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ABSTRACT Our current understanding of the host-microbiota interaction in the gut is
dominated by studies focused primarily on prokaryotic bacterial communities. However,
there is an underappreciated symbiotic eukaryotic protistic community that is an inte-
gral part of mammalian microbiota. How commensal protozoan bacteria might interact
to form a stable microbial community remains poorly understood. Here, we describe a
murine protistic commensal, phylogenetically assigned as Tritrichomonas musculis, whose
colonization in the gut resulted in a reduction of gut bacterial abundance and diver-
sity in wild-type C57BL/6 mice. Meanwhile, dietary nutrient and commensal bacteria
also influenced the protozoan’s intestinal colonization and stability. While mice fed a
normal chow diet had abundant T. musculis organisms, switching to a Western-type
high-fat diet led to the diminishment of the protozoan from the gut. Supplementa-
tion of inulin as a dietary fiber to the high-fat diet partially restored the protozoan’s
colonization. In addition, a cocktail of broad-spectrum antibiotics rendered permis-
sive engraftment of T. musculis even under a high-fat, low-fiber diet. Furthermore,
oral administration of Bifidobacterium spp. together with dietary supplementation of
inulin in the high-fat diet impacted the protozoan’s intestinal engraftment in a bifi-
dobacterial species-dependent manner. Overall, our study described an example of
dietary-nutrient-dependent murine commensal protozoan-bacterium cross talk as an
important modulator of the host intestinal microbiome.

IMPORTANCE Like commensal bacteria, commensal protozoa are an integral part of
the vertebrate intestinal microbiome. How protozoa integrate into a commensal
bacterium-enriched ecosystem remains poorly studied. Here, using the murine com-
mensal Tritrichomonas musculis as a proof of concept, we studied potential factors
involved in shaping the intestinal protozoal-bacterial community. Understanding the
rules by which microbes form a multispecies community is crucial to prevent or cor-
rect microbial community dysfunctions in order to promote the host’s health or to
treat diseases.

KEYWORDS microbiota, protozoa, dietary fiber, cross-kingdom communication,
intestinal colonization

he mammalian gut microbiome consists of a wide consortium of microbes from

diverse phyla, including viruses, prokaryotic bacteria and archaea, and eukaryotic
microbes. The different microorganisms in the gut are thought to be able to attain a
homeostatic equilibrium state via functional interactions that contribute to the health
and diseases of the host (1). Eukaryotic protists can be an integral part of the
mammalian gut microbiome (2, 3), but how the protozoal species interact with other
microbial community members in the gut remains poorly defined.
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Trichomonads are flagellated anaerobic protozoa that belong to the phylum Para-
basalia and that often have symbiotic relationships with their hosts (4). Recently, the
finding of multiple Tritrichomonas species from the order Trichomonadida as commen-
sal microbes in healthy rodents across many animal facilities inspired research to
identify their importance in the host-microbe cross talk (3, 5-8). Merad and colleagues
identified a murine commensal protozoan, Tritrichomonas musculis, that can enhance
antibacterial defenses and increase intestinal inflammation via triggering inflam-
masome activation in the gut epithelial cell, promoting interleukin-18 (IL-18) produc-
tion and Th1/Th17 cell differentiation (3). However, some Tritrichomonas species have
instead been found to be able to trigger a type 2 immune response by producing
succinate, which directly engages the succinate receptor that is expressed on intestinal
tuft cells to produce cytokine IL-25 (5-8). Currently, we do not know the actual
phylogenetic relationships among these multiple reported Tritrichomonas species and
what distinguishes their induction of a type 1 versus type 2 response. Whether it is
related to potential gut bacterial microbiota differences originating from different
animal facilities is unclear. Furthermore, we still lack fundamental knowledge of how
commensal protozoa interact with other microbial community members in general.

In this study, we described a critical contribution of the rodent commensal protist
parabasalid T. musculis in shaping the ecology of the gut bacterial community. Mean-
while, T. musculis colonization and stability in the gut were greatly influenced by dietary
nutrients and commensal bacteria. These results uncovered the involvement of a
previously underappreciated cross-kingdom interaction between a protist and com-
mensal bacteria in shaping the murine intestinal microbial ecosystem.

RESULTS

Identification of a gut eukaryotic symbiont in mice. We screened cecal materials
obtained from our in-house mouse colonies and microscopically detected the presence
of unicellular flagellated microbes (Fig. TA). We purified and imaged them by scanning
electron microscopy (SEM) and identified them as tritrichomonads (Fig. 1B). Internal
transcribed spacer (ITS) and 18S rRNA genomic DNA sequencing confirmed them to be
a Tritrichomonas sp. phylogenetically identical to T. musculis (>99% homology) (Fig. 1C
and supplemental data).

T. musculis was found mostly in the gastrointestinal tract, with the highest number
in the cecum and colon. It was not present in the hepatobiliary system (Fig. 1D). In the
intestine, it was mostly found inside the lumen without adherence to the intestinal
epithelial cell surface. Neonates born to T. musculis-colonized dams were initially T.
musculis free and became T. musculis positive after weaning (see Fig. S1 in the
supplemental material). Furthermore, T. musculis-negative adult B6 mice from Beijing
Vital River Laboratory Animal Technology became T. musculis positive 2 weeks after
being cohoused with our in-house T. musculis-bearing mice. These results suggested
that the transmission of T. musculis was horizontal and most likely via the fecal-oral
route.

T. musculis colonization decreased gut bacterium abundance and diversity.
Although eukaryotic protozoa have been recognized as important members of the gut
microbiota, the protozoan-commensal bacterium interactions remain largely unknown.
We questioned how T. musculis colonization might influence the gut bacterial com-
munity. To this end, T. musculis-negative wild-type (WT) B6 mice from Beijing Vital River
Laboratory Animal Technology were cohoused either with T. musculis-negative WT B6
mice, designated WT(T. musculis~), or with WT B6 mice that were orally administered
with purified T. musculis, designated WT(T. musculis™). Four weeks after cohousing, the
mice in the WT(T. musculis~) group remained T. musculis free, while the original T.
musculis-negative mice in the WT(T. musculis™) group became T. musculis positive. We
then collected the cecal contents from those mice, estimated the total number of
bacteria in them using real-time quantitative PCR (RTqPCR) of the total bacterial 16S
rRNA genes, and analyzed their bacterial 16S rRNA sequences using high-throughput
DNA sequencing. Our results indicated that there were significant bacterial phyloge-
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FIG 1 Identification of a gut protozoan symbiont. (A) Representative microscopic image of the cecal content from protozoan-bearing mice, stained by Giemsa
stain; scale bar, 10 um. (B) Representative SEM image of purified protozoa. (C) Phylogenetic tree analysis according to the DNA sequences derived from the
ITS rRNA region. The individual protozoal ITS sequence obtained from the NCBI GenBank database is indicated by its original species name followed by its
accession number. The protozoan isolate that we found is in bold type. The evolutionary history was inferred using the RAXML method. Branch supports were
computed out of 100 bootstrap trees. (D) The total number of T. musculis protozoa in the indicated tissues. The experiments were performed 2 times. The error
bars represent standard deviations (n =5 in each group). ***, P < 0.001; ns, no statistical significance; nd, not detected; T. mu, T. musculis.

netic differences between T. musculis-colonized and -uncolonized mice based on
unweighted UniFrac principal coordinate analysis (PCoA) of the bacterial 16S rRNA
gene sequences (Fig. 2A). T. musculis colonization significantly reduced gut commensal
bacterial abundance and diversity as indicated by Shannon and Chao 1 indices (Fig. 2B
and C); however, the total number and concentrations of the cecal bacteria were not
changed (Fig. 2D). At the phylum level, there was a relative decrease in Tenericutes and
an increase of Bacteroidetes, Deferribacteres, and Spirochaetes (Fig. 2E and F). Based on
linear discriminant analysis effect size (LEfSe), the family Rs-E47 termite group, which
was previously found in higher termites (9), was determined to be significantly ex-
panded following T. musculis colonization, and at the same time the families Helico-
bacteraceae, Rikenellaceae, and Lactobacillaceae were significantly reduced (Fig. 2G).
These data suggested that there were potentially both cooperative and competitive
cross-kingdom communications between gut bacteria and the protozoa.
Western-type high-fat diet influence on T. musculis intestinal colonization.
Dietary changes are often accompanied by concomitant changes in the gut microbiota.
Our modern Western-type high-fat low-fiber diet contributes to the loss of bacterial
taxa and reduced commensal bacterial diversity in both humans and mice (10, 11).
However, the impact of dietary shifts on the eukaryotic protozoan’s symbiotic mem-
bership in the context of a complex microbiota remains unclear. We observed that T.
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FIG 2 T. musculis colonization decreased gut bacterial abundance and diversity. (A) PCoA based on OTU abundance of indicated mice via cecal bacterial 16S
rRNA sequencing. Each symbol represents one individual mouse. (B and C) The commensal bacterial a-diversity indicated by the Shannon index (B) and Chao1
index (C). (D) The total number of bacteria determined by quantitative real-time PCR. (E) The fold change of the indicated bacterial phyla’s abundance
comparing T. musculis-bearing versus -nonbearing WT mice. (F) The relative bacterial abundance of the indicated taxonomic composition at the phylum level
in the indicated mice. (G) LEfSe analysis to determine the alterations of the cecal bacteria after T. musculis colonization. In each group, n = 4 mice. The error
bars represent standard deviations. *, P < 0.05; ns, no statistical significance; T. mu, T. musculis.

musculis-positive WT B6 mice that were initially fed a normal chow diet (ND) became
T. musculis negative after switching to a high-fat diet (HFD) for 2 weeks. This suggests
that an HFD can induce a loss of T. musculis.

To further prove this notion, T. musculis-negative WT B6 mice fed ND were orally
administered purified T. musculis (1 X 10% T. musculis protists/mouse) on day 0, and on
the next day one group of mice was kept on ND and the other group was switched to
HFD. Two weeks later, the cecal content was collected, the T. musculis presence was
examined microscopically, and the bacterial community changes were determined
using bacterial 16S rRNA gene sequencing. HFD feeding not only reduced the total
bacterial number (Fig. 3A) but also significantly decreased the diversity and abundance
of the bacterial community (Fig. 3B and C); meanwhile, the number of T. musculis
organisms also dramatically declined (Fig. 3D). These results suggested that HFD
reduced T. musculis colonization ability in addition to that of some commensal bacteria.

The Western-type high-fat diet has a relatively lower quantity of dietary fiber. An
uncharacterized murine Tritrichomonas sp. has been reported to be able to utilize
complex dietary fibers to establish colonization (8). To test whether the reduced
amount of fiber in the HFD is also responsible for the diminishment of our T. musculis
isolate, 10% fermentable oligofructan fiber inulin was supplemented to the HFD, and
then the modified diet (HFD plus inulin [HFI]) was used to feed the mice. The T. musculis
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FIG 3 HFD reduced T. musculis colonization ability. T. musculis-negative WT B6 mice fed ND were orally adminis-
tered purified T. musculis on day 0, and on the next day the food was switched to the specific type of diet as
indicated. Two weeks later, the cecal contents were collected. (A) The bacterial concentration in the cecal content.
(B and C) The commensal bacterial a-diversity indicated by the Shannon index (B) and Chao1 index (C). (D) The
concentration of T. musculis in the cecal content. The experiments were performed at least 2 times. The error bars
represent standard deviations (n = 5 to 9 in each group). **, P < 0.01; ***, P < 0.001; T. mu, T. musculis.

colonization ability was significantly improved when the mice were fed HFI relative to
those fed HFD (Fig. 4A). Interestingly, inulin supplementation failed to restore the gut
bacterial community (Fig. 4B to E). At the phylum level, mice fed HFI had more
Bacteroidetes and fewer Firmicutes and Proteobacteria than the mice fed HFD (Fig. 4B),
and the inulin supplementation further decreased the commensal bacterial community
richness and diversity (Fig. 4C and D). These results together suggest that our T.
musculis isolate requires a certain amount of dietary fermentable fiber for successful
intestinal colonization. Too little dietary fiber in the food (e.g., HFD) cannot support T.
musculis engraftment and can even endanger its stability in a complex microbial
ecosystem.

A cocktail of broad-spectrum antibiotics improves T. musculis colonization. The
balance of cooperation and competition both within and between microbial popula-
tions is a key determinant of microbial dynamics (12). To test the potential role of
commensal bacteria in regulating T. musculis intestinal colonization, we treated the
mice fed HFD with a cocktail of broad-spectrum antibiotics (vancomycin, neomycin-
sulfate, and ampicillin) after administering a single dose of T. musculis via the oral route.
The antibiotic treatment resulted in the reestablishment of T. musculis colonization in
the gut under HFD conditions (Fig. 5A and B). The overall bacterial community richness
and diversity both declined after antibiotic treatment (Fig. 5C and D), which was as
expected. The antibiotic treatment diminished almost all the bacterial phyla except
Proteobacteria (Fig. 5F). These data suggest that the reason for HFD-induced T. musculis
diminishment is not solely a limitation of dietary fiber, and there is likely a competitive
interaction between bacteria and protozoa to regulate T. musculis engraftment. Fur-
thermore, the antibiotics’ effect of boosting T. musculis colonization is independent of
the food type. A similar phenomenon was found in mice fed either ND (Fig. 5G and H)
or HFI (Fig. 51 and J), suggesting a common mechanism of regulating T. musculis
colonization.
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FIG 4 HFD-induced T. musculis colonization reduction was at least partially due to the limited amount of fermentable dietary fiber in the food. T.
musculis-negative WT B6 mice fed ND were orally administered purified T. musculis on day 0, and on the next day, the food was switched to the specific type
of diet as indicated. Two weeks later, the cecal contents were collected, and the presence of T. musculis was examined microscopically. (A) The concentration
of T. musculis per milligram of cecal contents from the mice fed the indicated types of diet. The experiments were performed 3 times, and there was a
total of 9 to 10 mice in each group. (B) The relative abundance of cecal bacterial phyla from the mice fed HFD or HFI. (C) Shannon index showing commensal
bacterial community diversity. (D) Chao1 index showing commensal bacterial community richness. (E) PCoA based on OTU abundance of the cecal bacteria.
Each symbol represents one individual mouse. In panels B to D, there were 5 mice in each group. The error bars represent standard deviations. **, P < 0.01;
*** P < 0.001; HFD, high-fat diet; HFI, HFD plus 10% inulin; T. mu, T. musculis.

Some Bifidobacterium spp. can impact T. musculis colonization. To further test
the functional interactions between bacteria and T. musculis, we were interested in
determining possible cross talk between specific bacterial species and T. musculis. Since
inulin can sustain bifidobacterial growth and activity (13, 14), we tested the role of
Bifidobacterium in T. musculis colonization in an inulin-enriched ecosystem. We orally
administered Bifidobacterium longum JDM301 (1 X 10° CFU in 100 ul phosphate-
buffered saline [PBS]/mouse) along with T. musculis to WT mice (Fig. 6A). B. longum
JDM301 promoted T. musculis colonization under inulin-enriched HFD conditions (Fig.
6B and C). In contrast, administration of Bifidobacterium adolescentis (ATCC 15703) on
a similar schedule inhibited T. musculis colonization (Fig. S2). Although the underlying
mechanism is not clear, the data suggest that bacteria could impact T. musculis
colonization, likely in a species- or even strain-specific manner, at least under certain
dietary contexts.

DISCUSSION

A lot of factors can influence gut microbiota diversity, composition, and function,
including diet (11, 15), antibiotics (16), age (17), inflammation (18), and host genetics
(19). In this study, we provided an example of cross-kingdom microbial communication
as another force to drive gut microbiome dynamics. We showed that a murine
commensal T. musculis colonization could strongly affect the gut prokaryotic bacterial
community composition. Meanwhile, bacterial communities could also potentially
provide constant competitive pressure on the protist. Antibiotic treatment could
potentially release this pressure and favor the protozoan colonization. We also provided
evidence of cooperative support of some bacterial spp. for T. musculis engraftment
when the dietary nutrient conditions permitted it. These interkingdom commensal
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FIG 5 An antibiotic cocktail treatment improved T. musculis colonization. (A and B) The total number (A) and concentration (B) of T. musculis in the cecal content
were quantified in WT B6 mice fed HFD with or without antibiotic treatment. (C and D) The a-diversity of gut commensal bacteria in the gut ecosystem with
or without antibiotic treatment was indicated by the Shannon index (C) and Chao1 index (D). (E) PCoA based on OTU abundance of the cecal bacteria. Each
symbol represents one individual mouse. (F) Relative abundance of the indicated taxonomic compositions at the phyla level in the WT mice with or without
antibiotic treatment. (G and H) The total number (G) and concentration (H) of T. musculis in the cecal content from WT B6 mice fed ND with or without antibiotic
treatment. (I and J) The total number (I) and concentration (J) of T. musculis in the cecal content from WT B6 mice fed HFI with or without antibiotic treatment.
The experiments were repeated 2 times. A total of 5 to 10 mice were included in each group in panels A, B, and G to J, and a total of 5 mice in each group
were included in panels C to F. The error bars represent the standard deviation. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no statistical significance; 3Abx,
ampicillin plus vancomycin plus neomycin; ND, normal chow diet; HFD, high-fat diet; HFI, HFD plus 10% inulin; T. mu, T. musculis.

protozoan-bacterium interactions might be important in forming a functional micro-
biota that influences host physiopathology. In agreement with our notion, it has been
shown that there is a direct association between the presence of Blastocystis and shifts
in the gut bacterial and eukaryotic microbiome in people that do not have gastroin-
testinal disease or inflammation (20).

Multiple species of Tritrichomonas spp. have been isolated from different groups,
with little to no knowledge of their actual taxonomic relationships, and they have been
shown to be able to induce either type 1 or type 2 responses (3, 6, 8, 21). Although
different Tritrichomonas spp. might function differently, uncharacterized potential gut
bacterial microbiota differences raised by different animal facilities could also possibly
influence which type of immune response to mount. Furthermore, Tritrichomonas and
bacteria might interact and function as a whole. In accordance with this notion, it has
been reported that the ability of helminths to modulate allergic inflammation is
dependent on gut bacterial microbiota (22).

In our experiment, accompanied by T. musculis colonization, the abundances of Bacte-
roidetes, Deferribacteres, and Spirochaetes were increased. These positive correlations indi-
cate potential cooperative relationships between these bacteria and Tritrichomonas. Inter-
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FIG 6 Bifidobacterium impacted T. musculis colonization in the inulin-enriched environment. (A) Schematic diagram
of the experimental design. (B) The total number of T. musculis in the cecal content from the mice fed either ND,
HFI, or HFI plus JDM301. (C) The T. musculis concentration in the cecal content. The experiments were performed
twice. The error bars represent standard deviations (n =5 to 10). ***, P < 0.001; ND, normal diet; HFI, high-fat

diet plus 10% inulin; T. mu, T. musculis.

estingly, Bacteroidetes, Deferribacteres, and Spirochaetaes are characteristic members of
the microbiota in the gut of wood-feeding termites and Cryptocercus cockroaches
(23-25). Some members of the Bacteroidales in termite gut are symbionts of flagellated
protozoa (26). Spirochete bacteria and wood-digesting protists were identified in the
intestinal tissue of Miocene termites (27). In the lower termite gut, Spirochaetes are
important in reductive acetogenesis to remove hydrogen produced by protistic sym-
bionts (28). Together with our finding of expanded Bacteroidetes and Spirochaetaes in
the murine gut after exposure to T. musculis, this indicates that there is a potentially
very conservative rule of protozoan-bacterium interaction across various kinds of hosts.
As these hosts have very different dietary habits, what determines this conservative
symbiotic relationship requires further investigation.

It has been shown that the gut bacterial community rapidly and consistently
responds to altered host diet (11, 29). Numerous studies have shown that a high-fat diet
has strong effects on the abundance and diversity of the gut bacterial community,
including an increase in the ratio of Firmicutes to Bacteroidetes and significantly
decreased bacterial load in the host gut. Accordingly, the genetic composition and
metabolic activity of gut microbiota changed when the host was exposed to HFD (30).
Here, we showed that HFD could also dramatically influence the stability of the murine
eukaryotic protist T. musculis in a complex commensal ecosystem. Thus, the modern
Western-type diet can potentially change not only prokaryotic but also eukaryotic taxa.
It will be interesting to further explore how these ecological changes in microbiota
might influence host functions.

The reason for the instability of T. musculis under HFD conditions is related to at least
two factors, dietary fiber and gut bacteria. We found that our T. musculis isolate
required fermentable dietary fibers for its colonization and stability in the gut. This is
similar to an uncharacterized Tritrichomonas sp. which Schneider described previously
(8). Dietary fibers are the primary energy source of murine Tritrichomonas. However,
there are additional factors to regulate Tritrichomonas colonization. By using antibiotics
to remove bacteria, we found that T. musculis could engraft successfully even under
food fiber-limited conditions. Thus, a potential cross-kingdom competitive interaction
between commensal T. musculis and bacteria might be present, and this interaction
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might determine a dietary nutrient threshold for the protist to integrate into the gut
community. Our data suggested that when the food fibers were scarce, T. musculis and
commensal bacteria might compete for the limited resource for survival, and the net
outcome was that T. musculis lost the war in a competitive ecosystem. However, we
could not easily rule out other possibilities, since antibiotics have profound effects not
only on bacteria but also on the host. Further work is needed to determine whether and
which host factors impact T. musculis intestinal colonization.

Interestingly, when food fiber was provided in a large quantity, a bacterial species-
specific interaction with T. musculis was revealed. B. longum JDM301 and B. adolescentis
showed a competitive and cooperative effect, respectively. Thus, the growth of T.
musculis in the gut ecosystem might be dependent on a delicate balance between
competitive and cooperative relationships with other microbial community members.
Bifidobacterium spp. in general can take up and degrade fructooligosaccharides (31),
which could compete with T. musculis for the same food resources when food fiber is
limited. Dietary fibers are the primary energy sources of many gut bacteria (32), and
thus they could all be able to compete constantly with T. musculis for growth. Why B.
longum JDM301 is supportive of T. musculis colonization under our experimental
conditions is unclear. One possibility is that B. longum JDM301 might be somewhat
unique in degrading inulin-type fructans. It has been reported that slow preferential
degradation of the short-chain-length oligofructose intracellularly by B. adolescentis
LMG 10734 enabled Faecalibacterium prausnitzii growth, while fast nonpreferential
degradation of all chain-length fractions of oligofructose extracellularly and efficient
degradation of the short-chain-length fractions of inulin by Bifidobacterium angulatum
LMG 11039T and B. longum LMG 11047 inhibited F. prausnitzii growth (13). In any case,
we propose that the relationships between bacteria and protozoa might be flexibly
maintained in a context-dependent manner.

In previous reports, HFD significantly decreased Bifidobacterium abundance, while
inulin supplementation increased Bifidobacterium and Anaerostipes abundances (33). In
our study, when 10% inulin was added to HFD, no significant changes of Bifidobacte-
rium and Anaerostipes abundances were found. It might be that 2 weeks of inulin
supplementation is too short to restore Bifidobacterium and Anaerostipes abundances
under the HFD diet. In addition, the supplementation of inulin to HFD induced a further
reduction of the diversity of the intestinal bacterial community, which was consistent
with a previous report (34). Thus, in contrast to T. musculis, the roles of complex dietary
fibers in commensal bacteria are very sophisticated and less well understood. The
dietary compositions, such as different types of fat and fibers, might all potentially be
involved in regulating commensal bacterial community stabilities. This requires future
investigation.

In summary, our data suggest the influence of dietary-nutrient-dependent func-
tional protozoan-bacterium interactions in shaping a murine symbiotic commensal
protozoan integration into gut microbiota. These results are the first step toward an
understanding of the functional connections between commensal protists, bacteria,
and the host.

MATERIALS AND METHODS

Animals and feeding conditions. All animal experiments in this study were performed following the
guidelines of the National Laboratory Animal Ethics Committee of China and were approved by the
Animal Care and Use Committee of Xuzhou Medical University. C57BL/6 male mice (6 to 8 weeks old) free
of T. musculis were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd., Beijing,
China. The mice were fed irradiated food and autoclaved drinking water. All mice had free access to food
and drinking water and were maintained under specific pathogen-free (SPF) conditions with a 12-h light
phase and a 12-h dark phase. The high-fat diet (HFD), in which 60% of the energy is from fat, and HFD
supplemented with 10% inulin (HFI) were purchased from Beijing Keao Xieli Feed Co. Ltd., Beijing, China.
The HFD ingredient is as follows: casein, 200 g; L-cysteine, 3 g; maltodextrin, 125 g; sucrose, 68.8 g;
cellulose, 50 g; soybean oil, 25 g; lard, 245 g; mineral mix S10026, 10 g; dicalcium phosphate, 13 g;
calcium carbonate, 5.5 g; potassium citrate, 16.5 g; vitamin mix V1001, 10 g; choline bitartrate, 2 g; and
FD&C blue dye no. 1, 0.05 g. When needed, a cocktail of broad-spectrum antibiotics (500 mg/liter
ampicillin, 250 mg/liter vancomycin, and 500 mg/liter neomycin sulfate) was given to the mice in the
drinking water for 2 weeks.
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Purification of T. musculis from cecal content. The cecal contents of T. musculis-containing mice
were harvested into sterile PBS and filtered several times through a 70-um-pore-size cell strainer. The
suspension was spun at 1,000 rpm for 5 min at 4°C. The pellet was washed twice with PBS. T. musculis was
further purified at the interface of a 40%/80% Percoll gradient. For in vivo administration, each mouse
was inoculated with approximately 1 X 106 T. musculis protists via the oral route.

Bacterial strains and growth conditions. Bifidobacterium longum JDM 301 was originally isolated
from a commercial probiotic product from China (35). B. adolescentis (ATCC 15703) was purchased from
the BeNa Culture Collection (http://www.bncc.org.cn). B. longum JDM301 and B. adolescentis were grown
at 37°C in de Man, Rogosa, and Sharpe medium (MRS; BD Difco, NJ, USA) supplemented with 0.05%
(wt/vol) L-cysteine-HCI (MRS-cys) or on MRS-cys containing agar (MRS-cys/agar) in an anaerobic work-
station (Don Whitley Scientific, Bingley, UK). B. longum JDM301 and B. adolescentis in the exponential
growth phase were harvested by centrifugation and washed three times with PBS. The pellets were
resuspended in sterile phosphate saline buffer (PBS) (0.144 g KH,PO,/liter, 9 g NaCl/liter, 0.795 g
Na,HPO,/liter, pH 7.5). The concentrations of B. longum and B. adolescentis cultures were adjusted to 10'°
CFU/ml based on the turbidity. The bacterial counts were determined by plating serial dilutions of the
cultures on MRS-cys/agar.

Scanning electron microscopy. The cecal content containing T. musculis was collected and sus-
pended in PBS. Then, the suspension was filtered through a 70-um-pore-size cell strainer and spun and
1,500 rpm and 4°C for 5 min. After centrifugation, the supernatant was discarded, and the pellet was
washed twice with PBS. After the final wash, the pellet was suspended and fixed with fixative (2.5%
glutaraldehyde plus 4% paraformaldehyde) in phosphate buffer (PB) for 2 h at room temperature,
followed by three washings of 5 min each with PB. Samples were dehydrated using the following series
of ethanol-water mixtures: 25%, 50%, 70%, 80%, 90%, 100%, and 100% (7 steps). The replacement of the
liquid medium was done in the wells of the plate. After treatment with 100% ethanol, the samples were
incubated in isoamyl acetate twice for 15 min each time. The samples were dried in a critical-point dryer
(HCP-2; Hitachi Ltd., Japan). Then, the samples were attached to the sample table, and gold coating was
performed in a high-vacuum coating instrument (EM ACE600; Leica, Germany). After gold coating, the
samples were observed using a Teneo VS scanning electron microscope (FEl, Hillsboro, OR, USA).

Quantification of T. musculis protozoa in the cecal content. The cecum of mice was cut
longitudinally and weighed. The harvested cecal content was suspended in PBS (10 ul/mg). The protist
was counted using a hemocytometer as previously reported (3). The total number and concentration of
T. musculis organisms per milligram were calculated accordingly.

Quantitative PCR (gPCR) was performed to determine the relative abundance of T. musculis in
neonatal mice born to mothers with or without protozoan colonization. Total DNA was isolated from the
cecal content. Autoclaved water was used as a protozoan-negative control. The primer sequences used
to identify T. musculis were TTAGTAAGTGCGACCGAAGA (forward) and TAAGGCAGCATTCTCAAGC (re-
verse). qPCR was performed using the FastStart universal SYBR green master (Roche, Basel, Switzerland)
and according to the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min.

Quantification of bacteria in the cecal content. For the total bacterial quantification, DNA was
isolated from the cecal content by using the QIAmp Fast DNA stool minikit (Qiagen, Hilden, Germany).
The isolated DNA was used as the template for qPCR with the FastStart universal SYBR green master
(Roche, Basel, Switzerland). The primers targeting the universal bacterial 16S rRNA gene were used
according to a previous report (36). To convert qPCR threshold cycle (C;) values into bacterium numbers,
we used the genomic DNA isolated from a known amount of B. longum JDM301 as a template to
generate a standard curve by qPCR. The number of B. longum JDM301 bacteria was counted by plating
serial dilutions of cultures on MRS-cys/agar (0.05% [wt/vol]) before extracting genomic DNA.

Phylogenetic analysis. DNA was isolated using the QIAmp fast DNA stool minikit (Qiagen, Hilden,
Germany) from the enriched protozoa from the cecal content with 40%/80% Percoll gradient centrifu-
gation. Then, the 18S rRNA region was amplified using primers (forward [F]: TGCGCTACCTGGTTGATCC
TGCG; reverse [R]: TGATCCTTCTGCAGGTTCACCTAC). The internal transcribed spacer (ITS) region was
amplified using primers (F: TTAGTAAGTGCGACCGAAGA; R: TAAGGCAGCATTCTCAAGC). The PCR product
was sequenced, and the sequence is presented in the supplemental data. Alignment and phylogenetic
reconstructions were performed using the “build” function of ETE3 v3.1.1 (37) as implemented on
GenomeNet (https://www.genome.jp/tools/ete/). The maximum likelihood (ML) tree was inferred using
RAXML v8.1.20 run with the model GTRGAMMA and default parameters (38). Branch supports were
computed out of 100 bootstrap trees.

Bacterial diversity analysis of the gut ecosystem. The analysis was done by Nanjing Aurora Gene
Technology Co. Ltd. (Nanjing, China). In brief, fresh cecal content was collected and weighed. The DNA
of the cecal content was extracted using the E.Z.N.A. stool DNA kit (Omega Bio-Tek, Norcross, Georgia)
according to the manufacturer’s instructions. The DNA of the cecal content was used as the template for
PCR targeting the V3-V4 region of the bacterial 16S rRNA gene (39). The PCR was performed using the
following conditions: 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing at
55°C for 30 s, and extension at 72°C for 45 s, and finally ending at 72°C for 10 min. Reactions were
performed in triplicate in a 20-ul mixture containing 4 ul of 5 X FastPfu buffer, 2 ul of 2.5 mM deoxy-
nucleosides triphosphates (dNTPs), 0.8 ul of each primer (5 uM total), 0.4 ul of FastPfu polymerase, and
10 ng of template DNA. The PCR products were extracted from 2% agarose gels and cleaned with
agarose gel purification. Purified PCR products were quantified using Qubit v3.0 (Life Invitrogen,
California, USA), and all 24 amplicons whose barcodes were different were mixed equally. The pooled
DNA product was used to construct the lllumina paired-end library following lllumina’s genomic DNA
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library preparation procedure. Then, the amplicon library was paired-end sequenced (2 X 250) on an

lllumina HiSeq 2500 sequencing system according to the standard protocols.
Raw fastq files were demultiplexed and quality-filtered using QIIME v1.17 with the following criteria.

(i) The 250-bp reads were truncated at any site receiving an average quality score of <20 over a 10-bp
sliding window, and the truncated reads that were shorter than 50 bp were discarded. (ii) Reads were
removed if they matched the exact barcode sequences, they had two nucleotide mismatches in primer
matching, or they contained ambiguous characters. (iii) Only sequences that overlapped more than 10 bp
were assembled according to their overlap sequence. Reads which could not be assembled were
discarded. Sequences sharing 97% nucleotide sequence identity were binned into the same operational
taxonomic units (OTUs) using UPARSE v7.1, and chimeric sequences were identified and removed using

UCHIME in both reference mode (using the GOLD database) and de novo mode.
Sequences were deposited in the NCBI SRA database under accession number PRINA542986. A

taxonomical classification was performed using uclust against the SILVA (SSU123) 16S rRNA database
(40). Based on the abundance data of OTUs, bacterial taxa summarization and rarefaction analyses of
microbial diversity (dissimilarity value indicated by unweighted UniFrac distance) were then conducted,
and PCoA plots were generated in QIIME.

Statistical analysis. Statistical analysis was performed using GraphPad Prism v5 software. Differ-

ences between multiple groups were compared using an analysis of variance (ANOVA) test with post hoc
Bonferroni correction. Mann-Whitney's test was used for comparisons between two groups. In microbiota
analysis, the Wilcoxon signed rank test and Kruskal-Wallis (KW) sum-rank test were used. A P value of
<0.05 was considered significant.

Data availability. The raw bacterial 16S rRNA reads have been deposited in the SRA database under

accession number PRINA542986. Our T. musculis isolate’s ITS and 18S rRNA sequences are presented in
the supplemental data.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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