bioRxiv preprint doi: https://doi.org/10.1101/2023.02.03.527064; this version posted February 4, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Fecal virome transplantation is sufficient to alter fecal microbiota and drive lean
and obese body phenotypes in mice

Joshua M. Borin?®, Roland Liu®, Yanhan Wang®, Tsung-Chin Wu¢, Jessica Chopyk®,
Lina HuangP, Peiting Kuo®, Chandrabali Ghose®, Justin R. Meyer?, Xin M. Tu¢, Bernd
Schnabl®, and David T. Prideb¢’

aDivision of Biological Sciences, University of California San Diego, La Jolla, CA, USA
bDepartment of Pathology, University of California San Diego, La Jolla, CA, USA
°Department of Medicine, University of California San Diego, La Jolla, CA, USA
dDivision of Biostatistics and Bioinformatics, Department of Family Medicine and Public
Health, University of California San Diego, La Jolla, CA, USA

¢Bioharmony Therapeutics Inc., New York, NY, USA

* Corresponding author
Keywords: High Fat Diet, Virome, Fecal Microbiota, Bacteriophages, Obesity

Running Title: Virome transplantation shapes lean and obese phenotypes


https://doi.org/10.1101/2023.02.03.527064
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.03.527064; this version posted February 4, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Abstract

Background: The gastrointestinal microbiome plays a significant role in numerous host
processes and has an especially large impact on modulating the host metabolism. Prior
studies have shown that when mice receive fecal transplants from obese donors that
were fed high-fat diets (HFD) (even when recipient mice are fed normal diets after
transplantation), they develop obese phenotypes. These studies demonstrate the
prominent role that the gut microbiota play in determining lean and obese phenotypes.
While much of the credit has been given to gut bacteria, studies have not measured the
impact of gut viruses on these phenotypes. To address this shortcoming, we gavaged
mice with viromes isolated from donors fed HFD or normal chow. By characterizing the
mice’s gut bacterial biota and weight-gain phenotypes over time, we demonstrate that
viruses can shape the gut bacterial community and affect weight gain or loss.

Results: We gavaged mice longitudinally over 4 weeks while measuring their body
weights and collecting fecal samples for 16S rRNA amplicon sequencing. We evaluated
mice that were fed normal chow or high-fat diets, and gavaged each group with either
chow-derived fecal viromes, HFD-derived fecal viromes, or phosphate buffered saline
controls. We found a significant effect of gavage type, where mice fed chow but
gavaged with HFD-derived viromes gained significantly more weight than their
counterparts receiving chow-derived viromes. The converse was also true: mice fed
HFD but gavaged with chow-derived viromes gained significantly less weight than their
counterparts receiving HFD-derived viromes. These results were replicated in two
separate experiments and the phenotypic changes were accompanied by significant
and identifiable differences in the fecal bacterial biota. Notably, there were differences in
Lachnospirales and Clostridia in mice fed chow but gavaged with HFD-derived fecal
viromes, and in Peptostreptococcales, Oscillospirales, and Lachnospirales in mice fed
HFD but gavaged with chow-derived fecal viromes. Due to methodological limitations,
we were unable to identify specific bacterial species or strains that were responsible for
respective phenotypic changes.

Conclusions: This study confirms that virome-mediated perturbations can alter the
fecal microbiome in an in vivo model and indicates that such perturbations are sufficient
to drive lean and obese phenotypes in mice.
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Background

In recent decades, discoveries in microbiome research have revealed myriad paths by
which gut microbiota affect and regulate their hosts. Studies have demonstrated how
resident microbes support health [1], as well as cause disease [2], and have revealed
many of the processes by which microbiome communities can affect host immunity
[3,4], metabolism [5], and even cognition [6,7]. Altogether, contributions to this body of
work have catapulted an appreciation of the important and multifarious roles that
resident microbiota play in their host’s life.

One seminal study, published in 2006 by Turnbaugh et al. [8], provides an early and
compelling demonstration of the far-reaching effects of the microbiome. Researchers
transplanted the gut microbiome from obese and lean mice into germ-free mice fed a
normal chow diet. They found that individual mice receiving “obese” microbiomes
gained more body fat and harvested more energy from the same quantity of food than
mice receiving “lean” microbiomes. These results provide a striking demonstration of
how microbiomes can alter their host’s metabolism to such a degree that it shapes their
host’s phenotype.

At the time that this study was published, microbiome research was predominantly
focused on the bacterial members of the microbiome. This focus led to many valuable
contributions to the field. However, the gut microbiome is a diverse and complex
community that also includes archaea, fungi, and viruses [9]. Over the last two decades,
advances in sequencing technology and bioinformatic analysis have revealed that
viruses in the gut can be more abundant than bacteria and that the gut virome is
predominantly comprised of bacterial viruses called bacteriophages (phages) [10-12].
These discoveries have led to a burgeoning field investigating the host-associated
virome and its effects on the microbiome and host organism.

Just as pioneering works shed light on the importance and influence of the gut bacterial
biota, many studies now indicate that the gut virome can similarly affect its host’s health,
metabolism, and even cognition and memory [11,13,14]. Shifts in virome composition
have been associated with various conditions, including stunted growth [15], cancer and
diabetes [12], and high-fat and high-sugar diets [16-18]. Furthermore, the administration
of phages as treatments have been shown to attenuate the severity of bacteria-caused
diseases, such as Clostridium difficile infections [19], Klebsiella pneumoniae-associated
inflammatory bowel disease [20], and alcoholic liver disease caused by cytolysin-
positive Enterococcus faecalis [21]. Fecal virome transplants (FVT) and gavages of
specific phages with known bacterial hosts have also been shown to cause shifts in the
bacterial composition of the gut [22-25] and bacterial metabolism [26], which could
cause downstream effects on the host organism.

These discoveries have broadened our perspectives to include the virome as an
important factor that shapes community assembly and host health. They have also led
many to revisit interpretations from past fecal microbiome transplant studies; because
viruses are smaller than bacterial cells, fecal microbiome transplants in previous studies
likely contained viruses, in addition to bacteria. It is possible that many effects that were
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previously attributed to bacteria in fecal microbiome transplants could also be due to
transplantation of associated viruses.

In this study, we explore whether viruses alone can alter the composition of the
microbiome and drive changes in host phenotypes. To investigate, we conducted two
longitudinal studies where mice on either normal chow or high-fat diets received fecal
virome transplants prepared from donor mice on chow or high-fat diets (or phosphate
buffered saline controls). By sampling mouse feces and body weights over time, we
reveal how virome transplantation alters the composition of the gut microbiome and
drives lean and obese phenotypes in recipient mice.

Methods

Animal study design

To study the effect of fecal virome transplantation (FVT) on microbiome composition
and host animal physiology, we used a total of 72 male C57BL/6 treatment mice
(Charles River Laboratories; Wilmington, MA) in two independent experimental
replicates (i.e., trials; 24 mice in trial 1 and 48 mice in trial 2). In each trial, 6-week-old
mice were randomly assorted into cages (4 and 3 mice per cage in trials 1 and 2,
respectively). Half of the cages were given a standard laboratory chow diet and half
were given a high-fat diet (HFD) (BioServ, S3282, 0.0341% cholesterol, 60% fat
calories). After 10 weeks on respective diets, we administered fecal virome transplants
via oral gavage every weekday for 4 weeks. Within each diet, cages were randomly
assigned one of three gavage treatments: Chow-derived virome, HFD-derived virome,
or a phosphate-buffered saline control (PBS). Feces from each cage were collected at
regular intervals and stored at -80°C for downstream microbiome analyses. After 4
weeks of gavage treatment, mice were sacrificed and the weight of the liver and various
adipose tissues were measured. Mice had ad libitum access to water, were housed
under SPF conditions and maintained on a 12 h artificial light/dark cycle, a temperature
range of 68—-72°F, and a humidity of 40—70% RH. All animal studies were reviewed and
approved by the International Animal Care and Use Committee of UCSD (#S09042).

Fecal virome transplant preparation

To prepare material for FVT gavage, we fed a separate “donor” group of male C57BL/6
(Charles River; male, age 6 weeks) mice either chow or HFD for 10 weeks prior to
starting gavage treatments (4 mice per cage). Virome gavages were prepared from the
feces of mice on each diet every weekday: 0.5 g of donor feces were homogenized in
50 mL of SM buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris-Cl pH 7.5 dissolved in
water) and then serially passed through 0.45 ym and 0.2 um filters to remove cells and
debris. We confirmed that bacteria were successfully removed by inoculating 100 uL of
filtrate into 4 mL of Luria-Bertani broth and incubating tubes at 37°C overnight. No
observable growth was found. After filtration, the viruses in each sample were
concentrated using polyethylene glycol (PEG) precipitation. Samples were subdivided
into 15 mL conical tubes. Sterile NaCl and PEG-6000 solutions were added, bringing
samples to a final concentration of 0.5M NaCl and 10% PEG-6000. Tubes were mixed
and then stored overnight at 4°C. The following day, tubes were centrifuged at 4600 x g
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for 30 minutes to pellet the viruses. Then the supernatant was decanted and the pellet
was resuspended in PBS. PEG-precipitated viromes within each diet type were pooled
and stored at 4°C for no longer than 1 week. Before oral administration of the gavage,
we added a 0.2 um filter-sterilized solution of NaHCOs to a final concentration of 5% to
mitigate degradation of viruses by gastric acid.

Quantification of viruses in gavage samples

Epifluorescence microscopy was used to enumerate the number of virus-like particles
(VLPs) in PEG-precipitated gavage preparations. Samples were fixed in 2%
formaldehyde, diluted, and vacuum filtered onto a 0.02 pm Anodisc filter. Next, the viral
nucleic acids were stained by immersing the Anodisc in a droplet of 25X SYBR green |.
After washing the Anodisc in a droplet of molecular grade water, it was mounted onto a
microscope slide with 30 pL of antifade solution (1% p-phenylenediamine in 1:1 glycerol
PBS) and imaged at 1000x via fluorescence microscopy. VLPs were manually
enumerated in 3-5 fields of view per slide and the concentration of VLPs in each
sample was calculated by Ny = Pt/ Ft * At/ As/ Vi where Nyis VLPs per mL, Pt is the
number of VLPs counted, Ft is the number of fields of view counted, At is the total area
of the Anodisc, At is the area of each field of view, and Vi is the volume of sample that
was filtered onto the Anodisc [27].

16S rRNA gene amplicon sequencing

To conduct 16S amplicon sequencing on feces collected during the study, DNA was first
extracted using the Qiagen DNeasy Powersoil kit (Qiagen; CA). We included negative
controls to ensure that no samples were contaminated during the extraction process.
From purified DNA, we amplified the V3-V4 hypervariable region of the 16S rRNA gene
via PCR with Hifi Hotstart Readymix (Kapa Biosystems; Boston, MA), forward primer 5’-
TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC
AG-3’, and reverse primer 5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA
GGA CTA CHV GGG TAT CTA ATC C-3’ under the following cycle parameters: 95°C
for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30s, and a
final elongation of 72°C for 5 min [28]. PCR reactions were cleaned using AMPure XP
beads (Beckman-Coulter; Fullerton, CA) and then indexed using a Nextera XT DNA
Library Preparation Kit (Illumina; San Diego, CA). Finally, samples were cleaned again
with Ampure XP beads, visualized with a High Sensitivity DNA Kit on a Bioanalyzer
(Agilent Technologies; Palo Alto, CA) and quantified using a dsDNA High Sensitivity Kit
on a Qubit Fluorometer (Thermo Fisher Scientific; USA). Samples were pooled into
equal molar proportions and sequenced on the lllumina MiSeq platform (lllumina; San
Diego, CA).

Analysis of 16S rRNA sequences

Reads were processed using Quantitative Insights Into Microbial Ecology 2 (QIIMEZ2;
version 2021.4) [29]. Quality filtering, dereplicating, and removal of chimeras was
handled by the DADA2 plugin in QIIMEZ2 [30]. Taxonomy classification was performed
using the feature-classifier “classify-sklearn feature” in QIIME2, with a Naive Bayes
classifier trained on the SILVA database (version 138) [31]. The relative abundance of
different bacterial classes was visualized using the qiime2R (v0.99) and ggplot2 (v3.3.5)
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packages in R (v4.1.1) [32-34]. Alpha diversity (Shannon index, Faith’s Phylogenetic
Diversity, and Operational Taxonomic Unit) and beta diversity (Bray-Curtis) metrics
were produced by the QIIME2 “core-metrics-phylogenetic” pipeline (sampling
depth=8000). To further investigate the compositional differences between samples, we
used the QIIME2 DEICODE plugin to compute Robust Aitchison distances and to create
taxonomic biplot overlays.

Virome shotgun sequencing

To sequence the fecal viromes of donor and recipient mice, viral DNA and RNA was
extracted using an adapted “NetoVIR” protocol [35], adapted from [36]. First, 0.05 g of
fecal material was homogenized in 500 pL of 0.5x PBS for 1 min, centrifuged at 17,000
x g for 3 min. The supernatant was then filtered through a 0.45 cellulose-acetate ym
filter for 1 minute at 17,000 x g. Next, 130uL of filtered samples were nuclease treated
with 2 uL of benzoase and 1 pL of micrococcal nuclease in 7 yL of 20x homemade
buffer (1 M Tris pH 8, 100 mM CaCl2 30 mM MgCl»). After gently pipetting to mix,
samples were incubated at 37°C for 2 h and then the reaction was stopped by adding 7
ML of 10 nM EDTA. Finally, viral nucleic acids (both RNA and DNA) were extracted with
the QIAamp Viral RNA Minikit (Qiagen; CA).

Nucleic acids were amplified by using the Complete Whole Transcriptome Amplification
Kit Protocol, which converts viral RNA into cDNA prior to amplification of both the
resulting cDNA and extracted viral DNA (WTA2, Sigma-Aldrich; USA). In order to
capture rare viral nucleic acids, we increased the number of amplification cycles to 22.
After amplification, we measured the DNA concentration using the Qubit dsDNA HS
Assay Kit (Thermo Fisher Scientific; USA). Library preparation was performed using the
Nextera XT DNA Library Preparation Kit (lllumina; San Diego, CA) with 1.2 ng/uL of
input material. Tagmentation time was shortened to 4 min and PCR extension time
increased to 45 s in order to favor larger DNA fragments. Finally, samples were purified
using 0.6X AMPure XP beads (Beckman-Coulter; Fullerton, CA) and library size was
checked using a Bioanalyzer (Agilent Technologies; Palo Alto, CA). Libraries were
pooled into a 4 nM solution and sequenced on the lllumina MiSeq platform (lllumina;
San Diego; CA) with a target sequencing yield of 500MB-1GB per virome.

Analysis of virome sequences

Virome sequencing reads were analyzed using a modified version of the protocol
described by Santiago-Rodriguez et al. (2015) [37]. First, reads were trimmed based on
size (>100bp) and quality (>*Q30) using CLC Genomics Workbench (Qiagen; CA).
Reads were then mapped to common bacterial contaminants using CLC Genomics
Workbench; these reads were removed before assembly. Reads were also mapped to
the mouse BALB/c genome. As less than 0.1% of reads mapped to the mouse genome,
these reads were not removed in case they represented endogenous murine viral
sequences. We then assembled reads using CLC Genomics Workbench De Novo
Assembly tool with 98% identity and a minimum 50% read overlap. Consensus
sequences were constructed according to the majority rule. Contigs of short lengths
(<500bp), containing ambiguous characters, and mapping to mouse mitochondrial DNA
were removed. The remaining virome contigs were annotated using tBLASTx against
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NCBI All Viruses database with an E value cutoff of 10-'°. Finally, the tBLASTx results
were parsed via lon Assist for classification of viral families.

Statistics

Analyses on mouse body weights were modeled both cross-sectionally and
longitudinally by generalized estimating equations [38]. For beta diversity,
PERMANOVA (999 permutations) were conducted to test group differences based on
the Bray-Curtis and Robust Aitchison diversity distance metrics, respectively [39].
Because alpha diversity values had nonlinear changes over time, we used a spline
regression to capture such nonlinear changes, with three knots at days 4, 9, and 16
[40]. We then conducted Wald tests to compare Shannon index values between
treatments on a given day, as well as to compare how the slope of alpha diversity in
each treatment changed with respect to each knot. For multiple comparisons, p-values
were corrected using the Holm method [41]. All statistical analyses were carried out in R
[34].

Results

Experimental design and effect of FVT on mouse weight

To investigate how viruses in the gut influence host physiology and the gut microbiota,
we administered fecal virome transplants (FVT) to mice in a 2-diet type x 3-gavage type
experimental design (Fig. 1). Two independent experimental trials were conducted,
consisting of 72 mice in total. First, recipient mice were acclimated to either normal
chow or high fat diet (HFD) for 10 weeks. Then, we administered FVT (or PBS controls)
via oral gavage every weekday for 4 weeks. Viromes for FVT were prepared from the
feces of a separate group of donor mice that were fed chow or HFD for 13 weeks. To
prepare viromes for gavage, feces from each diet type were suspended in buffer,
homogenized, and filtered to remove cells. Finally, viruses were concentrated via PEG
precipitation and resuspended in PBS. Each weekday, mice received an oral gavage
containing ~5 x 10° virus-like particles (VLPs). VLPs were enumerated via
epifluorescence microscopy (Fig. S1). We found no significant difference in VLP
concentration between HFD-derived and chow-derived preparations (1.73 x 10
VLP/mL £7.43 x 10° SD and 1.02 x 10" VLP/mL £9.47 x 10° SD, respectively).
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Figure 1. Study design. Recipient mice were fed chow or high-fat diet (HFD) for 14 weeks. After the first
10 weeks, fecal virome transplants (FVT) were administered via oral gavage every weekday for 4 weeks
(red vertical bars) and feces were collected at regular intervals (dots). FVT were prepared in parallel from
a separate group of donor mice on chow or high-fat diet. Gavage treatments consisted of chow-derived
and HFD-derived viromes, as well as PBS controls. The study was conducted in 2 experimental replicates
(i.e., trials). Trial 1 consisted of 4 mice per cage and 1 cage per treatment. Trial 2 consisted of 3 mice per
cage and 3 cages per treatment. In Trial 2, we collected feces from 2 additional pre-gavage timepoints
(purple dots). Five mice were omitted from the study due to death (one in Trial 1 HFD : PBS, one in Trial 2
HFD : PBS) or aggression toward other mice (one in each Trial 2 HFD : Chow, Chow : PBS, and Chow :
HFD).

To explore how FVT affects host physiology, we recorded the body weights of individual
mice two times per week after starting gavage treatments. As expected, mice fed a
high-fat diet gained more weight than mice fed chow diets by the end of the experiment
(Fig. 2A, p<2.2e-16). Surprisingly, we found that FVT significantly affected the amount
of weight mice gained or lost during the 4-week experiment (Fig. 2A, p=0.0023). Mice
receiving chow-derived viromes (prepared from the feces of donor mice on a chow diet)
gained less weight than mice receiving HFD-derived viromes, regardless of the recipient
mouse’s diet.

Longitudinal analyses on how body weights changed over the 4-week experiment
provided further insight into how FVT affects mouse physiology (Fig. 2B, Fig. 2C).
Regardless of diet type, mice receiving chow-derived viromes lost more weight than
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mice on the same diet receiving HFD-derived viromes. By day 3, mice on a chow diet
and receiving chow-derived viromes (blue, Fig. 2B) lost an average of 3.7% body weight
(+1.46 SE) and mice on a high-fat diet receiving chow-derived viromes (light blue, Fig.
2C) lost an average of 2.4% body weight (+0.87 SE). However, after this initial
perturbation, the change in body weight of mice receiving chow-derived viruses was
similar to mice receiving other gavage treatments within the same diet type. These
results are supported by longitudinal statistical analyses indicating that the initial effect
of gavage is statistically significant (Gavage, p=0.031) but that this effect does not
change over time (Gavage-by-Time, p=0.844), despite continued administration of FVT
for 3 additional weeks.

At the end of the gavage period, mice were sacrificed to determine whether treatments
affected the liver and various adipose tissues. We fit a GEE model to identify the
relationship between tissue weight proportions and different combinations of diet type
and gavage. As expected, we found a significant effect of diet (p<2.2e-16) for all of the
tissues we measured (liver, epidydimal white adipose tissue, subcutaneous white
adipose tissue, and brown adipose tissue), however, we did not detect a significant
effect of gavage on any of these tissue weights (Fig. S2).
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Figure 2. Change in weight of individual mice in response to diet and FVT during 4 weeks of gavage.
Percent change in weight is shown from initial to final weight of individual mice (A), as well as the percent
change in weight over time for mice fed chow (B) or HFD (C). For mouse weights after 28 d (A), Diet and
Gavage effects are significant (p=2.2e-12, p=0.0023, respectively) and effects of Trial, Cage, and Diet-by-
Gavage interaction are not. For longitudinal analysis (B and C), Diet, Gavage, and Diet-by-Time
interaction are significant (p=0.028, p=0.031, p<2e-16, respectively) but Gavage-by-Time interaction is
not. Data from PBS controls were omitted from statistical models.
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Effect of FVT on gut bacterial community composition

To investigate how FVT affected the gut bacterial community of mice, we sequenced
16S rRNA amplicons from the feces of FVT recipient mice throughout the 4-week study.
In total, 339 fecal samples were included in our analysis (16 donors, 86 from trial 1, and
237 from trial 2) with a total of 29,530,059 sequencing reads and an average of 86,628
reads per sample (+ 22,078 SD). Because of unequal sequencing depth, samples were
rarefied to a minimum sampling depth of 8,000 sequences per sample. This allowed us
to capture the overall diversity within our samples without omitting too many from the
study (Fig. S3).

We first investigated whether there were compositional differences in gut bacterial
communities between treatments by computing Bray-Curtis dissimilarities. Data were
visualized via Principal Coordinate Analysis as a complete dataset (Fig. 3A), as well as
by diet and trial (Fig. 3B—E). Statistical analyses were conducted on the complete
dataset using PERMANOVA (Fig. 3F). We found that there was a clear distinction
between the bacterial communities of mice on different diets (R>=0.331, p=0.001), as
well as between mice that were conducted in the first and second trials (R?=0.168,
p=0.001) (Fig. 3A). We also found a significant effect of FVT on composition of the
bacterial community (R>=0.018, p=0.001). Importantly, this effect did not persist over
time (p>0.05), mirroring our analyses on mouse body weights. Detection of this effect
was not driven by a single gavage type, as the gavage effect was significant (p<0.001)
and explained a similar amount of the variance in all pairwise gavage comparisons
(R?~1.5%).
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Figure 3. Bray-Curtis beta diversity of fecal microbiomes of FVT recipient mice visualized by Principal
Coordinate Analysis (PCoA). Panel A: All recipient mice. Panels B and C: Trial 1 recipient mice fed chow
(B) or HFD (C). Panels E and F: Trial 2 recipient mice fed chow (D) or HFD (E). Diet, Trial, Day, Gavage,
and Day*Diet effects are significant when including all recipient mice (PERMANOVA with 999
permutations, R? and p-values reported in Panel F). The same effects are significant for PERMANOVA
conducted on all pairwise combinations of gavage treatments (HFD vs Chow, HFD vs PBS, Chow vs
PBS). Unfilled points indicate pre-gavage samples collected before day 0. Statistical tests were
conducted on data from day 0-25.

Next, we investigated whether FVT affected overall bacterial diversity in the gut by
computing Shannon Index values across time (Fig. 4). We found that the microbiomes
of mice consuming a high-fat diet were less diverse than those on a chow diet,
consistent with previous studies [18]. We also discovered a significant effect of virome
transplantation on alpha diversity; For trial 2 mice receiving a high-fat diet and HFD-
derived viruses (orange line, Fig. 4B), Shannon Index values were significantly lower
from days 9—18 compared to mice on the same diet receiving chow-derived viruses or
PBS controls (p<0.05, Wald test with p-values adjusted for multiple comparisons).
Interestingly, it took several days for HFD-derived viruses to induce detectable changes
in alpha diversity and this effect eventually receded ~23 d after starting gavage
treatments. We see a similar result in mice from trial 1 (orange line, Fig. 4A), however
we lacked treatment replicates to conduct statistical analyses.
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For mice on either diet receiving chow-derived viromes, we did not find an effect of
gavage on alpha diversity (light and dark blue lines, Fig. 4). This was surprising, given
that these mice showed the greatest reduction in body weight (light and dark blue, Fig.
2). Therefore, we did not find any correlation between how FVT affects alpha diversity
and how it affects body weight.
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Figure 4. Shannon Index alpha diversity of fecal microbiomes during 4 weeks of FVT gavage from trial 1
(Panel A) and trial 2 (Panel B). Trial 1 (A) consisted of a single replicate per treatment, precluding
statistical analyses. For trial 2, mice on HFD and receiving HFD-derived viromes (orange) had
significantly lower alpha diversity between days 9—-18 than mice on the same diet receiving chow-derived
viromes (light blue) or PBS controls (green) (p<0.05, spline regression and Wald test with p-values
corrected for multiple comparisons). Overall, mice on a high fat diet had lower alpha diversity that mice on
a chow diet.

To identify which bacterial taxa were affected by FVT, we first visualized the relative
abundances of bacterial classes in recipient mice throughout the gavage period. In trial
2 (Fig. 4), trial 1 (Fig. S4), and for trial 2 donor mice (Fig. S5), gut microbiomes were
predominantly comprised of Clostridia (blue) and Verrucomicrobiae (orange), and many
samples contained visible fractions of Alphaproteobacteria (red), Coriobacteria (light
blue), and Saccharimonadia (yellow). Mice in trial 2 on a high-fat diet (Fig. 4, bottom
row) show reproducible increases in Verrucomicrobiae and Alphaproteobacteria
coinciding with the beginning of gavage treatment. However, these increases also
appeared in the PBS treatments, suggesting that this could be caused by the gavage
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procedure and not by transplanted viruses. No reproducible increase or decrease in
bacteria was associated with a specific gavage type at the “class” level. Therefore, we
hypothesized that FVT may have affected the microbiome and mouse body weight via
slight alterations in the abundance of multiple taxonomic groups.

Chow - Ghow [ chow D | Chow :PBS

Relative Abundance

HFD : PBS

Relative Abundance

weRRR 997 —RER& 997 TERRR 297

Day Day Day

Bacterial Class
. Clostridia . Alphaproteobacteria . Bacteroidia Saccharimonadia
. Verrucomicrobiae . Coriobacteriia . Bacilli . Other

Figure 5. Taxonomy stacked bar plots of bacterial classes throughout the 4-week experiment. Each panel
represents a cage of 3 mice. Replicate cages (n=3) are grouped and labeled by treatment (Diet: Gavage).
Recipient mice received FVT gavage prepared from donor mice on chow diet or HFD, or a PBS control.
The dashed line indicates start of gavage treatment.

To explore whether FVT exerted an effect by slightly altering multiple bacterial taxa, we
adopted a second beta diversity metric using Aitchison principal component analysis
(PCA). Importantly, Aitchison distances are robust to high levels of sparsity and can be
used to reveal inter-community differences when visualized as compositional biplots
[42]. Because community composition was distinct between diet types and experimental
trials (see Fig. 3A, and Fig. 3F), we separated the data by diet and trial and then
computed Aitchison distances and conducted statistical analyses.

We find that, when considering mice within a given diet and trial, the effect of gavage
explains an average of 36.5% (range 20-44%) of the variance between samples. In
addition, Aitchison PCA reveals the 8 taxonomic groups that explain the majority of
dispersion between samples in the biplot (Fig. 5). Interestingly, all of the bacterial orders
identified belong to the class Clostridia (Clostridia UCGO0-14, Lachnospirales,
Oscillospirales, Peptostreptococcales, Ruminococcaceae), except for Rhodospirillales
which belongs to class Alphaproteobacteria. Overall, these results suggest that phages
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in the FVT primarily affected the most abundant bacterial class (Clostridia, see Fig. 4).
However, they also reveal that members of a given bacterial order were not all affected
in the same way. For example, in trial 1 chow diet mice, some groups of Lachnospirales
were more abundant under HFD FVT and other groups of Lachnospirales were more
abundant under chow FVT (Fig. 5A). Altogether these results suggest that FVT induced
changes, primarily to the most abundant bacteria in the mouse gut, and that these
changes can ultimately alter the physiology of the host mouse.

A Trial 1 Chow Diet B Trial 1 High Fat Diet

A
Ruminococcaceae

Lachnospirales A 4 .

Lachnospirales

Laghnospirales i di

Ghnosp Clostridia UCG0-14 Rhodospirillales

Lachnospirales * , —_—> . A
A N Lachnospirales

A

A
2 Lachnospirales
A

Lachnospirales A

PC2: 39.92 %
PC2: 36.73 %

Lachnospirales
X Lachnpspirales

Lachnospirales * Lachnospirales

A
[Diet] : [Gavage] Lachnospirales | , niospirales [Diet] : [Gavage]
- Chow : Chow HFD : Chow
Chow : HFD - HFD:HFD
R2=0.38, p =0.001 Chow : PBS R2=0.44, p = 0.001 e HFD:PBS
PC1: 50.04 % PC1: 52.8 %
C Trial 2 Chow Diet D Trial 2 High Fat Diet
Lachnospirales
Clostridia UCG-014 C o0
o
L o ° (pscillospiralﬁg

% %o oo

o
¢ &° Peptostrept [

2 a. o _°Lachnospirales < e O| S ° eptostreptococcales
> ) — b achnospjrales
~ Lachnospirales €———= Y >
8 ' P ) 8 Oscillospirales

(] KJ |
& go ° > & Lachnosplra:ffs ®ee_® . Lachnospirales
8 Lachnospirales | &¥¢ . 8 ° : .

° Lachnospirales o Oscillospirales
L] (]
Clostridia UCG-014 .

[ ]
Oscillospirales Rhodospirillales

[Diet] : [Gavage]

[Diet] : [Gavage]

o~ Chow : Chow HFD : Chow
Chow : HFD o HFD : HFD
R2=0.20, p =0.001 Chow : PBS R2=0.44, p =0.001 e HFD:PBS

PC1: 47.34 % PC1: 54.83 %

Figure 6. Aitchison compositional biplots of recipient mice visualized by principal component analysis
(PCA). Panels A and B: Recipient mice from trial 1 fed chow (A) or HFD (B). Panels C and D: Recipient
mice from trial 2 fed chow (C) or HFD (D). Color denotes treatment group (see Fig. 1). Arrows denote
important taxa in relation to sample clusters. Significance was determined by PERMANOVA with 999
permutations (Aitchison distances ~ Day * Gavage); The R? and p-value for the effect of gavage are
indicated in respective panels.

Discussion

The discovery that fecal microbiome transplants can shape host metabolism and impact
lean and obese phenotypes in mice was a seminal breakthrough in microbiome
research [8]. At the time of its publication, little consideration was given to the host
virome and the fact that fecal microbiome transplants contain myriad viruses. Since
then, several groups have shown that viral communities are altered in certain disease
conditions such as periodontal disease [43] and inflammatory bowel disease [44]. Yet, it
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remains unclear whether differences in viral communities were a reflection of the
changes in bacterial communities or whether viruses were responsible for the observed
changes. To address this issue, we set out to determine whether viruses were sufficient
to alter the microbiome and potentially affect lean and obese phenotypes in mice.

Using previously described techniques [35], we purified and then transplanted fecal
viromes into mice on different diet types via oral gavage. In order to determine whether
viruses directly affected mouse phenotypes, we recorded mouse body weights
throughout 4 weeks of study. We observed the same phenomenon in two separate
trials: mice on chow diets gavaged with HFD-derived viruses gained significantly more
weight, and mice on high-fat diets gavaged with chow-derived viruses gained
significantly less weight. These data indicate that virome gavages, which are devoid of
bacteria, are sufficient to alter host metabolic phenotypes.

To explore how virome gavages altered the gut microbiota, we conducted 16S rRNA
amplicon sequencing and analyses on fecal samples collected longitudinally throughout
the study. Given that fecal virome gavages were largely comprised of phages, it is not
surprising that transplanted viruses showed a capacity to affect the gut bacterial
community. This study is not the first to demonstrate that the microbiota can be shaped
by phages; Virus-mediated perturbations have been shown to impact oral, gut, and
model-gut microbiota [22,25,35]. Through their effect on the microbiota, phage
treatments have also been shown to affect aspects of host metabolism [22,24,26], and
attenuate diseases such as Clostridium difficile colitis [19] and alcoholic liver disease
[21]. The aforementioned studies used a diversity of virus perturbations, including
single-phage treatments, synthetic assemblages of phages, and unaltered virus
communities. Altogether, our work, as well as previous studies highlight the roles that
viruses play in shaping bacterial communities and affecting disease and metabolism of
the host organism.

While virome gavages were sufficient to alter the body weight of mice, it is unclear
whether the extent of weight gain/loss in our study is similar to that which was observed
by Turnbaugh et al. (2006) [8], whom used full fecal microbiome transplants. We believe
that the degree of weight gain/loss in this study is likely different from those in
Turnbaugh et al., however further study is needed to directly compare the results of
both protocols. In mice, it is relatively straightforward to identify determinants of weight
gain [45] and our results reveal a clear trend between fecal virome transplantation and
mouse body weight. However, it is unclear whether virome transplants can affect body
weight in humans and further study is necessary to corroborate such a suggestion.

In humans, it has been challenging to identify microbes that are reproducibly associated
with weight-gain and weight-loss. In this study, we identified a few taxa associated with
gavage treatments and weight-gain/-loss phenotypes, but unfortunately, we were
unable to identify them to species or strain level. These taxa included Lachnospirales
and Clostridia when mice on normal chow were gavaged with HFD-derived viromes
(Fig. 5A and Fig. 5C), and Oscillospirales, Rhodospirales, Lachnospirales, and
Peptostreptococcales when mice on HFD were gavaged with normal chow-derived
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viromes (Fig. 5B and Fig. 5D). While we were unable to identify these microbes beyond
taxonomic order, other studies have found that microbes in these taxa were associated
with weight gain/loss, suggesting that they could potentially be involved in our observed
mouse phenotypes [46,47].

Our approach to study how virome gavage shapes the gut microbiota and affect
lean/obese phenotypes in mice had several limitations. Firstly, because we used 16S
rRNA amplicon sequencing, we were unable to make species-level classifications in
most cases. In the future, we would prefer to use shotgun metagenomics in order to
identify the microbes that were responsible for phenotype shifts at the species or strain
level.

Another limitation was our decision to use whole viromes instead of individual viruses.
While we were particularly interested in the collective effect of the virome on the
bacterial biota and metabolism, this choice precluded our ability to identify specific
viruses. We sequenced fecal viromes of recipient mice at several timepoints throughout
the study, however we were unable to determine the virus groups that were responsible
for the observed phenotypes (Fig. S6). We also sequenced the fecal and PEG-derived
viromes from donor mice at the start of the experiment. While there are distinct
differences between donor viromes, it is unclear whether these viruses were able to
establish in recipient mice (Fig. S7). We believe it will take a dedicated study to
confidently identify the viruses and bacterial strains that are responsible for the reported
phenotypic changes.

As in any longitudinal study, the choice of timepoints to sample can limit findings. Our
data suggest that the effect of virome perturbation on the bacterial biota manifested
early in the study. Instead, a protocol that characterizes early timepoints more
frequently may have yielded additional insights. Moreover, the purification protocol that
we used to prepare virome gavages may have resulted in the loss of some viruses
during PEG precipitation [48] which may have impacted the observed phenotypes. It is
possible that fecal metabolites could have been carried over into the viromes, which
could have affected the observed lean and obese phenotypes. However, we believe this
is unlikely, as the PEG precipitation protocol involved centrifugation and resuspension in
PBS to reduce metabolite carryover. Each of these purified viromes were subjected to
culture to identify whether any cultivable bacteria were present, which provides broader
confidence that these were pure viromes as we have used in prior studies [35].

The gut microbiome is a diverse and complicated ecological community with numerous
types of microbes present. While much of the focus has been placed on the bacteria of
the gut, which are known to shape a host metabolism, disease, and even behavior [49-
51], it is becoming clear that the viral community also plays a role in many of these
conditions [11,13,14]. Prior studies inform us that viruses in the gut have the capacity to
shape their concomitant bacterial communities [22,25,35]. By extension, if bacterial
communities can affect metabolic phenotypes [8], viromes can help to shape them as
well. Our findings that gut-derived virome gavages are sufficient to alter the gut
microbiota in mice and affect weight gain and loss contributes to previous
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demonstrations of the importance of the microbiome in shaping these phenotypes. As
such, attention should be given to the potential effects of viruses in future microbiome
transplant studies.

Conclusions

In this study, we administered fecal virome transplants to mice on normal chow and
high-fat diets in order to investigate whether viruses can affect the gut bacterial biota
and elicit changes in host phenotypes. We find that virome gavages significantly altered
the gut bacterial community and also affected mouse weight loss/gain; compared to
counterparts on the same diet, mice receiving chow-derived viromes gained less weight
and mice receiving high-fat diet-derived viromes gained more weight. Altogether, our
work demonstrates that the gut virome is an important factor in shaping the gut bacterial
biota and affecting host physiology.
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