, (2) elucidating causality as
mediated by interbacterial and bacterial-mammalian host inter-
actions, and (3) ultimately designing precise and predictable ap-
proaches to remodel the gut microbiota for therapeutic
purposes.

Phages are prokaryotic viruses that are among the most abun-
dant microbes in the gut, but also among the least understood
(Keen and Dantas, 2018; Mirzaei and Maurice, 2017). These
viruses generally propagate via lytic or lysogenic infection of
bacteria, often with species-level specificity. While their metage-
nomic composition has been associated with diseases such as
inflammatory bowel disease (Norman et al., 2015) and malnutri-
tion (Reyes et al., 2015), much remains unknown about the actual
behavior of phages in the gut (Shkoporov and Hill, 2019). Analo-
gous to the importance of understanding apex predators in
macroscopic environments (Estes et al., 2011), elucidating the
predation behavior of phages has the potential to provide similar
insights in the gastrointestinal ecosystem. However, tracking the
cause-effect relationship of phage predation on mammalian host
and microbial metabolism is extremely challenging (Fischbach,
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2018; Schmidt et al., 2018). Gnotobiotic mice, colonized with a
limited and known but still complex collection of bacteria, pre-
sent an attractive model system for comprehensively character-
izing the behavior of phages in the gut environment. For
example, Reyes et al. administered an uncharacterized mixture
of viral like particles purified from feces to gnotobiotic mice colo-
nized with a 15-member bacterial consortium, and concluded
from increases in phage genomes and depletion of bacterial ge-
nomes that a stepwise phage-bacterial infection mechanism
may operate (Reyes et al., 2013). While the authors inferred
phage-bacteria interactions for two phages, they were unable
to similarly identify the susceptible bacteria for three other
phages that persisted in the gut after phage administration.
The inability to verify these interactions in vitro and the ambig-
uous impact of uncharacterized phages in their study highlights
the need for utilizing a defined and well characterized set of
phage in conjunction with a defined bacterial consortium.

In this work, we administered lytic phages to gnotobiotic mice
colonized with a defined set of human commensal bacteria and
longitudinally tracked the response of each microbe using high-
throughput sequencing and quantitative PCR. We found that
phages cause targeted knockdown of susceptible species in
the gut, and further modulate non-targeted bacteria through in-
terbacterial interactions, resulting in blooms and attrition of these
species. By comparing the colonization profile of a full bacterial
consortium to ones omitting phage-targeted species, we delin-
eate the causal effects of simultaneous phage predation. Using
broad metabolic profiling, we demonstrate that the composi-
tional shifts in bacteria caused by phage predation also modu-
late the gut metabolome. These findings have implications for ef-
fects on the mammalian host, and the potential use of phages for
therapeutic purposes.

RESULTS

Phages Are Specific for Individual Species among
Representative Human Gut Commensals
We constructed a model microbiota comprised of facultative- and
obligate-anaerobic commensal bacterial species known to colo-
nize the human gut (Blanton et al., 2016; Gibson et al., 2016; Smith
etal., 2013; Subramanian et al., 2014), and that also can stably co-
colonize germfree mice (Bucci et al., 2016). The ten selected spe-
cies represent the major phyla in the human gut microbiome
(The Human Microbiome Project Consortium, 2012), namely
Firmicutes (Clostridium sporogenes, Enterococcus faecalis),
Bacteroidetes (Bacteroides fragilis, Bacteroides ovatus, Bacter-
oides vulgatus, and Parabacteroides distasonis), Proteobacteria
(Klebsiella oxytoca, Proteus mirabilis, and Escherichia coli Nissle
1917), and Verrucomicrobia (Akkermansia muciniphila). Each of
the species selected are also readily available from strain collec-
tions, culturable in vitro, and genetically characterized. For four
of these species, we selected lytic phages because of their
availability in microbiological repositories and past description in
literature, namely E. coli (T4 phage [Miller et al., 2003]),
C. sporogenes (F1 phage [Betz and Anderson, 1964]), B. fragilis
(B40-8 phage [Tartera and Jofre, 1987]), and E. faecalis (VD13
phage [Ackermann et al., 1975]).

We first confirmed the specificity of the phages by testing their
ability to lyse a panel of human gut commensal bacteria. Using a
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spot assay (Kutter, 2009), we tested the susceptibility of each
bacteria to 5 uL of each lytic phage (~10° pfu/mL). After incuba-
tion at 37°C, aerobically or anaerobically depending on bacterial
culture conditions, we found that T4, F1, B40-8, and VD13
phages lysed only their susceptible bacteria and had no
apparent impact on the other commensal bacteria (Figure S1;
Table S1).

Phages Knockdown and Coexist with Targeted Bacteria
in the Mammalian Gut and Lead to Mixed Populations of
Susceptible and Resistant Bacteria

We sought to characterize the behavior of phages and their tar-
geted bacteria in the context of a complex but defined gut bac-
terial community. As shown in Figure 1A, we inoculated germfree
mice with our defined bacterial consortium (2 x 10° cfu per spe-
cies for A. muciniphila and P. mirabilis, and 2 x 107 cfu per spe-
cies for each of the other species) and then introduced phages
(2 x 10° pfu for each phage) targeting a subset of the bacterial
species. T4 and F1 phages were used to target E. coli and
C. sporogenes, respectively, followed by B40-8 and VD13
phages to target B. fragilis and E. faecalis, respectively. Phages
were administered in pairs to probe whether multiple simulta-
neous perturbations could potentially have synergistic or nulli-
fying effects. Each set of phages contained phage targeting a
facultative- and obligate-anaerobe to reduce the potential bias
of one phage set over the other. Serial stool samples were
collected, with greater frequency around perturbations to
capture the information-rich dynamical changes (Gerber
et al., 2012).

We used a combination of qPCR and next-generation
sequencing techniques (Bucci et al., 2016) to measure phage
and bacteria, thus providing estimated phage and bacteria con-
centrations as detailed in the STAR Methods section. As with all
high-throughput molecular methods, potential bias is introduced
and has previously been documented relating to factors such as
sample storage and DNA extraction. We additionally found bias
is introduced in the estimation of total bacterial concentration
(Figure S2A). To reduce the influence of these biases on our re-
sults, we leverage the longitudinal design of our study and
primarily analyze changes in individual species over time
(e.g., before and after phage administration.)

Our analysis revealed that both phages and their targeted
commensal bacteria persist in the gut. After administration,
each phage was detectable within ~4-6 h, and continued to
be detectable for the duration of the experiment (Figure 1B). In
the absence of susceptible bacteria, prior studies found that
T4 phage administered to germfree mice, i.e., non-replicating
phage, were shed within two days (Weiss et al., 2009). Given
these results, we were interested in determining whether persist-
ing bacteria acquired resistance to phage in our system.
Because our bacterial consortium contains both phylogeneti-
cally diverse and closely related strains, as occurs in a natural
gut microbiota, isolating individual species from stool as needed
for phage resistance assays is challenging. However, using se-
lective media we were able to isolate E. faecalis from feces
and test bacterial colonies for their susceptibility to VD13 phage.

As shown in Figure 1C, isolates of E. faecalis prior to (day 27.1)
and soon after phage administration (day 30.5) were completely
phage susceptible (limit of sensitivity, 1.6%). However, after
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Figure 1. Longitudinal Characterization of Phage Behavior in the Mammalian Gut

(A) Individually housed germfree C57BI/6 mice (n = 5) were orally gavaged with a bacterial mixture containing 2 x 108 to 2 x 107 cfu per strain. On days 16.1 and
30.1, mice were gavaged with NaHCOj3 to neutralize gastric acid, followed by 2 x 10° pfu per phage. Fecal samples were collected periodically throughout the
experiment, from which bacteria and phage were quantified using molecular methods.

(B) Concentrations of each phage and targeted bacteria shown as (estimated phage per g stool) and (estimated cfu per g stool), respectively. Data points
represent the geometric means + SD of time-matched samples from each mouse (n = 5). Concentrations in the y axis are shown in log4o-scale.

(C) Quantity of E. faecalis in select samples from mice (n = 5) and the percentage of colonies resistant to lysis by VD13 phage as determined in vitro (mean + SD).

See also Table S1, Figures S1 and S2.

2 days (day 32.3) and 10 days (day 40.2), 28% and 68% of col-
onies tested were found to be phage resistant, respectively.
When considered in conjunction with the changes in E. faecalis
concentration, these results suggest that the phage-directed
knockdown of bacteria (~2 orders of magnitude) leads to the
enrichment of a phage-resistant subpopulation.

Phages Induce Cascading Effects in Species in the
Microbiota Not Directly Targeted

Longitudinal tracking of each bacterial species reveals that
phage predation induces quantitative shifts in the microbiota,
including in those species not susceptible to phage. When
examining the bacterial composition in terms of estimated con-
centrations for each species (Figure 2A), we found that adminis-
tration of phage induces shifts across the microbiota in both low
and high abundance species. For example, after the first set of
phage targeting E. coli and C. sporogenes, administered on
day 16.1, observable shifts occurred in both the low abundance
species (~10° est. bacteria per g stool) of B. wvulgatus,
P. mirabilis, and P. distasonis and the high abundance species
(~108 est. bacteria per g stool) of A. muciniphila and B. fragiis.
Less obvious are the effects due to the second set of phage
administered on day 30.1, even when examining the trajectories
of each species separately (Figure S3A). These very different
effects observed with the first versus second set of phages

highlight the specificity of phage effects and argue against any
systematic effect from phage administration itself (e.g., stress
from oral gavage or vehicle effects), consistent with previous
studies (Reyes et al., 2013).

To quantify the magnitude of change in bacterial colonization
resulting from phage administration as shown in Figure 2B, we
calculated the fold change in each species after phage adminis-
tration compared to the concentration of that species 1 day prior.
We found that the knockdown of C. sporogenes and E. coli dur-
ing the first set of phage administrations results in a rapid
and substantial expansion of B. vulgatus, P. mirabilis, and
A. muciniphila, followed by a gradual expansion of
P. distasonis and B. ovatus, and a gradual reduction of
B. fragilis. The impact of the second set of phages on the sur-
rounding microbiota was less pronounced, with minimal expan-
sion of E. coli and C. sporogenes and fluctuating behavior near
baseline for the other species.

Despite the modulation of the background flora, phage preda-
tion did not eliminate species initially present. As shown
compiled in Figure 2A and individually in Figure S3A, none of
the bacterial species are completely eliminated after introduction
of phage. In fact, the overall bacterial load does not change
markedly (Figure S3B). It has been suggested that the presence
of predators can engender greater stability to the ecosystem
(Allesina  and Tang, 2012). Calculations of Bray-Curtis
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Figure 2. Effect of Phage on the Commensal Gut Microbiota

(A) Estimated fecal abundances of bacteria with the lower panel as a zoomed-in version of the top full-scale panel. Geometric means of estimated bacterial
concentration for each bacterial species from individually housed mice (n = 5) are displayed in a stacked bar chart with the y axis in linear scale. For low
abundance species difficult to visualize on this plot, refer to Figure S3A for more detail.

(B and C) Relative fold-changes (log.¢) in each bacterial species, derived from data shown in Figure 2A, resulting from introduction of the first set of phage (B), and
second set of phage (C). X axis represents the time elapsed after phage administration with the vertical dotted line demarcating t = 0 when phage was
administered. Each data point represents the mean + SEM. See also Figures S2, S3, and S4.

dissimilarity in our defined microbiota reveals a decreasing time points is indirect evidence of a more stable system that re-
dissimilarity across mice (Figure S4A) and between adjacent duces deviations from steady state, suggesting that phage
time points with each successive introduction of phage (Fig- predation may benefit stability in these bacterial communities
ure S4B). Decreased dissimilarity across mice and between (Koskella and Brockhurst, 2014).
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(A) Schematic representation of how colonization densities of the surrounding microbiota respond to the omission of individual species (Species 1) in bacterial
dropout consortia. The “Full consortium” setup schematically depicts concentrations of bacterial species 1, 2, and 3, while the “Bacterial knockdown” and
“Bacterial dropout” setups depict the graded effect that respective reduction or elimination of Species 1 has on interacting Species 2 and 3.

(B) To determine the impact of bacterial dropouts in the bacterial consortia, four sets of five individually housed germfree C57BI/6 mice were orally gavaged with a
bacterial mixture containing nine of the original ten-member consortium, omitting each of E. coli, C. sporogenes, B. fragilis, and E. faecalis in turn.

(C) Estimated total colonization densities of either a complete (“full”) or bacterial dropout consortia are shown in a stacked plot with a full-scale upper panel and a
zoomed in lower panel showing low abundance species. The y axis is shown in linear scale and each bacterial concentration is a geometric mean calculated from

each group of mice (n = 5).

(D) The relative fold change (log1o) in colonization by each species in dropout consortia normalized to full consortium at day 16.1. Each bar represents the

mean + SD.

Dropout Experiments of Bacteria Targeted by Phages
Delineate Causal Effects of Bacterial Interactions
Comparing the colonization of mice with and without each phage-
targeted species revealed its quantifiable impact on the surround-
ing microbiota. As conceptually outlined in Figure 3A, comparing
bacterial colonization in the presence of Species 1 (full con-
sortium) to its absence (bacterial dropout) yields insights into its
facilitative and inhibitory roles on the surrounding microbiota;
phage predation causing greater bacterial knockdown will have
effects approaching that of the bacterial dropout. To this end,
germfree mice were colonized with nine bacterial members of
the consortia, omitting each phage-targeted species in turn (Fig-
ure 3B). As shown in Figure 3C, each cohort of mice revealed
marked compositional differences despite similar overall mean
total bacterial densities during colonization: full consortia =
1.1 x 10° est. cfu per g stool, E. coli dropout = 7.0 x 102,
C. sporogenes dropout = 1.3 x 10°, B. fragilis dropout = 1.1 x
10°, and E. faecalis dropout = 8.9 x 108. We calculated the influ-
ence of each omitted species by comparing the colonization den-
sity of each remaining species to its density in the full consortia on

day 16.1. As shown in Figure 3D, each omitted species has a
distinct pattern of influence on the defined consortia, which indi-
cates that the knockdown of each species by phage could pro-
duce a phenotypically unique result.

In some cases, phage-directed knockdown can have a sub-
tractive effect that approaches that of bacterial omission, as
exemplified by T4 phage, which substantially reduces the popu-
lation of E. coli immediately after administration. As indicated by
our hypothesized interaction network (Figure 4A), it is likely that
E. coli strongly promotes B. fragilis and strongly represses
B. wulgatus through bacterial interactions and thus its
knockdown by the first set of phages likely leads to a contraction
in B. fragilis and a bloom of B. vulgatus. The magnitude of these
effects approaches the levels observed in the dropout studies
(Figure 4C), likely because of E. coli being the primary influencer
of these species.

Causal effects become less clear when two counteracting ef-
fects influence a single species but can still be rationalized using
the interaction network. For example, after the administration of
our second set of phages that targeted E. faecalis and B. fragilis,
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Figure 4. Bacterial Interaction Network in the Gut Microbiota

Hypothesized causal interaction network derived from differences in colonization between the full ten-member consortium and dropouts of phage-targeted

bacteria after prolonged colonization (day 16.1), as described in Figure 3D.

(A and B) Network representing the combined effects of E. coli and C. sporogenes (A) or E. faecalis and B. fragilis (B). Linewidths correspond to the bacterial
dropout-induced change in colonization densities, i.e., log1o (fold change) with solid lines terminating in arrows indicating hypothesized promotion and dashed

lines terminating in orthogonal lines indicating hypothesized repression.

(C and D) Log+, (fold change) in concentration of each species from mice colonized with the full consortia (data from Figure 2) at select time points (0.3 day, 2 days,
and 13 days) after administration of the first set of phages, T4 and F1, targeting E. coli and C. sporogenes (C), and after administration of the second set of phages,
B40-8 and VD13, targeting B. fragilis and E. faecalis (D), respectively. Bars represent mean + SD.

we found a relatively minimal impact on the colonization of the
surrounding microbiota (Figure 2C). However, our interaction
network for the second set of phage-targeted species (Figure 4B)
suggests that A. muciniphila, B. ovatus, B. wulgatus,
P. distasonis, and P. mirabilis are all repressed by B. fragilis
and promoted by E. faecalis. Thus, the simultaneous knockdown
of these two phage-targeted species during the second set of
phage administered likely resulted in counteracting losses in
repression and promotion, ultimately nullifying their individual ef-
fects on the community and leading to a negligible impact on
overall bacterial colonization.

We also observed interesting temporal dynamic effects on the
microbes because of phage predation, which can be explained
by bacterial interactions. For example, we observed that
P. distasonis had a delayed bloom that began approximately
3 days after phage administration (Figure 2B), despite other spe-
cies demonstrating an immediate response. Bacterial interac-
tions as depicted in Figure 4A suggest a mechanism for this
behavior. Soon after introduction of the first set of phage,
C. sporogenes and E. coli are knocked down by phages F1
and T4, respectively (Figure 1B), which results in a loss of their
respective promotion and repression of P. distasonis. With the
sustained knockdown of E. coli, P. distasonis experiences a simi-
larly durable bloom because of the derepression. However,
C. sporogenes only experiences an initial transient knockdown
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and its recovery after the first few days coincides with the rescue
of its promotion of P. distasonis, thus, explaining a second bloom
of P. distasonis beginning after day 3. This effect is similarly
observed for P. mirabilis, though to a lesser degree because of
the weaker promotion by C. sporogenes.

Our results also suggest some deeper cascading effects not
captured in our interaction network derived from the dropout ex-
periments. As shown in Figure 4C, knockdown of E. coli and
C. sporogenes by the first set of phage leads to an enrichment
of A. muciniphila substantially beyond what is described by the
dropout experiments. As our study examined the causal effects
of four of the ten members of the consortia, it is likely that
A. muciniphila experiences additional influence from other mem-
bers of the microbiota (e.g., B. vulgatus, B. ovatus, P. distasonis,
and/or P. mirabilis).

Bacterial Modulation Induced by Phages Impacts the
Gut Metabolome

We sought to characterize the functional effects of phage
predation on the microbiome as reflected in changes in the gut
metabolome. Overall, our expectation was that levels of most
metabolites would be buffered against fluctuation due to meta-
bolic redundancy across our defined consortia, but compounds
associated with microbial pathways unique to particular species
in our consortium would be sensitive to perturbations in bacterial



composition. Using untargeted metabolomics, we surveyed the
fecal metabolites during various stages of colonization in mice,
namely germfree, after stable bacterial colonization, after intro-
duction of E. coli and C. sporogenes phages, and after introduc-
tion of E. faecalis and B. fragilis phages (Figure 5A).

Overall, phage-directed remodeling of the gut microbiota had
a relatively modest quantitative impact on the metabolome.
Administration of the first set of phages resulted in statistically
significant changes in 17% of examined compounds, but with
metabolites interestingly representing nearly all the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways (e.g., amino
acids, peptides, carbohydrates, lipids, nucleotides, cofactors,
vitamins, and xenobiotics) (Figure 5B; Table S2). We also found
that the second set of phages had a comparatively limited quan-
titative impact, as only 0.7% of metabolites were significantly
affected (Figure 5C; Table S2), which coincided with a relatively
limited change in the microbiota that was dominated by a
decrease in E. faecalis 13 days postphage (Figure 5E). By com-
parison, introduction of bacteria to germfree mice resulted in
broad shifts in the fecal metabolome, enriching 60% (514 metab-
olites) and reducing 15% (127 metabolites) of the total 860 me-
tabolites measured across all KEGG pathways (Figure S5; Table
S2). Taken together, these observations suggest that the
breadth of metabolomic impact mirrors the extent of composi-
tional shift in the gut microbiota.

Phages Can Modulate Neurotransmitter Metabolites
Uniquely Associated with Specific Bacteria

We observed that in some cases the specificity of phage preda-
tion allows for the targeting of bacterial species and conse-
quently the knockdown of uniquely associated metabolic
products. Tryptamine is a neurotransmitter commonly of plant
origin but is also produced via tryptophan decarboxylation by
a small number of commensal gut bacteria. While this gene
can be found in ~10% of human gut bacterial metagenomes, it
has so far only been identified in two genetically characterized
species, R. gnavus and C. sporogenes (Williams et al., 2014),
the latter of which is a member of our defined consortium. BLAST
search of tryptophan decarboxylase amino acid sequences from
R. gnavus (rumgna_01526) and C. sporogenes (clospo_02083)
against the other members of our consortium showed poor pro-
tein homology (top hit of 31% identity; Table S3), consistent with
its unigue association to C. sporogenes. During treatment with
the first set of phages, we detected a 10-, 17-, and 2-fold reduc-
tion in tryptamine (0.3, 2, and 13 days, respectively) as shown in
the amino acid pathway depicted in Figure 5F. This corresponds
with an 840-, 4-, and 4-fold reduction in C. sporogenes, respec-
tively (Figure 5D).

As another example, the neurotransmitter tyramine is pro-
duced via tyrosine decarboxylation by lactic acid bacteria
including E. faecalis (Connil et al., 2002), the sole lactic acid bac-
teria of our consortia. We found no associations of tyrosine de-
carboxylase with other consortia members in the literature or in
any significant protein homology to the E. faecalis protein (tyrDC)
by BLAST (top hit of 28% identity; Table S4), consistent with
tyrosine decarboxylation function solely associated with
E. faecalis. Administration of our second set of phages caused
a 4-, 2.7-, and 4-fold decrease in tyramine (0.3, 2, and 13 days,
respectively) as shown in the amino acid pathway of Figure 5G.

This corresponds with a 1.3-, 9-, and 42-fold reduction in
E. faecalis, respectively (Figure 5E). Because of the limited cata-
log of experimentally verified microbial metabolites (Dorrestein
et al., 2014), it is difficult to broadly associate specific metabo-
lites to individual species within our consortia. However,
the unique associations of tryptamine and tyramine to
C. sporogenes and E. faecalis, respectively, suggest clear causal
links between phage, bacteria, and metabolite.

Phages Can Modulate Metabolites with Known
Mammalian Host Effects Associated with Multiple
Bacterial Species
Compounds more broadly associated with microbial meta-
bolism were also significantly impacted by phage-directed shifts
in the microbiota. For example, the first set of phages also
increased fecal concentrations of two amino acids, serine
and threonine, which are highly represented amino acids in
O-glycosylated intestinal mucin (Derrien et al., 2010), consistent
with our observed enrichment of the mucin-degrading commen-
sals A. muciniphila and B. vulgatus because of phage effects.
We also found significant changes in bile salts due to the first set
of phage. Tauro- and glyco-conjugated primary bile salts pro-
duced by the mammalian host undergo microbial transformations
including amino acid deconjugation by bile salt hydrolases (BSH)
and dehydrogenation by hydroxysteroid dehydrogenases
(HSDH). We found that modulation of the bacterial consortium
by the first pair of phages increased the deconjugated bile salt,
cholate sulfate, and decreased the conjugated bile salt, tauroche-
nodeoxycholic acid 7-sulfate (Figure 5F). This suggests an
increased activity of BSH, which we found prevalently associated
with our consortia (B. fragilis, B. ovatus, B. vulgatus,
C. sporogenes, E. faecalis, E. coli, P. distasonis, and P. mirabilis)
as described in the MetaCyc database (Caspi et al., 2016). We
also detected increases in two deconjugated, secondary bile salts
that were not detected in germfree mice and thus microbially
derived: 12-dehydrocholate and ursocholate. The former is pro-
duced by 120-HSDH activity while the latter is produced by
sequential 7a-HDSH and 7B-HDSH activity. Counterintuitively,
each enzyme is associated with B. fragilis, C. sporogenes, and
E. coli (Caspi et al., 2016), three species that correspondingly
decrease after the first set of phage. Other factors are likely
involved, including changes in bile salt absorption by the mamma-
lian host and the capability of other consortia members for bile salt
metabolism that have yet to be experimentally characterized.

DISCUSSION

Our results demonstrate that lytic phages not only knockdown
their bacterial targets, but also affect non-susceptible species
within a community of commensal bacteria colonizing the gut
through cascading effects. Our study reveals a highly interactive
and dynamic community where lytic phage coexist and knock-
down targeted bacteria, with an effect that propagates through
the other members of the microbiota to ultimately modulate
the gut metabolome.

Our work builds on prior studies and provides insights that
leverage advantages of our experimental setup. While it has
been suggested that phages induce minimal changes in phylo-
genetic compositions (Galtier et al., 2016), the next-generation
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sequencing methods employed generally attain phylogenetic
resolution only to the genus level, which may mask changes at
the species level. Our results using consortia of defined bacteria
suggest that the impact of phage predation on non-targeted
species may have been underappreciated. Another study also
using gnotobiotic mice showed that phage predation results in
compositional changes in the murine gut microbiota (Reyes
etal., 2013), but their use of an uncharacterized mixture of phage
inoculum, inability to verify phage infectivity among the bacterial
consortia in vitro, and use of relative abundance not absolute
concentrations (Gloor et al., 2017) to longitudinally track the
gut bacteria makes it challenging to address questions about
direct and in direct effects of predation in particular. With
in vitro verification of phage-bacteria interactions, we could
separate the effects of phage-directed knockdown from the sub-
sequent modulation of the microbiota through interbacterial in-
teractions. As highlighted in Figure 2, it is clear that targeted
modulation of bacterial species has a subsequent effect across
cocolonizing species in the gut.

Although phage predation has classically been viewed
through the lens of species- or strain-specific impact on bacte-
ria, our results highlight the importance of considering interbac-
terial interactions within bacterial communities and potential
cascading effects. Our findings are consistent with the emerging
understanding of how the gastrointestinal environment (e.g.,
dense colonization, niche competition and nutrient limitations)
promotes intense competition and cooperation among species
(Hibbing et al., 2010). While clearly important, interbacterial inter-
actions are challenging to experimentally identify and confirm
in vivo given the limited tools currently available (Schmidt et al.,
2018). By analogy, in molecular biology, a general strategy to
confirm the putative role of a gene is to verify loss-of-function us-
ing a genetic knockout and then verify gain-of-function by rein-
troducing the gene to the knockout. Our results suggest that
phages can provide similar information for the microbiome,
although in a graded rather than absolute manner.

The rational deployment of multiple phages could selectively
modulate certain species while minimizing the cascading influ-
ence on the surrounding microbiota. For example, the simulta-
neous knockdown of E. faecalis and B. fragilis resulted in minimal
cascading effects across the microbiota despite considerable
differences in the E. faecalis (~10° est. bacteria/g stool) and
B. fragilis (~107 est. bacteria/g stool) colonization densities (Fig-
ure S3A). One possibility is that the prior administration of E. coli
and C. sporogenes phages dampens responsiveness of the
microbiota to the subsequent B. fragilis and E. faecalis phages.

However, we favor another scenario in that the cascading effects
of B. fragilis and E. faecalis knockdown partially counteract each
other as can be explained by our interbacterial interaction
network derived from by our dropout experiments. Strong influ-
ence from low abundance species is not unprecedented and has
previously been observed in commensal-pathogen bacterial in-
teractions, such as low abundance Clostridium scindens inhibit-
ing Clostridioidies difficile infection in the gut (Buffie et al., 2014),
and our results highlight that such effects may occur in
commensal-commensal interactions as well. Our identification
of a variety of interactions leads to a fascinating follow-up ques-
tion as to how these bacteria mediate their influence in the
mammalian gut ecosystem. In addition to direct interactions
such as cross-feeding, antimicrobial peptides, quorum sensing,
and nutrient competition (Nelson et al., 2016), bacteria can re-
cruit the host to make changes in the local environment such
as through inflammation (Belkaid and Hand, 2014). Overall, our
findings suggest that phages with the appropriate properties
could be leveraged as powerful tools to investigate the dynamics
and interaction structure of the microbiome, providing either
sustained knockdowns or precise transient perturbations.

Our results also reveal that phage predation in the gut micro-
biota has potential impact on the mammalian host, as mani-
fested by modulation of the gut metabolome. With microbial
metabolites having a substantial role in mediating the interaction
between bacteria and the mammalian host (Dorrestein et al.,
2014), the link between phage and microbial metabolites pro-
vides an interesting therapeutic avenue. Other methods of bac-
terial modulation, such as antibiotics can have profound and
unpredictable results on microbial metabolism as demonstrated
by streptomycin (Antunes et al., 2011) and cefoperazone (Theriot
et al., 2014), which affected 87% and 53% of detected mouse
fecal metabolites, respectively. By contrast, phage could elicit
species-targeted effects as demonstrated with phage predation
of C. sporogenes reducing tryptamine, which has been found to
accelerate gastric mobility (Bhattarai et al., 2018), while preda-
tion of E. faecalis reduced tyramine, which can induce ileal con-
tractions (Marcobal et al., 2012), for instance. Although much
work is still needed to characterize gut microbial metabolism
(Dorrestein et al., 2014), the deployment of phage-directed bac-
terial knockdown may be a potential avenue for rationally modu-
lating microbial metabolism for therapeutic purposes.

The longitudinal characterization of both phage and suscepti-
ble bacteria allowed us a view into the kinetics of phage preda-
tion in the gut microbiota. Among our findings is that lytic phage
persists in the gut and the targeted bacteria experience

Figure 5. Analysis of the Fecal Metabolome

(A) Fecal samples were collected from germfree (GF) mice colonized by the defined bacterial consortia, then treated with the first set of phages (T4 and F1) and
second set of phages (VD13 and B40-8) (n = 5). To determine the relative changes in concentrations of fecal metabolites, measured metabolite quantities were
normalized to quantities from samples immediately prior to perturbations such as phage administration. The specific fecal samples are depicted by circles and

comparisons are by arrows.

(B and C) Volcano plots showing increasing significance (y axis) versus fold change (x axis) of each metabolite 13 days after administration of the first set of phage
(B) and each metabolite 13 days after administration of the second set of phage (C). Points above the horizontal dashed line indicate significant changes with false

discovery rate (FDR) adjusted p values < 0.05.

(D and E) To aid in the direct comparison of how each metabolite changes relative to the bacterial consortia, hierarchical clustering of the mean fold change in
bacterial concentration (est. bacteria/g stool) after introduction of the first set of phage (D) and the second set of phage (E) are shown with a heatmap in Log, scale.
(F and G) Hierarchical clustering of significantly changing (FDR adjusted p values < 0.05) metabolites after introduction of the first set of phage (F) and the second
set of phage (G) with heatmap in Log, scale. Cutoff for presence of each metabolite in GF mice was detection in at least 4 of 5 mice. Metabolites discussed in the

text are shown in bold font. See also Tables S2, S3, S4, and Figure S5.
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knockdown but not eradication. Consistent with our finding that
T4 phage coexists with E. coli, past work has shown that T4 can
propagate on susceptible bacteria in the mammalian gut (Denou
et al., 2009), and more generally, that lytic phages and bacteria
can coexist for multiple weeks (Maura et al., 2012). Interestingly,
T4 and a T4-like phage, ED6, persisted for only one day to two
days in mice monocolonized with E. coli, whereas another lytic
coliphage, T7, persisted for multiple weeks (Weiss et al., 2009).
Taken together, these results suggest that a background flora
may be an important factor in sustaining phage propagation in
the gut, possibly through interbacterial interactions.

It has been proposed that the inability of phage to completely
eradicate targeted gut bacteria is because of either genetic or
ecological resistance mechanisms. In our study, we found that
the introduction of lytic phage targeting E. faecalis led to the emer-
gence of a large fraction of phage-resistant mutants in an originally
phage-susceptible population. Previous work has shown that the
development of genetic resistance to lytic phage by Vibrio chol-
erae coincides with impaired fitness (Seed et al., 2014), allowing
the susceptible strain to persist and thus propagate phage. Similar
fitness costs to resistance have been observed in vitro (Harcombe
and Bull, 2005) and in other ecosystems (Britt et al., 2012), and
may explain why little evidence of coevolution between bacterial
resistance and phage predation was observed in the human gut
virome (Reyes et al., 2010). Other mechanisms, such as ecological
resistance where bacteria are physically inaccessible to phage,
may also explain why phage-targeted bacteria persist in the gut
(Chibani-Chennoufi et al., 2004; Weiss et al., 2009; Zahid et al.,
2008). Additionally, in vitro studies have shown reduced phage
diffusion at mucosal surfaces (Barr et al., 2013) suggesting that
phage infection dynamics may be altered in the intestinal mucosa
compared to the lumen, potentially explaining differences in
phage predation on B. fragilis, a species having greater tropism
for the intestinal mucosa, versus E. coli which is generally found
more in the lumen (Lee et al., 2013).

The complexity and diversity of microbes and their interac-
tions in the gut presents a tremendous experimental challenge.
The conventional human gut microbiome is unique to each indi-
vidual, composed of microbes that are often unculturable and
difficult to phylogenetically classify, regularly perturbed by life-
style, medication, dietary, and environmental factors, and recip-
rocally influenced by the mammalian host. Therefore, to gain
mechanistic insights into complex biological processes associ-
ated with the human gut microbiome, a compromise must be
struck between how closely the model recapitulates the human
gut and experimental pragmatism. Our use of a genetically
inbred gnotobiotic mouse model colonized with ten culturable
and characterized human commensal strains includes moderate
complexity and bacterial diversity while minimizing potentially
confounding variables. Our finding that lytic phages can play
an unexpectedly broad and substantial role in the gut microbiota
is only a glimmer of their potential functional impact as they have
a diversity of lifestyles (e.g., temperate), range of infectivity for
different bacterial species, and potential for horizontal gene
transfer. Furthermore, despite phages generally having a narrow
spectrum of infectivity among bacterial species, they can
demonstrate broad infectivity among strains of the same spe-
cies. Thus, an important goal for the field will be developing
methods to characterize phage effects in the context of fully
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intact microbiota, such as in conventional mice or human popu-
lations. By illuminating details of the dynamical relationship be-
tween phage and commensal bacterial within a simplified but still
realistic gut environment, our work provides a framework to
guide these future investigations in more complex environments
that will seek to elucidate the interplay between phage, the
microbiota, and host health and disease.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Strains

E. coli Nissle 1917 was obtained from the Massachusetts Host-Microbiome Center while all other strains were obtained from ATCC.
Bacteria were cultured from single colonies at 37°C either in BHI under aerobic conditions (E. coli, E. faecalis, K. oxytoca, and
P. mirabilis) or in BHI (+vitamin K, +hemin) under anaerobic conditions (A. muciniphila, C. sporogenes B. fragilis, B. ovatus,
B. vulgatus, and P. distasonis). After incubation, B. fragilis, C. sporogenes, and E. coli were concentrated ~8- to 10-fold by centri-
fugation. All cultures were snap-frozen in liquid nitrogen and stored at -80°C. Each batch was checked for titer and contamination
by diluting aliquots in PBS and culturing on non-selective plates (TSA with 5% sheep blood for aerobic culture or Brucella agar
with 5% sheep blood, hemin and vitamin K for anaerobic culture). P. mirabilis dilutions were also cultured on MacConkey agar plates
to inhibit swarming so that individual colonies could be counted.

Phage Strains

Phages B40-8, F1, and T4 were obtained from ATCC, while VD13 phage was obtained from the Félix d’Hérelle Reference Center for
Bacterial Viruses at the University of Laval. High titer phage stocks were propagated on their susceptible bacteria using a soft-agar
overlay technique by mixing 100uL dilutions of phage in phage buffer with 100 pL of an overnight bacterial culture, adding 3mL of
molten nutrient soft-agar at ~42°C and 30uL of 1M calcium chloride, then immediately pouring onto petri dishes of the same nutrient
agar and allowed to harden at room temperature. Phage buffer consisted of 50mM tris, 100mM sodium chloride, 10 mM magnesium
sulfate, and 0.01% gelatin, pH 7.5. Nutrient agar (1.5% agar) and soft agar (0.3% agar) consisted of BHI (for VD13 phage on
E. faecalis), TNT (for T4 phage on E. coli), or BHI +vitamin K +hemin (for F1 phage on C. sporogenes and B40-8 phage on
B. fragilis). Plates were incubated overnight at 37°C in air for phage propagated on facultative anaerobes (E. faecalis and E. coli)
or anaerobically for phage propagated on obligate anaerobes (B. fragilis and C. sporogenes). Phage was harvested from plates
showing the greatest density of plaques by resuspending the soft-agar overlays into 10 mL of phage buffer, gently rocking at 4°C
for ~2 h to extract phage and then centrifuging at 4000 rpm at 4°C and sterile filtering the supernatant. Phage titers were measured
via plaque assay using the same soft-agar overlay technique.

Animal Procedures

Ethical Statement on Mouse Studies

All animal care and procedures were performed in accordance with institutional guidelines and approved by the Brigham and
Women’s Hospital Institutional Animal Care and Use Committee under Protocol# 2017N000010.

Housing and Husbandry of Experimental Animals

Germfree C57BL/6 mice were bred and maintained in isolators in the Massachusetts Host-Microbiome Center at Brigham and
Women’s Hospital. Mice were provided water and double-irradiated standard chow ad libitum and maintained on a 12 hr light
dark cycle.

For longitudinal phage perturbation experiments, five ~8-10 week-old, male mice were individually-housed in a single sterile
isolator and allowed to acclimate for 2 to 3 days. On experimental Day 0, mice were inoculated with a fresh preparation of 200 pL
of bacterial consortia. This inoculate was prepared immediately prior to administration by thawing bacterial aliquots (previously
snap-frozen and stored at -80°C), mixing at appropriate volumes for a final concentration of 108 cfu/mL (B. fragilis, B. ovatus,
B. vulgatus, C. sporogenes, E. faecalis, E. coli, K. oxytoca, and P. distasonis) or 107 cfu/mL (A. muciniphila and P. mirabilis) of
each species, and supplementing with BHI media. Samples were stored at -80°C. For phage administration on Days 16.1 and
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30.1, mice received 100 uL of 1M sodium bicarbonate per os to neutralize gastric acid that was followed by 200 pL of phage mixture,
5 min later. Phages were combined immediately prior to administration from stock solutions stored in phage buffer at 4°C. On Day
16.1, each mouse received T4 and F1 phages (targeting E. coli and C. sporogenes, respectively) and on Day 30.1 each mouse
received VD13 and B40-8 phages (targeting E. faecalis and B. fragilis, respectively). Additional phage buffer was supplemented
for a final concentration of 107 pfu/mL of each phage. Stool samples were collected by placing each mouse into a sterile beaker,
collecting the freshly voided feces, and snap-freezing in liquid nitrogen within 30 min. Stool for each mouse was collected at these
time points: 0.3,0.5,1.1,1.3,2.2,2.3,3.1,5.1,7.1,8.1,9.0, 11.0, 13.3, 14.1, 15.1, 16.1, 16.3, 17.1, 17.3, 18.1, 18.3, 19.1, 21.1, 23.1,
25.1,27.1, 28.1, 29.1, 30.4, 30.5, 31.1, 31.3, 32.1, 32.3, 33.3, 35.1, 37.1, 39.1, 40.1, 42.1, 43.1 days.

Dropout experiments were conducted similarly as above with specific differences as noted. Twenty ~8-10-week-old, male mice
were individually-housed and randomly assigned into four groups with each group in separate sterile isolators. On experimental Day
0, each set of mice were inoculated with 200 pL of a dropout mixture consisting of the defined bacterial consortia without one of the
following species: B. fragilis, C. sporogenes, E. faecalis, or E. coli. Stool was collected by the previously described method at these
time points: 0.3, 1.1, 3.1, 7.1, 11.1, and 16.1 days.

METHOD DETAILS

Microbiology

The bacterial species susceptible to phage infection were determined by a spot titer technique (Kutter, 2009) where 5-uL spots of ~10°
pfu/mL of each phage (or phage buffer as a control) was added to soft-agar overlays of each bacteria (without phage), prepared as
described above. Plates were incubated overnight at 37°C aerobically or anaerobically depending on the bacterial culture conditions.

Phage Resistance of Fecal Bacteria

Mouse stool from longitudinal phage perturbation experiments were suspended into 1 mL of PBS by vortexing for 10 min atr.t., seri-
ally diluted into PBS, and then plated (100 L) onto Enterococcosel agar. Plates were incubated overnight at 37°C in air. Streak outs of
each bacterial species in our defined consortia revealed that these growth conditions are selective for E. faecalis, consistent with the
manufacturer’s description. Resultant E. faecalis colonies were tested for phage susceptibility by streak outs against cross-streaks of
108-pfu/mL VD13 phage on BHI agar plates supplemented with 10 mM CaCl,. After incubation overnight at 37°C in air, the intersec-
tion of E. faecalis and VD13 phage were examined for the absence or presence of a contiguous line of bacterial growth indicating
phage susceptibility or resistance, respectively.

Molecular Analyses

We determined phage concentrations using phage-specific qPCR primers, which are thus reported as “estimated phage”
throughout. Due to the number of species and fecal samples collected, a similar strategy was not feasible for quantitating bacterial
concentrations. Instead, we employed a high-throughput method that we and others have previously used to determine absolute
bacterial concentrations in complex microbiota (Bucci et al., 2016). Briefly, we estimate bacterial concentrations for each species
as the product of relative abundance measured via 16S rBRNA amplicon sequencing and total bacterial abundance measured via
gPCR with universal 16S rRNA primers against a standard curve using a single bacterial species, E. coli Nissle 1917.

Nucleic Acid Extraction
Extraction of DNA from pre-weighed fecal samples as well as bacterial and phage standards from liquid culture was performed using
the Zymo Research ZymoBIOMICS DNA 96-well kit according to manufacturer instructions with bead beating for 20 min.

16S rRNA Amplicon Sequencing
PCR amplification of the V4 region of the 16S rRNA gene was conducted following a previously described protocol using primers
(515F and 806R) with dual-index barcodes (Kozich et al., 2013):

5’-[lllumina adaptor]-[unique bar code]-[sequencing primer pad]-[linker]-[primer]

Read 1 (fwd primer): AATGATACGGCGACCACCGAGATCTACAC-NNNNNNNN-TATGGTAATT-GT-GTGCCAGCMGCCGCGGTAA

Read 2 (rev primer): CAAGCAGAAGACGGCATACGAGAT-NNNNNNNN-AGTCAGTCAG-CC-GGACTACHVGGGTWTCTAAT

Successful amplification was determined by the presence of a 384 bp band on a 1.5% agarose gel, and concentration was measured
using a Quan-IT dsDNA high sensitivity assay (Invitrogen). Roughly 120 ng of each amplification product was pooled to generate an
aggregated library, from which 300-500 bp amplicons were selected using a targeted size selection platform, Pippin Prep with 1.5%
agarose cassette (Sage Sciences) according to the manufacturer’s instructions. Amplicon size was characterized with an Agilent Tech-
nologies 2100 bioanalyzer trace. The aggregated library was denatured with sodium hydroxide and diluted to 7.5 pM in HT buffer (lllu-
mina). 480 pL was then combined with 120 pL of 7.5 pM phiX and loaded onto a MiSeq V2 reagent cartridge (lllumina) to generate 250 bp
paired-end reads. The following custom sequencing primers were used:

5’-[sequencing primer pad]-[linker]-[primer]

Read 1: TATGGTAATT-GT-GTGCCAGCMGCCGCGGTAA

Read 2: AGTCAGTCAG-CC-GGACTACHVGGGTWTCTAAT

5’-[primer]-[linker]-[sequencing primer pad]
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Index primer: ATTAGAWACCCBDGTAGTCC-GG-CTGACTGACT
MiSeq sequencing was performed using the default parameters and standard operating procedures for lllumina MiSeq operation
to generate demultiplexed fastq files.

Bioinformatic Analyses

Tables of taxa abundances were generated from fastq files using the standard dada2 pipeline using paired end reads (Callahan et al.,
2016). Per the pipeline, quality score plots were inspected to determine inflection points for drop-offs in quality of forward and reverse
reads and reads were truncated at these points; these points were positions 230 and 150 for forward and reverse reads respectively.
All retained reads from the pipeline after standard filtering unambiguously corresponded to the species in the defined consortia.
Median read depth of time-series data was 63,435 + 16,343 and for bacterial dropout data was 66,683 + 19,204.

qPCR for Phage Quantitation

Each phage was quantified with phage-specific primers (10 pM) using the PowerUP SYBR Green Master Mix (ThermoFisher) accord-
ing to manufacturer instructions. Briefly, a master solution ~115% times greater than the desired number of wells was prepared, con-
sisting of 5 pL of SYBR Green Master Mix, 0.2 L of forward primer, 0.2 uL of reverse primer, and 0.6 uL of water, per reaction well.
After distribution of 6 uL per well in a 96-well optical qPCR plate, 4 uL of template DNA was added. For 384-well plates, the final
reaction volume was 5 plL/well with all reagents adjusted proportionately. Template DNA from fecal extracts and liquid culture stan-
dards (quantified by plaque assay) were diluted 100-fold for measurement. Standard curves were included in every assay plate, con-
sisting of at least five points. Phage-specific standards (e.g., T4, F1, VD13 and B40-8 phage) were used to quantify the phage of in-
terest from samples. Each standard and sample were measured with at least three technical replicates. The thermocycling protocol
consisted of 120 s at 95°C, and then 40 cycles of 15 s at 95°C and 60 sec at 60°C.

qPCR for Total Bacteria Concentration Estimation
Total bacteria (i.e., 16S rRNA gene copies) concentration was quantified from extracted DNA using a TagMan Universal Master Mix Il no
UNG kit (ThermoFisher 4440040) with the TagMan Gene Expression Assay (ThermoFisher 4331182) primer and probe (FAM-MGB) set
for 16S rRNA quantification (Thermo Fisher assay ID Pa04230899_s1) and performed according to manufacturer instructions. Briefly, a
master solution ~115% times greater than the desired number of wells was prepared, consisting of 5 uL of TagMan Universal Master
Mix Il solution and 0.5 pL of the TagMan Gene Expression Assay primer and probe, per reaction well. After distribution of 5.5 uL per well
in a 96-well optical gPCR plate, 4.5 uL of template DNA was added. For 384-well plates, the final reaction volume was 5 ul/well with all
reagents adjusted proportionately. Template DNA from fecal extracts and liquid culture standards were diluted 100-fold for measure-
ment. Total concentration of 16S rRNA gene copies in each sample was calculated by comparison to a standard curve comprised of
DNA extracted from liquid cultures of E. coli Nissle 1917. The number of 16S rRNA gene copies in these standards was calculated from
the known number per genome (10) and bacterial titer (cfu) based on plating and colony counts. Standard curves, included in every
assay plate, consisted of at least five points. Each standard and sample were measured with at least three technical replicates. The
thermocycling protocol consisted of 120 s at 50°C then 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 sec at 60°C. Mea-
surements were performed in 96-well or 384-well plates using an Applied Biosystems QuantStudio 12k Flex Real-Time PCR system.
To assess the degree of amplification bias with this primer set across the species in our consortium, we extracted DNA from seri-
ally-diluted pure liquid cultures of each bacterial species mixed with germfree mouse stool as described in the Nucleic acid extrac-
tion subsection and performed gqPCR as described above. Generally, each species demonstrated the expected concentration-
dependent amplification by gPCR, however amplification efficiency did differ across species. We also found that P. distasonis
was poorly detected by the primers (Figure S2A.) As the relative abundance of P. distasonis does not surpass 1.5% in our experi-
ments, the fact that it is not amplified by the primers does not substantially impact our estimation of total bacterial abundance.

Estimation of Bacteria Concentrations
To estimate the concentration or abundance of each bacterial species from fecal samples, we first measured the relative fraction of
16S rRNA taxa for each of the ten bacterial species in our consortia as described in the 16S rRNA amplicon sequencing subsection
and then multiplied these values by the gPCR measured copies of 16S rRNA in each sample as described in the gPCR for total bac-
teria concentration estimation subsection. The product of these quantities provided an estimate of the absolute number of bac-
teria-specific 16S rRNA gene copies present in each sample per gram of stool. We then normalized the number of 16S rRNA gene
copies in our samples by the known number per bacterial genome (Stoddard et al., 2015), yielding the concentration of each bacterial
species per gram stool. Copy numbers of 16S rRNA genes per genome were obtained from the rrnDB (ref rrndb.umms.med.umich.
edu): A. muciniphila (3), B. fragilis (6), B. ovatus (5), B. vulgatus (7), C. sporogenes (9), E. faecalis (4), E. coli (10), K. oxytoca (8), P.
distasonis (7), P. mirabilis (7). Bacterial quantities measured in this manner are referred to in the manuscript as estimated bacteria.
For instances where certain bacterial species were transiently undetectable, values were set to the lowest otherwise detected con-
centration in our data set: [C. sporogenes]min = 1.58-bacteria/g stool; [E. faecalis]min = 5.3 x 102 bacteria/g stool; [P. distasonis]min =
5.5-bacteria/g stool. For the longitudinal mouse experiment, the specific times (and # of mice) were the following: C. sporogenes —
0.5d (2), 16.3d (2), 17.1d (2); E. faecalis—32.3d (2); and P. distasonis—1.1d (2), 1.3d (2), 2.1d (1), 5.1d (2), 7.1d (1), 8.1d (2), 9.0d (3),
11.0d (2). For the dropout experiments, specifically in the E. faecalis bacterial dropout, the specific time (and # of mice) were the
following: P. distasonis—7.1 d (1).
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Bray Curtis Dissimilarity

Bray Curtis dissimilarity was calculated using the relative abundances of each bacterial species in longitudinal phage perturbation
experiments using the vegan package in R. The Bray Curtis dissimilarity was defined between different mice at the same time point,
Figure S4A, and between time points for the same mouse, Figure S4B. Specifically, let xg)be the relative abundance of microbe i in
mouse j at time point ¢, then the measures were calculated as:
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respectively.

Hypothesized Interaction Networks

Using the magnitude of relative changes in colonization with and without phage-targeted species (Figure 3D), we generated a hypoth-
esized bacterial interaction network. If our bacterial dropout experiments resulted in a reduced colonization of another species as
compared to the full consortium, we hypothesized that this dropped out bacteria has a promoting influence on this other species.
Similarly, we hypothesized that an increased colonization of another species was due to repressive influence from the dropped
out bacteria. We used the log(fold change) in colonization levels between the dropout and full consortium conditions to infer the in-
fluence of the dropped out bacteria. To represent the effects of our phage administration, we conflated the effects of the first set of
phage (T4 and F1 phages targeting E. coli and C. sporogenes, respectively) and second set of phage (B40-8 and VD-13 phages tar-
geting B. fragilis and E. faecalis, respectively), as shown in Figure 4A and 4B, respectively. Because a bacterial dropout provides the
maximal effect possible, the magnitude of inhibitory or facilitative interactions within this interaction network provides an upper-limit
to the impact of phage predation, which knocks down but does not eliminate the target bacteria.

Metabolomics

Fecal samples obtained as described above and stored at -80°C were delivered to Metabolon (Durham, NC USA) where sample
preparation and analysis was performed. Samples (~1-2 pellets) were homogenized in methanol at 50 mg/mL for metabolite extrac-
tion. The supernatant was separated from debris and precipitates (e.g., proteins) by centrifugation, divided into five aliquots for four
different analysis conditions plus one backup sample, and placed into a TurboVap (Zymark) for solvent removal. Dried samples were
stored under nitrogen gas overnight until analysis.

All samples were reconstituted and measured using a Waters ACQUITY ultra-performance liquid chromatography (UPLC) instrument
with attached Thermo Scientific Q-Exactive high resolution/accurate mass spectrometry (MS), heated electrospray ionization source
(HESI-I), and Orbitrap mass analyzer (35,000 mass resolution), as similarly described previously (Evans et al., 2014). Each of four aliquots
were analyzed as follows: (1) elution with a C18 column (Waters UPLC BEH C18-2.1x100mm, 1.7um) in positive-ion mode with a water/
methanol gradient mobile phase containing 0.05% perfluorpentanoic acid (PFPA) and 0.1% formic acid (FA); (2) similarly to the previous
method except with a water/acetonitrile/methanol gradient mobile phase containing 0.05% PFPA and 0.01% FA; (3) elution with a sepa-
rate C18 column in negative-ion mode with a water/methanol gradient mobile phase containing 6.5-mM ammonium bicarbonate, pH 8;
(4) elution with a HILIC column (Waters UPLC BEH amide 2.1x150mm, 1.7um) in negative-ion mode with a water/acetonitritile gradient
mobile phase containing 10 mM ammonium formate, pH 10.8. MS analysis utilized dynamic exclusion, alternating between MS and data-
dependent MS" scans. Scan range covered 70-1000 m/z. Data extraction, peak-identification, and quality control was conducted using
Metabolon’s proprietary software. Compounds were identified and quantified by comparison to a library of standards.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details regarding each experiment is described within the figure legends and in the Results section. For all mouse exper-
iments, n refers to the number of mice in each experimental group. Significance values for untargeted metabolomics were FDR-cor-
rected as described. For samples in which concentrations of certain bacterial species were transiently undetectable, the lowest
detectable concentration for that species was imputed, as described in the Star Methods section.

DATA AND SOFTWARE AVAILABILITY
The accession number for raw 16S rRNA gene sequencing data reported in this paper is deposited in the Sequence Read Archive

(SRA) of the National Center for Biotechnology Information (NCBI) (NCBI SRA: PRUNA540704). Relative metabolite abundances from
untargeted metabolomics have been deposited to Mendeley Data and are available at https://doi.org/10.17632/4xnn4sjsxs.1.
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