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Abstract

Protozoa in the genus Cryptosporidium infect intestinal epithelial cells. The profile of
the fecal microbiota has been shown to impact the proliferation of Cryptosporidium
parvum in a mouse model of cryptosporidiosis and a reverse effect of the parasite

on the microbiota has also been described. The mechanisms underlying this interac-
tion are unknown. The lack of effective drugs and vaccines is motivating the search
for pro- or prebiotics capable of increasing resistance to parasite proliferation in the
gastrointestinal tract. To understand if and how the intestinal microbiota could be har-
nessed for this purpose, we tested if C. parvum proliferation in the mouse responds
to oral administration of Escherichia coli. This bacterium was chosen because of its
reported importance in mediating colonization resistance, because it encodes trypto-
phanase, an enzyme which converts tryptophan into indole, and because of the avail-
ability of an ampicillin-resistant strain expressing green fluorescent protein. Excretion
of GFP* E. coli in the feces was highly variable among mice, a phenomenon which is
also observed with C. parvum. A positive correlation between fecal output of probiotic
E. coliand C. parvum was observed. This finding may indicate that intestinal coloni-
zation with two microorganisms as different as E. coli and C. parvum responds to the
same conditions in the Gl tract. Consistent with an effect of the microbiota on cryp-
tosporidiosis, the pre-infection microbiota taxonomic profile was predictive of mouse
susceptibility to C. parvum. Contrary to the reported inhibitory effect of indole on C.
parvum, microbiota indole production potential was positively correlated with C. par-
vum fecal output. The effect of cryptosporidiosis on the microbiota was characterized
by an expansion of facultative anaerobes, particularly Gammaproteobacteria. This
study is a first attempt to assess the proliferation in the mouse of a defined probiotic
and quantify its effect on C. parvum development.
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Introduction

Cryptosporidiosis is an enteric infection of a wide range of vertebrates. The caus-
ative agents are classified in the genus Cryptosporidium. Human cryptosporidiosis
is caused primarily by two taxonomically closely related species, C. parvum and
C. hominis. Immunosuppressed mice are commonly used to model cryptosporid-
iosis, but immunocompetent mice infected with the rodent parasite C. tyzzeri have
emerged as an alternative model [1,2].

The rate of C. parvum proliferation in experimentally infected immunosuppressed
mice is highly variable between experiments, among mice originating from the same
vendor, the same lot and even mice co-housed in the same cage [3]. Research into
the role of the intestinal microbiota in modulating the severity of cryptosporidiosis in
the mouse has uncovered extensive 3 diversity between mouse lots, a phenomenon
previously observed by others [4]. This research also found significant associations
between pre-infection fecal microbiota and the subsequent course of the infection [5].
By focusing on the fecal microbiota excreted prior to the onset of C. parvum oocyst
shedding, it was possible to unambiguously detect an effect of the microbiota on the
course of the infection. In this manner, the known effect of cryptosporidiosis on the
intestinal microbiota [6—9] could be excluded.

The relevance of analyzing the effect of the intestinal microbiota on the severity
of cryptosporidiosis is highlighted by the lack of effective drugs and vaccines against
this potentially debilitating infection. We hypothesize that, similarly to the beneficial
effect of prebiotics on the course of cryptosporidiosis in the mouse [10], selected
bacterial species could increase resistance to C. parvum by inhibiting proliferation.
Based on observations derived from metagenomic analyses of human volunteers
experimentally exposed to C. parvum [11] and experiments in culture and in mice
[12], the effect of gavaging mice with E. coli was measured. An ampicillin resistant
E. coli strain expressing green fluorescent protein (GFP) was used as probiotic
to enable the unambiguous quantification of the probiotic strain in the feces. This
strategy also enabled us to assess the abundance of the probiotic strain relative to
endogenous Escherichia species. Specifically, this question was examined by com-
paring GFP E. coli fecal output with the abundance of 16S sequences classified in
the genus Escherichia or the family Enterobacteriaceae in the same fecal samples.

The goal of the experiments described here was twofold; 1) assess the feasibility
of modifying the mouse gut microbiota using a simple 1-species probiotic, 2) exam-
ine the effect of this perturbation on C. parvum proliferation. E. coli was intentionally
chosen as a probiotic because it encodes tryptophanase, the enzyme catalyzing the
conversion of tryptophan to indole. This metabolic activity is of particular interest for
understanding any role the microbiota may play in modulating C. parvum prolifera-
tion because indole has been reported to inhibit C. parvum growth in culture [12] and
based on metabolomic analyses, inferred to mitigate cryptosporidiosis severity [11].

To increase the chances of E. coli engraftment, mice were given a 24-h course of
neomycin followed by a 24-h wash-out period before E. coli was administered. The
antibiotic treatment was not intended to clear the intestinal microbiota, but to reduce
the concentration of native intestinal bacteria and favor E. coli engraftment.
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Materials and methods
Mouse experiments

Twelve female CD-1 mice were randomly assigned to four groups of three mice. Starting on day -7, mice were immuno-
suppressed by adding dexamethasone to the drinking water at a concentration of 16 mg/I [13]. Day 0 is defined as the day
of infection with C. parvum. Fecal pellets were collected from individual mice on day -5, -3, -2, 4, 6, 8, 10, 12, 14, 16,
19, 20 and 21, when the experiment was terminated. To perturb the intestinal microbiota and facilitate E. coli engraftment,
mice were treated starting on day -3 for 24 h with 1 mg/ml neomycin added to the drinking water. On day -1, 48 h after
neomycin was discontinued, two groups of 3 mice (group 1 and group 2) were gavaged with 6 x 10° colony forming units
(CFU) of ampicillin-resistant E. coli strain constitutively expressing GFP (strain ATCC 25922; designated here E. coli®F).
Mice in group 3 and group 4 received an inoculum of sterile water instead of E. coli. On day 0, all mice were infected by
oral gavage with 2.6 x 10* C. parvum oocysts of isolate MD [14]. Oocysts for infecting mice were purified from fecal slur-
ries on a discontinuous gradient of Nycodenz (Alere Technologies, Oslo, Norway) as described [15].Mouse experiments
were compliant with the Tufts University Animal Care and Use Committee (IACUC) protocol G2021-115. All personnel
obtained IACUC clearance before entering animal facilities or working with animals. The clearance process required
IACUC to evaluate the training and qualifications of personnel who intend to use live animals in research. The clearance
process meets US federal and Massachusetts state law which require that all personnel is appropriately qualified to con-
duct work with animals. Specifically, personnel must, at a minimum: 1) understand the basic needs of each species they
utilize; 2) use proper techniques when handling each species and select methods that minimize animal distress; 3) pro-
vide proper pre- and post-procedural care to animals; 4) use aseptic surgical techniques, when applicable; and 5) select
and use anesthetics and tranquilizers appropriate for each species, when applicable. New personnel and supervisor

are notified that they are allowed to work on the IACUC protocol. Humane endpoints were used to determine if a mouse
should be euthanized; specifically, weight loss exceeding 15%, ruffled fur and hunched posture, lethargy or a combination
of these symptoms. Animals were checked daily. Once a mouse presented humane endpoint criteria, it was euthanized
without delay. No analgesics or anesthetics were used. One mouse in group 3 was euthanized on day 16 post-infection.
The likely cause of its deteriorated appearance was cryptosporidiosis. No mouse died before meeting euthanasia crite-
ria. In compliance with IACUC guidelines, CO, inhalation was used as primary method of euthanasia followed by cervical
dislocation.

Quantification of GFP E. coli

Starting on day 0, one fecal pellet from group 1 (g1) and group 2 (g2) mice was homogenized in 100 pl of LB medium
[16] supplemented with 100 ug/ml of ampicillin. A volume of 100 pl of this slurry was spread on LB/ampicillin plates and
the plates were incubated at 37 °C for approximately 24 h. The plates were illuminated with short-wave UV light and the
colonies counted (S1 Fig). To obtain accurate counts of fluorescent colonies, 2 series of 10-fold diluted fecal slurries were
plated.

Quantification of C. parvum DNA, C. parvum oocysts and bacterial DNA

Fecal DNA was extracted from individual mouse fecal pellets using the QlAamp PowerFecal Pro DNA kit from Qiagen.
C. parvum DNA was quantified using a TagMan quantitative PCR (qPCR) targeting the Cryptosporidium Oocyst Wall
Protein using CryptoCOWP FWD GATGCTATCTGTCCACCAGAAT and CryptoCOWP REV CACCTGTTCCCACT-
CAATGTA. The probe was CryptoCOWP PRB-Cy3 5Cy3/TCTCCAGTCACAAAGGAATGCCCA/3IAbRQSp/. The
QuantiNova Probe (Applied Biosystems) mastermix was used. PCR crossing points were converted into target con-
centration using a standard curve prepared by amplifying 19 DNA standards containing the equivalent of 103, 104, 10°
and 10° oocysts. To increase the number of data point, oocyst scores estimated from acid-fast stained fecal smears
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[17] as described [18] were recorded on a scale ranging from 0 if no oocysts were observed to 3 when numerous
oocysts per 400x microscope field were present. To combine C. parvum DNA concentration and microscopic oocysts
scores, daily data were standardized by subtracting the mean of the values and dividing by the standard deviation.
The standardized data thus represent standard deviations. The standardized scores were further normalized against
sample weight.

Generic primers [19] flanking the V4 region of the prokaryotic ribosomal RNA gene were used for quantifying bacterial
DNA in fecal DNA samples; forward primer 5 GTGCCAGCMGCCGCGGTAA 3’ and reverse primer 5 GGACTACHVG-
GGTWTCTAAT 3’ were used. PCR was performed with QuantiNova SYBR Green mastermix (Applied Biosystems). A
standard curve was obtained by amplifying in triplicate serially diluted DNA from a synthetic bacterial population (BEI
Resources, Manassas, VA, cat no. HM-782D). Total fecal DNA concentration was measured with a Qubit fluorometer (Life
Technologies).

Construction of 16S sequencing libraries

The protocol described by Kozich et al. [19] was used to amplify the V4 region of the 16S rRNA gene and tag each ampl-
icon with a unique combination of two 8-nucleotide barcodes. The amplicon concentration was estimated using a Qubit

3 fluorometer (ThermoFischer Scientific, Waltham, Massachusetts) and the amplicons combined at approximately equal
concentration. The libraries prepared in this manner were size-selected with a Pippin Prep system and sequenced paired-
end 500 cycles on a MiSeq instrument operated by the Tufts Genomics core (tucf.org).

Bioinformatics

A total of 85 16S amplicons amplified from 82 fecal DNA samples were sequenced. The total sequence yield was
5.9x108. Sequence contigs were obtained from the R1 and R2 sequence pairs using make.contigs in mothur [20]

with the trimoverlap option set to “T”. The average number of sequence contigs per amplicon was 69,711 (range
40,323-136,826). Using program sub.sample in mothur, amplicons were rarefied to 25,000 sequence contigs. The
median length of the sequences was 249 nucleotides. Sequence de-noising was performed in mothur essentially as
described [21]. Operational Taxonomic Units (OTUs) were formed with a 3% sequence dissimilarity cut-off based on the
OptiClust method [22]. OTUs with an average of <1 sequence per sample were culled. Principal Coordinate Analysis
plots were generated using GenAlEx [23]. The statistical significance of sample clustering was tested using ANOSIM
[24] as implemented in mothur. Bonferroni correction was applied for multiple comparisons. Sequences were classified
against the Silva reference taxonomy [25] (release 138.1) using classify.seqs. A 75% cut-off threshold was applied. To
identify the bacterial taxa that differed significantly between groups, Linear Discriminant Analysis was performed using
program LefSe [26] as implemented in mothur. Canonical Correspondence Analysis (CCA) and redundancy analysis
(RDA) were used to assess the impact of one or multiple independent variables (predictors) on the microbiota. The
choice of constrained ordination method depended on whether the dependent variables were best modeled by a linear
or a unimodal model. The pseudo-F statistic [27] was calculated to test the null hypothesis of no association between
the dependent and independent variables. Type | error probability were calculated using permutation. CCA and RDA
were performed in CANOCO, release 5.15 [28]. Shannon diversity indices were calculated using the program summary.
single in mothur. Program PICRUSt2 [29] was used to infer the abundance of microbiota function. Here, function refers
to the Enzyme Classification system based on EC numbering. Some analyses of microbiota function refer specifically to
bacterial tryptophanase (tnaA, EC 4.1.99.1). PICRUSt2 requires a BIOM-formatted input file [30] encoding OTU abun-
dances in each sample. BIOM files were created as follows: a “shared” data matrix was generated in mothur using the
make.shared command from a fasta file using argument label=ASV. This file was converted into a biom file using biom
convert [30]. Sequence files in fastq format were deposited in NCBI's Sequence Read Archive under BioProject number
PRJNA1190088.
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Results
Variability in C. parvum shedding is not unique to C. parvum but is also observed with E. coli

The course of C. parvum proliferation in the mouse can be highly variable. As previously observed [5], the infection
can vary in severity from undetectable to severe, even among mice housed in the same cage. To assess whether vari-
ability is specific to C. parvum or is also observed with an extracellular bacterium, mice were infected with E. coli on day
-1, i.e., 24 h prior to infection with C. parvum oocysts. As apparent in Fig 1, the proliferation of both microbes was highly
variable between mice, even within experimental group. As can be seen in the figure, E. coli® fecal concentration ranged
from undetected to >10%, even though each mouse was infected with the same dose of bacteria and, on day 0, with the
same dose of oocysts. The fact that the E. coli strain expressed GFP and was ampicillin resistant enabled us to quantify
E. coli®™® independently of native E. coli (S1 Fig) and compare fluorescent CFU counts with the relative abundance of
Enterobacteriaceae sequence reads in the 16S data. This analysis showed that E. coli®® gavage did not increase the
relative abundance of Enterobacteriaceae sequence reads. Whereas 6 of 42 group1/group2 fecal samples where Entero-
bacteriaceae positive, the proportion of control samples which were not given E. coli®™ (group 3 and 4) and were positive
for Enterobacteriaceae was essentially the same (7/40; Chi-square=0.16, 1 d.f., p=0.69). Thus, although in some mice
the E. coli®™ proliferated for the duration of the experiment (Fig 1B), E. coli°® did not increase the fraction of Enterobacte-
riaceae 16S sequences in a detectable manner.

The fact that E. coli and C. parvum proliferation varied widely among mice raised the question whether the level of
infection with these two organisms is correlated. Gl tract conditions favoring the proliferation of both microorganisms
would lead to a positive correlation, whereas mutual inhibition would result in a negative correlation. Mutual inhibition
could result, for instance, by the inhibitory effect of indole against C. parvum as observed in culture, in mice, and inferred
from fecal metabolome analyses [11,12]. The positive correlation between fluorescent CFU counts and C. parvum fecal
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Fig 1. Extensive variability of C. parvum and E. coli proliferation in the mouse. A. Z scores of combined acid-fast counts and C. parvum DNA
concentration estimates. Day 6, 8, 12, 14, 19 and 21 datapoints are derived from microscopy, whereas day 4, 10, 16 and 20 were obtained by gPCR.

To combine both datasets, data were standardized by subtracting the mean of the values for each day and dividing the mean by the standard deviation.
The Y axis scale thus represents standard deviation (Z score). g1-g4 represent four separately caged experimental groups with three mice each. Each
line represents a mouse. Vertical clustering of samples, as seen in panel A, day 6, tends to occur on days for which scoring is based on microscopy. To
improve visibility, overlapping datapoints were offset by 0.03 SD units. B. Counts of green fluorescent E. coli per fecal pellet vs. day post-infection for six
mice in groups 1 and 2. To represent negative samples on a log scale, CFU values equal zero were replaced with 107" and offset by + 0.05 unit to better
visualize overlapping data points. Because each line represents one mouse and each point one measurement, no error bars are shown (g, group; m,
mouse).

https://doi.org/10.1371/journal.pone.0324042.9001
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DNA concentration (r=0.52, n=24, p=0.01, Fig 2) is consistent with a mechanism favoring mouse susceptibility to E. coli
and to C. parvum.

Tryptophanase and C. parvum proliferation

Bacteria expressing tryptophanase (tnaA) are of potential interest for understanding mechanisms of interaction between
the intestinal microbiota and C. parvum. The enzyme catalyzes the transformation of tryptophan to indole, a molecule
shown to inhibit C. parvum in culture, in mice [12] and hypothesized to modulate susceptibility to cryptosporidiosis in
humans [11]. A search of the NCBI Gene database by Boya et al. [31] found 117 bacterial species encoding this enzyme,
many pertaining to the class Gammaproteobacteria. Based on the reported taxonomic distribution of thaA, we analyzed
whether C. parvum output was negatively correlated with the abundance of 16S sequence reads classified as Proteo-
bacteria. Instead, as observed with the E. coli®F counts (Fig 2), Proteobacteria relative abundance and C. parvum fecal
output were positively correlated (r=0.64, n=12, p=0.02) (S2 Fig). Because the proportion of sequences classified as
Proteobacteria, Gammaproteobacteria, Enterobacteriaceae and Escherichia are highly correlated, the same conclusion
applies to the correlation of C. parvum output with either of the four taxonomic levels (Proteobacteria, Gammaproteobac-
teria, Enterobacteriaceae, Escherichia).

To further investigate a possible association between the microbiota’s predicted indole production capability and C.
parvum proliferation, program PICRUSt2 [29] was used to infer from the 16S sequences the abundance of bacterial thaA
genes. This approach takes into consideration the entire taxonomic distribution of prokaryotic thaA and can potentially pro-
vide a more accurate representation of the microbiota’s tryptophanase activity and indole production potential than taxon-
omy. Corroborating the results from the taxonomic analysis just described, a positive correlation between C. parvum fecal
DNA and tnaA gene abundance was found in the analysis of samples for which COWP gPCR data and 16S sequence
data were available (r=0.53, p=7.9e-5, n=49) (Fig 3). As for the taxonomy level analyses, this result is not consistent with
the view that a microbiota predicted to encode a high abundance of thaA genes is inhibitory to C. parvum multiplication.

We further evaluated with RDA the association of pre-infection tnaA abundance with severity of the cryptosporidiosis.
This analysis intentionally excludes post-infection samples because of the impact of the infection on the microbiota just
described. According to the RDA, severity of infection only explained 6.8% of tnaA variation, equivalent to rank 195 out
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Fig 2. Cryptosporidium parvum and E. coli proliferation are positively correlated. Log-log plot of GFP positive E. coli colonies and C. parvum
DNA concentration in feces. The analysis includes 24 samples collected between day 4 and day 20 post-infection from 6 mice pertaining to two groups
of co-housed mice. The two groups were exact replicates treated in the same manner. Color indicates group; light green, group 1; dark green, group 2.
Each dot represents one fecal sample. The association between the two variables is significant (Pearson r=0.52, p=0.01, n=24). To avoid CFU val-
ues =0 being excluded on the log scale, CFU counts were augmented by 0.1.

https://doi.org/10.1371/journal.pone.0324042.9002
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Fig 3. Inferred abundance of tryptophanase gene is positively correlated with Cryptosporidium parvum proliferation. Log-log plot shows the
correlation of C. parvum fecal DNA and inferred microbiota thaA abundance (Pearson r=0.53, p=7.9e-5, n=48). The analysis is based on 48 samples
collected from all mice between day 4 and 21 post-infection.

https://doi.org/10.1371/journal.pone.0324042.9g003

of 1119 enzymes included as dependent variables in the RDA (S3 Fig). In other words, 194 of 1119 enzyme functions
identified by PICRUSt2 were more closely related (positively or negatively) to the severity of cryptosporidiosis. This result,
together with a lack of negative correlation between inferred pre-infection tnaA abundance and C. parvum DNA excretion
described above is consistent with the absence of a direct indole effect on C. parvum proliferation in the mouse.

Two-way interaction between intestinal microbiota and severity of cryptosporidiosis

The positive correlation between the proportion of Proteobacteria sequences and C. parvum fecal output raises the pos-
sibility that a change in the intestinal microbiota resulting from the proliferation of C. parvum in the intestinal epithelium
impacts the intestinal microbiota. This hypothesis is based on reports of the expansion of certain Proteobacteria taxa and
depletion of Clostridia in response to enteric infections [32,33]. The fecal microbiota taxonomy of the two mice with the
most severe cryptosporidiosis (g2m1 and g4m1) showed an increase in Gammaproteobacteria during the course of the
infection (Fig 4). This change was not observed in mice which experienced a mild infection (g1m1, g2m2). LDA analysis
of the 16S sequence data from days 16 and 21 post-infection, when Proteobacteria/Gammaproteobacteria sequences
were most abundant, is consistent with this interpretation. Both OTUs classified as Proteobacteria-Gammaproteobacteria-
Enterobacteriales which were flagged by LDA as differentially abundant between highly infected and mildly infected mice
were significantly associated with the high infection group. In contrast, the taxonomy of mildly infected mice was character-
ized by numerous Lachnospiraceae (class Clostridia) OTUs. This family represented 127/158 OTUs with an LDA score >2
in the mildly infected group, but 0/32 OTUs in the highly infected group (S1 Table). This striking difference is also apparent
in Fig 4. Following post-antibiotic microbiota recovery around day 4 post-infection, Clostridia is the most abundant class in
the mildly infected mice, whereas Bacilli are more abundant in the severely infected animals. This analysis illustrates the
radical change in the microbiota taxonomy associated with severe cryptosporidiosis.

The long-term goal of developing low-cost and easily sourced pro- or prebiotics to mitigate the severity of cryptospo-
ridiosis in humans is rooted in the hypothesis that the gut microbiota, directly or indirectly via intestinal epithelial cells,
impacts C. parvum development. We interpret the results presented in Fig 4 as evidence of a reverse effect, of parasite
multiplication on gut physiology and on the microbiota. To examine whether the opposite effect, of the microbiota on the
parasite, can be detected, we analyzed the association between pre-infection microbiota and the course of the infec-
tion. A significant association would demonstrate that the microbiota indeed impacts C. parvum development and would
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Fig 4. Gammaproteobacteria expansion and Clostridia depletion in mice with severe cryptosporidiosis. Class-level taxonomy of fecal microbiota
in mice with mild (top) and severe (bottom) C. parvum infection. Taxon abundance data were adjusted for bacterial 16S gene concentration and are thus
not compositional (i.e., don’t add up to 100%). Two fecal samples were collected on day 21 from mouse g4m1 and sequenced separately. The circles
represent the duplicated abundance values. Their spread is thus a measure of technical variation in the data. The mice were given 1 mg/ml neomycin in
the drinking water on day -3 for 24 h. The perturbation induced by the antibiotic treatment on day -3 and -2 is apparent. Zeros are displayed on the log
scale by replacing them with 1e-6.

https://doi.org/10.1371/journal.pone.0324042.9004

strengthen previously reported observations [5]. To test for such an effect, the abundance of 733 OTUs in fecal samples
collected on day -5 and -3, before the antibiotic treatment, from all 12 mice was analyzed by RDA and Linear Discrim-
inant Analysis. For RDA, severity of infection, defined as heavy or mild based on fecal output (S2 Table), was used as
the sole independent categorical variable, whereas the effect of mouse group and day of sampling were subtracted by
defining them as categorical covariates. Consistent with an effect of the pre-infection microbiota, a Classified Sample plot
(Fig 5) shows clustering of samples according to the subsequent course of the infection. The effect is however small as
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Fig 5. Pre-infection microbiota and severity of infection. The RDA Classified Sample biplot represents the OTU composition of 24 pre-infection fecal
microbiota samples from day -5 and —3. Centroids of 8 samples from 4 mice which became severely infected (dark symbols) and from 16 samples from
8 mice which developed a mild infection (light symbols). The distance between data points represents OTU dissimilarity.

https://doi.org/10.1371/journal.pone.0324042.9005

RDA axis 1 explains only 4.5% of OTU variation. Consistently, an unconstrained analysis of the same OTU table returned
a statistically not significant clustering according to severity of the infection. Linear Discriminant Analysis identified 29 OTU
out of 733 OTUs with a LDA score >2. These OTUs represent the taxonomic difference between pre-infection fecal micro-
biota of mice which developed a heavy and a mild infection, respectively. Underscoring the relatively small effect of the
pre-infection microbiota on C. parvum development,~96% (704/733) of OTUs were not associated with the extent of par-
asite proliferation. A Chi-Square analysis of the 29 discriminating OTUs found a significant association between taxonomic
class (Bacilli vs. Clostridia vs. other/unclassified) and severity of infection (high vs. low oocyst output; Chi-Square =9173,
2 d.f., p<0.001).

Lastly, bacterial fecal DNA concentration estimated using generic 16S V4 primers in 44 samples for which C. parvum
fecal output was measured was uncorrelated with the severity of cryptosporidiosis (r=0.18, p=0.25, n=44). This result
suggests that the abundance of bacteria in the Gl tract has no impact on C. parvum development.

Discussion

The original goal of the research reported here was to assess in the mouse the response of C. parvum infection to a
simple probiotic. E. coli was selected as probiotic for three reasons; (a) E. coli has been found to be important for mediat-
ing colonization resistance in vitro and in vivo [34,35], (b) this species encodes tnaA, which catalyzes the transformation
of tryptophan into indole. This molecule has been shown to inhibit parasite growth in culture and in vivo [11,12]. (c) The
availability of an ampicillin-resistant E. coli strain expressing GFP enabled us to monitor persistence and proliferation

in the mouse of the E. coli probiotic. The positive correlation between E. coli®F and C. parvum we report may point to a
common mechanism controlling the multiplication of these microorganisms, or perhaps to a causal link, such as parasite
multiplication favoring the growth of facultative anaerobes. Conversely, E. coli and taxonomically related bacteria could
stimulate C. parvum development through unknown mechanisms. Regardless of the nature of the link between the growth
of these microorganisms, our analyses do not show that the native microbiota and the probiotic’s indole production poten-
tial inferred from the abundance of the tryptophanase enzyme depresses parasite multiplication. Many reasons could
account for this apparent discrepancy with published observations [11,12]. A primary concern is the limited resolution of
16S amplicon sequencing. Sequences classified into a family comprising tnaA-positive genera may thus not necessarily
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originate from a bacterium encoding this enzyme. Certain bacterial genomes may encode multiple tnaA paralogs. Also, the
presence of a gene encoding this enzyme does not automatically translate into the expression of enzymatic activity and
production of indole. The analysis in future experiments of the fecal metabolome, combined with a diverse set of probiotics
is necessary to improve our understanding of any probiotic effect on C. parvum development.

An obvious limitation of the murine cryptosporidiosis model is that in the mouse, in contrast to humans, the parasite
does not cause diarrhea. The Proteobacteria bloom observed in severely infected mice indicates that the mouse microbi-
ota replicates certain features of human dysbiosis caused by enteric infection. The depletion of Clostridia and the expan-
sion of Gammaproteobacteria is reminiscent of antibiotic-induced dysbiosis [33] and points to a loss of anaerobiosis,
perhaps as a result of the damage C. parvum causes to the intestinal epithelium [18,36].

Similar to what we reported previously [5], the analyses described here reveal an association between the pre-infection
fecal microbiota and the subsequent course of cryptosporidiosis. The proportion of pre-infection microbiota variation
“explained” by the infection is however less than 5%. To some extent, this observation is not surprising since the pre-
infection microbiota was severely perturbed by the neomycin treatment. Significantly, in spite of the microbiota perturba-
tion, RDA correctly predicted which mouse eventually developed a severe or a mild infection. This outcome supports the
feasibility of targeting the intestinal microbiota to reduce the susceptibility to cryptosporidiosis in at-risk populations [37,38]
and in veterinary applications [39].

The ability of a healthy microbiota to protect against the colonization of the GI tract with bacterial pathogens has been
explained in terms of competition for nutrients. For instance, colonization resistance has been attributed to competition for
sugar molecules derived from the mucin-degrading and metabolizing activity of certain commensal bacteria [34,35]. The
interaction between enteric protozoa and the intestinal microbiota remains largely unexplained. In contrast to enteric bac-
terial pathogens, Cryptosporidium parasites do not multiply in the intestinal lumen nor in the mucus layer, but only inside
intestinal epithelial cells. Competition for nutrients excreted by the bacterial microbiota is thus unlikely to impact the ability
of the parasite to multiply. A characteristic of Cryptosporidium genomes which contrasts with many prokaryotic genomes
is the loss of essential metabolic functions, likely a result of metabolic parasitism. In its intracellular location, Cryptospo-
ridium parasites obtain essential metabolites from the host cell, facilitated by numerous transporters encoded in their
genome [40—43]. The challenge for these parasites to establish a successful infection is penetration through the mucus
layer to gain entry into the enterocytes. The microbiota’s ability to metabolize mucin and modulate the thickness of the
mucus layer may potentially predict the susceptibility to cryptosporidiosis. Consistent with this model, the tentative conclu-
sion that resistance to infection with C. parvum was not completely abrogated by neomycin is consistent with the view that
resistance to cryptosporidiosis is not a direct effect of the microbiota’s metabolic activity. Two possible mechanisms worthy
of further investigation are the effect of bacterial metabolites on the intestinal epithelial cells and the modulation of mucin
build-up and degradation resulting from the secretory activity of Goblet cells and bacterial mucin degradation, respectively.
This working hypothesis leads us to predict that microbiota-mediated resistance to bacterial and protozoal pathogens are
two different phenomena, mediated by different mechanisms of microbiota-pathogen interaction.

Supporting information

S1 Table. Linear discriminant analysis of fecal microbiota on day 16 and 21 post-infection. The fecal microbiota of
severely and lightly infected mice is clearly distinct. OTUs classified in the family Lachnospiraceae are highly abundant in
the latter group, whereas Enterobacteriaceae are only observed in feces of severely infected mice.

(XLSX)

S2 Table. Classification of mouse samples according to severity of infection. This classification was used in the
RDA described in the text.
(XLSX)
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S1 Fig. E. coli®® colonies on LB ampicillin plates illuminated with UV light. E. coli°" colonies on LB-ampicillin
plates illuminated with UV light. Feces from group 1 (g1) and group 2 (g2) mice excreted on day 2 post-infection with C.
parvum (day 3 post E. coli®® inoculation) were spread on LB plates. One fecal pellet was homogenized in 100 pl of LB
medium [16] supplemented with 100 ug/ml ampicillin and the slurry plated on LB/ampicillin plates. The plates were incu-
bated at 37 °C for approximately 24 h. GFP colonies were viewed with a short-wave UV transilluminator.

(JPG)

S2 Fig. Cryptosporidium parvum fecal output is positively correlated with the relative abundance of Proteobacteria. For
each of the 12 mice included in the experiment, the X axis displays mean C. parvum output calculated as described in Materials
and Methods. The Y axis shows the mean relative abundance of Proteobacteria sequence reads averaged over 57 datapoints
per mouse. The values of three samples with zero Proteobacteria sequence reads was set equal 10e-8. Each dot represents a
mouse, colored according to the experimental group as indicated. Because most Proteobacteria sequences originate from the
genus Escherichia (r=0.96, p=1.4e-45, n=85), a plot of log(Escherichia) vs C. parvum output is essentially identical.

(JPG)

S3 Fig. Pre-infection tryptophanase gene abundance does not correlate with the severity of cryptosporidiosis.
The Y axis shows the percent fit explained by RDA. Each dot represents an enzyme function as predicted from 16S
sequences by PICRUSt2; tnaA is highlighted in red. The analysis is based on 24 pre-infection samples collected on days
-5 and -3 and 1119 predicted enzyme abundance values.

(JPG)

S1 File. Raw numerical data. Used to draw all graphs and supplemental numerical figures.
(XLSX)

S2 File. Raw numerical data.
(DB)
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