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Ablation of a maternal Cryptosporidium mRNA-binding protein

results in sterile sporozoites
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ABSTRACT Infection with Cryptosporidium is a leading cause of diarrheal disease and
early childhood mortality. This apicomplexan parasite undergoes asexual and sexual
replication within the same host, and recent studies have shown an intrinsic develop-
mental program of obligate transition to male and female gametes and sex. While factors
were identified that control male fate and development, how female gene expression
is orchestrated remains largely unknown. Here, we use the Cryptosporidium Single Cell
Atlas to discover an RNA-binding protein (F-RBP) as one of the earliest markers of female
identity in C. parvum. Reporter parasites engineered based on this gene allowed us
to calibrate transcriptional pseudotime against the real time of female development,
revealing a significant window of transcriptional fate ambiguity. While F-RBP is an early
transcript, the protein persists throughout female development and into the zygote.
Conditional ablation of the F-RBP gene showed it to be dispensable for sex determina-
tion and early female development in vitro. However, the gene is essential in vivo, and its
loss results in rapid cure. Cell biological experiments link this loss to the production of
oocysts that release sporozoites incapable of host-cell invasion. F-RBP binds transcripts
highly expressed in the female gamete, enriched for a sequence motif recognized by a
Y-box protein family member, and forms mRNA-protein complexes in late females akin
to processing or P bodies. We propose F-RBP’s essential role to be in the regulation of
long-term homeostasis of maternally inherited RNA required for sporozoite infectivity.

IMPORTANCE The parasite Cryptosporidium is responsible for millions of cases of severe
diarrheal disease in young children, and the infection is both a consequence of and
a risk factor for chronic malnutrition. There are no vaccines available, and a single
approved treatment is largely ineffective. Infection relies on ingestion of the oocyst,
an environmentally stable spore, which contains an invasive form of the parasite, the
sporozoite. Oocysts and sporozoites are the products of parasite sex and the fusion
of female and male Cryptosporidium parasites. Here, we report the critical role of an
RNA-binding protein in female mRNA homeostasis. Maternal transcripts orchestrate the
complex process of sexual replication and oocyst formation. Loss of the protein results in
spores that fail to initiate the next round of the life cycle, and conditional ablation using
a small-molecule trigger quickly cures infected animals, demonstrating the essential role
of parasite sex in continued infection.

KEYWORDS Cryptosporidium, apicomplexan parasites,
intracellular parasites, diarrhea, female gamete, parasite sex

RNA-binding  proteins,

S exual reproduction is a hallmark of eukaryotic life. Two distinct and often differently
sized cells contribute to this process: the male cell (sperm) and the female cell (egg).
The sperm’s primary role is to deliver its genetic material. The egg is responsible for
enabling male recognition to allow fertilization, prevention of polyspermy, supporting
early embryogenesis, and often storing and providing the metabolic reserves to fuel
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these activities. Egg cells harbor mRNAs that encode proteins needed throughout egg
development and early embryogenesis (1, 2). Carrying these mRNAs allows the
fertilized egg to execute a series of rapid transitions without the need for transcrip-
tion. Multicellular and unicellular eukaryotes alike use RNA-binding proteins to ensure
that these messages are stored, protected, and transcribed exactly when needed in
development (1-4).

Apicomplexan parasites similarly rely on sexual reproduction. Cryptosporidium goes
through a defined series of asexual replication cycles that culminate in the formation of
the sperm and egg equivalents, the male and female gametes, respectively (5). The male
gamete fertilizes the female gamete, giving rise to the oocyst, a spore-like stage that can
transmit the infection to a new host or remain within the original host to continue the
infection.

Akin to other female reproductive cells, the Cryptosporidium female gamete prepares
for different events at distinct developmental stages. First, the female gamete commits
to and initiates the female genetic program; then, the parasite grows significantly and
stockpiles metabolites, proteins, and mRNA. Cryptosporidium is a haplont and will enter
meiosis immediately after pronuclear fusion, and the female gamete carries the required
machinery (6-10). Maternal mRNA is also required for the assembly of the crystalloid
body (7), the synthesis of storage polymers (11), sporozoite assembly (12), and the
biogenesis of the oocyst wall (13). The oocyst wall is composed of glycans, specialized
lipids, and proteins, including the Cryptosporidium oocyst wall proteins (COWPs) (6, 13—
16). Given suitable conditions, the oocyst can remain dormant for months (17) and, upon
ingestion, release motile sporozoites that invade the intestinal epithelium to colonize a
new host.

The Cryptosporidium life cycle has an obligate switch toward sex (5, 8, 18), and sex
is required to sustain continued infection (6, 7, 9-11, 18, 19). In standard cell culture,
gametes are formed, but fertilization does not occur, and growth ceases after 2 days (11).
Organoid culture allows for oocyst production, though not at levels observed in mice
(19). Remarkably, preventing parasite sex will rapidly halt the infection in the same host
(6).

Apetala 2 (AP2) transcription factors mediate developmental changes in a variety
of apicomplexan parasites and are important regulators of gene expression, especially
during sexual development (20-22). The female gamete expresses three of these
transcription factors (6). One has been implicated in the development of the sporozoite-
specific organelle, the crystalloid body (7), while another has been linked to female
gamete development in vitro (23). However, all three of these transcription factors are
transcribed at a similar late point in development, providing only limited time resolution
(6).

Here, we characterize a female-specific RNA-binding protein, F-RBP. F-RBP preferen-
tially binds mRNAs that are upregulated in female development, and the absence of
F-RBP results in female sterility and sporozoites incapable of host-cell infection.

RESULTS

Female identity is transcriptionally evident only at the halfway point of
gamete development

We mined the Cryptosporidium female-exclusive single-cell transcriptome (6) for
potential regulators of female gene expression, focusing on genes expressed very early
and exclusively during female development (12). We identified two genes: cgd4_130,
encoding a putative RNA recognition motif (RRM) and K homology (KH) RNA-bind-
ing protein, and cgd4_1360, a zinc finger domain-containing protein (referred to as
F-RBP and F-ZF, respectively; Fig. 1A). Single-cell RNA profiling has provided significant
insight into the relative sequence of gene expression in Cryptosporidium, but we do
not understand how the pseudotime derived from these analyses translates into the
actual time of parasite development. To synchronize these two clocks and to monitor
development over time, we constructed a fluorescent reporter strain that combined the
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FIG 1 F-RBP expression defines early female gamete development. (A) Transcript expression mapped onto the Single Cell Atlas (6), domain organization,
and AlphaFold structure predictions of F-RBP (top) and F-ZF (bottom). (B) Construct and experimental design for the female reporter live-imaging assay (top).
Representative fluorescence and differential interference contrast (DIC) images of a female gamete over time. Scale bar, 5 um. (C) Fluorescence intensity plotted
as a fraction of maximum fluorescence over time for f-rbp-mNeon and cowpi-tdTomato. Each continuous line represents a single tracked parasite. n = 25.
(D) Time measured between the indicated events for each of the 25 gametes. “Invasion to green” represents the time from invasion to the first detection of
mNeon. “Green to red” indicates the time between the first detection of mNeon and the first detection of tdTomato. First detection was defined as the time when
fluorescence intensity exceeded the mean background by five times the SD. The mean and SD are indicated in gray. N = 25.

f-rbp promoter to control expression of the green fluorescent protein mNeon and the
promoter of the previously characterized cowp7 (11) to control expression of the red
fluorescent protein tdTomato (Fig. 1B). Stable transgenic parasites were selected with
paromomycin, and genome modification was validated by PCR mapping of genomic
DNA isolated from oocysts purified from the feces of infected mice (Fig. S1A) (24).
Transgenic parasites were used to infect the human adenocarcinoma cell line HCT-8
seeded into glass-bottom chamber slides and subjected to time-lapse imaging after 34
h of growth (see Materials and Methods for technical detail). At this point, parasites
egress from their final round of asexual replication, followed by reinvasion and differen-
tiation into gametes (6, 18). We detected no fluorescence in either channel for invading
merozoites (Fig. 1B and C; Movie S1). When tracking the resulting intracellular stages,
mNeon driven by the f-rbp promoter was detectable first, followed later by cowp1-driven
tdTomato. At the end of the observation period, we expected to see these parasites
expressing both markers, which we observed (Fig. 1B; Movie S1). We recorded the
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development of 25 female gametes. Parasites were segmented in each frame using the
DIC images as a mask, and we measured and plotted the fluorescence intensity for both
reporters over time. We found that the timing of reporter expression was remarkably
consistent (Fig. 1C). After the parasites invade, it takes 5 h and 20 min (SD, £40 min) for
the f-rbp promoter to turn on, marking them as female. It then takes another 3 h and 45
min (30 min) to detect cowp1-driven fluorescence (Fig. 1D). We thus note a substantial
phase in which the life cycle stage remains measurably transcriptionally undifferentiated.
After this period, gametogenesis proceeds through precisely timed waves of female
gene expression, with cowp1 expression occurring at 9 h during the roughly 12-h period
of gamete development.

F-RBP and F-ZF proteins are translated early in female development

To assess the levels of F-RBP and F-ZF proteins over the course of parasite development,
we introduced a DNA cassette encoding a 3xXHA epitope tag to modify the C terminus of
each protein at the native gene locus (Fig. S1B and C). HCT-8 cultures were infected with
the resulting transgenic parasites and processed for immunofluorescence microscopy at
different time points. No labeling was observed for F-RBP-HA or F-ZF-HA after 24 h of
infection, in accordance with our transcriptomic and reporter results (Fig. 2A through C).
F-RBP-HA was readily observed in cultures starting at 42 h post infection, accounting for
approximately 30% of all parasites detected by counterstaining with Vicia villosa lectin
(VVL, Fig. 2A and Q). This proportion increased to 50%-60% of parasites at 48 h post
infection and remained so at 72 h, consistent with the proportion of female parasites
previously reported for these timepoints (11). F-ZF-HA was detected in a smaller fraction
of parasites at 42 h (0%-15%), increasing to ~30% of the population at 48 h and 50%
at 72 h post infection (Fig. 2B and C). For both lines, HA+ parasites were observed
to have a single nucleus, typical for the female gamete (11, 18), and both proteins
were consistently detected in parasites positive for the female marker DMC1 (7, 8).
DMC1 is expressed later in female development, and we therefore detect F-RBP-HA+
parasites that are not yet expressing DMC1 (Fig. S2A). All DMC1 + parasites also stained
F-RBP-HA+ (Fig. S2A).

F-RBP is present in zygotes but is absent in oocysts

While female gametes form in HCT-8 cultures, they are not fertilized, precluding the
observation of subsequent development (11). To investigate F-RBP expression in vivo,
we infected C57BL/6 ifng 7~ mice and, at peak infection, sacrificed the animals, resected
the ileum, and performed immunofluorescence on histological sections. We noted the
presence of F-RBP in female gametes, identified by their single, large nucleus (Fig. 2D).
We also detected F-RBP in zygotes, which carry both a large female nucleus and a
smaller male nucleus, demonstrating that this protein persists from early gametogenesis
through fertilization and the maternal-to-zygote transition (Fig. 2E). We next sought to
determine the fate of F-RBP in oocysts. This is technically complicated by the oocyst wall,
which is not readily breached by detergent permeabilization, leading to inconsistent
antibody access and staining. To overcome this, we engineered a parasite strain in
which F-RBP was translationally fused to eGFP, thus allowing us to use endogenous
fluorescence to monitor the presence of F-RBP protein (Fig. S1D).

While these parasites showed bright fluorescence in female stages at 48 h in vitro
(Fig. 2F), no fluorescence was detected in oocysts by either microscopy or flow cytometry
(Fig. 2G). We conclude that F-RBP is expressed early in female development, maintained
through gametogenesis and fertilization, but degraded by the time the oocyst has
matured.

Genetic ablation of F-RBP and F-ZF

To assess the importance of F-RBP or F-ZF for female development and parasite life
cycle completion, we attempted to ablate each gene by homologous recombination.
We readily achieved this for F-ZF, and oocysts were abundantly shed from mice infected
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FIG 2 F-RBP protein is detectable from the early gamete to the zygote but is absent from the oocyst. Imnmunofluorescence time course of (A) F-RBP-HA and
(B) F-ZF-HA in HCT-8 tissue culture. Scale bar, 5 um. Representative images from three independent experiments. (C) Quantification of HA-positive parasites for
F-RBP-HA (top) and F-ZF (bottom). A total of 3,438 parasites were counted for F-RBP quantification and 3,920 parasites were counted for F-ZF quantification. For
both protein time courses, three independent experiments, with three coverslips per experiment, were counted. Data from one representative experiment are
shown. (D) F-RBP-HA staining in a tissue section from an infected mouse intestine. Different parasite stages are highlighted. Scale bar, 5 um. (E) Detail from a
tissue section showing a zygote (recognized by the presence of both a female [large] and a male [small, bullet-shaped] nucleus). Note that the zygote is stained
for F-RBP-HA. Scale bar, 2 um. (F) F-RBP-eGFP parasites in HCT-8 cells. Scale bar, 5 um. Note the female parasites showing eGFP fluorescence. (G) F-RBP-eGFP
oocysts harvested from infected mice and examined by microscopy (left) or flow cytometry (right). Flow cytometry results are representative of two independent

experiments. F-RBP-eGFP oocysts show no fluorescence above the wild-type control. Scale bar, 5 pm.

with validated AF-ZF parasites, indicating that this gene is dispensable for life cycle
completion (Fig. S3A and B). In contrast, parasites were not recovered in three separate
attempts to ablate the C-terminal portion of F-RBP, which included the KH domain (Fig.
S3C). We found F-ZF to be dispensable, and loss of the gene did not result in obvious
phenotypic differences, while F-RBP was refractory to our knockout attempts. We thus
focused the subsequent experiments on F-RBP and its likely essential function.

To test rigorously whether F-RBP is essential, we sought to establish a conditional
knockout using rapamycin-inducible Cre recombinase (6, 7, 25). However, multiple
attempts to insert loxP sites were unsuccessful (Fig. S1E). Figure S1E details the various
targeting constructs we explored, leading us to consider the position of the double-
strand break. Multiple studies have shown that introducing double-strand breaks in close
proximity to the desired site of homologous recombination can enhance efficiency (26).
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We tested this using two guide RNAs to cut immediately upstream and downstream
of the region to be replaced by homologous recombination. Alternatively, we used
a single guide and designed a repair template for insertion instead of replacement,
generating a partially pseudo-diploid floxed locus (see Fig. 3A; and Fig. S1E and F for
details on both strategies). The second approach proved successful (Fig. 3B; Fig. S1F).
We engineered F-RBP-flox parasites in two C. parvum backgrounds, lowa lla Bunchgrass
and the KVI Ild strain (27), and then crossed them with lowa lla Bunchgrass parasites
carrying a rapamycin-inducible Cre recombinase, yielding F-RBP cKO parasites (25). The
lla background mutant grew poorly, and we therefore focused our efforts on the mutant
in the Ild background. HCT-8 cultures were infected with this mutant and incubated
in the presence of rapamycin or an ethanol vehicle. Rapamycin treatment resulted in
complete Cre-mediated excision of the floxed sequence from the chromosomal locus
over 48 h, and, as previously described (6, 7), we also noted partial excision in the
absence of rapamycin due to leaky Cre activity (Fig. 3C).

F-RBP is dispensable for female gametogenesis and growth in vitro

We first measured the impact of F-RBP ablation on parasite growth in vitro. HCT-8 cells
were infected with either F-RBP-flox parasites (which lack Cre recombinase) or F-RBP cKO
parasites and subjected to vehicle or rapamycin treatment. Measuring parasite burden
after 48 h using a luciferase assay showed that rapamycin treatment did not inhibit the
growth of either strain (Fig. 3D). F-RBP is one of the earliest female transcripts, and we
therefore wondered whether it might be required for female development. HCT-8 cell
cultures infected with mutant parasites were treated with vehicle or rapamycin, and we
measured transcript abundance for DMC1, a meiotic protein exclusively expressed in
females (7, 8). There was no significant difference between the two conditions (Fig. 3E).
We also assessed female development by IFA using a DMC1 antibody (7, 8) and again
found no difference upon loss of F-RBP, as we readily identified parasites expressing
DMC1 but lacking F-RBP-HA after rapamycin treatment (Fig. 3F).

F-RBP ablation cures infected mice

We next tested whether F-RBP may be required in vivo. Mice were pre-treated with
either vehicle or rapamycin for 2 days and infected with F-RBP-flox or F-RBP cKO
parasites, and treatment was continued for 10 days. Oocyst shedding was evaluated
by measuring luciferase activity in the feces (24). Mice infected with F-RBP-flox parasites
shed oocysts robustly and developed severe infection irrespective of treatment (Fig.
3G). The rapamycin-treated group shed more oocysts due to the immunosuppressive
activity of the drug, as reported previously (7). While mice infected with F-RBP cKO
parasites shed oocysts throughout the observation period when treated with vehicle,
rapamycin treatment severely reduced oocyst shedding (>99.7% reduction compared
with the vehicle control in both independent experiments) (Fig. 3G). Nanoluciferase
assays conducted using intestinal biopsy material showed a similarly reduced parasite
burden in the tissue after rapamycin treatment (Fig. 4C). We confirmed this reduction
in parasite burden by performing immunofluorescence on sections of intestinal tissue
(Fig. 4C). We also tested whether patently infected animals could be cured by F-RBP
ablation. Mice infected with F-RBP cKO parasites were split into two groups at the peak
of infection. While vehicle-treated animals remained infected, rapamycin-treated animals
displayed a rapid decrease in fecal luciferase signal (Fig. S4A). We conclude that F-RBP
is dispensable for female development in vitro but essential in vivo and required for
sustained infection.

Oocysts produced by F-RBP-deficient females do not reseed intestinal
infection

We next sought to understand at what point loss of F-RBP halts the infection. Mice
infected with F-RBP cKO parasites for 6 days were treated with rapamycin or vehicle
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for 72 h, after which fecal matter was collected, the mice were sacrificed, and intestinal
tissue was collected from the ileum of each animal for punch biopsies and histology
(Fig. 4A). PCR using parasite genomic DNA extracted from the intestinal tissue as a
template demonstrated that, at this time point, the f-rbp locus remained intact after
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72 h. Feces were collected, and the ileums were harvested the next day. (B) Diagnostic PCR showing complete excision of F-RBP from parasites within the
ileum in rapamycin-treated animals (right), compared with the vehicle-treated counterparts (left). Representative PCR results from two experiments; n =7 and 9
for vehicle-treated and rapamycin-treated mice, respectively. (C) Luminescence measurements from ileal punch biopsies of each vehicle- or rapamycin-treated
animal (left). Data are combined from two independent experiments. The same number of animals as in panel B was used. Three punch biopsies were collected
per animal and measured in triplicate. The displayed value was calculated as the average for each biopsy. Welch's t test was used to determine significance.
Representative images of parasite burden in an intestinal tissue section (right). Scale bar, 10 pm. (D) Number of parasites counted by immunofluorescence in
intestinal tissue sections collected from animals after the treatment described in panel A. The average number of parasites counted per field of view for each
animal (three animals per group) is displayed. A total of 1,230 parasites were counted across conditions. Welch's t test was used to determine significance.
(E) Percentage of parasites counted in panel D exhibiting Crypto-Glo staining consistent with the oocyst stage. Welch’s t test was used to determine significance.
(F) Diagnostic PCR for F-RBP excision using DNA isolated from oocysts shed by mice infected with F-RBP cKO parasites and treated with vehicle or rapamycin.
The resulting parasites shed by vehicle- and rapamycin-treated animals are referred to as f-rbp and Af-rbp, respectively. (G) Growth of f-rbp or Af-rbp parasites
in HCT-8 cells after 48 h, measured by luminescence. Growth, measured as fold change, was calculated by dividing the average 48 h measurement by the
average 4 h measurement for each genotype. Data are combined from four independent experiments, each measured in quintuplicate. Welch’s t test was used
to determine significance. (H) Percentage of f-rbp or Af-rbp oocysts with excysted sporozoites. Oocyst were counted and allowed to excyst, and the number of
sporozoites was counted to determine the excystation percentage. Data are combined from three independent experiments. A total of 1,287 sporozoites were
counted. (I) Quantification of intracellular parasites in HCT-8 cells 2 h after infection with f-rbp or Af-rbp parasites. An f-rbp sample was treated with latrunculin
A (LatA) to inhibit invasion. Data are shown from one representative experiment out of three for f-rbp or Af-rbp and two experiments for f-rbp + LatA, with
each experiment comprising of three coverslips. A total of 1,627 parasites counted. (J) Attachment index calculated from images collected in panel | as the
number of parasites/the number of host cell nuclei (left). A total of 19,699 host cells counted. One-way ANOVA with multiple comparisons was used to determine
significance for panels | and J. Representative images of fields of view containing HCT-8 cells infected with f-rbp or Af-rbp parasites (right). Scale bar, 10 um.
(K) Measured area in (um? of f-rbp and Af-rbp sporozoites. Fifty-one parasites per group were measured. Welch’s t test was used to determine significance.
(L) Ultrastructure expansion microscopy (U-ExM) images of f-rbp or Af-rbp sporozoites (left). Note that Af-rbp sporozoites are smaller, stouter, and have a less
well-defined apical end. Expansion factor, of 4.42. Scale bar, 1 um. Sporozoite area in (um?) was also measured from U-ExM images. n = 16 for f-rbp and n = 15

Af-rbp. Welch's t test was used to determine significance.
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vehicle treatment but was fully excised following rapamycin treatment (Fig. 4B). We had
assumed that the serious fitness defect and lower parasite burden in the intestine of
rapamycin-treated animals (Fig. 4C) infected with the mutant were due to its inability
to generate oocysts. We thus measured the number of oocysts and their proportion
of the overall parasite population by immunofluorescence using suitable antibodies for
both. As expected, we detected far fewer parasites in mice treated with rapamycin (Fig.
4D). Surprisingly, however, oocysts appeared overrepresented in the diminished parasite
population after rapamycin treatment (Fig. 4E). We thus wondered whether ablation of
f-rbp, while allowing oocyst production, renders those oocysts unable to initiate the
next round of infection. To test this, we purified oocysts from the feces of groups of
rapamycin-treated and control animals. We readily detected oocysts in the feces of both
groups (albeit in lower numbers in the treated animals) and, importantly, documented
robust ablation of the locus by PCR (Fig. 4F). f-rbp and Af-rbp oocysts were used to infect
HCT-8 cell cultures, and nanoluciferase measurements were taken at 4 h and 48 h post
infection to calculate parasite growth. f-rbp parasites showed growth, but Af-rbp parasites
did not (Fig. 4G). We conclude that loss of F-RBP leads to the production of oocysts
unable to start the life cycle anew.

Af-rbp sporozoites are unable to invade host cells

We sought to determine the basis of oocyst sterility and first considered that Af-
rbp sporozoites may be unable to emerge from the oocyst. To initiate excystation,
oocysts from both groups were resuspended in sodium taurodeoxycholate and sodium
bicarbonate for 1 h (27), and excystation was scored. We found that both f-rbp and Af-rbp
oocysts were able to excyst with similar efficiency (Fig. 4H). We then assessed the ability
of Af-rbp sporozoites to invade host cells. Oocysts from both groups were excysted and
allowed to interact with HCT-8 cells for 2 h, after which the cells were fixed and scored
for successful invasion using a protection assay (28). We measured robust invasion by
the vehicle-treated parasites, which was sensitive to the known inhibitor latrunculin (29)
(Fig. 41). In contrast, Af-rbp sporozoites showed a profound invasion defect. Interestingly,
we observed even fewer intracellular parasites with the mutant than with latrunculin
treatment. Overall, we noted very few parasites following Af-rbp exposure (Fig. 4l).
Latrunculin prevents actin polymerization; treated parasites attach but then fail to glide
and invade. We therefore measured parasite attachment and found Af-rbp sporozoites
unable to attach to host cells. Note that f-rbp sporozoites readily attach to their target,
and this attachment is not affected by latrunculin treatment, as previously shown (29)
(Fig. 4J).

We wondered whether these functional defects of the sporozoite were reflected in
their morphology. We mounted f-rbp and Af-rbp sporozoites onto poly-D-lysine slides,
followed by staining with Hoechst and VVL. When observed by fluorescence microscopy
and DIC, we noted that Af-rbp parasites were significantly smaller than f-rbp sporozoites
(mean areas, 4.123 pm? and 5.124 um?, respectively; P < 0.0001, Fig. 4K). By expansion
microscopy, Af-rbp sporozoites were again smaller (3.935 um?) and stouter, with their
apical structure less defined than those of their f-rbp counterparts (5.031 um? (Fig. 4L).
We conclude that loss of F-RBP results in the shedding of oocysts that carry sterile
sporozoites that are unable to attach to and invade epithelial cells to produce offspring
by merogony.

F-RBP binds a subset of transcripts highly expressed in females

F-RBP is predicted to act as an RNA-binding protein based on the presence of a KH
domain and an RRM(30). To test whether F-RBP binds RNAs and to identify its targets, we
performed RNA Immunoprecipitation sequencing (31) using F-RBP-HA parasites. Western
blot analysis of lysate from this strain subjected to anti-HA affinity matrix precipitation
revealed a band of the appropriate size (90 kDa). This band is absent when wild-type
lysate (WT) is used as control (Fig. 5A, IP fraction). HCT-8 cell cultures were infected
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FIG 5 F-RBP binds specific transcripts upregulated in the female gamete and forms puncta in later female gametes. (A) Western blot detecting immunoprecipi-

tation of F-RBP-HA from infected HCT-8 cells and a wild-type control using an anti-HA antibody after 54 h of infection. Lane annotations: Pellet (lanes 1 and 5) =

cell pellet after sonication; Sup (lanes 2 and 6) = supernatant after IP, Wash (lanes 3 and 7) = washed affinity matrix before elution; IP (lanes 4 and 8) =
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Fig 5 (Continued)

immunoprecipitated sample. Note that the bright band at 25 kDa in lanes 1 and 8 represents the IgG light chain of the anti-HA antibody on the affinity matrix.
(B) Relative enrichment of transcripts in the F-RBP-HA and WT samples. Relative enrichment is defined as the log; ratio of IP to input transcripts per million
(TPM). Blue dots represent transcripts enriched in F-RBP-IP compared with WT-IP. Non-enriched transcripts are represented in gray. (C) The 57 protein-coding
RIP-seg-enriched transcripts are plotted on the Single Cell Atlas as a module. Details on module score computation can be found in the Materials and Methods.
(D) Representative coverage plots for cgd6_2450 (a non-enriched transcript, top) and cgd4_1910 (an enriched transcript, bottom). Coverage is shown in counts
per million. IP sample coverage plots are shown for both transcripts. The gene model and direction for each gene are represented by an arrow below the
plot. (E) RT-qPCR measurements of a non-enriched transcript (cgd6_2450) and an enriched transcript (cgd6_1080, gp40). Measurements were taken from a
biological replicate. Enrichment was calculated using the percent-input method. WT samples were normalized to an enrichment value of 1. (F) MEME Suite
logos representing the F-RBP motif (CAMCAACAR, top) and the most similar motif, as determined by TOMTOM, RNCMPT00084, corresponding to that of the
RNA-binding protein YBX2 (bottom). (G) All genes harboring the F-RBP motif identified by an unbiased scan of the C. parvum genome (top) and genes across the
lifecycle with >4 copies of the F-RBP motif (bottom) are plotted as modules on the Single Cell Atlas. (H) U-ExM of female gametes in intestinal tissue sections. The
earlier female (top) is identified by its smaller size and fewer wall-forming bodies than the later female (bottom). Note the poor labeling of the female nuclei due
to high transcriptional activity, as previously reported (11). Expansion factor, 4.16. Scale bar, 1 um.

with F-RBP-HA parasites or control WT parasites, harvested after 54 h, and processed
for immunoprecipitation and RNA sequencing. Reads were aligned to the C. parvum T2T
genome (32), and, using a statistical cutoff based on the log odds, we determined that 57
parasite mRNAs and two IncRNAs were significantly enriched in the F-RBP-immunopreci-
pitated samples (Fig. 5B; Fig. S5A; Table S2).

Plotting the 57 protein-coding transcripts onto the Cryptosporidium Single Cell Atlas
(6) showed enrichment for genes highly expressed late in the female gamete (Fig. 5C;
Table S2), with 35 encoding proteins present in the sporozoite (Table S2) (12). Not all
genes highly expressed in females were enriched in the IP. For example, cgd6_2450
shows high transcript abundance in females but is not enriched in the F-RBP IP (Fig. 5D)
or in the RT-gPCR analysis of a biological replicate (Fig. 5E). However, the transcript of
cgd4_1910 shows increased coverage in the F-RBP IP compared with the WT IP (Fig. 5D).
Transcripts such as cgd6_1080, which encodes gp40 and shows enrichment by RIP-seq,
also showed enrichment when RT-gPCR was used to probe pull-downs (Fig. 5E). We
conclude that F-RBP binds a subset of mRNAs expressed in female gametes.

F-RBP targets share a sequence motif with targets of Y-box family proteins

We searched for shared primary-sequence features among the significantly enriched
transcripts using the MEME Suite (33). This resulted in the detection of a CAMCAACAR
motif in the coding sequence of 27 of the 57 of the enriched mRNAs (Fig. 5F; Table
S3). A search for similar, previously identified eukaryotic motifs using the TOMTOM
tool (34) returned 21 matches, which are shown in Fig. S6A and Table S3. Only one of
these motifs showed significant enrichment, RNCMPT00084 corresponding to the motif
recognized by Y-box binding protein 2 (YBX2), a member of the Y-box family (E-value
and g-value <0.05, Fig. 5F; Fig. S6A; Table S3) (35). YBX2 is most notably associated with
the development of gametes and early embryos (36, 37). Murine YBX2 is one of the
most abundant maternal RNA-binding proteins (37) and a crucial mediator of oocyte
RNA stability and translation (36, 38). An unbiased scan of the C. parvum genome for
the CAMCAACAR motif found that 937 protein-coding transcripts contain at least one
copy of this motif (Table S4). These genes appear more highly expressed at the end
of merogony and female gamete development and sporogony (Fig. 5G). Among those
that harbor multiple copies of the CAMCAACAR motif, female transcripts are enriched,
and this enrichment is significant for the late female clusters 15-18 (Fig. 5G; Fig. S7A for
more detail). Y-box proteins often aggregate into messenger ribonucleoprotein particles,
RNA-protein complexes associated with mRNA stability and translational control (36).
When we examined F-RBP localization at high resolution by expansion microscopy, we
found a consistent developmental pattern. After 42h of HCT-8 infection in early female
gametes, when the parasites were small and harbored few wall-forming bodies, F-RBP
labeling was diffuse and distributed over many small particles across the cell (Fig. S8A, C,
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and D). At 48h, when the gametes are larger with more wall-forming bodies, a significant
decrease in the number of particles was observed; at the same time, these particles
increased significantly in size (Fig. S8B through D). This pattern was also observed
by expansion microscopy in tissue sections from infected mice where we see F-RBP
aggregated into prominent cytoplasmic bodies in later females (Fig. 5H). We conclude
that F-RBP interacts with mRNA, its targets are enriched for those carrying a conserved
binding motif, and F-RBP forms aggregates akin to bodies described in other eukaryotes.

DISCUSSION

Infection with Cryptosporidium is a major cause of severe diarrheal disease around the
world (39-41). The infection contributes to early childhood mortality and can result
in malnutrition, stunting, and developmental delays (42-44). There is only one Food
and Drug Administration-approved drug that lacks efficacy in those who need it most,
immunosuppressed individuals and small children, and there are no vaccines available
to protect children (45). The sexual phase of the parasite life cycle has emerged as
a promising future target for intervention, as disruption of parasite sex rapidly halts
infection (6, 11), which we corroborate in this study (Fig. 3G; Fig. S4A). Mechanistic
understanding of parasite sex is required to identify specific molecular targets for such
intervention (5). Abbreviating the infection in this way may stimulate immune-mediated
protection, as prior exposure has been shown to lead to milder disease in subsequent
infections (40).

Gamete development and fate determination are complex and highly dynamic
processes in Cryptosporidium, a single-celled organism that lacks genetic sex determina-
tion in the form of mating types or sex chromosomes. Both male and female gametes
are derived from the same asexual precursor cell with hard-wired timing (18). Evidence
for circadian rhythms and the potential role of molecular clocks in protozoan parasites
has been growing recently (reviewed in reference 46), and, along with cell cycle count
and accumulation or depletion of a threshold factor, time is one of the conceivable
drivers of the transition to gamete development. In the related apicomplexan parasite
Plasmodium, the transcription factor AP2-G controls the initial commitment to sexual
fate (20, 21), and the subsequent differentiation into male and female gametes involves
both protein factors and non-coding RNAs (47, 48). In Cryptosporidium, a commitment
factor akin to AP2-G is not apparent, but the transcription factor Myb-M is necessary
and sufficient to initiate the male program (6). A reciprocal factor for the female gamete
has not been discovered, and the female thus might be the default sex in the absence
of Myb-M. Here, we identified the f-rbp gene among the earliest female transcripts.
However, time-lapse imaging using a fluorescent reporter driven by the promoter of this
gene demonstrated that it takes 5.5 h for the gene to be expressed, which represents
almost the midpoint of the typical intracellular development cycle of this parasite. While
fate commitment appears established when the merozoite leaves the last host cell (18,
49, 50), that fate is thus not immediately transcriptionally executed in the next host cell
but takes hours to manifest (Fig. 6A; we acknowledge that future measurements with
enhanced sensitivity might identify additional transcripts). In broader terms, this appears
to be the case for all stages of Cryptosporidium, where the first half of each intracel-
lular cycle is occupied by shared housekeeping tasks, including ribosome biogenesis
and the establishment of an interface suitable for exporting parasite effector proteins
and importing host metabolites (reviewed in reference 51). Only when these tasks are
completed do three distinct transcriptional programs emerge from the shared origin:
asexual merogony and male or female gametogenesis. The sex of the cell thus appears
not as a primary overarching identity but as an alternative specialization halfway toward
completion of intracellular development. We do not understand what defines fate prior
to this point or what initiates the transcriptional transitions following it. In Plasmodium,
a long non-coding RNA serves as a negative regulator of sexual commitment (52, 53).
Cryptosporidium transcribes numerous long non-coding RNAs, many of which show
stage-specific patterns of expression and may have yet-to-be-discovered regulatory
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timing of the loss-of-function phenotype.

functions (6, 32, 54). Epigenetic regulation of promoter accessibility through dynamic
histone modification offers another model, one that is important to the regulation of life
cycle progression in other apicomplexans (55, 56).

While initiation of transcription is a pivotal point for regulating gene expression
in apicomplexans, post-transcriptional events are also of critical importance. Multiple
RNA-binding proteins were found to be critical to this process in Plasmodium and
Toxoplasma (reviewed in references 57-59). Both rely on the Alba (acetylation low-
ers binding affinity) family of DNA/RNA-binding proteins to regulate developmental
processes (60). Genome mining failed to identify Alba homologs in Cryptosporidium.
Both Plasmodium and Toxoplasma express multiple proteins that contain RRM and KH
domains, the two domains also found in F-RBP (30, 61).

RNA-binding proteins regulate the long-term storage and accurately timed sequential
translation of mRNA, which are crucial to the development of gametes and embryos
across the eukaryotic tree (1, 62). Numerous such proteins are active across gam-
ete development and embryogenesis, and several have been studied in Plasmodium
(reviewed in reference 58), often playing key roles in gamete development and fertility
(47, 63). F-RBP is expressed very early in female development, but its loss does not
cause defects in the development of female gametes (Fig. 6B). Fate choice, fertiliza-
tion, and initial sporogony appear intact in Af-rbp mutants; however, the resulting
oocysts contain sporozoites that are sterile (Fig. 4). This suggests that F-RBP influences
development after fertilization. Several of the female RNA-binding proteins studied in
Plasmodium similarly function downstream of sexual differentiation and in the devel-
opment of the zygote. Among the most intensely studied in this group is the RNA
helicase DOZI (development of zygote inhibited), which, in complex with its binding
partner CITH (car-I and trailer hitch), represses the translation of transcripts in mature
female gametocytes whose protein products are needed later for zygote formation
and meiosis (3, 64). Also in this complex is 7-Helix-1, mutants lacking this factor show
impaired gamete formation and reduced transmission of malaria parasites to mosquitoes
(65). Puf2, another complex member, participates in translational repression. Several
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Puf2-controlled transcripts encode ookinete surface proteins (66), and in P. yoelii, Puf2 is
important while the sporozoite awaits transmission in the salivary gland and is required
for sporozoite infectivity (67). Ortholog and sequence similarity searches in Cryptospori-
dium reveal no homologs of Puf2 and 7-Helix-1. However, the Cryptosporidium genome
does encode orthologs of DOZI and CITH (cgd8_1820 and cgd2_3220, respectively), and
their transcripts appear present throughout most of the Cryptosporidium life cycle.

Our study identified a Cryptosporidium-specific example of a maternal RNA-binding
protein required for the successful development of mature sporozoites and transmission
to the next host. More specifically, we showed that F-RBP forms cytosolic granules in
later-stage females, as was also observed for some of the proteins discussed above
(3, 64, 65, 67). While many transcripts enriched by F-RBP immunoprecipitation encode
sporozoite proteins present in organelles such as the dense granules, micronemes, and
the crystalloid body, a significant number remained unassigned by spatial proteomic
analysis (12). Interestingly, sequence analysis of the mRNAs enriched by F-RBP immuno-
precipitation revealed significant enrichment of a motif matching that recognized by
YBX2. YBX2 is a member of an ancient class of nucleic acid-binding proteins found in
both prokaryotes and eukaryotes (68). In mammals, YBX2 is best known for regulating
RNA homeostasis in gametes and early embryos and for assembling into cytoplasmic
messenger ribonucleoprotein granules (36, 38, 69).

By what mechanism does maternal F-RBP ensure the production of infective
sporozoites? More work is required to understand F-RBP function and to rigorously test
a potential link between the phenotype observed here and binding of specific mRNAs.
Based on precedent in other systems, we hypothesize that F-RBP is likely to regulate RNA
homeostasis or translation. F-RBP may bind specific transcripts to influence their stability
or decay. There are numerous examples of RNA-binding proteins acting in this fashion in
oocytes (2, 4). In Plasmodium, Puf2 has been implicated in mRNA decay (66), while DOZI
is thought to act in both stabilization and decay of mRNAs (70). F-RBP may also repress
the premature translation of female transcripts needed later for sporozoite development.
This is a well-documented strategy of post-transcriptional control used by egg cells (1)
and also found to be active in Plasmodium female gametocytes (reviewed in reference
59), where misregulation of female translation was observed in the absence of Puf2 and
DOZI (3, 66). mRNA homeostasis and translational control are not mutually exclusive
mechanisms (66, 70), and it is likely that additional proteins are present alongside F-RBP
in the granules we observe to aid in these tasks (3, 64, 65).

Ablation of F-RBP resulted in the first female-sterile mutant in Cryptosporidium.
We demonstrate that successful control of gene expression throughout the complex
life cycle depends not only on timely transcription initiation facilitated by different
transcription factors but also on post-transcriptional processes that rely on stage-specific
RNA-binding proteins and the formation of mRNA-protein granules.

MATERIALS AND METHODS
Animals

Ifng™ mice (RRID:IMSR_JAX:002287) were purchased from The Jackson Laboratory and
propagated as a breeding colony at the University of Pennsylvania. Mouse housing
conditions and age were as previously described (12-h/12-h light/dark cycle, 65°C-73°C,
5-8 weeks) (6).

Plasmid construction

All primers used in this study can be found in Table S1. Plasmids for genetic manipu-
lation via CRISPR-Cas9 were generated as previously described (24, 71). Oligonucleoti-
des (Sigma) encoding guide sequences were annealed and ligated into the C. parvum
Cas9-U6 plasmid. Plasmids encoding the homology repair templates were made via
Gibson assembly for the f-rbp-mNeon-cowp 1-tdTomato reporter strain, restriction-ligation
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cloning using Avrll and Xmal (New England Biolabs) for F-RBP-3xHA-eGFP, and BamHI
and Hindlll (New England Biolabs) for F-RBP-flox repair. Linear repair templates were
generated by PCR using primers to encode recombination flanks with sequence identity
to the target locus and PrimeSTAR Max DNA Polymerase Ver.2 (R047A, Takara).

Generation of transgenic parasites

C. parvum IOWA Il strain (lla subtype) oocysts were purchased from Bunchgrass Farms,
and KVI parasites (lld subtype) (27) were maintained in-house through serial passage
through Ifng”~ mice. Transgenic parasites were generated as previously described
(24, 71, 72). Transgenic parasites in the Bunchgrass Farms genetic background were
produced as described previously, including a 1-h excystation in 0.2 mM sodium
taurodeoxycholate at 37°C and nucleofection using an Amaxa 4D nucleofector (Lonza)
on program EH100 (6, 71). Transgenic parasites in the KVI background were produced
as described previously (27), with a 1-h incubation in 10 mM HCI followed by a 1-h
incubation in 0.2 mM sodium taurodeoxycholate and 20 mM sodium bicarbonate
to promote excystation. Ifng”~ mice were treated with antibiotics 4-7 days prior to
infection and gavaged with 8% sodium bicarbonate immediately before oral gavage
with transfected sporozoites. Selection for stable transgenics and oocyst shedding were
performed as previously described, with paromomycin selection in the drinking water at
16 g/L (24). Oocysts were purified from feces by sucrose flotation and cesium chloride
gradient and stored in PBS at 4°C (24, 71, 72). Oocyst genomic DNA was extracted with
the Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo), and integration of the repair
template was validated by PCR.

Cell line maintenance and preparation for infection

Human colorectal adenocarcinoma HCT-8 cells (ATCC, CCL-224) were maintained as
previously described in RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 1x
penicillin-streptomycin, 1x gentamicin, and 1x fungizone (6). Bunchgrass Farms derived
oocysts were prepared as described previously (71), with a 5-min incubation at 4°C
in 1:4 bleach:PBS, centrifugation at 16,000 x g, and three washes with PBS, and then
resuspended in infection medium (contains all components of complete RPMI-1640 with
1% FBS) and added to HCT-8 cells. KVI-derived oocysts were incubated for 1 h in 10
mM HCl at 37°C and washed twice with PBS, then excysted onto host cells in RPMI-1640
infection medium supplemented with 0.2 mM sodium taurodeoxycholate and 20 mM
sodium bicarbonate.

Time-lapse fluorescence microscopy

HCT-8 infections were set up in eight-well chamber slides (CellVis). Movies were acquired
on a GE DeltaVision OMX (Penn Vet Imaging Core) at 5% CO; and 37°C. Image stacks
were acquired every 15 min for 26 h. Invasion to 15 h after invasion was analyzed
to capture the developmental timepoints of interest. Movies were processed using GE
softWoRx and Fiji. Fluorescence intensity was measured using Fiji for Mac OS.

Immunofluorescence assay (IFA)
For all HCT-8 infections

HCT-8 cells were grown in 96-well plates, washed, fixed at the time points indicated in
the figure legends, and processed as previously described, including fixation in 4% PFA
for 10 min, permeabilization with 0.25% Triton X-100 for 10 min, and blocking in 3% BSA
for 1 h (6). Primary antibodies included rat anti-HA (1:1,000, Roche, 3F10), rabbit anti-HA
(1:1,000, Cell Signaling Technology), VVL-Biotin (1:10,000, Vector Labs), VVL-fluorescein
(1:1,000, Vector Labs, FL1231), and mouse anti-DMC1 (1:10, a gift from C. Huston, [8]). For
the protection assay, cells were treated with latrunculin A (Abcam) at 2 pM, 30 min prior
to infection. Parasites were allowed to infect for 2 h at 37°C prior to fixation. The staining
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protocol was adapted from reference 28. Cells were stained with 1:2,000 VVL-Biotin
(Vector Labs) in 3% BSA for 30 min, then washed 3 times for 3 min with dPBS. Samples
were permeabilized with 0.01% digitonin for 15 min and washed with PBS-0.01% Tween.
For all HCT-8 experiments, Alexa Fluor secondary antibodies were used at a dilution of
1:1,000. Additional stains for the protection assay include Sporo-Glo-A600FLR (1:20 in
Sporo-Glo buffer, Waterborne) for 1 h, followed by DAPI (1:1,000) for 10 min. Coverslips
were mounted with Fluorogel (Electron Microscopy Sciences).

For intestinal sections

Mice were sacrificed either at the peak of infection or after the designated treatment
time. Intestinal tissue was “Swiss-rolled” and processed as previously described by the
Penn Vet Comparative Pathology Core (73). Sections were stained with the following
primary antibodies: rat anti-HA (1:500, Roche, 3F10), Crypto-Glo-Biotin (1:20, Water-
borne), and rabbit anti-sporozoite polyclonal antibody (1:1,000, a gift from F. Tosini [74]).
Alexa Fluor secondary antibodies were used at a dilution of 1:250, with Hoechst at a
concentration of 1:2,000. Slides were mounted as described in “For all HCT-8 infections,’
above.

For sporozoites

Parasites were excysted as described in “Generation of transgenic parasites,” above, and
fixed in suspension with 4% PFA. Sporozoites were stained in suspension with VVL-flu-
orescein (1:2,000,Vector Labs) and Hoechst (1:500) in PBS. Sporozoites were washed
twice with PBS and transferred to an eight-well chamber slide coated with poly-D-lysine
(CellVis). Sporozoites were allowed to settle for 20 min and were then washed with PBS
and imaged.

For UEx-M

HCT-8 or intestinal samples were processed, sectioned, stored at —80°C, and expanded
for U-ExM as described previously (75, 76). The primary antibody was rat anti-HA (Roche,
3F10), used at 1:250 for intestinal sections and 1:500 for HCT-8 samples. The secon-
dary antibodies and stains used were Alexa Fluor goat anti-rat 488 (1:500), NHS ester
Atto-647 (1:200, Sigma-Aldrich), and Hoechst (1:1,000). For sporozoites, parasites were
excysted, transferred to poly-D-lysine-coated coverslips, and allowed to settle for 20 min.
Sporozoites were spun at 200 x g for 1 min, and the coverslips were then processed as
described above. The dyes used were Hoechst (1:1,000) and NHS ester Atto-647 (1:500,
Sigma-Aldrich).

F-RBP-eGFP oocysts were imaged without fixation or staining after being allowed to
settle on an Ibidi p-Slide V1 0.4 (Thermo Fisher).

All images were acquired using a Leica DM6000 widefield microscope (Penn Vet
Imaging Core) with a 100x objective or a Leica Stellaris FALCON 31594 confocal
microscope (Penn Vet Imaging Core) using the 63x objective and Leica Application Suite
X software. Images were processed and analyzed using Fiji for Mac OS software. For
particle counting of U-ExM images, the area of interest was masked on the parasite using
the NHS ester marker. All images were filtered with Gaussian blur with the auto settings;
the threshold was set using the Otsu option with the auto settings, and a watershed filter
was applied.

Flow cytometry

Oocysts were purified from feces using a miniaturized sucrose gradient and stained
as previously described (25). Samples were processed on an LSRFortessa or a FACS
Symphony A3 Lite. Data were analyzed with FlowJo software (Tree Star).
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Generation of loss-of-function mutant

To generate the F-RBP flox plasmid, a recodonized gene fragment was synthesized
(GenScript) that included a multiple cloning site, an upstream endogenously encoded
region of homology to F-RBP, an intron containing a loxP site, the recodonized portion
of F-RBP starting at base 1723 including the KH domain but excluding the stop codon,
a 3x-HA tag, and the downstream loxP site. This fragment was digested with BamHI
and Hindlll (New England Biolabs) and ligated into the C. parvum nanoluciferase-neomy-
cin-resistant plasmid (24). The homology repair template and guide RNA were produced
as described (24, 71). Animals were co-infected with 5,000 oocysts each of parasites
harboring successful integration of this construct and parasites carrying the inducible
Cre recombinase (25). Recombinant progeny were selected with paromomycin and
BRD7929 as previously described (6, 25). Oocysts were purified from feces collected from
days 18-24 post-infection and propagated in Ifng™~ mice.

Rapamycin treatment

For in vivo experiments, mice were treated with 10 mg/kg rapamycin (Thermo Fisher
Scientific) or an equal dilution of ethanol, delivered by oral gavage, as previously
described (6). Mice were treated daily by oral gavage from 2 days before infection to 10
days after infection. For in vitro experiments, parasites were cultured in the presence of
100 nM rapamycin or equally diluted ethanol as a vehicle control at the start of infection

(6).

RT-gPCR
For whole cell lysate samples

Infection was performed in a 24-well plate. HCT-8 cells were infected and treated with
vehicle or rapamycin as described in “Rapamycin treatment,” above. RNA was isolated
using the Qiagen RNEasy Kit, and cDNA was synthesized as previously described from
1ug RNA (6). cDNA was diluted 1:4 for all measurements. Reactions were conducted
in SsoAdvanced Universal SYBR Supermix (Bio-Rad). The AAC; method (77) was used
to determine relative expression, with C. parvum gapdh as the control gene. All qPCR
primers have been published previously (78).

For RIP-seq validation

RNA Immunoprecipitation was performed as described in “RNA immunoprecipitation
and sequencing (RIP-Seq),” below. RNA concentration was measured using a QuBit
instrument before cDNA synthesis. 48 ng of RNA was used to generate cDNA. cDNA was
produced as described for whole lysate samples. The percent-input method was used to
determine enrichment between samples. Primers for gp40 (cgd6_1810) and cgd6_2450
have been published previously (78). RT-gPCR was performed using a ViiA 7 real-time
PCR system (Thermo Fisher Scientific) with previously described conditions (6).

Nanoluciferase assay

Culture growth assay: HCT-8 cells were infected in quintuplet. At 4 h and/or 48 h
post-infection, cells were lysed with lysis buffer (24) and mixed with Nano-Glo sub-
strate (1:50; Nano-Glo Luciferase Assay Kit, Promega) in an opaque white 96-well plate.
Luminescence was measured using a Promega GloMax plate reader (24, 71). From feces:
20 mg of feces was dissolved in 1 mL of fecal lysis buffer and processed as previously
described (24). Percent reduction in oocyst shedding was calculated by dividing the area
under the curve for the rapamycin-treated animals by the area under the curve for the
paired vehicle-treated animals. From intestinal tissue: The ileum was removed, and three
5 mm punch biopsies were taken from the most distal region of the ileum from each
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animal. Each sample was measured in triplicate, and the final values were calculated as
the average of all samples for an individual animal.

gDNA extraction and PCR of intestinal tissue

An intestinal section measuring approximately 1 ¢cm in length was collected from each
animal. The tissue was digested, and DNA was extracted using the QIAmp DNA Mini Kit
(Qiagen). DNA was diluted 1:5 to perform PCR.

Excystation assay

A total of 50,000 oocysts were excysted as described in “Generation of transgenic
parasites,” above. The number of oocysts was determined immediately after excystation
was triggered using a hemocytometer (Kova Plastics). The number of resulting sporo-
zoites was determined after 1 h of incubation at 37°C. Percent excystation was calculated
by dividing the number of sporozoites by 4x the original oocyst count, assuming four
sporozoites per oocyst.

RNA immunoprecipitation and sequencing (RIP-Seq)

Infections were set up in duplicate in T25 flasks 24 h before infection. In each flask, 4
x 10° Bunchgrass WT or F-RBP-HA parasites were used. The medium was changed to
infection medium, and the flasks were incubated for 54 h. The RNA Immunoprecipitation
protocol was modified from previous methods (79). Cells were fixed with 0.1% PFA for
8 min at room temperature. The reaction was quenched by adding glycine to a final
concentration of 125 mM for 5 min. Cells were removed from the flask and pelleted at
500x% g for 5 min at 4°C. The cells were washed twice with PBS and pelleted at 500x g
for 5 min. Cells were resuspended in RNP lysis buffer (20 mM Tris, pH 7.5, 140 mM NadCl,
1.8 mM MgCl,, 0.1% IGEPAL, 0.1% SDS, 10% glycerol, T mM DTT, 1x EDTA-free protease
inhibitor cocktail [Roche], and 2 mM vanadyl ribonucleoside complex [NEB]). Cells were
sonicated in three cycles of 10 s on and 30 s off at 20% power using a Sartorius Labsonic
M sonicator. Sonicated samples were pelleted at 16,000 g for 30 min at 4°C. Ten percent
of the supernatant volume was removed and frozen at —80°C for the input samples.
Vanadyl ribonucleoside complex was added to the remaining supernatant, which was
then used for immunoprecipitation with an HA-affinity matrix (Roche). Samples were
immunoprecipitated overnight and processed as described in the product manual. RNA
was isolated by incubation in RNA extraction buffer (20 mM Tris-HCl, pH 7.5, 5 mM EDTA,
50 mM NaCl, 0.1% SDS, and 50 ug/mL™" proteinase K) at 70°C for 40 min. Samples of the
same genotype were combined, and RNA was purified by phenol-chloroform extrac-
tion. Purified RNA was treated with DNase and purified again by phenol-chloroform
extraction. This RNA was used to prepare cDNA-based, lllumina-compatible sequencing
libraries using the Takara SMART-Seq Total RNA Pico Input with UMIs (ZapR Mammalian).
The ribosomal ¢cDNA depletion step of the SMART-Seq kit was omitted to minimize
sample loss. Sequencing libraries were then converted into Ultima-compatible libraries
using proprietary primers “UG-tR1 Indexing Primer v2, P1” and “UG-tR2 Universal Primer
v2," provided by Ultima Genomics. Sequencing was performed on the UG 100 platform
(Ultima Genomics), generating 130 to 160 million single-end reads per sample, with most
reads ranging from 200 to 400 bp in length.

Reads were trimmed using Cutadapt (80) (-u 22, -a NNNNNNNNNNNNNNAGATCG-
GAAGAG, -q 20, -m 50, -1 500) and aligned to the C. parvum Bunchgrass telomere-to-
telomere genome (32) (T2T-CpBGF, alignment to mRNA and IncRNA loci only) using
STAR (81). Aligned reads were further processed using custom scripts that (a) remove
ambiguous reads likely originating from rRNA loci nested within coding-gene loci and
(b) subset BAM files to retain only unique alignments. The resulting cleaned unique
alignments were used as input for salmon quant (82) (alignment-based mode, -I SR)
to perform transcript quantification (transcript per million, TPM). Salmon output was
then processed using a custom R script to identify putative F-RBP target transcripts.
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Only genes with more than five reads mapped in all four libraries were included in the
analysis. Using TPM values for all remaining genes, we computed the base-2 logarithm of
TPMP/TPM™"® for both wild-type control and F-RBP-HA samples (see Fig. 5B) as a proxy
for enrichment of each transcript in either pulldown. To identify putative F-RBP targets,
we computed the base-2 logarithm of F-RBP-HA[TPM"*/TPM™|/WT[TPM*/TPM""1] and
used the resulting F-RBP IP enrichment scores as input for mixture modeling with the R
package mixtools (83) (normalmixEM, k = 2, maxit = 100,000, arbvar = F), as in previous
studies leveraging it for RIP-seq analysis (84, 85). Mixture modeling in this case assumes
that the observed enrichment scores arise from a combination of two underlying
distributions, interpreted here as putative F-RBP targets (high enrichment score) and
all other C. parvum transcripts (lower enrichment scores). The resulting Gaussian curves
are shown in Fig. S5. mixtools assigns each transcript posterior probabilities of belonging
to either underlying distribution. These probabilities are then used to calculate an odds
ratio for each gene, allowing for model-based identification of putative F-RBP targets
(LOD > 0). We further subset the resulting 86 candidates to include only genes with log;
(F-RBP-HA[TPM"/TPM™“1]) > 0.5, to produce a finalized list of 59 putative F-RBP targets/IP
hits.

For RIP-seq coverage plots (Fig. 5D), cleaned unique alignments were converted
into CPM (counts per million)-normalized bigWig files using bamCoverage (deepTools;
--normalizeUsing CPM, --binSize 1, --smoothLength 50). These bigWig files were then
used as input for custom R scripts using the packages Gviz, tracklater, GenomicRanges,
and IRanges to generate coverage plots.

For a detailed outline of RIP-seq data processing and analysis, refer to the supple-
mental code provided on GitHub (https://github.com/amdaniels22/Cryptosporidium_F-
RBP_RIPSegandMotif).

Motif analysis

The RIP-seq gene list was extracted from the T2T-CpBGF (32) genome annotation using
AGAT v1.7.0 (86), and protein-coding genes were separated from IncRNA genes. Coding
sequences (CDSs), 5" UTRs, 3" UTRs, 150 bp upstream regions, 150 bp downstream
regions, and protein sequences were extracted from the mRNA annotations using the
AGAT suite. All sequence types were prepared for motif-discovery analysis.

De novo motif discovery was performed using the MEME Suite v5.5.9 (33), with any
number of repetitions per sequence (-mod anr). Separate runs were performed for
DNA, RNA, and protein sequence. Only the CDS RNA motif model produced statistically
significant motifs under the default P-value thresholds. The discovered motifs were
compared using Tomtom from the MEME Suite.

The most significant motif model was scanned against the CDS sequences of all
protein-coding genes in the T2T-CpBGF genome using FIMO from the MEME Suite. The
output was parsed to count motif occurrences per gene, and a master data matrix was
generated using a custom Python script. This matrix integrated (i) raw motif counts per
CDS, (ii) gene lengths, (iii) motif counts normalized per 1 kb, (iv) mean FIMO P-values,
g-values, and relative motif positions, and (v) presence/absence in the original RIP gene
list. The resulting genes were stratified by motif count into four groups: one motif, two
motifs, three motifs, and >4 motifs per CDS. Gene lists for each stratum were extracted
from the master matrix using an awk script. We focused our analysis on genes containing
>4 copies of this motif.

C. parvum single-cell RNA-seq data (GSE232438) were used to map motif-enriched
gene sets to cells. A master module score was computed across all motif-containing
genes (937 genes). Cells with master scores >0 were defined as the enriched cell set.
Subgroup module scores were then computed for each motif-count stratum and masked
to the enriched cell set (NA for non-enriched or subgroup-negative cells). UMAP feature
plots were generated using the Seurat v5 package (87).

To investigate the cellular populations enriched for genes containing four or more
copies of the discovered F-RBP motif, we performed cluster-based analysis using the
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published single-cell data set (6). The absolute magnitude and proportion of cells
enriched for motifs with >4 copies per cluster were visualized using raw-count and
100% stacked bar charts, respectively; the proportion visualization is shown in Fig. S7.
To statistically validate cluster-specific enrichment, a one-tailed Fisher’s exact test was
performed for each cluster, comparing the numbers of enriched and non-enriched cells
within that cluster with those in all other clusters combined. P-values were adjusted for
multiple-hypothesis testing using the Benjamini-Hochberg false discovery rate method.
Significance was defined as an adjusted P-value < 0.05.

ACKNOWLEDGMENTS

We thank Jessica Byerly, Eleanor Smith, Gracyn Buenconsejo, and Chole Tang for
assistance with animal experimentation; Allison Cohen for guidance on ultrastructure
expansion microscopy; Gordon Ruthel and the Penn Vet Imaging Core for technical
assistance with microscopy; Daniel Cutillo for RIP-seq library preparation; Arunasalam
Naguleswaran for guidance on the RIP-seq protocol; and Ultima Genomics (Fremont, CA,
USA) for providing sequencing services free of charge for the RIP-seq experiment as part
of its "Count on Us" initiative.

This work was supported in part by grants from the National Institutes of Health to
B.S. (R37-Al112427 and RO1AI127798), the Mark and Pamela Winter Infectious Disease
Fellowship to A.M.D., Swiss National Science Foundation fellowships P2BEP3_191774
and P500PB_211097 to S.S., and the Damon Runyon Cancer Research Foundation (Merk
Fellow, DRG 2491-23) to C.N.

AUTHOR AFFILIATION

'Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania, USA

PRESENT ADDRESS

Sebastian Shaw, Institute of Parasitology, VetSuisse and Medical Faculties, University of
Zirich, Zurich, Switzerland

AUTHOR ORCIDs

Abigail M. Daniels 2 http://orcid.org/0000-0002-6542-1960
Sebastian Shaw ( http://orcid.org/0000-0001-7163-5650
Daniel P. Beiting 2 http://orcid.org/0000-0002-2865-4589
Boris Striepen 2 http://orcid.org/0000-0002-7426-432X

FUNDING

Funder Grant(s) Author(s)

National Institute of Allergy and  R37-Al112427,R01AI127798 Boris Striepen
Infectious Diseases

University of Pennsylvania Mark and Pamela Winter Abigail M. Daniels
Infectious Disease Fellowship to

Swiss National Science Founda-  Fellowship P2BEP3_191774 Sebastian Shaw

tion

Damon Runyon Cancer Research DRG 2491-23 Christopher Notzel

Foundation

AUTHOR CONTRIBUTIONS

Abigail M. Daniels, Conceptualization, Formal analysis, Investigation, Visualization,
Writing — original draft | Sebastian Shaw, Formal analysis, Investigation, Methodology,

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbi0.01991-26 20


http://orcid.org/0000-0002-6542-1960
http://orcid.org/0000-0001-7163-5650
http://orcid.org/0000-0002-2865-4589
http://orcid.org/0000-0002-7426-432X
http://dx.doi.org/10.13039/100000060
http://dx.doi.org/10.13039/100006920
http://dx.doi.org/10.13039/501100001711
http://dx.doi.org/10.13039/100001021
https://doi.org/10.1128/mbio.01991-26

Downloaded from https://journals.asm.org/journal/mbio on 29 October 2026 by 2607:f470:6:3001:7d:366c:a02c:f478.

Research Article mBio

Writing — review and editing | Christopher Notzel, Formal analysis, Methodology,
Writing — review and editing | Rui Xiao, Formal analysis, Methodology, Visualization,
Writing - review and editing | Keenan O’Dea, Formal analysis, Investigation | Boris
Striepen, Conceptualization, Formal analysis, Funding acquisition, Project administration,
Supervision, Visualization, Writing - original draft.

DATA AVAILABILITY

RIP-seq data are available as an NCBI BioProject under accession number PRINA1499133.
The code used to process the RIP-seq data and perform motif analysis is available on
GitHub (https://github.com/amdaniels22/Cryptosporidium_F-RBP_RIPSegandMotif).

ETHICS APPROVAL

Animal experiments were conducted with approval from the Institutional Animal Care
and Use Committee of the University of Pennsylvania under protocol #8066292.
ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Figures (mBio01991-26-s0001.pdf). Figures S1-S8.

Supplemental Tables (mBio01991-26-s0002.xlsx). Tables S1-54.

Movie S1 (mBio01991-26-s0003.mp4). Time-lapse of female development, showing two
representative cells, using differential interference contrast (gray), F-RBP promoter-driven
mNeon (green), and COWP1 promoter-driven tdTomato (red); the time stamp marks time
after invasion shown in (hours:minutes:seconds).

REFERENCES

1. Winata CL, Korzh V. 2018. The translational regulation of maternal 10. Korwin-Mihavics BR, Dews EA, Miller P, Cameron A, Genova B, Huston
mRNAs in time and space. FEBS Lett 592:3007-3023. https://doi.org/10.1 CD. 2025. Organoid-based in vitro system and reporter for the study of
002/1873-3468.13183 Cryptosporidium parvum sexual reproduction. Microbiol Spectr

2. Yang G, Xin Q, Dean J. 2024. Degradation and translation of maternal 13:00502-25. https://doi.org/10.1128/spectrum.00502-25
mRNA for embryogenesis. Trends Genet 40:238-249. https://doi.org/10. 11.  Tandel J, English ED, Sateriale A, Gullicksrud JA, Beiting DP, Sullivan MC,
1016/j.tig.2023.12.008 Pinkston B, Striepen B. 2019. Life cycle progression and sexual

3. Mair GR, Braks JAM, Garver LS, Wiegant JCAG, Hall N, Dirks RW, Khan SM, development of the apicomplexan parasite Cryptosporidium parvum. Nat
Dimopoulos G, Janse CJ, Waters AP. 2006. Regulation of sexual Microbiol 4:2226-2236. https://doi.org/10.1038/541564-019-0539-x
development of Plasmodium by translational repression. Science 12.  Guérin A, Strelau KM, Barylyuk K, Wallbank BA, Berry L, Crook OM, Lilley
313:667-669. https://doi.org/10.1126/science.1125129 KS, Waller RF, Striepen B. 2023. Cryptosporidium uses multiple distinct

4. Chen L, Chen J. 2025. The role of RNA binding proteins in regulating secretory organelles to interact with and modify its host cell. Cell Host
oocyte maturation. Cell Signal 136:112150. https://doi.org/10.1016/j.cell Microbe 31:650-664. https://doi.org/10.1016/j.chom.2023.03.001
5ig.2025.112150 13.  Bacchetti R, Stevens S, Lemgruber L, Gonzalez Oliva MA, Sands EM,

5. Balestra AC, Daniels AM, Striepen B. 2026. The revised Cryptosporidium Alexandrou K, Tinti M, Robinson L, Hanna JC, Seizova S, Goddard P,
life cycle offers opportunities for fundamental and translational Vassalli M, Pawlowic MC. 2025. Cryptosporidium oocyst wall proteins are
advances. Trends Parasitol 42:350-365. https://doi.org/10.1016/j.pt.2026. true components of the oocyst wall and COWP8 is not required for
02.011 parasite transmission. PLoS Pathog 21:e1013561. https://doi.org/10.1371

6.  Walzer KA, Tandel J, Byerly JH, Daniels AM, Gullicksrud JA, Whelan EC, /journal.ppat.1013561
Carro SD, Krespan E, Beiting DP, Striepen B. 2024. Transcriptional control 14.  Samuelson J, Bushkin GG, Chatterjee A, Robbins PW. 2013. Strategies to
of the Cryptosporidium life cycle. Nature 630:174-180. https://doi.org/10. discover the structural components of cyst and oocyst walls. Eukaryot
1038/541586-024-07466-1 Cell 12:1578-1587. https://doi.org/10.1128/EC.00213-13

7. Tandel J, Walzer KA, Byerly JH, Pinkston B, Beiting DP, Striepen B. 2023. 15. Chatterjee A, Banerjee S, Steffen M, O’Connor RM, Ward HD, Robbins PW,
Genetic ablation of a female-specific apetala 2 transcription factor Samuelson J. 2010. Evidence for mucin-like glycoproteins that tether
blocks oocyst shedding in Cryptosporidium parvum. mBio 14:e0326122. sporozoites of Cryptosporidium parvum to the inner surface of the oocyst
https://doi.org/10.1128/mbio.03261-22 wall. Eukaryot Cell 9:84-96. https://doi.org/10.1128/EC.00288-09

8. Jumani RS, Hasan MM, Stebbins EE, Donnelly L, Miller P, Klopfer C, 16.  Wu X, Yin J, Qi W, Jiang P, Zhang Y, Zhang D, Wang D, Zhu G. 2026. A
Bessoff K, Teixeira JE, Love MS, McNamara CW, Huston CD. 2019. A suite suture-specific oocyst wall protein COWP4 is essential for excystation
of phenotypic assays to ensure pipeline diversity when prioritizing drug- and infectivity, while COWP6 links wall architecture to host interaction in
like Cryptosporidium growth inhibitors. Nat Commun 10:1862. https://do Cryptosporidium parvum. bioRxiv. https://doi.org/10.64898/2026.05.05.7
i.org/10.1038/s41467-019-09880-w 22909

9. Kimball A, Funkhouser-Jones L, Huang W, Xu R, Witola WH, Sibley LD. 17. Peng X, Murphy T, Holden NM. 2008. Evaluation of the effect of
2024. Mendelian segregation and high recombination rates facilitate temperature on the die-off rate for Cryptosporidium parvum oocysts in
genetic analyses in Cryptosporidium parvum. PLoS Genet 20:e1011162. h water, soils, and feces. Appl Environ Microbiol 74:7101-7107. https://doi.
ttps://doi.org/10.1371/journal.pgen.1011162 org/10.1128/AEM.01442-08

Month XXXX Volume 0 Issue 0 10.1128/mbio.01991-26 21


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1499133/
https://github.com/amdaniels22/Cryptosporidium_F-RBP_RIPSeqandMotif
https://doi.org/10.1128/mbio.01991-26
https://doi.org/10.1002/1873-3468.13183
https://doi.org/10.1016/j.tig.2023.12.008
https://doi.org/10.1126/science.1125129
https://doi.org/10.1016/j.cellsig.2025.112150
https://doi.org/10.1016/j.pt.2026.02.011
https://doi.org/10.1038/s41586-024-07466-1
https://doi.org/10.1128/mbio.03261-22
https://doi.org/10.1038/s41467-019-09880-w
https://doi.org/10.1371/journal.pgen.1011162
https://doi.org/10.1128/spectrum.00502-25
https://doi.org/10.1038/s41564-019-0539-x
https://doi.org/10.1016/j.chom.2023.03.001
https://doi.org/10.1371/journal.ppat.1013561
https://doi.org/10.1128/EC.00213-13
https://doi.org/10.1128/EC.00288-09
https://doi.org/10.64898/2026.05.05.722909
https://doi.org/10.1128/AEM.01442-08
https://doi.org/10.1128/mbio.01991-26

Downloaded from https://journals.asm.org/journal/mbio on 29 October 2026 by 2607:f470:6:3001:7d:366c:a02c:f478.

Research Article

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Month XXXX Volume 0

English ED, Guérin A, Tandel J, Striepen B. 2022. Live imaging of the
Cryptosporidium parvum life cycle reveals direct development of male
and female gametes from type | meronts. PLoS Biol 20:e3001604. https:/
/doi.org/10.1371/journal.pbio.3001604

Wilke G, Funkhouser-Jones LJ, Wang Y, Ravindran S, Wang Q, Beatty WL,
Baldridge MT, VanDussen KL, Shen B, Kuhlenschmidt MS, Kuhlenschmidt
TB, Witola WH, Stappenbeck TS, Sibley LD. 2019. A stem-cell-derived
platform enables complete Cryptosporidium development in vitro and
genetic tractability. Cell Host Microbe 26:123-134. https://doi.org/10.10
16/j.chom.2019.05.007

Kafsack BFC, Rovira-Graells N, Clark TG, Bancells C, Crowley VM, Campino
SG, Williams AE, Drought LG, Kwiatkowski DP, Baker DA, Cortés A, Llinas
M. 2014. A transcriptional switch underlies commitment to sexual
development in malaria parasites. Nature 507:248-252. https://doi.org/1
0.1038/nature12920

Sinha A, Hughes KR, Modrzynska KK, Otto TD, Pfander C, Dickens NJ,
Religa AA, Bushell E, Graham AL, Cameron R, Kafsack BFC, Williams AE,
Llinas M, Berriman M, Billker O, Waters AP. 2014. A cascade of DNA-
binding proteins for sexual commitment and development in
Plasmodium. Nature 507:253-257. https://doi.org/10.1038/nature12970
Farhat DC, Swale C, Dard C, Cannella D, Ortet P, Barakat M, Sindikub-
wabo F, Belmudes L, De Bock P-J, Couté Y, Bougdour A, Hakimi M-A.
2020. A MORC-driven transcriptional switch controls Toxoplasma
developmental trajectories and sexual commitment. Nat Microbiol
5:570-583. https://doi.org/10.1038/541564-020-0674-4

Hasan MM, Mattice EB, Teixeira JE, Jumani RS, Stebbins EE, Klopfer CE,
Franco SE, Love MS, McNamara CW, Huston CD. 2024. Cryptosporidium
life cycle small molecule probing implicates translational repression and
an Apetala 2 transcription factor in macrogamont differentiation. PLoS
Pathog 20:1011906. https://doi.org/10.1371/journal.ppat.1011906
Vinayak S, Pawlowic MC, Sateriale A, Brooks CF, Studstill CJ, Bar-Peled Y,
Cipriano MJ, Striepen B. 2015. Genetic modification of the diarrhoeal
pathogen Cryptosporidium parvum. Nature 523:477-480. https://doi.org/
10.1038/nature14651

Shaw S, Cohn IS, Baptista RP, Xia G, Melillo B, Agyabeng-Dadzie F,
Kissinger JC, Striepen B. 2024. Genetic crosses within and between
species of Cryptosporidium. Proc Natl Acad Sci USA 121:€2313210120. htt
ps://doi.org/10.1073/pnas.2313210120

Schubert MS, Thommandru B, Woodley J, Turk R, Yan S, Kurgan G,
McNeill MS, Rettig GR. 2021. Optimized design parameters for CRISPR
Cas9 and Cas12a homology-directed repair. Sci Rep 11:19482. https://doi
.org/10.1038/541598-021-98965-y

Shaw S, Li X, Buenconsejo GY, Zhou TH, Cohen A, Yasur-Landau D, Xiao
R, Beiting DP, Anderson TJC, Striepen B. 2025. Genetic crosses reveal
genomic loci responsible for virulence in Cryptosporidium parvum
infection. Cell Rep 44:116315. https://doi.org/10.1016/j.celrep.2025.1163
15

McCowin S, Petri WA, Marie C. 2022. Protein kinase C-a Is a gatekeeper of
Cryptosporidium sporozoite adherence and invasion. Infect Immun
90:20067921. https://doi.org/10.1128/iai.00679-21

Morrissette NS, Sibley LD. 2002. Cytoskeleton of apicomplexan parasites.
Microbiol Mol Biol Rev 66:21-38. https://doi.org/10.1128/MMBR.66.1.21-
38.2002

Hollin T, Abel S, Banks C, Hristov B, Prudhomme J, Hales K, Florens L,
Stafford Noble W, Le Roch KG. 2024. Proteome-wide identification of
RNA-dependent proteins and an emerging role for RNAs in Plasmodium
falciparum protein complexes. Nat Commun 15:1365. https://doi.org/10.
1038/5s41467-024-45519-1

Zhao J, Ohsumi TK, Kung JT, Ogawa Y, Grau DJ, Sarma K, Song JJ,
Kingston RE, Borowsky M, Lee JT. 2010. Genome-wide identification of
polycomb-associated RNAs by RIP-seq. Mol Cell 40:939-953. https://doi.
org/10.1016/j.molcel.2010.12.011

Baptista R de P, Xiao R, Li Y, Glenn TC, Kissinger JC. 2025. New T2T
assembly of Cryptosporidium parvum I0WA Il annotated with legacy-
compatible gene identifiers. Sci Data 12:1039. https://doi.org/10.1038/s4
1597-025-05364-3

Bailey TL, Johnson J, Grant CE, Noble WS. 2015. The MEME suite. Nucleic
Acids Res 43:W39-W49. https://doi.org/10.1093/nar/gkv416

Gupta S, Stamatoyannopoulos JA, Bailey TL, Noble WS. 2007. Quantify-
ing similarity between motifs. Genome Biol 8:R24. https://doi.org/10.118
6/gb-2007-8-2-r24

Ray D, Kazan H, Cook KB, Weirauch MT, Najafabadi HS, Li X, Gueroussov
S, Albu M, Zheng H, Yang A, et al. 2013. A compendium of RNA-binding

Issue 0

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

mBio

motifs for decoding gene regulation. Nature 499:172-177. https://doi.or
g9/10.1038/nature12311

Kretov DA. 2022. Role of Y-box binding proteins in ontogenesis.
Biochemistry (Mosc) 87:571-585. https://doi.org/10.1134/500062979221
40061

Yu J, Hecht NB, Schultz RM. 2001. Expression of MSY2 in mouse oocytes
and preimplantation embryos. Biol Reprod 65:1260-1270. https://doi.or
g/10.1095/biolreprod65.4.1260

Zhang Z, Liu R, Zhou H, Luo Y, Mu J, Fu J, Wu T, Chen B, Sang Q, Wang L.
2023. YBX2-dependent stabilization of oocyte mRNA through a
reversible sponge-like cortical partition. Cell Res 33:640-643. https://doi.
org/10.1038/s41422-023-00824-0

Checkley W, White AC Jr, Jaganath D, Arrowood MJ, Chalmers RM, Chen
X-M, Fayer R, Griffiths JK, Guerrant RL, Hedstrom L, Huston CD, Kotloff KL,
Kang G, Mead JR, Miller M, Petri WA Jr, Priest JW, Roos DS, Striepen B,
Thompson RCA, Ward HD, Van Voorhis WA, Xiao L, Zhu G, Houpt ER.
2015. A review of the global burden, novel diagnostics, therapeutics,
and vaccine targets for Cryptosporidium. Lancet Infect Dis 15:85-94. http
s://doi.org/10.1016/51473-3099(14)70772-8

Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Panchalingam
S, Wu Y, Sow SO, Sur D, Breiman RF, et al. 2013. Burden and aetiology of
diarrhoeal disease in infants and young children in developing countries
(the Global Enteric Multicenter Study, GEMS): a prospective, case-control
study. The Lancet 382:209-222. https://doi.org/10.1016/S0140-6736(13
)60844-2

Cohn IS, Henrickson SE, Striepen B, Hunter CA. 2022. Immunity to
Cryptosporidium: lessons from acquired and primary immunodeficien-
cies. J Immunol 209:2261-2268. https://doi.org/10.4049/jimmunol.2200
512

Agnew DG, Lima AA, Newman RD, Wuhib T, Moore RD, Guerrant RL,
Sears CL. 1998. Cryptosporidiosis in northeastern Brazilian children:
association with increased diarrhea morbidity. J Infect Dis 177:754-760.
https://doi.org/10.1086/514247

Guerrant DI, Moore SR, Lima AA, Patrick PD, Schorling JB, Guerrant RL.
1999. Association of early childhood diarrhea and cryptosporidiosis with
impaired physical fitness and cognitive function four-seven years later in
a poor urban community in northeast Brazil. Am J Trop Med Hyg 61:707-
713. https://doi.org/10.4269/ajtmh.1999.61.707

Khalil 1A, Troeger C, Rao PC, Blacker BF, Brown A, Brewer TG, Colombara
DV, De Hostos EL, Engmann C, Guerrant RL, Haque R, Houpt ER, Kang G,
Korpe PS, Kotloff KL, Lima AAM, Petri WA Jr, Platts-Mills JA, Shoultz DA,
Forouzanfar MH, Hay SI, Reiner RC Jr, Mokdad AH. 2018. Morbidity,
mortality, and long-term consequences associated with diarrhoea from
Cryptosporidium infection in children younger than 5 years: a meta-
analyses study. Lancet Glob Health 6:758. https://doi.org/10.1016/5221
4-109X(18)30283-3

Gilbert IH, Vinayak S, Striepen B, Manjunatha UH, Khalil IA, Van Voorhis
WC, Cryptosporidiosis Therapeutics Advocacy Group CTAG, Cryptospori-
diosis Therapeutics Advocacy CTAG. 2023. Safe and effective treatments
are needed for cryptosporidiosis, a truly neglected tropical disease. BMJ
Glob Health 8:012540. https://doi.org/10.1136/bmjgh-2023-012540
Sadykov M, Rijo-Ferreira F. 2025. Circadian biology in parasites: beyond
known mechanisms. Annu Rev Microbiol 79:731-751. https://doi.org/10.
1146/annurev-micro-060424-051248

Russell AJC, Sanderson T, Bushell E, Talman AM, Anar B, Girling G,
Hunziker M, Kent RS, Martin JS, Metcalf T, Montandon R, Pandey V, Pardo
M, Roberts AB, Sayers C, Schwach F, Choudhary JS, Rayner JC, Voet T,
Modrzynska KK, Waters AP, Lawniczak MKN, Billker O. 2023. Regulators
of male and female sexual development are critical for the transmission
of a malaria parasite. Cell Host Microbe 31:305-319. https://doi.org/10.1
016/j.chom.2022.12.011

Gomes AR, Marin-Menendez A, Adjalley SH, Bardy C, Cassan C, Lee MCS,
Talman AM. 2022. A transcriptional switch controls sex determination in
Plasmodium falciparum. Nature 612:528-533. https://doi.org/10.1038/s4
1586-022-05509-z

Poran A, Notzel C, Aly O, Mencia-Trinchant N, Harris CT, Guzman ML,
Hassane DC, Elemento O, Kafsack BFC. 2017. Single-cell RNA sequencing
reveals a signature of sexual commitment in malaria parasites. Nature
551:95-99. https://doi.org/10.1038/nature24280

Silvestrini F, Alano P, Williams JL. 2000. Commitment to the production
of male and female gametocytes in the human malaria parasite
Plasmodium falciparum. Parasitology 121 Pt 5:465-471. https://doi.org/1
0.1017/50031182099006691

10.1128/mbi0.01991-26 22


https://doi.org/10.1371/journal.pbio.3001604
https://doi.org/10.1016/j.chom.2019.05.007
https://doi.org/10.1038/nature12920
https://doi.org/10.1038/nature12970
https://doi.org/10.1038/s41564-020-0674-4
https://doi.org/10.1371/journal.ppat.1011906
https://doi.org/10.1038/nature14651
https://doi.org/10.1073/pnas.2313210120
https://doi.org/10.1038/s41598-021-98965-y
https://doi.org/10.1016/j.celrep.2025.116315
https://doi.org/10.1128/iai.00679-21
https://doi.org/10.1128/MMBR.66.1.21-38.2002
https://doi.org/10.1038/s41467-024-45519-1
https://doi.org/10.1016/j.molcel.2010.12.011
https://doi.org/10.1038/s41597-025-05364-3
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1186/gb-2007-8-2-r24
https://doi.org/10.1038/nature12311
https://doi.org/10.1134/S0006297922140061
https://doi.org/10.1095/biolreprod65.4.1260
https://doi.org/10.1038/s41422-023-00824-0
https://doi.org/10.1016/S1473-3099(14)70772-8
https://doi.org/10.1016/S0140-6736(13)60844-2
https://doi.org/10.4049/jimmunol.2200512
https://doi.org/10.1086/514247
https://doi.org/10.4269/ajtmh.1999.61.707
https://doi.org/10.1016/S2214-109X(18)30283-3
https://doi.org/10.1136/bmjgh-2023-012540
https://doi.org/10.1146/annurev-micro-060424-051248
https://doi.org/10.1016/j.chom.2022.12.011
https://doi.org/10.1038/s41586-022-05509-z
https://doi.org/10.1038/nature24280
https://doi.org/10.1017/s0031182099006691
https://doi.org/10.1128/mbio.01991-26

Downloaded from https://journals.asm.org/journal/mbio on 29 October 2026 by 2607:f470:6:3001:7d:366c:a02c:f478.

Research Article

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Month XXXX Volume 0

Puthenpurackal A, Guérin A. 2026. Recent advances in Cryptosporidium
secreted proteins. Curr Opin Microbiol 91:102746. https://doi.org/10.101
6/j.mib.2026.102746

Filarsky M, Fraschka SA, Niederwieser |, Brancucci NMB, Carrington E,
Carrié E, Moes S, Jenoe P, Bartfai R, Voss TS. 2018. GDV1 induces sexual
commitment of malaria parasites by antagonizing HP1-dependent gene
silencing. Science 359:1259-1263. https://doi.org/10.1126/science.aan60
42

Thompson TA, Chahine Z, Le Roch KG. 2023. The role of long noncoding
RNAs in malaria parasites. Trends Parasitol 39:517-531. https://doi.org/1
0.1016/j.pt.2023.03.016

Li Y, Baptista RP, Sateriale A, Striepen B, Kissinger JC. 2020. Analysis of
long non-coding RNA in Cryptosporidium parvum reveals significant
stage-specific antisense transcription. Front Cell Infect Microbiol
10:608298. https://doi.org/10.3389/fcimb.2020.608298

Croken MM, Nardelli SC, Kim K. 2012. Chromatin modifications,
epigenetics, and how protozoan parasites regulate their lives. Trends
Parasitol 28:202-213. https://doi.org/10.1016/j.pt.2012.02.009

Hollin T, Chahine Z, Le Roch KG. 2023. Epigenetic regulation and
chromatin remodeling in malaria parasites. Annu Rev Microbiol 77:255-
276. https://doi.org/10.1146/annurev-micro-032521-041554

Wang F. 2026. Translational control of Toxoplasma gondii differentiation.
Biosci Rep 46:BSR20253672. https://doi.org/10.1042/BSR20253672
Pradel G, Petter M. 2025. Pink or blue: sex determination in malaria
gametocytes. Trends Parasitol 41:1140-1156. https://doi.org/10.1016/j.p
1.2025.09.011

Bennink S, Pradel G. 2019. The molecular machinery of translational
control in malaria parasites. Mol Microbiol 112:1658-1673. https://doi.or
g9/10.1111/mmi.14388

Zadow ME, MacRaild CA, Creek DJ, Wilson DW. 2025. Alba protein-
mediated gene and protein regulation in protozoan parasites. Int J
Parasitol 55:557-568. https://doi.org/10.1016/j.ijpara.2025.04.013
Komaki-Yasuda K, Kano S. 2023. The RNA-binding KH-domain in the
unique transcription factor of the malaria parasite is responsible for its
transcriptional regulatory activity. PLoS One 18:0296165. https://doi.or
9/10.1371/journal.pone.0296165

Lorenzo-Orts L, Pauli A. 2024. The molecular mechanisms underpinning
maternal mRNA dormancy. Biochem Soc Trans 52:861-871. https://doi.o
rg/10.1042/BST20231122

Kumar S, Baranwal VK, Haile MT, Oualim KMZ, Abatiyow BA, Kennedy SY,
Vaughan AM, Kappe SHI. 2022. PfARID regulates P. falciparum malaria
parasite male gametogenesis and female fertility and is critical for
parasite transmission to the mosquito vector. mBio 13:0057822. https://
doi.org/10.1128/mbio.00578-22

Mair GR, Lasonder E, Garver LS, Franke-Fayard BMD, Carret CK, Wiegant
JCAG, Dirks RW, Dimopoulos G, Janse CJ, Waters AP. 2010. Universal
features of post-transcriptional gene regulation are critical for
Plasmodium zygote development. PLoS Pathog 6:€1000767. https://doi.
org/10.1371/journal.ppat.1000767

Bennink S, von Bohl A, Ngwa CJ, Henschel L, Kuehn A, Pilch N, Wei3bach
T, Rosinski AN, Scheuermayer M, Repnik U, Przyborski JM, Minns AM,
Orchard LM, Griffiths G, Lindner SE, Llinds M, Pradel G. 2018. A seven-
helix protein constitutes stress granules crucial for regulating translation
during human-to-mosquito transmission of Plasmodium falciparum.
PLoS Pathog 14:1007249. https://doi.org/10.1371/journal.ppat.1007249
Miao J, Fan Q, Parker D, Li X, Li J, Cui L. 2013. Puf mediates translation
repression of transmission-blocking vaccine candidates in malaria
parasites. PLoS Pathog 9:1003268. https://doi.org/10.1371/journal.ppat.
1003268

Lindner SE, Mikolajczak SA, Vaughan AM, Moon W, Joyce BR, Sullivan WJ
Jr, Kappe SHI. 2013. Perturbations of Plasmodium Puf2 expression and
RNA-seq of Puf2-deficient sporozoites reveal a critical role in maintain-
ing RNA homeostasis and parasite transmissibility. Cell Microbiol
15:1266-1283. https://doi.org/10.1111/cmi.12116

Wolffe AP. 1994. Structural and functional properties of the evolutionar-
ily ancient Y-box family of nucleic acid binding proteins. Bioessays
16:245-251. https://doi.org/10.1002/bies.950160407

Flemr M, Ma J, Schultz RM, Svoboda P. 2010. P-body loss is concomitant
with formation of a messenger RNA storage domain in mouse oocytes.
Biol Reprod 82:1008-1017. https://doi.org/10.1095/biolreprod.109.0820
57

Issue 0

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

mBio

Min H, Liang X, Wang C, Qin J, Boonhok R, Muneer A, Brashear AM, Li X,
Minns AM, Adapa SR, Jiang RHY, Ning G, Cao Y, Lindner SE, Miao J, Cui L.
2024. The DEAD-box RNA helicase PfDOZI imposes opposing actions on
RNA metabolism in Plasmodium falciparum. Nat Commun 15:3747. https:
//doi.org/10.1038/s41467-024-48140-4

Pawlowic MC, Vinayak S, Sateriale A, Brooks CF, Striepen B. 2017.
Generating and maintaining transgenic Cryptosporidium parvum
parasites. Curr Protoc Microbiol 46:20B. https://doi.org/10.1002/cpmc.33
Shaw S, Sateriale A, Pawlowic MC, Vinayak S, Brooks CF, Byerly JH,
Striepen B. 2026. Genetic manipulation of Cryptosporidium parvum, p
173-185. In Mead JR, Arrowood MJ (ed), Cryptosporidium: methods and
protocols. Springer US, New York, NY, USA.

Wallbank BA, Pardy RD, Brodsky IE, Hunter CA, Striepen B. 2024.
Cryptosporidium impacts epithelial turnover and is resistant to induced
death of the host cell. mBio 15:01720-24. https://doi.org/10.1128/mbio.
01720-24

Tosini F, Ludovisi A, Tonanzi D, Amati M, Cherchi S, Pozio E, Gémez-
Morales MA. 2019. Delivery of SA35 and SA40 peptides in mice enhances
humoral and cellular immune responses and confers protection against
Cryptosporidium parvum infection. Parasit Vectors 12:233. https://doi.org
/10.1186/513071-019-3486-8

Gambarotto D, Zwettler FU, Le Guennec M, Schmidt-Cernohorska M,
Fortun D, Borgers S, Heine J, Schloetel JG, Reuss M, Unser M, Boyden ES,
Sauer M, Hamel V, Guichard P. 2019. Imaging cellular ultrastructures
using expansion microscopy (U-ExM). Nat Methods 16:71-74. https://doi
.0rg/10.1038/541592-018-0238-1

Puthenpurackal A, Moreno Sanchez S, Schaer T, Falconnet L, Niu C,
Vadas O, Guérin A. 2026. Cryptosporidium secreted proteins form a
complex layered interface with the host cell. PLoS Pathog 22:e1014212.
https://doi.org/10.1371/journal.ppat.1014212

Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by the
comparative Ct method. Nat Protoc 3:1101-1108. https://doi.org/10.103
8/nprot.2008.73

Mauzy MJ, Enomoto S, Lancto CA, Abrahamsen MS, Rutherford MS.
2012. The Cryptosporidium parvum transcriptome during in vitro
development. PLoS One 7:e31715. https://doi.org/10.1371/journal.pone.
0031715

Schumann Burkard G, Késer S, de Aradjo PR, Schimanski B, Nagules-
waran A, Knusel S, Heller M, Roditi I. 2013. Nucleolar proteins regulate
stage-specific gene expression and ribosomal RNA maturation in
Trypanosoma brucei. Mol Microbiol 88:827-840. https://doi.org/10.1111/
mmi.12227

Martin M. 2011. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17:10. https://doi.org/10.14806/
€j.17.1.200

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. 2013. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29:15-21. https://doi.org/10.1093/bioinformatics/bts635
Patro R, Duggal G, Love M, Irizarry RA, Kingsford C. 2017. Salmon
provides fast and bias-aware quantification of transcript expression. Nat
Methods 14:417-419. https://doi.org/10.1038/nmeth.4197

Benaglia T, Chauveau D, Hunter DR, Young DS. 2009. mixtools: an R
package for analyzing mixture models. J Stat Softw 32:1. https://doi.org/
10.18637/jss.v032.i06

Licon MH, Giuliano CJ, Chan AW, Chakladar S, Eberhard JN, Shallberg LA,
Chandrasekaran S, Waldman BS, Koshy AA, Hunter CA, Lourido S. 2023. A
positive feedback loop controls Toxoplasma chronic differentiation. Nat
Microbiol 8:889-904. https://doi.org/10.1038/s41564-023-01358-2

Lu Z, Guan X, Schmidt CA, Matera AG. 2014. RIP-seq analysis of
eukaryotic Sm proteins identifies three major categories of Sm-
containing ribonucleoproteins. Genome Biol 15:R7. https://doi.org/10.11
86/gb-2014-15-1-17

Dainat J. 2026. AGAT: another GFF analysis toolkit to handle annotation
in any GTF/GFF format. Zenodo.

Hao Y, Stuart T, Kowalski MH, Choudhary S, Hoffman P, Hartman A,
Srivastava A, Molla G, Madad S, Fernandez-Granda C, Satija R. 2024.
Dictionary learning for integrative, multimodal and scalable single-cell
analysis. Nat Biotechnol 42:293-304. https://doi.org/10.1038/541587-023
-01767-y

10.1128/mbi0.01991-26 23


https://doi.org/10.1016/j.mib.2026.102746
https://doi.org/10.1126/science.aan6042
https://doi.org/10.1016/j.pt.2023.03.016
https://doi.org/10.3389/fcimb.2020.608298
https://doi.org/10.1016/j.pt.2012.02.009
https://doi.org/10.1146/annurev-micro-032521-041554
https://doi.org/10.1042/BSR20253672
https://doi.org/10.1016/j.pt.2025.09.011
https://doi.org/10.1111/mmi.14388
https://doi.org/10.1016/j.ijpara.2025.04.013
https://doi.org/10.1371/journal.pone.0296165
https://doi.org/10.1042/BST20231122
https://doi.org/10.1128/mbio.00578-22
https://doi.org/10.1371/journal.ppat.1000767
https://doi.org/10.1371/journal.ppat.1007249
https://doi.org/10.1371/journal.ppat.1003268
https://doi.org/10.1111/cmi.12116
https://doi.org/10.1002/bies.950160407
https://doi.org/10.1095/biolreprod.109.082057
https://doi.org/10.1038/s41467-024-48140-4
https://doi.org/10.1002/cpmc.33
https://doi.org/10.1128/mbio.01720-24
https://doi.org/10.1186/s13071-019-3486-8
https://doi.org/10.1038/s41592-018-0238-1
https://doi.org/10.1371/journal.ppat.1014212
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1371/journal.pone.0031715
https://doi.org/10.1111/mmi.12227
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.18637/jss.v032.i06
https://doi.org/10.1038/s41564-023-01358-2
https://doi.org/10.1186/gb-2014-15-1-r7
https://doi.org/10.1038/s41587-023-01767-y
https://doi.org/10.1128/mbio.01991-26

	Ablation of a maternal Cryptosporidium mRNA-binding protein results in sterile sporozoites
	RESULTS
	Female identity is transcriptionally evident only at the halfway point of gamete development
	F-RBP and F-ZF proteins are translated early in female development
	F-RBP is present in zygotes but is absent in oocysts
	Genetic ablation of F-RBP and F-ZF
	F-RBP is dispensable for female gametogenesis and growth in vitro
	F-RBP ablation cures infected mice
	Oocysts produced by F-RBP-deficient females do not reseed intestinal infection
	Δf-rbp sporozoites are unable to invade host cells
	F-RBP binds a subset of transcripts highly expressed in females
	F-RBP targets share a sequence motif with targets of Y-box family proteins

	DISCUSSION
	MATERIALS AND METHODS
	Animals
	Plasmid construction
	Generation of transgenic parasites
	Cell line maintenance and preparation for infection
	Time-lapse fluorescence microscopy
	Immunofluorescence assay (IFA)
	Flow cytometry
	Generation of loss-of-function mutant
	Rapamycin treatment
	RT-qPCR
	Nanoluciferase assay
	gDNA extraction and PCR of intestinal tissue
	Excystation assay
	RNA immunoprecipitation and sequencing (RIP-Seq)
	Motif analysis



