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Infections elicit immune adaptations to enable pathogen resistance
and/or tolerance and are associated with compositional shifts of the
intestinal microbiome. However, a comprehensive understanding of
how infections with pathogens that exhibit distinct capability to
spread and/or persist differentially change the microbiome, the
underlying mechanisms, and the relative contribution of individual
commensal species to immune cell adaptations is still lacking. Here,
we discovered that mouse infection with a fast-spreading and persis-
tent (but not a slow-spreading acute) isolate of lymphocytic chorio-
meningitis virus induced large-scale microbiome shifts characterized
by increased Verrucomicrobia and reduced Firmicute/Bacteroidetes
ratio. Remarkably, the most profound microbiome changes occurred
transiently after infection with the fast-spreading persistent isolate,
were uncoupled from sustained viral loads, and were instead largely
caused by CD8 T cell responses and/or CD8 T cell-induced anorexia.
Among the taxa enriched by infection with the fast-spreading virus,
Akkermansia muciniphila, broadly regarded as a beneficial commen-
sal, bloomed upon starvation and in a CD8 T cell-dependent manner.
Strikingly, oral administration of A. muciniphila suppressed selected
effector features of CD8 T cells in the context of both infections. Our
findings define unique microbiome differences after chronic versus
acute viral infections and identify CD8 T cell responses and down-
stream anorexia as driver mechanisms of microbial dysbiosis after
infection with a fast-spreading virus. Our data also highlight potential
context-dependent effects of probiotics and suggest a model in which
changes in host behavior and downstream microbiome dysbiosis may
constitute a previously unrecognized negative feedback loop that
contributes to CD8 T cell adaptations after infections with fast-
spreading and/or persistent pathogens.

CD8 T cell | LCMV | microbiome | Akkermansia | anorexia

daptability, the capacity to adjust or adapt to improve fitness in

the face of environmental changes is a trait shared among all
forms of life (1). Such adaptations occur at the single cell, organ-
ismal, and population levels and involve mechanisms with different
time requirements to be implemented and exhibiting distinct degree
of reversibility (1). Mammalian hosts and their immune systems
often adapt to the presence of pathogens and engage different
coping mechanisms depending on their virulence (2). In this regard,
infections with fast-spreading and/or persistent pathogens elicit
potent inflammatory responses that contribute to pathogen control,
but can also undermine host survival, if unrestrained (2-6). Immune
adaptations that attenuate the magnitude or amplitude of anti-
pathogen responses are therefore necessary to allow pathogen
clearance during acute infections, and/or partial pathogen control
during chronic infections, while avoiding host death due to excessive
immunopathology. Such adaptations encompass the innate and
adaptive immune system, involve multiple layers of cell-intrinsic
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transcriptional, epigenetic, posttranscriptional, and metabolic reg-
ulation, and are triggered in response to environmental changes
(e.g., abundant pathogen-associated molecular patterns and anti-
gens, an inflammatory milieu, and altered nutrient and oxygen
levels) (3, 7). Among the most studied adaptations that attenuate
immune responses, CD8 T cell exhaustion, a unique cellular state
characterized by diminished effector functions and expression of
inhibitory receptors, is highly conserved not only among persistent
infections in mice and humans, but also in tumor settings (7).
More recently, it has become evident that the character and
strength of immune responses can be regulated by the micro-
biome (8). In particular for chronic pathogens, the intestinal
microbiome has been shown to regulate host resistance to in-
fections caused by persistent lymphocytic choriomeningitis virus
(LCMV) (9), Plasmodium yoelii (10), and Mycobacterium
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tuberculosis (11, 12). It has also been shown that persistent
pathogens such as HIV (13), hepatitis C virus (HCV) (14), and
Hepatitis B virus (HBV) (15) in humans as well as simian im-
munodeficiency virus (SIV) (16) in macaques and Plasmodium
species (17, 18) in mice induce significant changes in the intes-
tinal microbiome composition or dysbiosis. On the other hand,
acute infections caused by respiratory viruses (19-21) or en-
teropathogenic bacteria (22, 23) can also alter the composition
of the gut microbiome. Notably, some of these studies have
drawn a number of correlations between specific bacterial taxa
and diverse disease parameters (13-15) that suggest important
roles for the microbiome changes after infections. Studies
addressing the mechanisms that dictate dysbiosis and/or the
functional effects of specific taxa are, however, scarce.

In the present study, we use the well-established LCMV mouse
model system to compare side-by-side microbiome changes in-
duced at different times after infection with a fast-replicating
persistent vs. a slow-replicating acute isolate. We found that the
most profound microbiome alterations occurred after infection
with the persistent, but not acute, LCMV isolate and were mostly
transient (i.e., at day 8 but not at day 20 postinfection [p.i.]) despite
continuously high viral titers at the latter time point. The micro-
biome changes unique to the infection with the fast-replicating
persistent virus involved transiently increased Verrucomicrobia
and reduced Firmicute/Bacteroidetes ratio at the phylum level as
well as overrepresentation of Akkermansia, Bacteroides, and Sut-
terella among other taxa. We also detected reductions in Lacto-
bacillus and Turicibacter, the latter of which was maintained at day
20 p.i. Intriguingly, CD8 T cells were responsible for modulating
over half of the dysbiotic taxa after infection with the fast-
replicating persistent LCMV isolate, thus revealing a key role for
CDS8 T cells in promoting intestinal dysbiosis. Coincidently, and
only early after infection with the fast-replicating persistent isolate,
CD8 T cells induced a profound anorexic behavior and a significant
fraction of the taxa uniquely changed after this infection were
commonly altered in other fasting conditions. Among these fasting-
associated taxa, we validated (at the species level) that the com-
mensal Akkermansia muciniphila bloomed after infection with the
fast-replicating persistent LCMV, and its abundance was remark-
ably increased by lack of food consumption in the absence of in-
fection. We further observed a significant decrease in the levels of
A. muciniphila in infected mice in which anorexia was reverted via
CD8 T cell depletion. These observations supported the conclusion
that anorexia induction was one of the means via which CD8
T cells caused intestinal dysbiosis after infection with persistent,
fast-replicating, LCMV. On the other hand, experimental enrich-
ment of A. muciniphila after LCMV infection suppressed Gran-
zyme B (GrzB) and T-BET expression, and H3K27 trimethylation
in distal virus-specific CD8 T cells. Together, these data contrast
the specific microbiome changes that occur after infection with two
closely related viral isolates, uncoupling dysbiosis from sustained
viral loads and instead relating it to both CD8 T cell responses and
downstream anorexia occurring during the early phase of infection
with a fast-replicating, persistent virus. In addition, our data sup-
port a potential role for a CD8 T cell-driven, fasting-associated
commensal, A. muciniphila, in regulating CD8 T cells and attenu-
ating selected aspects of their effector responses.

Results

Infection with a Fast-Spreading Persistent LCMV Isolate Induced Profound
Intestinal Dyshiosis That Was Mostly Transient and Uncoupled from
Sustained Viral Loads. To investigate side-by-side alterations in intes-
tinal microbiome composition after infection with a fast-replicating
persistent vs. a slow-replicating acute virus, we performed 16S rRNA
gene amplicon sequencing of caecal and colonic contents from mice
infected with two closely related LCMV isolates: Armstrong53b
(ARM), which spreads more slowly and is cleared in a week, and
clonel3 (Cl13), which is fast-spreading and capable of persisting in
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C57BL/6 mice (6, 24). Two independent repeats with uninfected,
ARM- and Cl13-infected mice (10 mice/group) were performed
at days 8 and 20 p.i. Sampling of caecal and colonic contents was
chosen over stool pellets, as it allows detection of taxa abundant
inside the large intestine, which may not necessarily be eliminated in
stools (25, 26). Alpha-diversity determined by the Shannon diversity
index, which combines richness and evenness (27), was selectively
decreased upon Cl13 infection at day 8, but not at day 20 p.i.
(Fig. 14). We next identified specific differences in microbial
composition by computing beta-diversity using the phylogenetic
unweighted UniFrac metric or nonphylogenetic Jaccard and
Bray-Curtis indexes followed by principal coordinates analysis
(PCoA). Although ARM-infected and uninfected mice appeared
to be significantly distant by permutational ANOVA (PERMA-
NOVA) analysis with at least two of the aforementioned metrics
on days 8 and 20 p.i. (S Appendix, Fig. S1 A-C), there was no
clear separation by any of the three main principal coordinates
(PCs) at the two time points studied (Fig. 1B and SI Appendix, Fig.
S1 D-F). On the other hand, the intestinal microbiome from day-8
Cl13-infected mice formed a prominent cluster by PC1 and/or 2
(Fig. 1 B, Left and SI Appendix, Fig. S1 E and F, Left Top) which
was significantly distant from both uninfected and ARM-infected
mice (SI Appendix, Fig. S1 A-C). No separation was observed
along PC3 (SI Appendix, Fig. S1 D-F, Left Bottom). Remarkably,
despite sustained viral loads in circulation and intestinal tissues
(28, 29), at day 20 p.i. the microbiome of Cl13-infected mice
segregated closer (Fig. 1B and SI Appendix, Fig. S1 D-F, Right),
albeit still significantly different (S1 Appendix, Fig. S1 A-C), to the
samples from uninfected or ARM-infected mice. Note that in all
cases the PCoA clustering was consistent in different cages (S/
Appendix, Fig. S1G) and could not be explained by reproducible
differences in dispersion (SI Appendix, Fig. S1 A-C, PERMDISP).

Importantly, when analyzing bacterial phylum composition at day 8
pi, we detected profound reduction of the Firmicutes-
to-Bacteroidetes ratio (Fig. 1 C and D), concomitant with increases
in the relative abundance of phylum Verrucomicrobia over Firmi-
cutes and Bacteroidetes in Cl13-infected vs. uninfected mice (Fig. 1 C
and E) that were specific for Cl13-infected mice. In contrast, alter-
ations in the Firmicutes-to-Bacteroidetes ratio or phylum-level
changes in Verrucomicrobia were not detected upon ARM infec-
tion (Fig. 1 C-E) and were not maintained at day 20 after CI13 in-
fection (Fig. 1 C-E). We next performed multinomial regression
(MR) analysis with Songbird (30), with cutoffs at rank values of 1
and —1, to identify the most perturbed taxa at days 8 and 20 after the
different infections. We restricted our analysis to taxa that were re-
producibly perturbed in both independent experimental repeats.
With these rigorous criteria, we defined biomarkers for each infection
type and time point as taxa that were highly and reproducibly per-
turbed vs. uninfected controls processed in parallel. We identified
eight biomarkers at day 8 after Cl13 infection, and two different ones
at the same time point after ARM infection (Fig. 1F and Datasets S1
and S2). Dysbiosis in day-8 Cl13-infected mice was characterized by
reductions in the relative abundance of Lactobacillus and Turicibacter
as well as enrichment of Bacteroides, Sutterella, Akkermansia, and
Enysipelatoclostridium (i.e., Clostridium within the Erysipelotrichaceae
family), among others (Fig. 1F and Dataset S1). In contrast, ARM
infection promoted increases of unclassified genera within the Pep-
tostreptococcaceae family, while decreasing genera within the Clos-
tridiaceae family (Fig. 1F and Dataset S2). By day 20 p.i., a total of
five taxa were selectively perturbed by Cl13 infection while no genus
was highly affected in ARM-infected mice (Fig. 1G and Datasets S3
and S4). This late dysbiosis in day-20 Cl13-infected mice included
decreased relative abundance of Turicibacter and unclassified genera
within the Clostridiaceae family concomitant with overrepresentation
of unclassified genera within the Erysipelotrichaceae and Rumino-
coccaceae families, and Clostridium (Clostridiaceae family) (Fig. 1G
and Dataset S3). Intriguingly, only Turicibacter was persistently al-
tered in the same direction during both the early and the chronic
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phase of Cl13 infection (Fig. 1H). It should be noted that it is possible
that the highly stringent criteria that we have chosen to identify the
most reliable infection biomarkers have left out taxa that might still
be biologically significant, such as Roseburia, which was reduced
at days 8 and 20 p.. in one experiment (rank day 8 p.i. —2.66;
rank day 20 p.i. —1.53) (Datasets S1 and S3) but could not be vali-
dated in the second repeat, likely due to very low basal amounts of
this taxon in uninfected controls from different cohorts (e.g., 0.29% =+
0.25 in cohort 1; 0.07% =+ 0.12 in cohort 2).

Overall, these data are the first defining specific intestinal
microbiome perturbations occurring after infection with two
closely related viral isolates that exhibit contrasting capability to
spread and persist, revealing that: 1) infection with a fast-
spreading persistent virus caused large-scale microbial dysbiosis
that did not occur upon infection with a closely related slow-
spreading acute virus; 2) the most dramatic microbiome alter-
ations after chronic infection were uncoupled from sustained
pathogen loads and, instead, occurred transiently during the
early phase of the infection; 3) transient microbiome alterations
early after infection with the fast-spreading persistent virus were
characterized by reduced Firmicutes-to-Bacteroidetes ratios
(e.g., increased Bacteroides as well as reduced Lactobacillus and
Turicibacter) and increased Verrucomicrobia (i.e., Akkermansia);
and 4) reductions in Turicibacter were sustained during the
chronic phase of infection.

CD8 T Cells Drove Great Part of the Intestinal Dyshiosis Identified
after Infection with LCMV Cl13. Given that microbial dysbiosis co-
incided with peak CDS8 T cell responses at day 8 p.i. (28), we next
investigated the role of CD8 T cells in driving the microbiome
changes uniquely identified after LCMV Cl13 infection. For that,
we performed two independent experiments shown in Fig. 2 and
SI Appendix, Fig. S2, respectively, where we treated 10 CI13-
infected mice per group with anti-CDS8 or isotype control anti-
bodies, followed by shotgun metagenomics sequencing of caecal
and colonic contents at day 8 p.i. As expected, treatment with
anti-CD8 antibody significantly reduced the number of total and
virus-specific CD8 T cells (SI Appendix, Fig. S24). Remarkably,
Cl13-infected mice treated with anti-CD8 depleting antibodies
formed a distinct cluster via beta-diversity PCoA when compared
to their isotype-treated counterparts (Fig. 24 and SI Appendix,
Fig. S2B). This treatment also increased gut microbial alpha-
diversity in one out of the two independent experiments
(Fig. 2B and SI Appendix, Fig. S2C), which, as described above
(Fig. 14), was selectively reduced at day 8 after C113 but not ARM
infection. We also detected overrepresentation of Firmicutes upon
CDS8 T cell depletion (Fig. 2C and SI Appendix, Fig. S2D), which
explained an elevation of the Firmicutes-to-Bacteroidetes ratio
(Fig. 2D and SI Appendix, Fig. S2E) toward the value described
above for uninfected and ARM-infected mice (Fig. 1D). As shown
in Fig. 2E and SI Appendix, Fig. S2F, blue bars, and Dataset S5,
subsequent MR analysis with Songbird and with rank cutoffs of 0.5
and —0.5, to include moderately to highly perturbed taxa, indi-
cated that treatment with anti-CDS8 antibodies reverted the
changes of commensal species belonging to three of the most in-
creased (i.e., Bacteroides, Akkermansia, and Erysipelatoclostridium)
and two of the most decreased (i.e., Lactobacillus and Turicibacter)
genera described above as biomarkers for day-8 Cl13-infected
mice (Fig. 1F). Overall, CD8 T cells modulated (in a moderate
and/or high degree) the abundance of 63% of the biomarkers
selectively altered upon Cl13 infection (Figs. 1F and 2F) including
Turicibacter, which was underrepresented at both days 8 and 20
after Cl13 infection (Fig. 1H).

These data indicated that, despite their exhausted state (28,
31, 32), CDS8 T cells are responsible for great part of the dysbiosis
observed after infection with a fast-spreading persistent virus.
Specifically, CD8 T cells were, at least partially, responsible for
the transient reduction in Firmicutes-to-Bacteroidetes ratio
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(i.e., enriching Bacteroides and Erysipelatoclostridium while re-
ducing Lactobacillus and Turicibacter), as well as for the over-
representation of Akkermansia. These findings situate CD8
T cells as key drivers of the microbial changes that take place
early after infection with a virus capable of spreading quickly
and/or establishing persistence.

CD8-Driven Anorexia Is Associated with a Fasting-Related Microbiome
Early after LCMV CI13 Infection. We next sought to investigate the
mechanisms via which CD8 T cells promoted transient (and pro-
found) dysbiosis after infection with the fast-spreading persistent
LCMV (13 isolate. We considered that, among the day-8 Cl13
taxa biomarkers altered in a CD8 T cell-dependent manner, the
phylum Verrucomicrobia (i.e., Akkermansia genus), has been
previously reported to increase in anorexic human patients (33) as
well as in calorie-restricted rodents, some fish, and snakes (34).
We, therefore, investigated potential changes in eating behavior
by comparing food consumption in ARM- vs. Cl13-infected mice.
We observed that Cl113, but not ARM infection, induced profound
anorexia spanning from day 6 through 9 p.i. (Fig. 34), that was
accompanied by 18% =+ 3.5 weight loss at day 9 p.i. (SI Appendix,
Fig. S34). Importantly, continuous CD8 T cell depletion com-
pletely restored food consumption (Fig. 3B) and attenuated
weight loss (SI Appendix, Fig. S3B), which provided causal evi-
dence that CDS8 T cells can drive anorexic behavior. Intriguingly,
efficient CD4 T cell depletion (SI Appendix, Fig. S3C) or IFN-I
receptor (IFNAR) blockade did not prevent the induction of an-
orexia, even though IFNAR blockade (but not CD4 T cell de-
pletion) consistently ameliorated its magnitude (SI Appendix, Fig.
S3 D and E) and attenuated weight loss (SI Appendix, Fig. S3 F
and G).

To investigate whether such anorexic behavior may explain
some of the transient changes in the intestinal microbiome of
Cl13-infected mice, we next compared the Cl13-driven micro-
biome to recently proposed microbiome biomarkers of colon
carcinoma-bearing mice, which suffer from anorexia (35, 36). We
observed that three out of the eight Cl13-infection-specific bio-
markers at day 8 p.i., as defined in Fig. 1F, overlapped with those
from colon carcinoma, including reductions in Lactobacillus as
well as enrichment in Bacteroides and Akkermansia (Fig. 3C red
vs. blue circles). Of note, perturbation of these three taxa was
reverted when anorexia was corrected, via CD8 T cell depletion,
in Cl13-infected mice (Figs. 2 E and F and 3B). To elucidate
which of these taxa biomarkers were common to anorexia, in-
dependent of inflammation, we applied Songbird MR analysis
using rank cutoff values of 1 and —1 on publicly available 16S
rRNA gene amplicon data from uninfected mice under a caloric
restricted diet (37) and compared the identified fasting bio-
markers (Dataset S6) with the Cl13-infection-driven micro-
biome. We observed that two, Sutterella and Akkermansia, of the
eight microbial alterations detected during the early phase of
Cl13 infection were commonly perturbed, in the same direction,
during calorie restriction (Fig. 3C, red vs. yellow circles) and
Akkermansia was overrepresented in the three juxtaposed
conditions (Fig. 3C).

These data indicated that infection with a fast-spreading, and
potentially persistent virus induces a profound, CD8 T cell-
dependent anorexic behavior. Our results also demonstrated
that a significant fraction of the taxa uniquely altered during the
anorexic phase, including overrepresentation of Bacteroides and
Akkermansia as well as reductions in Lactobacillus, were com-
monly perturbed in noninfectious fasting conditions and were no
longer altered when anorexia was reverted, via CD8 T cell de-
pletion during infection. Thus, these findings situated anorexia
as one possible mechanism via which CD8 T cell responses may
induce dysbiosis after viral infection.
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Fig. 1. LCMV Cl13 infection induced intestinal dysbiosis that was mostly transient, uncoupled from viral loads, and characterized by reduced

Firmicutes-to-Bacteroidetes ratio and increased Verrucomicrobia. See also S/ Appendix, Fig. S1 and Datasets S1-S4. C57BL/6 mice were infected with LCMV
ARM, Cl13, or left uninfected (Un) and 16S rRNA gene amplicon sequencing was performed on colonic and caecal contents from days 8 and 20 (p.i.). (A) Alpha-
diversity by the Shannon diversity index at indicated time points. (B) Beta-diversity PCoA with unweighted Unifrac distance at indicated time points. PC1 was
omitted for PCoA from the day 20 p.i. time point as it captured the basal differences of the cohorts used in the two experiments, rather than infection type.
(C) Frequency of sequences at the phylum level at indicated time points. (D and E) Frequency of phylum Firmicutes divided by Bacteroidetes (D) or Verru-
comicrobia divided by Firmicutes and Bacteroidetes (E) for each individual mouse at indicated time points. (F and G) Songbird MR analysis of genera in mice
infected with ARM or CI13 vs. Un on day 8 p.i. (F) or day 20 p.i. (G). Taxa with microbial ranks higher than 1 or lower than —1 in two independent repeats are
considered highly perturbed (i.e., biomarkers). (Left) Total number of genera highly perturbed by Cl13 or ARM infections. (Right) The x axes correspond to
individual taxa, taxa highly perturbed are indicated by text and colored in red (F) or violet (G) for Cl13 infection and black (F) for ARM infection. (H) Venn
diagram overlapping biomarkers identified in F and G for day 8 (red) and day 20 (violet) after Cl13 infection. (4, C, and D) Graphs show averages plus min and
max (A) or + SEM (C-E). (A-E) Data are represented by pooling n = 8 to 10 mice/group from two independent experiments. (F-H) Data are representative of
two independent experimental repeats. (A) Pairwise Kruskal-Wallis with false discovery rate (FDR) (Benjamini-Hochberg) correction. (D and E) Kruskal-Wallis

with Dunn’s correction; *p-val < 0.05, **<0.01, ****<0.0001.

A. muciniphila Blooms in a CD8 T Cell-Dependent Manner after LCMV
Cl13 Infection and Is Enriched upon Lack of Food Consumption. Be-
cause the Akkermansia genus emerged as a common fasting bio-
marker in the inflammatory and noninflammatory conditions that
we compared in our analysis (Fig. 3C) we selected it for further
validation and followup studies. Notably, within the genus
Akkermansia, the commensal A. muciniphila is the only species
that colonizes the human gut (38). We therefore evaluated
whether A. muciniphila was uniquely increased in Cl13- vs. ARM-
infected mice. Quantification of A. muciniphila genomes by gPCR
in colon and caecal contents from Cl13-infected vs. both unin-
fected and ARM-infected mice demonstrated its selective en-
richment upon Cl13 infection (Fig. 3D). We next evaluated the
localization of A. muciniphila by performing fluorescence in situ
hybridization (FISH) with an A. muciniphila-specific probe. This
analysis further supported overrepresentations of A. muciniphila
in Cl13-infected vs. ARM-infected and uninfected mice and
mapped A. muciniphila to colon and caecal compartments (Fig. 3E
and SI Appendix, Fig. S4).

Finally, we sought to investigate a causal link between the
blooming of A. muciniphila and the CD8 T cell-induced anorexia
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after Cl13 infection. For that, we first quantified A. muciniphila
genomes in colon and caecal contents from uninfected mice fed ad
libitum or starved for 24 h. We observed that such a short inter-
ruption in food consumption alone, without viral infection, signifi-
cantly increased the amount of A. muciniphila genomes by ~20-fold
(Fig. 3F). Moreover, reversion of the anorexic behavior via CDS8
T cell depletion in Cl13-infected mice (Fig. 3B) was accompanied by
a significant reduction in intestinal A. muciniphila genomes (Fig. 3G).

Together, these results demonstrated that an absolute increase
of A. muciniphila is part of the profound dysbiosis that occurred
downstream of CD8 T cell responses during the early phase of
infection with a fast-spreading and persistent virus, and causally
linked the lack of food consumption with A. muciniphila blooming
in the intestinal compartment. Importantly, these findings further
support a role for anorexia as one mechanism via which CD8
T cells may promote microbial dysbiosis, including enrichment of
the Akkermansia genus, after viral infection.

Oral Administration of A. muciniphila Attenuated Antiviral CD8 T Cell
Responses after LCMV Infection. To investigate the potential bidi-
rectional modulation of A. muciniphila and CD8 T cells, we
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Fig. 2. CD8T cells drove great part of the intestinal dysbiosis identified after LCMV Cl13 infection. See also S/ Appendix, Fig. S2 and Dataset S5. C57BL/6 mice
were infected with LCMV Cl13, injected i.p. with isotype control (IgG2a) or CD8-depleting antibodies («CD8) followed by shotgun metagenomics sequencing
of colonic and caecal contents on day 8 p.i. (A) Beta-diversity PCoA with Jaccard distance. (B) Alpha-diversity by the Shannon diversity index. (C) Frequency of
sequences at the phylum level. (D) Frequency of phylum Firmicutes over Bacteroidetes for each mouse. (E) Songbird MR analysis of species in IgG2a- vs. xCD8-
treated Cl13-infected mice. Taxa with rank cutoff values of —0.5 and 0.5 that were perturbed in the same direction in two independent experimental repeats
are highlighted in blue and indicated by name. (F) Overlap between Cl13-specific biomarkers at day 8 p.i. (as defined in Fig. 1F) and altered genera upon CD8
T cell depletion as defined in E. (B-D) Averages and min or max (B) or + SEM (C and D). (A-F) Representative data from one independent experiment with n =
9 to 10 mice/group. (A) PERMANOVA with 999 permutations, (B) Kruskal-Wallis test, (D) Mann-Whitney test; *p or g-val < 0.05, **<0.01.

experimentally induced A. muciniphila enrichment in ARM-
infected mice, which neither become anorexic nor exhibit intes-
tinal blooms of this commensal (Fig. 3 4, D, and E). We chose to
inoculate ARM-infected mice with live A. muciniphila or vehicle
control from days 3.5 to 7.5 p.i. to maintain comparable innate
immune responses and CD8 T cell priming between the two
groups. We next evaluated the impact on CDS8 T cell responses
within the small intestinal intraepithelial lymphocyte (IEL)
compartment, which is in closest proximity to the intragastrically
administered bacteria, and spleen, as a representative distal
lymphoid organ. Analysis of LCMV-specific CD8 T cell re-
sponses from IEL demonstrated similar percentages and num-
bers (SI Appendix, Fig. S5A4) as well as equivalent expression of
the cytotoxic molecule GrzB (SI Appendix, Fig. S5B) and fre-
quencies of killer cell lectin like receptor G1 (KLRG1) positive
or CD103* cells (SI Appendix, Fig. S5C), which mark cells with
effector and tissue-resident phenotypes, respectively (39-41).
We also observed equivalent accumulation of splenic LCMV-
specific CD8 T cell populations (SI Appendix, Fig. S6A4) as well
as their cytokine production (SI Appendix, Fig. S6B) and pro-
portions of short-lived, memory precursor, and early effector
cells (SLEC, MPEC, and EEC) (41-43), in both groups (S
Appendix, Fig. S6C) Strikingly, however, we observed a signifi-
cant reduction in GrzB levels among splenic CD8 T cells spe-
cific for the immunodominant LCMV epitope GP33_4; (D/
GP33_41"), and to a lesser extent among CD8 T cells specific for
NP396_404, in ARM-infected mice inoculated with A. muciniphila
vs. control mice (Fig. 44). We also found reduced levels of the
transcription factor (TF) T-BET among D"/GPs; 4+ CDS
T cells (Fig. 4B), which is known to promote GrzB expression
and CD8 T cell effector fate (41, 44). Given that trimethylation
of lysine 27 residue on histone 3 (H3K27me3) has been shown to
reinforce effector CD8 T cell differentiation (45, 46) we next
evaluated the potential effect of A. muciniphila on CD8 T cell
H3K27me3 marks. As shown in Fig. 4C, A. muciniphila-
inoculated mice exhibited reduced H3K27me3 in virus-specific
CD8 T cells compared to control mice. Importantly, A. mucini-
phila inoculation did not increase splenic Treg accumulation (S
Appendix, Fig. S6D). Of note, reduced GrzB and T-BET were
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also observed in splenic CD8 T cells after Cl13-infected mice
were inoculated with A. muciniphila (Fig. 4 D and E), indicating
that the effects of this commensal on CD8 T cell responses were
conserved in the context of functional (acute infection) or
exhausted (chronic infection) CD8 T cells. Finally, although A.
muciniphila inoculation into ARM- or Cl13-infected mice did
not alter weight loss (SI Appendix, Fig. S7 A and B), eating be-
havior (SI Appendix, Fig. S7 C and D), or the amount of infec-
tious virus in liver, lung, and/or blood (SI Appendix, Fig. S7 E-I),
it did cause a significant delay in the clearance of LCMV ARM
genomes from the livers (Fig. 4F).

Together, these data indicated that A. muciniphila inoculation
attenuated splenic, but not small intestinal, CD8 T cell re-
sponses, specifically diminishing expression of GrzB and T-BET
as well as reducing H3K27me3 marks. Such CD8 T cell sup-
pression seemed to be accompanied with a delayed clearance
of the acute infection in mice receiving A. muciniphila. In-
terpretation of these results should take into consideration
that, consistent with a previous report that used a similar dose
of this bacterium (47), qPCR in caecal and colonic compart-
ments did not detect significant enrichment of A. muciniphila
after its oral administration (SI Appendix, Fig. S8). Such low
levels of A. muciniphila in the experimentally treated mice
raises the possibility that the phenotypes we observed after
inoculation of this commensal into infected mice may repre-
sent an underestimation of the effects caused by the profound
A. muciniphila blooming that naturally arises after Cl13
infection.

Discussion

Host adaptations to fast spreading and/or persistent pathogen
replication are often required to ensure host survival in various
host species and include mechanisms such as the attenuation of
both innate and adaptive arms of the immune system (2-4).
Here, we found that infection with a fast-spreading persistent
virus induced profound microbiome alterations, which were
different from the ones induced by a closely related acute virus
that spreads at a slower rate. Interestingly, most microbiome
alterations induced by the fast-spreading persistent virus were
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infected with LCMV Cl13 and injected i.p. with isotype control (IgG2a) or CD8-depleting antibodies (xCD8) (B and G). (A and B) Grams (g) of food consumed
per gram of body weight (bw) over time in indicated groups. Dotted lines mark the healthy range of food consumption determined in uninfected mice as
described in SI Appendix, Materials and Methods. (C) Taxa overlap of CI13 d 8 p.i. biomarkers defined as in Fig. 1E (red), mouse colon carcinoma biomarkers
defined by linear discriminant analysis effect size in ref. 80 of mice s.c. transplanted with colon cancer cells (blue), as reported in ref. 35 and caloric restriction
biomarkers defined after MR analysis with Songbird of the stools of mice after 3 wk on a calorie-restricted diet, from a previous study (37) (yellow). (D, F, and
G) Absolute A. muciniphila genomes in colonic and caecal contents were quantified by gPCR in uninfected mice or mice infected with LCMV ARM or Cl13
at day 8 p.i. (D), in uninfected mice fed ad libitum, or fasted for 24 h (F) and in Cl13-infected mice treated with CD8-depleting or isotype control antibodies
(G). DNA from a food pellet was used as a negative control (food control). (E) FISH images with Eubacteria (Eub338, green) or A. muciniphila (A.muc.1437,
red)-specific probes on colon sections from Un, ARM-, and Cl13-infected mice at day 8 p.i. One uninfected mouse was intraorally (i.0.) inoculated with ~1.2 x
102 cfu of live A. muciniphila 24 h prior to necropsy and used as positive control (A.muc. control). (A, B, D, F, and G) averages + SEM. Data are representative of
one out of three (A and B), two (E and G), or pooled from two (F) or three (D) independent experiments with n = 3 to 10 mice/group. (A and B) Unpaired two-
tailed Student’s t test per time point, (F and G) Mann-Whitney test, (D) one-way ANOVA with Tukey’s correction; *p-val < 0.05, **<0.01, ***<0.001,
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restricted to the early phase of infection and did not associate
with continuous viral replication into the chronic phase. Instead,
such microbiome dysbiosis was driven by CD8 T cell responses
and partially associated with CD8 T cell-induced anorexia. Re-
markably, among the most enriched taxa detected early after
infection with the fast-spreading persistent virus, we identified
the fasting-associated commensal A. muciniphila, which bloomed
in a CD8 T cell-dependent manner and was able to suppress
selected aspects of distal CD8 T cell responses. Our results
demonstrate that the endogenous intestinal microbiome of an
infected host differentially changes after infection with closely
related viruses that exhibit distinct capacity to spread and persist
and suggest that infection-induced changes in eating behavior
and microbiome could act as both regulators and targets of CDS8
T cell responses.

It is remarkable that the intestinal microbiome was more pro-
foundly and transiently altered during the early vs. late phase of
persistent LCMYV infection, despite comparable viral replication at
both time periods. Furthermore, our data demonstrated that such
early dysbiosis was caused, in great part, by CD8 T cell responses.
Importantly, while the intestinal microbiome has been previously
shown to modulate CD8 T cell responses (48-51) a role for CD8
T cells in modulating gut microbiome composition has never been
reported. In this regard, the transitory Verrucomicrobia and
Akkermansia overrepresentation that we observed on day 8 (but
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not day 20) p.i. and its connection to fasting across several species
(34) helped us identify a profound anorexic behavior that was
restricted to the early phase of LCMV Cl13 infection. This result
is in agreement with an independent study that showed anorexia in
the same LCMV model system (52). Here we validated these
findings and expanded them by demonstrating that the afore-
mentioned anorexia observed early after infection with the fast-
spreading LCMYV isolate is dependent on CD8 T cells. Given that
anorexia has been observed at time points when strong CD8 T cell
responses are detected after other chronic and acute infections
(53-57), it is tempting to speculate that CD8 T cell-induced an-
orexia may represent a conserved response to tissue damage or
excessive inflammation upon infection with pathogens that over-
whelmingly replicate in vital organs and/or are still present at high
titers when CD8 T cell responses peak.

Consistent with the aforementioned anorexic behavior in
LCMV infection, we observed that a significant fraction of the
microbiome changes were commonly detected in other inflam-
matory and/or noninflammatory fasting conditions. Among
them, we demonstrated that the species A. muciniphila naturally
bloomed in the cecum and colon during the early phase of in-
fection with the LCMV Cl13 isolate, it was rapidly boosted in
response to lack of food consumption, and was significantly re-
duced when anorexia was reverted by CD8 T cell depletion. Given
that fiber-deprived diets promote blooms of A. muciniphila (58), it
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Fig. 4. Oral administration of A. muciniphila into LCMV ARM- or Cl13-infected mice attenuated selected CD8 T cell effector features. See also SI Appendix,
Figs. S5-S8. C57BL/6 mice were infected with LCMV ARM (A-C and F) or LCMV CI13 (D and E) and inoculated i.o. with vehicle (veh) or ~1.2 x 108 cfu of live A.
muciniphila (A.muc.) daily from days 3.5 to 7.5 p.i. All analyses were done at day 8 p.i. (A-E) Mean fluorescence intensity (MFI) for Granzyme B (GrzB) (A and
D) and T-BET (B and E) among gated LCMV tetramer DP/GP33_4;* CD8" cells from the spleen. (C) Frequency of H3K27me3™" cells among D®/GP33 4, or
DP/NP306_404 tetramer* CD8* in the spleen, as indicated. (A-E) Values are normalized to the average of the vehicle control group. (A-E) Representative FACS
histograms are shown for the indicated groups; gray histogram was gated on CD8* from Un mice. (F) Liver levels of LCMVnp normalized to Actb. (A-F) Pooled
data from three (A-C and F) or two (D and E) experiments with n = 3 to 5 mice/group. Individual experiments are indicated with different shapes (i.e., circles,
squares, triangles). (A-F) Averages + SEM. (A-F) Unpaired two-tailed Student’s t test. Statistically significant differences were detected in three out of three (B
and C), two out of three (A, for D®/GPs3_4;), two out of two (D) or one out of two (E) independent experiments. Even when not reaching statistical sig-
nificance, individual experiments showed a consistent trend that, in all cases, reached significance after pooling data from independent repeats. For A
(Db/NP3954o4) and F, differences only reached statistical significance after pooling independent experimental repeats; *p-val < 0.05, **<0.01, ***<0.001,
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is possible that the lack of dietary fiber intake early after LCMV
Cl13 infection may have provided a niche for the outgrowth of this
bacterium. Regardless, our observations linked A. muciniphila
blooming with CD8 T cell-driven anorexia and supported the
conclusion that anorexia is one means via which CD8 T cells in-
duce intestinal dysbiosis after chronic infection. It should be
noted, however, that not all taxa modulated by CD8 T cells during
LCMYV Cl13 infection were commonly altered in the noninfectious
fasting conditions that we analyzed here, suggesting the existence
of alternative, anorexia-independent mechanisms employed by
CDS8 T cells to modulate gut microbial composition. On the other
hand, the phylum Verrucomicrobia is also augmented after in-
fection with influenza virus (59), which induces anorexia with a
similar kinetic as LCMV CI13 (60), suggesting that A. muciniphila
and possibly other fasting-associated commensals may bloom,
perhaps also in a CD8 T cell-dependent manner, during some
acute infections.

While it was previously demonstrated that the intestinal
microbiome as a whole promotes preinfection, tonic, expression
of genes related to antiviral immunity in macrophages, and en-
hances resistance to a subsequent chronic infection (9), the po-
tential impact of the changes in specific commensal species that
are induced after a chronic infection has been initiated remained
unknown. In this regard, we found that enrichment of A. muci-
niphila via oral administration into specific pathogen-free (SPF)
LCMV-infected mice (that had unmanipulated microbial com-
munities) suppressed selected effector features (i.e., GrzB,
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T-BET, and/or H3K27me3) in virus-specific CD8 T cells and
appeared to delay viral control in the liver. These observations
were particularly unexpected, given the beneficial effects that 4.
muciniphila has been ascribed during checkpoint blockade
therapy (61). We speculate that the differential microbial com-
munities into which A. muciniphila is introduced may account for
some of these discrepancies, as individual bacterial species are
heavily influenced by the complex microbial environments sur-
rounding them (62). Alternatively, given that different CD8
T cell subsets are present at early vs. late time points after
chronic infections (63, 64) and in tumors (65, 66), it is possible
that the effect of A. muciniphila on CD8 T cell responses may
vary depending on the time of administration. Despite that, the
effects we observed in virus-specific CD8 T cells upon early in-
oculation of A. mucinipihila, were consistent in the context of
LCMYV infections with any of the two viral isolates studied, and
were particularly impressive in the light of a previous report
where modulation of CD8 T cell responses was only achieved
after combined administration of 11 different taxa (50). Thus,
our data support the possibility that the natural enrichment of A.
muciniphila that we uncovered in the early phase after infection
with a fast-spreading virus may contribute to the attenuation of
the initial virus-specific CD8 T cell responses, most likely in
conjunction, and possibly in a redundant fashion, with other
fasting-associated commensals and with previously described T
cell-inhibitory mechanisms (3, 4).
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Interestingly, we observed that A. muciniphila attenuated
distal CD8 T cells in the spleen but did not seem to have an
effect on IEL CD8 T cells from the small intestine, despite their
closer proximity to intestinal bacteria. Even though we cannot
rule out effects in the large intestine, this is particularly unex-
pected since A. muciniphila has been recently shown to induce
bacteria-specific immune responses in the small intestine (67).
Given that A. muciniphila is known to strongly influence whole-
body metabolism (47, 68, 69), it is possible that it suppresses
CDS8 T cell effector features by changing the nutrients available
to fuel ensuing immune responses, which in turn can affect
functional capacity and epigenetics in a cell-type- or tissue-
specific manner (70). Indeed, nutrient requirements may vary
among tissues, providing a possible explanation for the differ-
ential effects of A. muciniphila in spleen vs. small intestinal IEL
CDS8 T cells. Regardless of the mechanism underlying 4. muci-
niphila effects in distal vs. local tissues, our findings describe a
commensal regulating distal, virus-specific CD8 T cell responses,
without causing similar phenotypes in the small intestine IEL,
broadening our current understanding of microbiome-mediated
immune system regulation.

In conclusion, by revealing CD8 T cell-dependent anorexia,
CDS8 T cell-mediated blooming of A. muciniphila and CDS8 T cell
attenuation by this commensal, our study suggests a potential
way of CD8 T cell autoregulation that involves changes in host
behavior and microbiome. In this context, we propose a model in
which the blooming of A. muciniphila that we described here may
be part of a whole-organism negative feedback loop initiated by
CDS8 T cell-driven changes in eating behavior, that can lead to
microbiome alterations, which may, in turn, contribute to the
attenuation of CD8 T cell responses. Suppression of CD8 T cell
responses through previously described inhibitory mechanisms
(3, 7) along with the contribution of the aforementioned negative
feedback loop may explain the recovery from the CDS8 T cell-
dependent anorexic behavior alongside with the mostly transient
nature of the CD8 T cell-dependent dysbiosis, as the host tran-
sitions from the acute into the chronic phase of a persistent in-
fection. Last but not least, it is important to emphasize that there
is great interest in A. muciniphila as a potential probiotic
(71-73), that is reflected by recently finalized (68) and ongoing
clinical trials (NCT02086110; NCT03547440; NCT03749291;
NCT04038619; NCT04058392). Our work unveils additional ef-
fects of this potential new-generation probiotic in regard to its
capacity to attenuate ensuing CD8 T cell responses. As non-
FDA regulated probiotics are being consumed by 3.9 million
individuals in the United States alone (74) increased under-
standing of context-dependent consequences of probiotic ad-
ministration is needed to maximize their beneficial properties
while preventing undesired side effects.

Materials and Methods

Mice, Infections, and Antibody Treatments. All studies were performed with 6-
to 10-wk-old female C57BL/6 mice bred at The Jackson Laboratory. For
microbiome studies, purchased mice were randomly distributed in cages
containing five mice each and housed in that way for 3 wk before the day of
infection per guidelines of the Earth Microbiome Project (75). Mice were
infected i.v. with 2 x 10° plaque forming units (PFU) of LCMV ARM or Cl13.
Viral stocks were grown, identified, and quantified as reported previously in
ref. 76. Viral loads were determined by standard plaque assay (76) of serum
or tissue homogenates. In vivo CD8 and CD4 T cell depletion as well as IFNAR
blockade studies were performed as specified in S/ Appendix. The detailed
procedure for food consumption measurements, for the establishment of a
“healthy range” of daily food consumption and for acute starvation ex-
periments can be found in S/ Appendix. Mice were maintained in a closed
breeding facility at the University of California San Diego (UCSD), where
mice were housed in ventilated cages containing HEPA filters. Mouse han-
dling conformed to the requirements of the National Institutes of Health
and the Institutional Animal Care and Use Guidelines of UCSD.
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Lymphocyte Isolation from Spleen and Small Intestinal IEL. Single-cell sus-
pensions from the spleen and the small intestinal IEL were obtained as de-
tailed in S/ Appendix.

Quantitative PCR. To quantify A. muciniphila genomes, previously frozen
colonic and caecal contents were thawed, weighed, and DNA was extracted
with DNeasy PowerSoil Kit (Qiagen) by following the manufacturer’s pro-
tocol. gPCR from samples as well as from an A. muciniphila standard was
performed as detailed in S/ Appendix. For quantification of transcripts in
liver, tissues were processed and the expression of LCMV nucleoprotein
relative to Actb was quantified as detailed in S/ Appendix.

Flow Cytometry. For surface staining of splenocytes and IEL, cells were first
stained with a fixable viability dye followed by staining with MHC-I tetramers
as detailed in S/ Appendix. For intracellular staining after ex vivo peptide
restimulation, cells were fixed in 1% paraformaldehyde (PFA) and stained
with antibodies in 1x perm/wash buffer (Thermo Scientific) for 30 min at
4 °C. Alternatively, for intranuclear staining, cells were fixed with the Foxp3
Transcription Factor Staining Buffer Set Kit (Thermo Scientific) per vendor’s
recommendation and stained with antibodies in 1x perm/wash buffer for
1 h at room temperature. Antibodies used in this study can be found in S/
Appendix. Cells were acquired using a Digital LSR Il flow cytometer (Becton
Dickinson) or a ZE5 Cell Analyzer (Bio-Rad). Flow cytometric data were an-
alyzed with FlowJo software v9.9.6 and v10.

Ex Vivo T Cell Stimulation. Splenocytes were cultured in the presence of
Brefeldin A (1 pg/mL; Sigma) and 1 pg/mL of the MHC class-I-restricted LCMV
NP396 404 OF GP33 41 peptides (all >99% pure; Synpep) and stained with
surface and intracellular antibodies, as detailed in S/ Appendix.

Culture and Inoculation of A. muciniphila. A. muciniphila (ATTC BAA-835) was
purchased from ATCC. A detailed procedure on how to prepare glycerol and
mucin stocks as well as anaerobic brain heart infusion (BHI) media supple-
mented with mucin (BHI+mucin) can be found in S/ Appendix. To initiate A.
muciniphila cultures for oral inoculation, glycerol stocks were brought into
the anaerobic chamber on dry ice, scraped with a sterile tip that was then
placed in 3 to 5 mL of BHI+mucin media in 15-mL stopper cap falcon tubes
and cultured at 37 °C in the anaerobic chamber for 3 to 4 d. Control tips with
no A. muciniphila and media alone were cultured in parallel as a control for
contamination and to be inoculated as vehicle control, respectively. Initially,
it was determined that after 3 to 4 d of A. muciniphila glycerol stock culture
in these conditions, the optical density at 600 nm was 0.5 to 0.6, which after
plating at serial dilutions corresponded to 5.5 to 6 x 10® colony forming units
(cfu)/mL 200 pL of these cultures (i.e., ~1.2 x 108 cfu) or vehicle control were
inoculated per mouse at indicated time points. Note that very similar
amounts of bacteria per dose have been used previously ref. 47. A. muci-
niphila cultures were routinely plated in BHI+mucin media and 1% agar to
confirm the homogeneity of the culture and to rule out potential
contamination.

Bacterial FISH. Caecal and colonic tissue samples from respective experimental
groups were harvested and fixed in Carnoy’s fixative (60% ethanol, 30%
chloroform, 10% glacial acetic acid) and processed further as previously
described in ref. 77. Tissue sections (5 uM) were deparaffinized followed by
hybridization and staining, as specified in S/ Appendix. Samples were viewed
and imaged on an Olympus IX81 inverted microscope in combination with a
FV1000 confocal laser scanning system.

Library Generation and Sequencing for 16S rRNA and Shotgun Metagenomics
Studies. A detailed description of the sample collection and the DNA ex-
traction procedures for 165 rRNA V4 amplicon sequencing and shotgun
metagenomics sequencing can be found in S/ Appendix. Sequencing was
done following standard protocols from the Earth Microbiome Project (78,
79). Extracted DNA was amplified by using barcoded primers. Each sample
was PCR amplified in triplicate and V4 pair-end sequencing or whole-
genome sequencing using a miniaturized version of the KAPA HyperPlus
kit was performed using Illumina MiSeq or HiSeq.

16S rRNA Gene Amplicon Data Analysis. Preprocessing and taxonomy assig-
nation for our 16S rRNA raw data were done as detailed in S/ Appendix. Raw
16S rRNA sequencing data from the stools of mice fed a calorie-restricted
diet for 3 wk (37) was obtained from National Center for Biotechnology
Information (NCBI) Short Read Archive (SRA: PRINA480387), uploaded to
Qiita, and processed as described in S/ Appendix. We calculated alpha-diversity,
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beta-diversity, principal coordinates analysis, permutational ANOVA, and
differential dispersion as detailed in S/ Appendix. To identify differentially
abundant genera among groups in our 16S rRNA sequencing data as well as
in caloric-restriction data (37), we used Songbird multinomial regression
analysis (30), as detailed in S/ Appendix.

Shotgun Metagenomic Data Analysis. Preprocessing of these data were done
as detailed in SI Appendix. A table in .biom format with taxonomic predic-
tions at the species level was then rarefied to a depth of 200,000 or 450,000.
The detailed procedure to compute alpha-diversity, beta-diversity, principal
coordinates analysis, and permutational ANOVA can be found in S/ Ap-
pendix. To identify differentially abundant species between groups, we
collapsed our rarefied .biom tables to the species level and used Songbird
multinomial regression analysis, as specified in S/ Appendix.

Statistical Analysis. Unpaired two-tailed Student’s t test was used to compare
two groups. If variances were not equal by F-test, data were tested using the
nonparametric Mann-Whitney U test. Significant differences among more
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