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ABSTRACT There are several Entamoeba species that colonize humans, but only
Entamoeba histolytica causes severe disease. E. histolytica is transmitted through the
fecal-oral route to colonize the intestinal tract of 50 million people worldwide. The cur-
rent mouse model to study E. histolytica intestinal infection directly delivers the parasite
into the surgically exposed cecum, which circumvents the natural route of infection. To
develop a fecal-oral mouse model, we screened our vivarium for a natural murine
Entamoeba colonizer via a pan-Entamoeba PCR targeting the 18S ribosomal gene. We
determined that C57BL/6 mice were chronically colonized by Entamoeba muris. This
amoeba is closely related to E. histolytica, as determined by 18S sequencing and cross-
reactivity with an E. histolytica-specific antibody. In contrast, outbred Swiss Webster
(SW) mice were not chronically colonized by E. muris. We orally challenged SW mice
with 1 x 10° E. muris cysts and discovered they were susceptible to infection, with peak
cyst shedding occurring between 5 and 7 days postinfection. Most infected SW mice
did not lose weight significantly but trended toward decreased weight gain throughout
the experiment compared to mock-infected controls. Infected mice treated with paro-
momycin, an antibiotic used against noninvasive intestinal disease, do not become
colonized by E. muris. Within the intestinal tract, E. muris localizes exclusively to the ce-
cum and colon. Purified E. muris cysts treated with bovine bile in vitro excyst into mo-
bile, pretrophozoite stages. Overall, this work describes a novel fecal-oral mouse model
for the important global pathogen E. histolytica.

IMPORTANCE Infection with parasites from the Entamoeba genus are significantly
underreported causes of diarrheal disease that disproportionally impact tropical
regions. There are several species of Entamoeba that infect humans to cause a range
of symptoms from asymptomatic colonization of the intestinal tract to invasive dis-
ease with dissemination. All Entamoeba species are spread via the fecal-oral route in
contaminated food and water. Studying the life cycle of Entamoeba, from host colo-
nization to infectious fecal cyst production, can provide targets for vaccine and drug
development. Because there is not an oral challenge rodent model, we screened for
a mouse Entamoeba species and identified Entamoeba muris as a natural colonizer.
We determine the peak of infection after an oral challenge, the efficacy of paromo-
mycin treatment, the intestinal tract localization, and the cues that trigger excysta-
tion. This oral infection mouse model will be valuable for the development of novel
therapeutic options for Entamoeba infections.
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arasitic diseases are underappreciated causes of morbidity and mortality because dis-
ease outcomes are variable (1), cases are often underreported (2), and disease dispro-
portionately impacts geographical locations experiencing poverty (1-3). Diarrheal diseases
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are a significant and underreported cause of child mortality in tropical regions (4, 5). Such
infections are exacerbated by factors such as resource availability, lack of sanitation infra-
structure, and malnutrition (6). For these reasons, diarrheal diseases represent a long-stand-
ing and significant burden, particularly in Latin America, Southeast Asia, and sub-Saharan
Africa (6). Diarrheal diseases are caused by a range of pathogens, such as bacteria, viruses,
and parasites, including Entamoeba histolytica. E. histolytica is an extracellular parasite that
causes human infection with variable outcomes ranging from asymptomatic colonization
to diarrhea, invasive colitis, liver abscesses, and metastatic infection. E. histolytica ranks
among the top 15 causes of diarrhea in children under the age of 2 in developing coun-
tries (7, 8). Prevalence rates vary significantly due to earlier misdiagnoses resulting from
use of microscopy as a diagnostic tool, which is unable to differentiate between E. histoly-
tica and the nonpathogenic Entamoeba dispar.

Entamoeba infection starts with the ingestion of the cyst stage from contaminated food
or water. Presumably in the small intestine, the Entamoeba cyst molts from its chitinous
shell and differentiates into the metabolically active trophozoite form through a process
known as excystation. Trophozoites then attach to the intestinal epithelium where they
undergo asexual reproduction and encystation. The infectious fecal cysts are shed and con-
taminate the environment to complete the parasite life cycle. Trophozoites can either stay
contained within the intestinal tract or may disseminate to soft tissue organs like the liver,
the lungs, or the brain (9-12), although in ~90% of the cases, the infection remains in the
intestinal lumen (13, 14). The current murine intestinal infection model surgically delivers
trophozoites into the cecum of animals and has provided immense insight into host-
pathogen interactions but produces no cysts (15). To date, attempts at generating cysts in
vitro using the E. histolytica reference strain, HM1:IMSS, have successfully yielded cyst-like
structures (CLS) resembling immature cysts (16-18). However, the infectivity of these CLS
in an animal infection model has not yet been determined, and efficient production of
mature cysts has not yet been achieved. Thus, modeling the critical developmental stage
interconversion that E. histolytica undergoes between ingestion and colonization of the ce-
cum is not yet possible (19). A model that includes the developmental changes of excysta-
tion and encystation would allow the field to understand the transmission of the pathogen
and find targets for intervention (reviewed in reference 20), as only viable parasites com-
pletely encysted and shed via the fecal-oral route can contaminate food and water and
infect a new host.

The parasitology field has used species that naturally colonize animals to expand
the knowledge of infectious diseases that are fastidious to culture or model in the lab-
oratory. Murine pathogens like Plasmodium chabaudi have been pivotal to studying
the in vivo pathology of malaria. For the Entamoeba field, Entamoeba invadens, a rep-
tile-specific pathogen, has provided critical insights related to developmental changes
like encystation. Here, we screened for a natural murine Entamoeba colonizer and
developed an oral infection model using Swiss Webster (SW) mice. SW mice treated
with paromomycin showed no E. muris colonization. We further determine infection
location within the intestinal tract and excystation cues for the purified fecal cysts.

RESULTS

C57BL/6 mice, but not Swiss Webster mice, are chronically colonized with a nat-
urally occurring Entamoeba organism. We screened transgenic and wild-type ani-
mals within our vivarium facility (Fig. 1A) using a Pan-Entamoeba PCR (Fig. S1). We
screened fecal material from males and females with ages ranging from newly weaned
to mice that spent up to a 1 year in our facility. Eighty percentage of the mice from the
C57BL/6 background were colonized with an Entamoeba organism. To address if an
Entamoeba is naturally occurring in other vivariums, we requested fecal samples from
C57BL/6 mice from five collaborators around the country (n = 18) and ran both single-
step pan-Entamoeba PCR and 2-step, nested PCR on all samples obtained. We were
able to detect Entamoeba gDNA using single-step PCR in samples from one other insti-
tution, while for another institution, we were only able to detect the parasite using
nested PCR (Table S1). Colonization was by no means ubiquitous, as the majority of
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FIG 1 lIdentification of a murine Entamoeba species. (A) Representative Pan-Entamoeba PCR for C57BL/6 mice (top) and
Swiss Webster mice (bottom) within our vivarium. The loading control was murine GAPDH (data not shown). Each lane
number represents a mouse cage. Positive control (+) is isolated genomic DNA from axenic Entamoeba histolytica culture.
(B) Immunofluorescence assay staining for chitin (Calcofluor White), Jacob2 (1A4 antibody), scale bar represents 20 um. (C)
Representative phenotypic characterization of the number of nuclei of E. muris cysts (>4 nuclei). Image was taken using
DIC. Scale bar represents 10 um. (D) 18S phylogeny is based on a 1,033 bp alignment, including 27 published Entamoeba
sequences, labeled as species name (NCBI accession), plus the Entamoeba found in our vivarium, indicated by a star.
Numbers on branches are bootstrap values (%) based on 1,000 replicates (values >50% are shown). The scale bar indicates
nucleotide substitutions per site.

these institutions were PCR-negative even after using the nested PCR approach
(Table S1). In contrast, all the SW mice from our vivarium tested were PCR negative,
regardless of age or sex (Fig. 1A).

To confirm the PCR findings in our animals, we developed a sucrose density gradi-
ent protocol based on fecal isolation methods from the Entamoeba literature (21)
(Fig. S2) and conducted phenotypic characterization of the isolated cysts (Fig. 1B and
C). We processed feces of PCR-positive mice within a sucrose gradient of 1.33 specific
gravity and isolated structures of 15 to 20 wm in diameter. These structures were cyst-
like and stained with Calcofluor White, indicating the presence of chitin (Fig. 1B). We
further characterized these cysts by immunofluorescence detection of a previously
published Entamoeba-specific antibody targeting the lectin Jacob2 (22). The sucrose
gradient results for B6 and SW mice were 100% replicative of the Pan-Entamoeba PCR;
SW mice did not display cyst-like structures in their fecal samples, while the B6 fecal
samples contained 15 to 20 wm-diameter cysts that stained positive for both chitin
and Jacob2 (Fig. 1B). We also observed the presence of multiple nuclei within individ-
ual cysts (Fig. 10).

To determine the species of Entamoeba present in our mice, we gel-purified and
Sanger-sequenced the 1 kb pan-Entamoeba PCR product from cecum, colon, and fecal
samples from 8 mice (n = 24 total). The resulting reads were 100% identical to each
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other and most closely matched Entamoeba muris (GenBank accession number
AB445018) with 98% query coverage at 92% identity and an E value of 0.00. We then
performed phylogenetic analysis to further confirm this preliminary species identifica-
tion. Alignment of 21 published Entamoeba 18S sequences from NCBI GenBank along
with our consensus Sanger sequence yielded a final alignment length of 1,033 bp. A
maximume-likelihood phylogeny built from this alignment shows our organism to clus-
ter with Entamoeba muris, as expected from the BLASTn results, and form a clade with
Entamoeba RL7 and Entamoeba coli (Fig. 1D). Pairwise comparison of the E. muris/coli
clade based on the 18S phylogenetic tree across the entire length of the alignment
shows our organism to be 91.63% identical to E. muris with 9 total alignment gaps
(0.87%) compared to 81.82% identity and 42 gaps (4.1%) with its next-closest relative,
Entamoeba RL7 (Table S2). Thus, we will refer to this organism as E. muris here.

Swiss Webster mice are susceptible to Entamoeba muris oral challenge. As SW
mice were not currently colonized, we determined if these mice were suitable for E.
muris infection and characterization using an oral challenge model. When orally chal-
lenged with a low cyst dosage (1 x 10° isolated from B6 mice), SW mice were able to
host a patent infection, as evidenced by fecal cyst shedding, but displayed asymptom-
atic infections in all cases. Specifically, we did not observe any hallmark signs or symp-
toms of distress among our infected SW mice during our daily health checks. We also
did not see any notable changes in grooming, movement, food and water consump-
tion, or overall activity that would indicate symptomatic disease caused by E. muris. We
tracked changes in host weight during the infection and found that both uninfected
and infected animals displayed a modest degree of variability in weight changes, with
most mice gaining weight over time (Fig. 2A and S3A). No statistically significant differ-
ences in weight change were found between uninfected animals and animals orally
challenged with E. muris cysts. Despite this, infected mice seemed to display an overall
trend in slower weight gain compared to uninfected control mice (Fig. 2A). Weight loss
was only observed for one of the biological replicates (Fig. S3A) and was not correlated
with cyst shedding (Fig. S3B). Fecal samples showed cysts as early as 3 days postinfec-
tion (dpi) via sucrose gradient. When using this method, we determined the peak of
infection to be 7 dpi based on average cysts counts across four independent infection
replicates (n = 27 mice, 17 infected and 10 uninfected controls). Shedding per biologi-
cal replicates does not show significant differences (Fig. S3B). By sucrose gradient, we
detected a significant decrease in cyst shedding by 11 dpi, and very few E. muris cysts
were detected using this method by 28 dpi, indicating a sharp decline in viable cyst
shedding.

Using a similar approach to the Pan-Entamoeba screen, we designed qPCR detec-
tion primers that amplified a 200-bp amplicon to quantify E. muris shedding. We gener-
ated a standard curve using cyst samples of known concentrations based on counts,
ranging from 1,562 cysts to 100,000 cysts on a 2-fold scale (Fig. S4A). Our gPCR results
determined that E. muris was detectable as early as 3 dpi, in accordance with the su-
crose gradient isolation. However, the peak of infection was at 5 dpi, and a significant
reduction was evident by 9 dpi. In contrast to our sucrose gradient data (Fig. 2B), SW
mice appear to maintain infection by E. muris up to 28 dpi when using qPCR as a detec-
tion method. Taken together, these results suggest that gPCR detection occurs prior to
peak viable cyst isolation and that SW mice may remain colonized by E. muris even af-
ter viable cysts are no longer being shed.

Paromomycin treatment prevents colonization of Entamoeba muris. Patients
infected with E. histolytica are prescribed antibiotics depending on the degree of pathogenic-
ity. Two common drug treatments for patients infected with E. histolytica are metronidazole
and paromomycin. For invasive disease, metronidazole is the gold standard for treatment, but
some E. histolytica strains can develop resistance over time (23). Paromomycin is the treatment
of choice for noninvasive E. histolytica infections (24) due to its antimicrobial activity against
facultative anaerobes and lack of absorption in the gut. To determine if paromomycin recapit-
ulates its amoebicidal effect against E. muris, we orally infected SW mice with 7 x 10* cysts iso-
lated from B6 mice and immediately began treatment with paromomycin (16 g/L) in their
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FIG 2 Swiss Webster mice are susceptible to Entamoeba muris oral challenge. (A) Host weight was
monitored through the course of infection. (B) Quantification of cysts isolated by sucrose gradient from
Swiss Webster fecal samples (normalized by fecal mass). Peak of infection was determined to be 7 dpi. (C)
Quantification of cysts in fecal samples via qPCR isolated from Swiss Webster's fecal samples (normalized
by gDNA per qPCR). Each dot represents a single mouse (n = 27 mice, 17 infected and 10 uninfected
controls). Open circles represent uninfected mice while gray circles represent infected mice. Significance
was determined using a two-tailed t test between the uninfected versus infected average per DPI. Data
combines four independent biological replicates (see Fig. S3 for individual biological replicate [n = 4]
plotting).

drinking water for the first 7 days postinfection before reverting to untreated drinking water.
Using the approaches presented earlier, we monitored E. muris colonization and host weight
for 2 weeks postinfection. Overall, SW mice treated with paromomycin showed higher variabil-
ity in weight changes throughout the course of treatment compared to untreated mice
(Fig. S5). Infected mice treated with paromomycin again trended toward slower weight gain
than their uninfected treated counterparts, although this observation was not statistically sig-
nificant (Fig. S5). In contrast, both uninfected and infected mice given untreated drinking
water displayed similar weight changes over the course of 14 days (Fig. S5). As expected, SW
mice that were challenged with E. muris but received no paromomycin treatment shed fecal
cysts as early as 3 to 5 dpi via sucrose gradient (Fig. 3A), even at a lower infectious dose of
7 x 10* cysts. In concordance with our previous results, cyst shedding peaked at 7 dpi and
declined significantly by 9 dpi (Fig. 3A). In contrast, SW mice challenged with E. muris and
treated with paromomycin never shed any viable E. muris throughout 14 dpi as determined
by sucrose gradient isolation (Fig. 3A).

We also monitored E. muris shedding via qPCR as a second method of detection. In
agreement with our sucrose gradient data (Fig. 3A), the peak of infection in untreated
mice challenged with E. muris was also found to be 7 dpi by gPCR (Fig. 3B). Unlike our
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FIG 3 Paromomycin effectively inhibits colonization of SW mice by Entamoeba muris. (A) Quantification of
cysts isolated by sucrose gradient from (Swiss Webster fecal samples normalized by fecal mass). (B)
Quantification of cysts in fecal samples via gPCR isolated from Swiss Webster fecal samples (normalized by
gDNA per gPCR). Each circle represents a single mouse (n = 16 mice, 12 infected and 4 uninfected controls).
Open circles represent uninfected mice while filled circles represent infected mice. Red circles represent
untreated mice while blue circles represent mice treated with paromomycin. Bars indicate calculated mean
values for each experimental group per DPI. Significance was determined using a two-tailed t test between
the uninfected versus infected average per DPI. Data combines two independent biological replicates.

sucrose gradient data, qPCR results indicated that all infected mice did have detectable
E. muris between the day of infection (0 dpi) to 1 dpi (Fig. 3B). However, infected mice
treated with paromomycin no longer shed detectable E. muris by 3 dpi (Fig. 3B). These
mice continued to lack detectable E. muris up to 14 dpi, except for one mouse on day
14 (Fig. 3B). Taken together, these results suggest that paromomycin effectively inhib-
its E. muris colonization when administered as a prophylactic and that our model can
be used for drug screening studies relevant to luminal Entamoeba infections.

Entamoeba muris resides in the large intestine at 5 days postinfection. E. histoly-
tica is thought to replicate in the colon and has been found during diagnostic colonoscop-
ies (25). As our model uses the natural oral route of infection, we aimed to determine
where E. muris is located during primary infection. We infected SW mice with 10° cysts by
oral gavage and collected the intestinal content and mucus layer of murine gastrointestinal
sections at 5 dpi, when most of the animals were shedding cysts by qPCR detection
(Fig. 2C). The small intestine was sectioned into three parts: duodenum (D), jejunum (J),
and ileum (1). The cecum (Ce) and the colon (Co) correspond to the large intestine (Fig. 4A).
As a positive control for the presence of cysts, we included two fresh fecal pellets (F) and
we used a standard loading control, murine GAPDH (Fig. 4B, lower panel). As expected
from clinical data (reviewed in reference 26), Entamoeba localizes within the large intestine
(Fig. 4B, upper panel). While we found mouse to mouse variability between levels of E.
muris detection within the cecum, colon, and fecal samples, no Entamoeba muris gDNA
was isolated from the small intestine (Fig. 4B, upper panel).

Bile extract triggers Entamoeba muris excystation in vitro. To determine if the pre-
viously published E. invadens cues could trigger consistent E. muris excystation in vitro, we
incubated the isolated cysts with Nanopure water, 80 mM sodium bicarbonate, 1% bovine
bile, or a combination of both treatments for 24 h (27). We scored excystation efficiency
based on the percentage of the parasite that was outside the chitin shell. An intact cyst was
given a score of 0 (Fig. 1B). We scored an open cyst with less than 50% of the trophozoite-
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FIG 4 Entamoeba muris localizes to the large intestine of infected animals. (A) Schematics of the murine intestine. (B)
The Entamoeba 18S gene was amplified from gastrointestinal sections (gel top). The positive control is genomic DNA
extracted from an Entamoeba histolytica axenic culture. As a loading control, the murine GAPDH gene was amplified from
various gastrointestinal sections, with gDNA isolated from mice tail snips serving as a positive control (gel bottom). Gel
image is a representative of two independent biological replicates (n = 6, 4 infected and 2 uninfected controls).

mass excysted as a 1, cysts where 50% or more of the parasite was outside the chitin shell as
a 2, and empty chitin shells were given a score of 3 (Fig. 5A). We observed excystation to be
an asynchronous process, as scores ranged within each condition (Fig. S6). Treatment of cysts
with only 1% bovine bile resulted in greater than 70% excystation by 24 h, which was statisti-
cally higher than the excystation rate of the Nanopure water treatment (P = 0.0040). This
excystation rate was not enhanced by the addition of the sodium bicarbonate, and sodium
bicarbonate alone did not significantly enhance excystation compared to water only (Fig. 5B).
These results strongly indicate that 1% bile is sufficient to trigger excystation, which implies
that excystation of E. muris is occurring in the small intestinal tract as we would expect.

DISCUSSION

To the best of our knowledge, this work is the first to demonstrate that C57BL/6
mice can be chronically colonized with E. muris. C57BL/6 mice have been previously

A pic Chith  Syto11  Jacob2 Merge

100%

75%

50%

Excysted Parasites

25% 7

Condition

FIG 5 Entamoeba muris shows reliable excystation in vitro when treated with upper gastrointestinal tract components.
Fecal cysts were purified by sucrose density gradient and then acid washed (0.1 M HCI). Cysts were inoculated into
excystation conditions (1% bovine bile, 80 mM sodium bicarbonate, or a combination of both), then incubated for 24 h at
room temperature. (A) Cysts were scored from 0 to 3, where 0 represented an intact cyst and 3 is an empty chitin shell.
Chitin (Calcofluor White), Jacob2 (1A4 antibody [17]), and nuclei (Syto11). Scale bar represents 10 um. (B) Excystation rates
(score = 1) were quantified under these conditions. Significance was determined using a two-tailed t test. Only significant
pairwise comparisons are shown; Bile (P = 0.004) and, NaHCO, + Bile (P = 0.0064). Each dot represents a biological
replicate (n = 3 independent experiments), black horizontal line is the average of the three biological replicates.
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described as naturally resistant to E. histolytica when injecting trophozoites directly
into a surgically exposed cecum (28). Other protozoans, such as Tritrichomonas muscu-
lis, have been reported to chronically colonize many mouse colonies on the East Coast
of the United States (29). T. musculis was found to change the immune response to
protect against pathogens in mice with chronic colonization, and E. muris may also be
changing the immune responses. Understudied intestinal protozoans may account for
the variability of results between research institutions. Many of the fecal samples from
C57BL/6 mice across the United States did not amplify Entamoeba, but the gDNA iso-
lated from the feces was of high quality because we could detect host gDNA in the
Entamoeba negative samples when using a primer set for murine GAPDH. One of the
limitations of this study is that the Entamoeba identification is based on the 18S gene
(Fig. 1D and Table S2) and phenotypic characterization of the number of nuclei (>4)
via microscopy (Fig. 1C); thus, further characterization will be required.

One surprising result was the positive Jacob2 staining for the E. muris cysts (Fig. 1B)
given the genetic divergence we observed in our phylogenetic analyses of the E. muris
18S ribosomal gene (Fig. 1D). The 1A4 antibody was previously described to distin-
guish E. histolytica cysts without cross-reacting either with E. dispar or E. bangladeshi
cysts. The 1A4 antibody was generated against the flexible, serine-rich spacer of the
Jacob2 lectin in E. histolytica (22), so perhaps this region is similar in E. muris. It is also
interesting that the E. muris cyst Jacob2 staining is associated with the pretrophozoite
during excystation and not the chitin-rich wall (Fig. 4), as previously shown in stool
samples and xenic cultures with another anti-Jacob2 antibody (30). Thus, E. muris may
be a good model organism for comparative studies examining Entamoeba species con-
vergence and divergence at both the structural and genetic level.

We demonstrated that previously uninfected SW mice can be infected with E. muris via
oral gavage, sustain replication of E. muris in the gut, and shed intact cysts, recapitulating
the stage interconversion processes that constitute the Entamoeba life cycle. We were
especially interested in the natural route of infection as it has been established that the
route of infection impacts disease progression for other parasites like Toxoplasma gondii
(31, 32). Because SW are outbred mice, they have been used for the evaluation of vaccines
due to their unbiased immune response (33). In contrast, inbred mice of various genetic
backgrounds exhibit different immune responses to an infectious challenge (34), specifi-
cally for parasitic infections that are intracellular (35) or extracellular (36). Inbreeding within
human populations has been linked to protection against malaria (37), but inbreeding in
wild European badgers intensified sex- and age-dependent tuberculosis disease (38).
Considering these factors, our E. muris oral infection model may be useful for investiga-
tions into host variations in susceptibility and transmissibility of Entamoeba via use of col-
laborative cross mice (39). Indeed, future studies will examine E. muris oral infection in
other inbred and outbred mice as well as immune deletion strains to determine the
inflammatory responses necessary for Entamoeba control.

We also demonstrate that SW mice can be protected from E. muris infection oral infec-
tion using paromomycin. A surprising result from these experiments was that mice treated
with paromomycin exhibited higher variability in weight changes compared to untreated
mice (Fig. S5). This observation may hint at subtle differences in how a host responds to
antibiotic treatment. In addition, paromomycin served as an effective prophylactic by in-
hibiting E. muris colonization after oral infection, demonstrated by a complete lack of cyst
shedding as quantified by sucrose gradient (Fig. 3A) and no qPCR detection by 3 dpi
(Fig. 3B). However, most patients do not take anti-parasitic drugs as prophylaxis, but rather
as treatment for an already established infection. In our paromomycin treatment studies,
we did observe early detection of E. muris in infected mice by qPCR at 1 dpi but not by
3 dpi. This early but transient detection could be attributed to E. muris cysts passively shed
in the feces as a by-product of oral infection or early colonization of parasites that were
later killed by paromomycin treatment. Although more studies are needed to demonstrate
that paromomycin can directly kill an active E. muris infection in SW mice, these experi-
ments are a proof of principle that our E. muris oral infection model can be applied to
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characterization of currently available anti-parasitic drugs. While drug development must
be particularly targeted against E. histolytica, we foresee our E. muris oral infection model
proving useful for the discovery and testing of novel anti-amebic compounds broadly
effective against all Entamoeba species, not just E. histolytica.

Contrary to our expectations, about 20% of cysts isolated from unfixed fecal material
via a sucrose gradient undergo asynchronous excystation when stored overnight at 4°C in
Nanopure water. These results are surprising because, for axenic Entamoeba invadens, a
combination of cues encountered in the upper gastrointestinal tract are required for com-
parable levels of excystation (27). Perhaps chemical signals present in the fecal samples,
not eliminated during the sucrose gradient purification and not present in E. invadens liter-
ature, are triggering excystation in the isolated cysts. It may also be possible that exposure
to sucrose during density gradient purification may serve as a nutritional cue for E. muris
to excyst at low levels. The experimental induction of excystation with the bile treatment
alone was also surprising because for E. invadens, bile alone yields less than 40% excysta-
tion (27). This may allude to differences between reptilian and murine hosts in gut physiol-
ogy and metabolism. We did not perform the water pretreatment as described in the E.
invadens protocol. Perhaps our isolation process (Fig. S2) might act as a water pretreat-
ment, given the excystation yield of treatment with bile alone is comparable to the combi-
nation treatment previously reported (27).

There was a significant difference in the number of parasites quantified when using
qPCR detection versus sucrose gradient isolation. This result is an important limitation
that might be explained by the nature of the two selected assays. The sucrose isolation
protocol selects for healthy cysts with a specific gravity of 1.33. A parasite that is in the
trophozoite state, currently excysting, or that has a suboptimal cyst wall would be lost
during the density gradient protocol. Meanwhile, the qPCR assay detects parasites in
any state regardless of viability. In addition, each cyst can contain more than 4 nuclei,
further increasing the amount of detectable E. muris gDNA in fecal samples.

During this project, we also discovered the importance of humidity on cyst viability,
which has been characterized previously in other diarrhea causing parasites (40).
Vivarium records indicate that there are drastic differences in humidity between the
winter (20%) and summer (50%). The number of cysts isolated that were “healthy” and
presumably viable at the specific gravity of 1.33 (Fig. S2B, pellet 3) was dramatically
reduced during the winter months. When we examined the waste sections of the gra-
dient, where the material of different density would be expected, we found many cysts
with a desiccated appearance (Fig. S2B, pellet 2). Thus, room humidity will be impor-
tant for researchers to monitor as they develop this model in their own facilities.
Humidity may also play an important role in the seasonality that is seen with increases
in human E. histolytica infections (41-43).

While the oral infection model presented herein does not recapitulate invasive disease
associated with amebiasis caused by E. histolytica, we foresee its utility in investigating
specific aspects of the Entamoeba life cycle that could not be achieved in vivo previously.
It is important to note that only a small subset of cases involving E. histolytica infection
become invasive, while the majority of E. histolytica infections remain confined to the large
intestine and are either asymptomatic or mild to moderate in disease severity. Our model
will open new avenues to study biological processes of Entamoeba, such as oral infection
and excystation, persistence within the host, interactions with the immune system and
the resident gut microbiome, and finally cyst formation and viability. The abundance of
cysts produced in this model will also be useful for improving detection methods. Lastly,
we have confidence that with further studies, by our and other groups, the establishment
of a robust culturing protocol is attainable to study parasite-microbiome interactions in
vitro. We are excited to present these results, which allow for a myriad of new research
avenues focusing on parasite physiology, host-parasite interactions, and transmission.

MATERIALS AND METHODS

All mice were treated according to the guidelines established by the Institutional Animal Care and
Use Committee (IACUC) of the University of Wisconsin School of Medicine and Public Health (protocol
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number M005217). The institution adheres to the regulations and guidelines set by the National
Research Council.

Screen for colonized mice. Fecal samples were collected from various institutions within the continen-
tal United States (Table S2), as well as our own vivarium facility. Genomic DNA (gDNA) was isolated following
previously published protocols with the following modifications (44, 45): briefly, whole feces (~0.10 g) were
placed in solvent-resistant screw-cap tubes containing 0.1 mm zirconia/silica beads (BioSpec Products
110791012) and 1 large stainless steel bead (BioSpec Products 11079132ss) suspended in 20% SDS buffer
(200 mM Tris-HCl, pH 8.0/200 mM NaCl/20 mM EDTA) and UltraPure Phenol/Chloroform/Isoamyl alcohol, pH
7.9, 25:24:1 (Invitrogen 15593-049). Samples were bead beat on high for 3 min at room temperature, and
gDNA was precipitated with 3 M sodium acetate and isopropanol overnight. gDNA was cleaned using DNA
Clean & Concentrator 5 (Zymo Research D4004). For identification of Entamoeba muris, a set of pan-
Entamoeba primers were designed by downloading full-length Entamoeba 18S rRNA sequences (n = 63, 25
Entamoeba species) from NCBI GenBank, aligning them in CLC Genomics Workbench v20.0.4 (Qiagen, Hilden,
Germany), and identifying conserved regions to target forward and reverse primers (Forward: 5'-AGATA
CCGTCGTAGTCCT-3" and Reverse: 5'-ACGACTTCTCCTTCCTCTAA-3') which together amplify a 1 kb product
(Fig. S1, reaction 1). A total of 500 ng per PCR were the genetic template for reaction 1, while for some sam-
ples a 2-step, nested PCR, was performed using 5 uL of reaction 1 as genetic template, using the same primer
set and thermocycler conditions.

Cyst purification. Cyst counts: Fecal samples were processed used sucrose gradients as previously
described with some modifications (46). Briefly, fecal samples (0.25 to 5 g) were ground to a fine powder
using a mortar and pestle then shortly homogenized with Nanopure water for 15 min using a Mini
Rotator (Glas-Col) at 60 rpm. The resulting solution was filtered through four-ply cotton gauze, and sam-
ples were pelleted for 10 min at 2500 x g. The resulting pellet layered on top of 1.5 M sucrose solution.
The mid-layer was washed with Nanopure H,O and pelleted again at same speed. Isolated, unfixed cysts
were used as the input for oral infection.

Immunofluorescence assays. Fresh fecal sample was used to isolate cysts as described above then
fixed in 10% formalin, washed twice, and resuspended. Isolated cysts were blocked for 5 min in 3% normal
goat serum at room temperature with rotation. After washing, primary antibody 1A4 (22) was added at
1:1000 dilution (2.9 wg/mL concentration) and incubated for 2 h with rotation. As the secondary antibody,
we utilized a goat anti-mouse IgG conjugated to Alexa Fluor 594 (Thermo Fischer Scientific) and incubated
under the same conditions overnight. A set of washes in between antibodies was conducted. Lastly, the sam-
ples were stained with 0.1% Calcofluor White Stain (Sigma-Aldrich) according to the manufacturer’s instruc-
tions. To target nucleic acids, 0.025% Syto11 stain (Thermo Fisher Scientific) was used. Equal parts of sample
and VECTASHIELD Mounting Media (Vector Laboratories) were utilized. Samples were visualized using an
Axio Imager 2 microscope (Zeiss). Images were captured at 40x and x 100 magnification using the DAPI,
DIC, GFP and TexRed channels.

Sanger sequencing and phylogenetic analysis. Approximately 1 kb products from the Pan-
Entamoeba PCR above were gel purified using a Zymoclean Gel DNA Recovery kit (Zymo Research) and
submitted to the UW-Madison Biotechnology Center for Sanger Sequencing using the amplification pri-
mers described above. Sanger reads were manually inspected and edited using Sequencher v10.1 (Gene
Codes Corporation) and queried against NCBI GenBank using Megablast (47) and default parameters.
Twenty-seven full-length 18S Entamoeba sequences were downloaded from NCBI GenBank and aligned,
along with our consensus Sanger sequence, using CLC Genomics workbench v20.0.4 (final length 1033
positions). A phylogenetic tree was inferred from the alignment with PhyML v.1.8.1 (48) using the gen-
eral time reversible (GTR) substitution model and 1000 bootstrapped data sets were used to estimate
statistical confidences of clades. To quantify nucleotide-level distances within the clade containing our
organism, a pairwise distance matrix was constructed with the 4 clade members in CLC Genomics
Workbench v20.0.4.

Mouse infections. Characterization of E. muris oral infection: House-bred male and female Swiss
Webster Outbred mice were used to characterize Entamoeba muris infection for biological replicate 1 (Fig. 2
and S3). Male and female Swiss Webster (CFW) Outbred mice, purchased from Charles River Laboratories,
were used to characterize Entamoeba muris infection for biological replicates 2 to 4 (Fig. 2 and S3). Mice were
6 to 8 weeks of age at the time of oral challenge, individually caged, and provided enrichment for the dura-
tion of the experiments. All animals were gavage-fed either purified cysts (1 x 10°) or 1x PBS as a control.

Paromomycin treatment: Male and female Swiss Webster (CFW) Outbred mice were purchased from
Charles River Laboratories and used to test paromomycin efficacy against Entamoeba muris oral challenge.
Mice were 8 to 15 weeks of age at the time of oral challenge, individually caged, and provided enrichment
for the duration of the experiments. All animals were gavage-fed either purified cysts (7 x 10* due to lim-
ited input cyst amounts) or 1x PBS as a control. Treated mice were administered paromomycin sulfate
(Research Products International) via drinking water (16 g/L) ad libitum for 7 days before switching to nor-
mal drinking water. Throughout the length of the experiments, mice consumed an average of 5 mL per
day with no difference in water consumption between untreated and treated mice.

Localization: House-bred male and female Swiss Webster Outbred mice were infected and euthanized at
5 dpi. The entire murine intestine was isolated and placed in 1x PBS. The small intestine was divided into
three sections. Starting from the stomach, the first third was determined to be the duodenum, the following
section was labeled as the jejunum, and the most proximal to the cecum was labeled ileum. For the large
intestine, the entire cecum pouch and colon were used as independent sections. Intestinal contents of each
section and a generous scraping of the host epithelial layer were pelleted at 2500 x g at room temperature
for 5 min. The pellet was then processed in the previously described gDNA extraction protocol.
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Cyst quantification. Sucrose Gradient: Cysts were purified as described above. For sucrose gradients,
~0.25 g fecal sample were used to isolate cysts. The cysts were then counted using a hemocytometer, and
fecal mass was used to normalize counts.

qPCR: For quantification of Entamoeba muris by qPCR detection, standard curves were generated with
known concentrations of cysts (Fig. S5) and intercalated dye (Bio-Rad SsoAdvanced Universal SYBR green
Supermix) using either a QuantStudio 7 Flex real-time PCR system or a StepOnePlus real-time PCR system
(Applied Biosystems). Individual standard curves were generated specifically for each system. The standard
curve for the QuantStudio 7 Flex PCR system ranged from 1,562 to 100,000 cysts (Fig. S4A) and was used
to calculate cyst concentrations in all biological replicates of Fig. 2C and biological replicate 1 of Fig. 3B.
The standard curve for the StepOnePlus PCR system ranged from 1,562 to 50,000 cysts (Fig. S4B) and was
used to calculate cyst concentrations for biological replicate 2 of Fig. 3B. Primers were designed as
described above for pan-Entamoeba PCR (Fig. S1), except here they were chosen to amplify a 200 bp prod-
uct. The following primers were used: Forward: 5'-TCGAGATAAACGAGAGCGAAAG-3" and Reverse: 5'-
GTCAGGACTACGACGGTATCTA-3'. Fecal samples were collected, and ~0.10 g of whole feces were used as
the starting material for gDNA isolation as described above. Per qPCR well, 100 ng of sample gDNA were
loaded and analyzed. The total number of E. muris cysts present in each sample per nanogram of gDNA
was calculated using the CT values of the experimental samples and the linear trendline equations of their
respective standard curves.

Excystation assay. Assays were conducted as previously described for Entamoeba invadens (27).
Briefly, isolated cysts were acid washed with 0.1 M HCI for 10 min, followed by a second wash with
Nanopure water. Cysts were then inoculated into each excystation treatment condition at a final amount
of 10,000 cysts per condition: Nanopure water, 1% bovine bile, 80 mM sodium bicarbonate, or a combi-
nation of both bovine bile and sodium bicarbonate. Samples were incubated for 24 h at room tempera-
ture, washed with Nanopure water, and fixed in 10% formalin. Fixed cysts were stained with 0.1%
Calcofluor White. Cysts were mounted and visualized as described for immunofluorescence assays. A
total of 50 cysts per biological replicate were scored per tested condition.
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