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Transcriptional control of the 
Cryptosporidium life cycle

Katelyn A. Walzer1, Jayesh Tandel1, Jessica H. Byerly1, Abigail M. Daniels1, Jodi A. Gullicksrud1, 
Eoin C. Whelan2, Stephen D. Carro1, Elise Krespan1, Daniel P. Beiting1 & Boris Striepen1 ✉

The parasite Cryptosporidium is a leading agent of diarrhoeal disease in young 
children, and a cause and consequence of chronic malnutrition1,2. There are no 
vaccines and only limited treatment options3. The parasite infects enterocytes, in 
which it engages in asexual and sexual replication4, both of which are essential to 
continued infection and transmission. However, their molecular mechanisms remain 
largely unclear5. Here we use single-cell RNA sequencing to reveal the gene expression 
programme of the entire Cryptosporidium parvum life cycle in culture and in infected 
animals. Diverging from the prevailing model6, we find support for only three 
intracellular stages: asexual type-I meronts, male gamonts and female gametes.  
We reveal a highly organized program for the assembly of components at each stage. 
Dissecting the underlying regulatory network, we identify the transcription factor 
Myb-M as the earliest determinant of male fate, in an organism that lacks genetic sex 
determination. Conditional expression of this factor overrides the developmental 
program and induces widespread maleness, while conditional deletion ablates  
male development. Both have a profound impact on the infection. A large set of 
stage-specific genes now provides the opportunity to understand, engineer and 
disrupt parasite sex and life cycle progression to advance the development of 
vaccines and treatments.

Cryptosporidiosis is an important waterborne disease, with increasing 
incidence even in countries with robust water safety infrastructure7. 
The infection is transmitted by ingestion of oocysts, which are highly 
resistant to chemical disinfection and the product of the parasite’s 
single-host sexual life cycle. Sporozoites emerge from the oocyst and 
invade intestinal epithelial cells, with parasites propagating asexually 
for three consecutive cycles of invasion, intracellular replication and 
egress before differentiating into male and female gametes follow-
ing an intrinsic developmental program4,8. Sexual reproduction then 
generates new oocysts, which exit the host for transmission or excyst 
in the gut leading to autoinfection and a life cycle reset. Sex is there-
fore critical for both continuous infection and transmission. Sex also 
drives genetic diversity and the parasite’s ability to infect new hosts and 
environments as demonstrated by recent studies on the adaption of 
Cryptosporidium hominis and C. parvum to humans in the United States 
and in Europe9,10. However, the fundamental mechanisms of parasite 
sex remain enigmatic, including the progression from the asexual to 
the sexual phase, gamete sex determinations, and gamete recognition 
and fertilization11. Here we sought to define the molecular components 
of all life cycle stages to reveal the underlying mechanisms.

Transcriptional analysis of Cryptosporidium
Earlier transcriptomic studies using C. parvum-infected cultures 
found that most reads map to the host and not the parasite genome. 

We attempted to fractionate cells to isolate intracellular stages12 but 
found yields to be insufficient. We therefore engineered parasites to 
express a fluorescent reporter in all stages (Extended Data Fig. 1a) and 
infected HCT-8 cell cultures with these parasites (Fig. 1a). The cultures 
were trypsinized to generate a cell suspension, from which infected 
cells were isolated using flow cytometry8 and analysed using single-cell 
RNA sequencing (scRNA-seq; Fig. 1b,c and Extended Data Fig. 2). We 
also isolated, sorted and sequenced parasite-infected enterocytes 
from Ifng−/− mice. In total, we sequenced 5,879 parasites from culture 
and 3,219 parasites from mice passing quality control (Supplementary 
Table 1) and detected a median of 351 and 718 genes per parasite, for in 
vitro or in vivo samples, respectively (Extended Data Fig. 2).

Just-in-time expression of parasite components
We first sought to understand intracellular development in the asexual 
phase of the life cycle. Cryptosporidium replicates through a 12 h mero-
gony cycle4: intracellular establishment is followed by growth, three 
nuclear divisions, the assembly of eight motile merozoites, merozoite 
egress and reinvasion4 (Fig. 1g). To resolve the underlying transcrip-
tional program, we performed nearest-neighbour graph-based cluster-
ing analysis of cells collected at 24 and 36 h, two timepoints at which 
parasites replicate exclusively asexually in culture8. Visualization using 
uniform manifold approximation and projection (UMAP) placed the 
parasite transcriptomes into a circle with nine distinct identity classes 
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(Fig. 1d). We used RNA velocity13 to determine the direction of tran-
scriptional change, and to demarcate parasite invasion and egress 
(genes with introns (12–16%) are evenly distributed across clusters). 
This revealed clockwise progression (Fig. 1e), and we interpreted the 
point of arrow inflection between clusters 9 and 1 as the start and end 
of the cycle. Applying a pseudotime trajectory, we placed individual 
parasite transcriptomes onto a timeline (Fig. 1f), enabling us to plot the 
temporal expression of all detected genes across intracellular develop-
ment. When we plotted the expression of genes that are required for 
DNA replication (Fig. 1h), we noted a coordinated wave matching the 
observation of parasite mitoses visualized by live-cell microscopy4.  
To overcome the limited functional annotation of the Cryptosporidium 
genome, we used a spatial proteomic dataset that established the sub-
cellular localization of 1,107 proteins14 to generate biologically mean-
ingful categories. Figure 1i,j shows mRNA abundance plots for proteins 
experimentally assigned to the 60S ribosome and dense granules as 
examples (all ten organellar plots and a heat map are shown in Extended 
Data Fig. 3, and gene lists are provided in Supplementary Table 2). 
This revealed a high degree of compartmental co-expression, and we 

observed a notable temporal program that orchestrates intracellular 
development and the assembly of new infectious forms (Fig. 1k–m). 
Newly invaded trophozoites transcribed genes encoding the ribo-
some immediately followed by the proteasome, therefore setting the 
stage for protein synthesis and growth (Fig. 1k). This is followed by  
the endoplasmic reticulum, various membrane systems and, lastly, the 
structure of the apical tip of new merozoites that anchors the invasion 
machinery (Fig. 1l). Cryptosporidium host cell invasion relies on multiple 
secretory organelles to deliver a battery of pathogenesis factors11,14. Our 
transcriptional analysis demonstrated coordinated successive waves 
for dense granules, rhoptries, micronemes and small granules (Fig. 1m), 
suggesting a temporally organized secretory pathway resulting in 
the assembly of a highly complex infection system. In turn, clustering 
data (Fig. 1d and Supplementary Table 2) can now be used to associate 
uncharacterized proteins with organelles and pathways and provide 
further insights into their probable biological function. Not all groups 
derived from spatial proteomics14 form a single sharp expression peak, 
and we point to the membrane/inner-membrane complex and endo-
plasmic reticulum groups as examples.
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Fig. 1 | The transcriptional program of the asexual cycle. a, Representative 
image of an engineered green fluorescent C. parvum (C.p.) parasite shown 
within its intestinal host cell (HC). Scale bar, 5 µm. b, Infected host cells were 
isolated by cell sorting based on parasite fluorescence; the sorting gate is 
indicated by the green box. c, Outline of the collection, enrichment and 
encapsulation of cells infected with C. parvum. An element of the diagram  
was adapted from ref. 39, Springer Nature Limited. d–f, UMAP plots of 2,989  
C. parvum single-cell transcriptomes representing nine distinct clusters (d), 
the direction of transcriptional change (e) and pseudotime (f). The start and 
end of the asexual cycle are noted. g, Schematic highlighting the asexual 

merogony cycle and the merozoite, which contains four distinct secretory 
organelles discharged during invasion. h–j, Scaled expression of genes across 
pseudotime: DNA replication (h; 39 proteins), 60S ribosome (i; 42 proteins)  
and dense granules ( j; 79 proteins). Individual genes (grey), the mean (black) 
and the 95% confidence interval (red) are shown. k–m, The mean-scaled gene 
expression of organellar proteins plotted across pseudotime on an individually 
normalized min–max scale. Plots represent components for synthesis and 
growth (k), assembly (l) and secretion (m). ER, endoplasmic reticulum; IMC, 
inner-membrane complex; PM, plasma membrane.
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Only three intracellular Cryptosporidium stages
The Cryptosporidium life cycle most widely shown proposes a type-1 
meront that produces eight merozoites and is responsible for asexual 
replication, and a distinct type-2 meront yielding four merozoites prea-
dapted to sexual development6,15. However, the existence of the type-2 
meront has been challenged recently4,8. Figure 2a,b shows UMAP plots 
of parasite transcriptomes derived from cells isolated from the intestine 
of infected mice or collected from cultures at different timepoints. We 
observed the circular pattern of parasite transcriptomes after asexual 
development and noted the appearance of two paths of differing length 
protruding from the same point on the circle. In culture, the two addi-
tional transcriptional programmes were first observed at 42 h and 
became prominent at 46 h. This timing matched that observed for the 
appearance of gametes in culture4,8,16.

To assign developmental fates, we used bulk transcriptome sam-
ples derived from infected host cells carrying parasites enriched for 
specific stages. Data for asexual type-1 meronts and female gametes 
were already available8. To obtain a male-enriched transcriptome, we 
infected cultures with parasites engineered to express a fluorescent 
reporter driven by the promoter of the recently identified male tran-
scription factor AP2-M17 and analysed the sorted cells using RNA-seq. 
Differential expression analysis of this transcriptome with asexual 
or female datasets showed enrichment for the two established male 
markers HAP2 and AP2-M (Fig. 2c,d and Supplementary Table 3) and 
yielded lists of transcripts associated with the male or female transcrip-
tome (Supplementary Table 4; P < 0.01). Expression of these gene sets 
was painted onto the single-cell atlas (Fig. 2e) and identified male and 
female fate with high confidence. Both fates diverge from the asexual 
type-1 meront circle after cluster 2. The entire life cycle transcriptome 
consists of 18 clusters and 2,880 differentially expressed genes between 
these clusters (Fig. 2f, Extended Data Fig. 4 and Supplementary Table 5). 
We also analysed the expression of parasite non-coding RNAs18 in our 
dataset, and found numerous examples of stage-specific expression 

(Extended Data Fig. 5 and Supplementary Tables 6 and 7). Note that 
fertilization occurs in vivo but is blocked in culture8. This phenom-
enon was reflected in our scRNA-seq data, with females from in vitro 
culture accumulating into a terminal stage at 54 h (Fig. 2b (arrowhead)), 
whereas, in vivo, females rejoined the life cycle (Fig. 2a). This probably 
indicates the presence of a transcriptional checkpoint that responds 
to fertilization. We further noted that differences between the 24 h 
and 36 h datasets are modest in number and amplitude and limited to 
housekeeping genes highly expressed at both timepoints. Differential 
gene expression analysis did not detect transcripts uniquely associated 
with distinct types of meronts (Supplementary Table 8). Overall, the 
transcriptome data argue for the direct development of gametes from 
type-1 meronts as recently observed by time-lapse microscopy4. This 
model is consistent with the simple three-stage life cycle proposed in 
the initial description of the parasite19 in contrast to the two-step model 
that prevails in the current literature15.

Female gametes prepare for transmission
The female gamete grows rapidly, while maintaining a single nucleus 
throughout its development4 (Fig. 3a). Previous studies found that 
females express genes related to carbohydrate metabolism, meiosis 
and oocyst wall formation8. Analysis at the single-cell level revealed 
six stage-specific clusters (Fig. 3b), with the first three not observed in 
our previous bulk RNA-seq analysis due to use of a late female reporter 
(Fig. 2e). In total, 773 genes were enriched in the female transcriptome 
(P < 1 × 10−50), of which 187 were unique to females (Supplementary 
Table 9), and pseudotime analysis established their temporal order 
along the female developmental trajectory (Fig. 3c). Females build 
the Cryptosporidium oocyst wall, which is a multilayered structure 
consisting of an external glycocalyx, a rigid bilayer of acid-fast lipids 
and an inner layer of proteins20. It is responsible for the parasite’s con-
siderable resistance to water chlorination; however, how it is assem-
bled is unclear. We found that the oocyst proteome14 was expressed in 
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Fig. 2 | The transcriptome of the full C. parvum life cycle. a,b, UMAP plots of 
single-cell transcriptomes of C. parvum obtained from an infected mouse (a) or 
from infected HCT-8 cultures sampled at the indicated time (b). c,d, Differentially 
expressed genes when comparing bulk RNA samples of asexual and male parasites 
from culture (c) or female parasites from mice and male parasites from culture 
(d). n = 4 biological replicates per group. Each point represents a single C. parvum 
gene. The horizontal dashed lines show a false-discovery rate (FDR) of 0.05 
(longer dashes) or 0.01 (shorter dashes), and the vertical dashed lines indicate a 
log2[fold change (FC)] of −1 and 1. e, UMAP analysis of the entire C. parvum life 

cycle, showing male and female gene signatures. Bulk comparisons across 
asexual, male and female samples generated 221 and 130 genes significantly 
upregulated in males and females, respectively (log2[fold change] ≥ 2, P < 0.01). 
These were used to generate sex-specific gene signatures, which were painted 
onto the UMAP for male (blue) and female (pink). The UMAP shows 9,098 
individual C. parvum transcriptomes and represents the total analysis of samples 
depicted in a and b. f, UMAP projection coloured for clustering across asexual 
(green), male (blue) and female (pink) parasites.
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two waves (Fig. 3d), potentially reflecting the two distinct classes of 
wall-forming bodies observed by electron microscopy6. The first wave 
was dominated by members of the Cryptosporidium oocyst wall pro-
teins family (COWPs)20–22 and further included multiple female-specific 
proteases and oxidoreductases, with probable roles in maturation and 
cross-linking of the proteinaceous portion of the wall23,24. The second 
wave of the wall proteome contained a secreted glycosyltransferase, 
multiple uncharacterized mucins and a C-type lectin suggesting it to 
yield the glycoconjugate-rich portion of the wall. The female tran-
scriptome further included waves for the assembly of dense granules 
(Fig. 3e) and the crystalloid body (Fig. 3f), which is essential for oocyst 
formation17, and also revealed meiosis-specific genes (Extended Data 
Fig. 6). How the female attracts and interacts with the male gamete 
is unclear. We note two waves of transcription, one preceding and 
one coinciding with the wall proteome. These included transporters, 
signalling and membrane fusion components, as well as numerous 
yet-to-be-characterized secretory proteins and receptors that may be 
critical for gamete interaction (Fig. 3g).

Candidates for the male fertilization machinery
In Cryptosporidium, intracellular male stages known as gamonts assem-
ble and then release 16 gametes into the intestinal lumen (Fig. 3h). 
How these gametes find and fuse with their female counterpart hid-
den within a host cell is unclear. They lack flagella or amoeboid move-
ment, and our analysis showed them to also lack the gliding and invasion 
machinery used by asexual stages (Extended Data Fig. 7a–c), suggesting 
a divergent motility and fertilization mechanism11. The male path of 
the single-cell atlas revealed three distinct expression clusters (Fig. 3i) 
with a total of 389 genes with an enrichment P  < 1 × 10−50, including at 
least 51 exclusively male genes (Supplementary Table 10). Only two 

male proteins were previously characterized in Cryptosporidium—the 
transcription factor AP2-M17 and HAP2, which has a conserved role in 
gamete fusion8. The tiny (1.2 × 0.4 µm) male gamete contains a con-
densed bullet-shaped nucleus and a complex apical apparatus8,14 that 
engages the female-containing cell (Fig. 3k). HAP2 localizes to this apical 
end and is the only known component of this fertilization machinery8. 
Its expression falls into the mid phase of male development, which we 
found is characterized by two waves of secretory and membrane pro-
teins (Fig. 3l), including four paralogous GGC25 proteins (Extended Data 
Fig. 7d). To test whether these proteins like HAP2 are part of the apical 
apparatus, we introduced an epitope tag into the locus of cgd7_5500 
(encoding GGC1; Extended Data Fig. 1b). Immunofluorescence studies 
found that the protein was expressed exclusively in males and labelled 
a bar-like structure likely at the apex of male gametes, the presump-
tive male adhesion site (Fig. 3m and Extended Data Fig. 7e). Among 
the non-secretory proteins expressed at this time, we noted a PAN/
Apple-domain protein, an Armadillo protein and a calcium-regulated 
microtubule-binding protein. Importantly, we also identified a 
male-specific membrane-associated adenylate cyclase and a corre-
sponding 3′5′-cyclic nucleotide phosphodiesterase (Fig. 3n). Cyclic 
AMP signalling triggers gamete fusion after contact in the unicellular 
alga Chlamydomonas26, in which HAP2 is essential for gamete fusion27,28. 
Genes encoding signalling pathways are the most prominent late com-
ponents of the male transcriptome. Two male-specific 14-3-3 proteins 
are the most highly induced genes (Fig. 3n), followed by multiple serine/ 
threonine protein kinases, two cyclins, a CDC2-like protein kinase, 
CDPK5 and a papain and a cysteine protease. Lastly, multiple proteins 
are expressed in both male and female gametes, but not in the asexual 
forms, and therefore probably function in sex. This includes a zinc-finger 
RNA-binding protein, a START-domain lipid transporter, a PH-domain 
lipid-binding protein and the membrane-fusion factor synaptobrevin.
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grey vesicles. b,c, UMAP plots of the female trajectory (2,136 single-cell 
transcriptomes). Development progresses through six transcriptionally 
distinct phases (b; clusters 13–18) with individual parasite transcriptomes 
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16 gametes for release. i,j, UMAP plots of the male trajectory, encompassing 
731 single-cell transcriptomes in three stage-specific clusters (i; clusters 10–12) 
and ordered by pseudotime ( j). k, Diagram of the male gamete. The complex 
apical end contains the presumptive fertilization machinery, the components 
of which remain largely unclear. l, Scaled expression of male-specific secretory 
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Scale bar, 0.5 µm. n, Scaled expression of key male-exclusive signalling  
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phosphodiesterase (PDE) and two 14-3-3 proteins. Lists of all of the genes 
shown are provided in Supplementary Tables 9 and 10.
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Myb-M is an early male nuclear protein
Sex determination in Apicomplexa does not rely on sex chromosomes. 
In Plasmodium, sexual commitment and sex determination are two 
independent fate decisions, with commitment governed by the tran-
scription factor AP2-G29,30 and determination controlled by a bistable 
switch at the md1 locus31,32. However, Cryptosporidium does not have 
a morphologically4 or transcriptionally (Fig. 2b,f) identifiable sexual 
progenitor, and Md1, which associates with cytoplasmic ribonucleic 
granule-like structures, is not conserved32. Cryptosporidium gametes 
do express sex-specific AP2 factors8,17 and presumptive DNA-binding 
motifs have been previously identified33. We define two male and three 
female factors (Extended Data Figs. 8 and 9a) and identify cluster 
enrichment patterns for some of their associated motifs (Supplemen-
tary Table 11). However, our analysis shows that all of them are tran-
scribed only after fate commitment. By contrast, cgd6_2250 (encoding 
Myb-M) is the earliest and most significantly upregulated male gene 

(Fig. 4a). Myb transcription factors control cell fate in plant develop-
ment34,35 and the switch from acute to chronic stage in Toxoplasma36. 
We therefore hypothesized that this protein may act as a transcriptional 
activator committing parasites to maleness. We tagged Myb-M with 
an epitope and imaged cultures infected with transgenic organisms 
(Fig. 4b). Fluorescent parasites were observed at 42 h and 48 h but 
not at 24 h (Fig. 4c). Labelling was nuclear localized and found largely 
in intracellular parasites with one or two nuclei (Fig. 4b,d). Female 
parasites marked by DMC1 as well as mature male gametes (16 nuclei) 
showed no staining (Fig. 4b,e). We conclude that Myb-M is expressed 
in early male gamonts and degraded before their full maturation.

Myb-M expression induces maleness
To understand the function of Myb-M, we introduced a second copy of 
the gene for gain-of-function studies. Myb-M transcription was driven 
by a promoter expressed in all stages of the life cycle, but the protein 
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Fig. 4 | The transcription factor Myb-M commits parasites to a male fate.  
a, UMAP showing cgd6_2250 (encoding Myb-M) expression. b, Myb-M was 
tagged with the HA epitope and visualized using immunofluorescence after 
42 h in culture (parasites were counterstained with Vicia villosa lectin (VVL)). 
Scale bar, 2 µm. c,d, HCT-8 cultures were infected with Myb-M–HA parasites, 
fixed at 24, 42 and 48 h, and the HA positivity (c) and staging of HA positive 
parasites (d) were assessed. e, Cultures that were infected with Myb-M–HA 
parasites were fixed at 42 and 48 h and were stained for HA and the female 
protein DMC116 (pink). f, Cultures were infected with inducible Myb-M parasites 
and treated with vehicle or Shield-1 at 4 h and fixed at 12 h. g, Inducible Myb- 
M–HA and Myb-M-domain-mutant (Myb-M∆–HA) parasites were treated with 
Shield-1 and scored for mature male parasites. h, The transcriptional response 
of WT and inducible Myb-M–HA to Shield-1 (horizontal lines show FDR of 0.05 
or 0.01, vertical lines show the log2[fold change]). Asexual and male transcripts 
are highlighted in green and blue. i, Gene signatures derived from significantly 

changed genes in h were mapped onto the transcriptional atlas. j, Cultures that 
were infected with inducible Myb-M or control parasites were treated at 24 h, 
and growth was measured at 48 h. k, Parasites were constructed to carry a 
floxed Myb-M gene and a rapamycin (Rapa.)-inducible Cre recombinase. 
Rapamycin induces excision (note some excision before treatment17; the 
source gel is shown in Supplementary Fig. 1). l, Rapamycin-treated or untreated 
Myb-MloxPDiCre cultures were scored for Myb-M–HA-positive, 16N mature male, 
or DMC1-positive female parasites. m, Growth assay of Myb-M mutants with 
and without rapamycin. n, Groups of three Ifng−/− mice were infected with 
Myb-M mutants, treated with vehicle or rapamycin, and oocyst shedding was 
measured using a luciferase assay. One out of two replicates is shown; n = 12 
mice in total. Data are mean ± s.d. of the indicated number of biological 
replicates, and the total number of cells scored is shown in parentheses. 
Significance was evaluated using unpaired t-tests ( j, l pink and m) or Welch’s 
t-tests (g and l red and blue).
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was degraded due to a fused destabilization domain37,38. Cultures 
were infected with this strain, treated with vehicle or the stabilizer 
Shield-1, and fixed 12 h after infection. Shield-1, but not vehicle treat-
ment, resulted in nuclear Myb-M staining (Fig. 4f) and, importantly, 
we observed mature male gamonts with 16 bullet-shaped nuclei at  
a timepoint that usually lacks sexual stages4,8,16. To quantify the induc-
tion of maleness by Myb-M, we engineered a reporter strain in which the 
late male transcription factor AP2-M17 carried a MYC epitope (Extended 
Data Fig. 10). Parasites were grown for 18 h, the last six with or with-
out Shield-1. Shield-1 induced MYC labelling and, when we scored 8N 
parasites, the stage in which AP2-M is detectable17, we found more than 
60% of parasites positive for MYC, in contrast to none in the untreated 
samples (Extended Data Fig. 10; P = 0.0018), demonstrating robust 
male commitment through Myb-M induction. We obtained similar 
results when treating for 4 h beginning at 24 h (P = 0.0044). We also 
constructed a control strain lacking the DNA-binding domain and 
quantified 16N mature male parasites. Mature males (around 20% of 
all cells) are observed only after Shield-1 treatment, and this depends 
on the Myb domain (Fig. 4g and Extended Data Fig. 10f; both proteins 
were expressed at comparable level and nuclear targeted).

To understand the relationship between Myb-M induction and 
stage-specific gene expression, we measured the transcript level for 
exemplary genes that are exclusively expressed in asexual, male or 
female parasites by quantitative PCR. Treatment resulted in enhanced 
transcription of male genes at the expense of asexual (or female) genes 
depending on timing (Extended Data Fig. 10g,h). We also conducted 
bulk RNA-seq analysis at 30 h when wild-type (WT) parasite cultures 
are still exclusively asexual. Induction of Myb-M resulted in significant 
gene expression changes, whereas WT control cultures remained unaf-
fected (Supplementary Table 12). When we derived signatures of the 
changed genes and mapped them onto the single-cell atlas, we found 
that those that were induced were male genes, and those that were 
repressed were asexual genes (Fig. 4h,i). Cryptosporidium proliferation 
depends on asexual amplification through merogony. We therefore 
reasoned that diversion into premature and exclusive maleness may 
impact parasite growth. To test this, we treated cultures infected with 
the inducible Myb-M strain with vehicle or Shield-1 24 h after infection 
and measured growth using a luciferase assay at 48 h. This resulted in 
a profound block of growth (Fig. 4j; P < 0.0001). Note that Shield-1 is 
not toxic to Cryptosporidium, as a similar experiment with a control 
strain showed no impact.

Loss of Myb-M results in loss of males
Attempts to ablate the Myb-M gene did not recover viable transgen-
ics (Extended Data Figs. 1d and 9b,c). Cryptosporidium transgenesis 
relies on the recovery of oocysts from infected mice39, and mutants 
that have lost the ability to form oocysts through sex will be lost. We 
therefore examined several conditional gene-ablation strategies17,40,41. 
We ultimately found success by flanking a critical portion of the Myb-M 
gene with loxP sites followed by sexual cross42 with parasites engi-
neered to express a rapamycin-inducible split Cre recombinase (DiCre). 
Rapamycin treatment of cultures infected with this parasite strain 
resulted in efficient gene excision (Fig. 4k) and loss of the protein as 
monitored by immunofluorescence assay at 42 h (Fig. 4l). We next 
scored gametes at 48 h. Rapamycin treatment led to a complete loss 
of males, whereas female gametes were unaffected (Fig. 4l). As dis-
cussed, males do not contribute to in vitro growth and, in contrast to 
premature male induction, we did not observe a growth defect after 
male ablation (Fig. 4m). However, in contrast to Shield-1, rapamycin 
can be readily used in infected mice17, providing the opportunity to test 
the importance of Myb-M in vivo. Rapamycin treatment of infected 
mice ablated oocyst production as quantified by a faecal luciferase 
assay39 (Fig. 4n; rapamycin alone does not inhibit oocyst shedding in 
control strains17,42).

In summary, the C. parvum single-cell transcriptome revealed a  
highly ordered program for intracellular development and life-cycle 
progression, with a direct conversion to gametes from the asexual 
cycle. We found important roles for transcription factors in sex choice 
and for specific downstream aspects of gamete function17 but, notably, 
not in the transition from asexual to sexual cycle. This may hint at an 
epigenetic switch, or a mechanism based on the decay or accumulation 
of a protein, RNA or metabolite. Sex is essential to continued infec-
tion and transmission and is therefore an attractive target for preven-
tion and intervention. The single-cell atlas presented here provides a 
comprehensive list of the components of male and female gametes to 
further dissect the fundamental biology of sex in Cryptosporidium. It 
also represents a powerful resource for the ongoing effort to identify 
antigens for vaccines and targets for drug treatment, respectively.
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Methods
Animal ethics statement
All animal experimentation was approved by the Institutional Animal 
Care and Use Committee of the University of Pennsylvania (protocol 
806292).

Mice
Ifng−/− mice (002287) were purchased from Jackson Laboratory and 
maintained as a breeding colony at the University of Pennsylvania. 
Mice were housed under a 12 h–12 h dark–light cycle, at a temperature 
of 65–73 °F, and a humidity level of between 30% and 40%. Mice used 
for experiments were aged from 5 to 8 weeks. Both male and female 
mice were used to generate and propagate C. parvum strains and did 
not exhibit a difference in oocyst shedding. Mice were initially chosen 
at random but were sex and age matched for each experiment. Experi-
ments were not performed in a blinded manner.

Maintenance of cell lines and parasite strains for infection
Human colorectal adenocarcinoma HCT-8 cells (ATCC: CCL-224TM) 
were maintained in RPMI-1640 supplemented with 10% fetal bovine 
serum (FBS), 1× penicillin–streptomycin, 1× gentamicin and 1× fungi-
zone at 37 °C and 5% CO2. Before infection, the medium was switched to 
complete RPMI-1640 containing 1% FBS (infection medium). C. parvum 
oocysts were purchased from Bunchgrass Farms and are of the Iowa II 
strain background, a IIa subtype. For in vitro infection, oocysts were 
incubated in a 1:4 bleach:PBS solution for 5 min at 4 °C, centrifuged at 
16,000g and washed three times in PBS43. Oocysts were resuspended in 
infection medium then added directly to HCT-8 cells. For most experi-
ments with Myb-M overexpression (those with induction after the first 
cycle) and all experiments with the Myb-MloxPDiCre, excystation was 
performed after washing oocysts43. In brief, oocysts were treated with 
0.2 mM sodium taurodeoxycholate for 10 min at 15 °C, centrifuged at 
16,000g, resuspended in PBS and incubated for 1 h at 37 °C before pel-
leting, resuspending in infection medium and adding to HCT-8 cells. 
Note that HCT-8 cells were not authenticated and were not tested for 
mycoplasma.

Plasmid construction
Plasmids for genetic manipulation using CRISPR–Cas9 were gener-
ated as previously described39,43. In brief, annealed oligonucleotides 
(Sigma-Aldrich), designed using the CRISPR guide design tool on 
VEuPathDB44, were ligated into the BbsI-digested C. parvum Cas9/U6 
plasmid. The Cas9/U6 plasmids with the thymidine kinase guide RNA 
(g1) or AP2-M guide RNA (g6) were previously published8,17. Plasmids 
encoding the homology repair regions were constructed by Gibson 
assembly using the NEB Gibson Assembly Master Mix (New England 
Biolabs). The linear homology repair templates were generated by 
PCR using the high-fidelity PrimeSTAR Max DNA Polymerase (R045A, 
Takara), with homology arms ranging in length from 35 to 50 bp. A list 
of primers is provided in Supplementary Table 13.

Generation of transgenic parasites
Transgenic parasites were generated as previously described39,43,45. In 
brief, 2.5 × 107 C. parvum oocysts were bleached and washed before 
excystation with 0.2 mM sodium taurodeoxycholate for 10 min at 15 °C 
followed by incubation for 1 h at 37 °C to obtain sporozoites. Sporo-
zoites were resuspended in SF transfection buffer containing 50 µg 
each of CRISPR plasmid and PCR repair template. Sporozoites were 
nucleofected with an Amaxa 4D nucleofector (Lonza) using the program 
EH100. Transfected sporozoites were resuspended in cold PBS. Ifng−/− 
mice were treated with antibiotics in the 5–7 days before infection, and 
their stomach acid was neutralized with 100 µl of 8% sodium bicarbo-
nate administered through oral gavage immediately before infection. 
Mice were infected with 100 µl of transfected sporozoites through 

oral gavage, and stable transformants were selected with 16 mg ml−1 
paromomycin in drinking water. Parasite shedding was monitored by 
measuring the nanoluciferase activity in the faeces of infected mice39. 
Oocysts were purified from collected faeces by sucrose flotation fol-
lowed by a caesium chloride gradient and stored long term in PBS at 
4 °C (ref. 43).

Faecal or purified oocyst DNA was extracted using the Quick-DNA 
Faecal/Soil Microbe Microprep Kit (Zymo Research). This DNA was 
used as PCR template to evaluate proper homologous recombination 
of the repair template. Integration primers were designed to anneal 
outside of the 5′ and 3′ homology arms with internal primers binding 
to the integrated region (Extended Data Fig. 1). Control primers were 
designed to anneal to an adjacent gene.

Genetic cross to generate the loss-of-function mutant
To generate a conditional knockout mutant for Myb-M, we crossed the 
cgd6_2250loxP-HA (Extended Data Fig. 1h) strain with the cre driver strain 
parasite pheRSr-Nluc-DiCre42. Four Ifng−/− mice were each infected with 
10,000 oocysts of both strains. Treatment with 16 mg ml−1 paromomy-
cin in drinking water and 10 mg per kg BRD7929 by daily oral gavage 
began on day 4 of infection. BRD7929 was dissolved in 7:3 PEG-400:5% 
glucose and administered to mice in 100 µl doses for 7 days. Oocysts 
purified from days 13 to 16 of infection were passaged by infection of 
a cage of Ifng−/− mice under drug selection.

Rapamycin treatment
Rapamycin (Thermo Fisher Scientific) was dissolved in 95% ethanol at 
a stock concentration of 50 mg ml−1. For in vitro experiments, rapamy-
cin was used at a final concentration of 100 nM, using equally diluted 
vehicle as a control. Both were added at the start of infection. DNA 
was extracted from infected cultures using the DNeasy Blood and 
Tissue Kit (Qiagen). This DNA was used as a PCR template to evalu-
ate Cre-mediated excision. For in vivo experiments, rapamycin stock 
was further diluted in water to deliver 10 mg per kg body weight in a 
100 µl daily dose through oral gavage, with treatment beginning 2 days 
before infection.

Nanoluciferase assays
To measure oocyst shedding in faeces, 20 mg of faecal material was 
dissolved in 1 ml of faecal lysis buffer and vortexed for 1 min with 10 
glass beads. The supernatant was mixed 1:1 with nanoluciferase buffer 
supplemented with 1:50 nanoluciferase substrate (NanoGlo Luciferase 
Assay Kit, Promega, N1110) in a white opaque plate and luminescence 
was measured with a Promega GloMax Plate Reader43.

Parasite growth in vitro was measured by luminescence assay. HCT-8 
cells in a 96-well plate were infected with 10,000 oocysts. For Myb-M 
gain-of-function studies, vehicle (0.1% ethanol) or Shield-1 (Takara 
Bio, 632189) was added to a final concentration of 0.5 µM after 24 h. 
For Myb-M loss-of-function studies, vehicle or 100 nM rapamycin 
(Thermo Fisher Scientific) was added at the start of infection. At 48 h, 
infection medium was removed from infected HCT-8 cells and 100 µl 
of faecal lysis buffer was added to each well. A pipette tip was used to 
scrape cells, which were pipetted up and down to mix. These cells sat 
for 5 min at room temperature. Then, 100 µl of supernatant was mixed 
1:1 with nanoluciferase buffer supplemented with 1:50 nanoluciferase 
substrate in a white opaque plate. Luminescence was measured using 
the Promega GloMax Plate Reader.

Immunofluorescence assay
Timepoints for immunofluorescence assays are noted in figure legends. 
Infections for super-resolution microscopy were set up in 24-well plates, 
while time-course infections were set up in 24-well or 96-well plates. 
For the Myb-M-overexpression experiments, cultures were treated 
with vehicle (0.1% ethanol) or 0.5 µM Shield-1 (Takara Bio, 632189) at 
the noted times.
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For all experiments, infected HCT-8 cells were washed once in PBS 

before fixing in 4% paraformaldehyde for 10 min. Cells were washed 
three times in PBS before permeabilization with 0.25% Triton X-100 for 
10 min. Coverslips were blocked with 3% BSA for 30 to 60 min at room 
temperature. Primary antibodies were then added for 1 h, and for this 
study included rat anti-HA (1:1,000, Roche, 3F10), VVL-FITC (1:1,000, 
Vector, FL1231), mouse anti-DMC1 (1:10, a gift from C. Huston16), mouse 
anti-MYC (1:300, Roche or 1:1,000, Cell Signaling Technology, 9B11) 
and mouse anti-α-tubulin (1:1,000, a gift from J. Gaertig). Coverslips 
were washed three times in PBS and incubated with a 1:1,000 dilution 
of secondary Alexa Fluor antibodies (Abcam) for 45 min. These anti-
bodies included Alexa Fluor 488 goat anti-mouse IgG (H+L) (A11029), 
Alexa Fluor 568 goat anti-mouse IgG (H+L) (A11004), Alexa Fluor 594 
goat anti-mouse IgG (H+L) (A11005), Alexa Fluor 488 goat anti-rat IgG 
(H+L) (A11006) and Alexa Fluor 594 goat anti-rat IgG (H+L) (11007). Cov-
erslips were then washed once in PBS, once in PBS containing 1:10,000 
DAPI for 5 min, and then once more in PBS before mounting on slides 
with Fluorogel (Electron Microscopy Science) or Vectashield (Vector 
Laboratories). Microscopy for parasite counts was performed on the 
Leica DM6000 Widefield microscope (Penn Vet Imaging Core) using the 
×100 objective and Leica Application Suite X software. Super-resolution 
microscopy was performed on the GE DeltaVision OMX (Penn Vet Imag-
ing Core) system using the ×60 objective and Acquire SR Acquisition 
software. Images were processed and analysed using GE softWoRx, 
Leica Application Suite X and Fiji for Mac OS X software.

Flow sorting of infected cells for sequencing
For in vitro infections used for scRNA-seq, HCT-8 cells in a six-well 
plate were infected with 500,000 (24 h), 300,000 (36, 42 and 46 h) 
and 200,000 (54 h) oocysts of tdNeon-RPL22-HA (constitutive tdNeon 
reporter strain; Extended Data Fig. 1a), with wells set up in triplicate 
for the 24 h, 36 h, 42 h and 54 h timepoints. To collect infected cells, 
the infection medium was removed, 500 µl of room temperature PBS 
was added for one wash and 500 µl of TrypLE Express (Thermo Fisher 
Scientific) was added for 15 min. Cells were pelleted at 400g for 5 min 
and washed three times in PBS before passage through a 40 µm filter 
(BD Biosciences) placed in a 50 ml Falcon tube. These cells were trans-
ferred into a 15 ml Falcon tube and pelleted at 400g for 5 min. Cells were 
resuspended in 750 µl of Live/Dead Aqua (L34957, Invitrogen) made in 
fluorescence-activated cell sorting (FACS) buffer in a 1:200 dilution 
from stock and incubated in the dark for 20 min. Cells were pelleted 
and washed once in 5 ml of PBS before resuspension in 500 µl of FACS 
buffer for sorting in FACS tubes. Infected cells were sorted on the BD 
FACS Jazz sorter (Penn Cytomics and Cell Sorting Resource Laboratory) 
into 500 µl of 40% CCS complete medium, which was further diluted in 
PBS (up to 1 ml total volume) after sorting. Then, 10 µl of this solution 
was used for counting on a haemocytometer to determine the total 
number of cells.

For in vitro infections used for bulk RNA-seq, four replicates of 
HCT-8 cells in a six-well plate were infected with 300,000 oocysts of 
AP2-M-tdNeon (male reporter strain)17. At 48 h, cells were dissociated 
as described above. A total of 10,000 positive cells was sorted directly 
into 350 µl of RLT lysis buffer from the RNeasy minikit (Qiagen). For 
in vivo infections used for scRNA-seq, three Ifng−/− mice were infected 
with 20,000 oocysts of the tdNeon-RPL22-HA strain (Extended Data 
Fig. 1a), and parasites were selected with 16 mg ml−1 paromomycin in 
the drinking water. On day 6, the parasite burden was checked by nano-
luciferase assay of the faecal matter and the mice were euthanized. The 
small intestines were resected in ice-cold PBS, cut into small pieces and 
digested as follows. Intestinal pieces (2.5 cm) were stored in 10 ml of 
cold buffer A (HBSS with 5% FBS and 10 mM HEPES). Intestinal pieces 
were incubated in 20 ml of prewarmed buffer C (HBSS with 5% FBS, 
5 mM EDTA and 1 mM dithiothreitol) for 20 min on a shaker at 37 °C. 
The intestinal pieces were then transferred into 20 ml of buffer B (HBSS 
with 2 mM EDTA and 10 mM HEPES) with vigorous shaking by hand. This 

step was repeated twice, with mucus and fat layers removed as they 
separated from the intestinal piece. The supernatants were collected 
from buffers B and C and were centrifuged at 1,500 rpm for 5 min at 4 °C. 
The supernatant was discarded, and the pellet was resuspended in 10 ml 
of buffer A. This cell suspension was filtered through a 70 µm filter (BD 
Biosciences) placed into a 50 ml Falcon tube. The filter was washed with 
an additional 5–10 ml of buffer A. The cell suspension was centrifuged 
at 1,500 rpm for 5 min at 4 °C, the supernatant was discarded, and the 
pellet was resuspended in 5 ml of buffer A. This cell suspension was 
filtered through a 40 µm filter (BD Biosciences) placed in a 50 ml Falcon 
tube. The cell suspension was centrifuged at 1,500 rpm for 5 min at 4 °C, 
and the supernatant was discarded. Cells were resuspended in 750 µl 
of Live/Dead Aqua (L34957, Invitrogen) made in FACS buffer and were 
stained with anti-CD45.2 eFluor 450 (48-0454-82) and anti-EPCAM PE 
(118206, BioLegend) antibodies. This cell suspension was incubated 
in the dark for 20 min. Cells were pelleted and washed once in 5 ml of 
PBS before resuspension in 500 µl of FACS buffer for sorting in FACS 
tubes. Infected cells were sorted on the BD FACS Jazz sorter into 500 µl 
of 40% CCS complete medium, which was further diluted in PBS (up to 
1 ml total volume) after sorting. One mouse sample was used to set the 
gates using the BD FACS software and all of the intestinal epithelial cells 
from the most highly infected mouse, with a nanoluciferase reading of 
2.96 × 106, were sorted for sequencing. A total of 10 µl of this solution 
was used for counting on a haemocytometer to determine the total 
number of cells. Note that cells may be infected with both a male and 
a female parasite, or that a female parasite may carry a male gamete 
as a consequence of fertilization.

Bulk RNA-seq and analysis
For sorted AP2-M-tdNeon-infected cells, RNA was extracted using the 
RNeasy Mini kit according to the manufacturer’s protocol (Qiagen). 
The Clontech SMART-seq HT kit was used for cDNA synthesis, and the 
Illumina Nextera XT Library Prep Kit was used to prepare libraries for 
sequencing. Total RNA and libraries were quality checked and quanti-
fied on the Agilent Tapestation 4200 (Agilent Technologies) and Qubit 3  
(Thermo Fisher Scientific) systems, respectively. Replicates were 
pooled and single-end reads were generated on the Illumina NextSeq 
500 sequencer.

To sequence Myb-M gain-of-function mutants, HCT-8 24-well cul-
tures were infected with 250,000 oocysts of WT Myb-M or Myb-M–
HA-overexpression parasites (Extended Data Fig. 1e), and treated with 
vehicle or 0.5 µM Shield-1 24 h after infection (each group in three rep-
licates). At 30 h, RNA was extracted using the RNeasy Mini kit and the 
Illumina stranded mRNA preparation ligation kit (20040534) was used 
for cDNA generation and library preparation. Replicates were pooled 
and single-end reads were generated on the Illumina NextSeq 2000 
sequencer using the NextSeq 1000/2000 P2 Reagents (100 Cycles) 
flow cell kit (20046811).

Raw reads were mapped to the C. parvum Iowa II reference (CryptoDB, 
release 46) using Kallisto (v.0.45.0)46. Analyses were performed in R  
(v.3.6.1) in RStudio 1.2.5001 and Bioconductor. In brief, transcript-level 
quantification data were summarized to genes using the tximport pack-
age, and data were normalized using the trimmed mean of M values 
method, implemented in EdgeR47. For stage-specific sorted samples, 
only genes with more than ten counts per million in at least four sam-
ples were retained for analysis. For Myb-M gain-of-function samples, 
only genes with more than one count per million in at least three sam-
ples were retained for analysis. Precision weights were applied to each  
gene on the basis of the mean-variance relationship using the VOOM 
function in limma48. Linear modelling and Bayesian statistics carried 
out in limma were used to identify differentially expressed genes 
with an FDR-adjusted P ≤ 0.01 (stage-specific sorted samples) or 
FDR-adjusted P ≤ 0.05 (Myb-M gain-of-function samples) and an absolute 
log2-transformed fold change of ≥1 after adjustment with Benjamini– 
Hochberg correction. A list of differentially expressed genes from 



asexual, male and female comparisons is provided in Supplementary 
Table 3, and a list of differentially expressed genes from overexpression 
of Myb-M during the asexual cycle is provided in Supplementary Table 12. 
To obtain male and female marker genes, limma was implemented with 
an FDR-adjusted P ≤ 0.01 and an absolute log2-transformed fold change 
of ≥2 after adjustment with Benjamini–Hochberg correction. Genes 
that were upregulated against male and asexual or female and asexual 
were called as female and male markers, respectively. For the female 
transcriptome, we chose in vivo data (out of two available datasets8) 
owing to the clearer distinction that it made between male and female 
transcripts. A list of these markers is provided in Supplementary Table 4. 
Code used for this analysis is provided in Supplementary Data 1 and 2.

scRNA-seq and analysis
After counting samples on the haemocytometer, sorted cells were 
pelleted at 16,000g for 5 min at 4 °C in a 1.5 ml Eppendorf tube and 
resuspended in the 10x Genomics recommended resuspension solu-
tion of 1× PBS (calcium and magnesium free) containing 0.04% weight/
volume BSA (400 µg ml−1). The amount of resuspension solution added 
was determined by the targeted cell recovery concentration of 1,200 
cells per µl with the exception of the 54 h sample, which was 700 cells 
per µl. These single-cell suspensions were loaded onto a microfluidic 
chip for encapsulation using the 10x Genomics platform, which uses 
Gel Beads-in-emulsion (GEMs) technology to generate cDNAs with  
a cell-specific barcode for each encapsulated cell. 10x Chromium Single 
Cell 3′ Library v3 chemistry was used according to the manufacturer’s 
instructions for cDNA amplification and library construction. Ampli-
fied cDNA and sequencing libraries were quality checked and quan-
tified on the Agilent Tapestation 4200 (Agilent Technologies) and 
Qubit 3 (Thermo Fisher Scientific) systems, respectively. Using the 
concentrations from Qubit 3, the average insert size and the expected 
number of cells, individual libraries were normalized and pooled to  
a final concentration of 4 nM. The NextSeq 500/550 High Output Kit 
v2.5 (75 cycles) was used to obtain paired-end reads on the Illumina 
NextSeq 500 sequencer.

Cell Ranger (v.3.1.0)49 was used to process sequencing reads and build 
a reference genome for C. parvum Iowa II (CryptoDB, release 46). Pro-
cessed reads from each sample were aligned to this reference genome, 
and the output filtered feature–barcode matrix was read into Seurat 
(v.3.1.4)50 for filtering, normalization and clustering. These analyses 
were performed in R (v.3.6.1) in RStudio 1.2.5001 and Bioconductor. 
R projects were set up to analyse the asexual transcriptome at 24 and 
36 h (code is provided in Supplementary Data 3) and the whole life-cycle 
transcriptome (code is provided in Supplementary Data 4). Low-quality 
C. parvum cells with less than 100 detected genes and greater than 60% 
rRNA content were removed from further analyses. The maximum 
cut-off for each sample was determined on the basis of the distribution 
of detected genes and RNA transcripts. For the in vivo sample, the maxi-
mum number of detected genes was 1,800 and the maximum number 
of unique molecular identifiers (UMIs) was 7,500. For timepoints 24, 
36 and 42 h, the maximum number of detected genes was 1,200 and 
the maximum number of UMIs was 4,000. The maximum number of 
UMIs was 1,000 for 46 and 54 h, with the number of detected genes set 
to 500 and 400 for each. This left the following number of high-quality 
cells per sample for analyses: 1,483 (24 h), 1,506 (36 h), 619 (42 h), 1,828 
(46 h), 443 (54 h) and 3,219 (in vivo) (Extended Data Fig. 2c–e and Sup-
plementary Table 1). Data were log-normalized, with the scale factor 
set to 10,000. All 4,020 C. parvum genes were used for integration of 
multiple samples, and canonical correlation analysis (CCA) was used to 
find anchors and dimensions 1–30 were used to specify the neighbour 
search space and weighting procedure.

Principal component analysis was run on both integrated datasets. 
For the asexual dataset, PCs 1–20 were chosen for clustering and UMAP 
visualization. For the life-cycle atlas dataset, PCs 1–33 were used, as 
a significant drop in P value was observed after PC 33 on the basis of 

JackStraw analysis. Cells were clustered by using the shared nearest 
neighbour (SNN) method in the function FindClusters, applying the 
default parameters. Resolutions of 0.4 and 1.0 were used for the asexual 
and life-cycle atlas datasets, respectively.

To identify differentially expressed genes between clusters or 
between samples, Wilcoxon rank-sum tests were implemented with 
the function FindAllMarkers on the RNA assays, using the following 
parameters: only.pos = TRUE, min.pct = 0.25, logfc.threshold = 0.25. 
Note that FindAllMarkers is not exclusive, and a gene may be differen-
tially expressed and identified as a marker in multiple clusters. Adjacent 
clusters with similar marker genes were combined. Once the proper 
order from invasion to egress was defined, clusters were assigned new 
identities and relevelled in numerical order. FindAllMarkers was re-run 
on the clusters using the parameters above for both the ordered asexual 
and total atlas datasets, obtaining the differentially expressed genes 
across the life cycle (Supplementary Tables 2 and 5). AddModuleScore 
was used to obtain male and female signature scores with the default 
parameters. AddModuleScore was also used to get signature scores for 
glideosome, rhoptry and microneme genes across the life cycle, with 
gene lists obtained from previous published datasets8,14. FeaturePlot 
was used on the RNA assay to visualize the expression of individual 
genes. Marker genes for male and female clusters with P < 1 × 10−50 were 
examined for their exclusive expression in males or females and are 
highlighted in colour in Supplementary Tables 9 and 10.

Further analyses for C. parvum life cycle directionality and timing 
were performed on the RStudio server (Ghost Orchid release) with 
R v.4.1.3 (code is provided in Supplementary Data 5). The command 
line tool velocyto and package velocyto.R13 were used to estimate and 
visualize RNA velocity of the asexual cycle by distinguishing unspliced 
and spliced mRNAs. Loom files were generated from the command 
line and read into R for filtering and analysis. The UMAP reductions 
from the initial Seurat analysis were intersected with the splicing infor-
mation from the velocity analysis, and the function RunVelocity was 
performed on the new object with parameters deltaT = 1, kCells = 25 
and fit.quantile = 0.02.

Individual parasites were placed along a developmental trajectory in 
pseudotime using Monocle351–53. The script was run on the asexual data-
set and on the subsets of male and female clusters from the total atlas. 
For building the asexual trajectory, the parameters k = 20 and resolu-
tion = 5e-4 were used for the function cluster_cells and ncenter = 200 
and minimal_branch_len = 12 were used for the function learn_graph. 
The trajectory start was chosen based on the predicted egress and 
invasion point obtained from clustering and RNA velocity analyses.

To obtain unbranched trajectories for sexual stages, 359 late female 
parasites clustering along the asexual circle were filtered out of the 
dataset. They were selected using the function CellSelector and elim-
inated from the Seurat object by subset. The male and female cells 
were then subset by cluster identity, with males identified by clusters 
10, 11 and 12, and females identified by clusters 13, 14, 15, 16, 17 and 18. 
For building the male trajectory, the parameters k = 20 and resolu-
tion = 5e-3 were used for the function cluster_cells and ncenter = 200 
and minimal_branch_len = 12 were used for the function learn_graph. 
For building the female trajectory, the parameters k = 40 and resolu-
tion = 5e-4 were used for the function cluster_cells and ncenter = 130 
and minimal_branch_len = 8 were used for the function learn_graph. 
The starting points of these trajectories were manually chosen to begin 
at cluster 10 for male and cluster 13 for female. Unless noted above, all 
of the other parameters were default.

To examine transcription across development, normalized expres-
sion data were pulled for specific gene groups from individual cells 
(gene lists are provided in Supplementary Tables 2, 9 and 10). These data 
were scaled and plotted as smoothed curves with the stat_smooth func-
tion, showing waves of gene expression across pseudotime. The LOPIT 
groups were previously published14, while the DNA replication genes 
were obtained from Gene Ontology term GO:0006260 on CryptoDB. 
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Other male- and female-specific genes plotted as waves were identi-
fied in this Article (Supplementary Tables 9 and 10). For the asexual 
data, the mean expression of genes from a group was calculated per 
single cell and plotted as a curve with a 95% confidence interval using 
stat_smooth. The means for multiple LOPIT groups were also plotted 
on a min–max scale across pseudotime to show the successive waves 
of expression of these organelle proteins.

To analyse the expression of long non-coding RNAs (lncRNAs) across 
the life cycle, we used the C. parvum IOWA-ATCC genome assembly with 
updated annotations54 and used Cell Ranger v.3.1.049 to build a reference 
genome. Data were processed and analysed in Seurat as outlined above 
with the following notable changes (code is provided in Supplementary 
Data 6). Percentage of rRNA content was not used as a filtering param-
eter. All 4,426 C. parvum genes were used for integration of multiple 
samples, with CCA used to find anchors and dimensions 1–50 used to 
specify the neighbour search space and weighting procedure. PCs 1–44 
were chosen for clustering and UMAP visualization, with a resolution 
of 1.0. Differentially expressed genes and the top lncRNAs per cluster 
are found in Supplementary Tables 6 and 7.

Motif analysis
To identify stage-specific motifs, we obtained the 200 bp upstream 
regions of cluster marker genes with a P < 1 × 10−50. We used simple 
enrichment analysis from MEME Suite (v.5.5.5)55 to determine which 
previously published motifs33 are over-represented in specific clusters. 
Shuffled input sequences were used as the control and the e value 
was set as ≤10. Motifs were designated as enriched if their P < 0.001 
(Supplementary Table 11). To uncover novel motifs, we used STREME. 
Shuffled input sequences were used as the control and motifs were 
set with a minimum width of 6 and a maximum width of 16. A P value 
of 0.001 was used to limit the search. Only highly significant motifs 
meeting this threshold are listed along with their matching genes 
(Supplementary Table 11).

qPCR
Infections were set up in a 24-well plate, with 200,000 oocysts per well 
for the 18 h timepoint and 100,000 oocysts per well for the 48 h time-
point. Excystation was performed before infection, and vehicle (0.1% 
ethanol) or 0.5 µM Shield-1 (Takara Bio, 632189) was added at either 
12 h or 36 h. RNA was extracted at 18 h or 48 h by direct lysis in the well 
with 350 µl of RLT lysis buffer from the RNeasy minikit (Qiagen). The 
manufacturer’s instructions were followed, and RNA was eluted in 40 µl 
of RNase-free water. RNA concentrations were measured on the Qubit 
3 (Thermo Fisher Scientific) system. Then, 1 µg of cDNA was prepared 
per sample using SuperScript IV reverse transcriptase (Thermo Fisher 
Scientific). The cDNA was diluted 1:10 before setting up the quantitative 
PCR (qPCR) in a 10 µl reaction, which included SsoAdvanced Universal 
SYBR Green Supermix (Bio-Rad). The reaction was loaded into the ViiA 
7 Real Time PCR system (Thermo Fisher Scientific) with the following 
conditions: initial incubation at 95 °C for 3 min, 95 °C for 15 s and 60 °C 
for 30 s for 40 cycles, and a single melt curve. The ∆∆Ct method56 was 
used to determine the relative expression with 18S rRNA as the control 
gene. A list of all of the primers is provided in Supplementary Table 13, 
many of which were previously published57.

Statistical methods
GraphPad PRISM and Excel were used for statistical analyses. Standard 
t-tests were used to measure quantitative differences between two 
parasite populations, and Welch’s correction was applied to parasite 
counts due to differences in sample size. Error bars are defined in the 
figure legends.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The reference genomes for C. parvum Iowa II and C. parvum IOWA-ATCC 
were obtained from CryptoDB (https://cryptodb.org/cryptodb/
app/downloads). The C. parvum IOWA-ATCC non-coding RNAs were 
acquired from GenBank accessions CP044415–CP044422. Sorted 
asexual and female RNA-seq samples were downloaded from the GEO 
under accession number GSE129267. RNA-seq data generated in this 
study are available at the GEO under accession number GSE232438. The 
C. parvum single-cell atlas is available online (https://CryptoDB.org/).

Code availability
All code is found in Supplementary Data 1–6 and at GitHub (https://
github.com/katelyn-walzer/Cryptosporidium_single_cell_atlas).
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Extended Data Fig. 1 | Generation of transgenic parasite strains. Integration 
maps show the homology repair, the native locus, and the modified locus, with 
the CRISPR/Cas9 induced break for each transfection marked by an arrowhead. 
Diagnostic PCR products are represented as inverted arrows on the integration 
maps and are shown on the corresponding gel, demonstrating successful 
insertion of the homology repair. Transgenic strains include a, tdNeon RPL22 
HA, b, cgd7_5500 (GGC1) HA, c, cgd6_2250 (Myb-M) HA, d, cgd6_2250 (Myb-M) 

knockouts (no parasites recovered), e, cgd6_2250 (Myb-M) overexpression in 
thymidine kinase locus, f, cgd6_2250 (Myb-M) overexpression in cgd6_2670 
(AP2-M) locus, g, cgd6_2250∆ (Myb-M∆) overexpression in thymidine kinase 
locus, and h, cgd6_2250 (Myb-M) LoxP HA. All guide RNAs and primers noted 
are listed in Supplementary Table 13. Viable transgenic strains were each 
generated once, with the exception of cgd6_2250 (Myb-M) HA which was 
generated three separate times.



Article

Extended Data Fig. 2 | Enrichment of C. parvum infected cells and quality 
control for scRNA-seq. a, b, Cell populations from a, culture or b, the ileum of 
an IFN-γ−/− mouse were sorted to enrich for viable cells infected with fluorescent 
green C. parvum. Cells sorted from the mouse ileum were also enriched for 
intestinal epithelial cells based on EPCAM positivity. Sorting gates are outlined 
in black. The plots were generated with FlowJo 10.8.1. c-e, Violin plots show the 
distribution of c, genes detected, d, UMIs, and e, percentage of transcripts 
mapping to rRNA genes across samples after filtering. Filtering cutoffs 

included a minimum of 100 detected genes and less than 60 percent of 
transcripts mapping to rRNA. The maximum cutoffs were set per sample 
according to the pre-processed distribution of detected genes and UMIs.  
For the in vivo sample, the maximum number of detected genes was 1800 and 
the maximum number of UMIs was 7500. For timepoints 24, 36, and 42 h, the 
maximum number of detected genes was 1200 and the maximum number of 
UMIs was 4000. For timepoints 46 and 54 h, the maximum number of detected 
genes was 500 and 400 and the maximum number of UMIs was 1000.



Extended Data Fig. 3 | Temporal gene expression across the asexual cycle. 
a, b, Scaled expression of organellar genes14 across pseudotime. Individual 
genes are shown in grey, the mean in black, and the 95 percent confidence 
interval in red (a). The means from each organelle (black in a) are plotted in 

colour (b). c, A heatmap shows the scaled expression of the organellar genes 
across asexual clusters. The colour for each gene group corresponds to that 
used in (b). These data represent the parasite transcriptomes captured at 24 
and 36 h (see Supplementary Table 2 for gene lists).
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Extended Data Fig. 4 | Expression of cluster markers across the C. parvum life cycle. A heatmap shows the scaled expression of 2880 genes that were identified 
as markers for one or more clusters defining the C. parvum transcriptome (see Supplementary Table 5 for gene lists).



Extended Data Fig. 5 | The transcriptome of the full C. parvum life cycle 
including lncRNAs. a, The UMAP shows 8962 individual C. parvum 
transcriptomes and is coloured for clustering across asexual (green), male 

(blue), and female (pink) parasites. b, Each UMAP shows the top lncRNA gene 
for each cluster with its normalized expression in blue.
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Extended Data Fig. 6 | Identification of meiosis-specific genes. Previously 
published meiosis and DNA repair genes8 were examined for their female- 
specific expression, as expression during other stages would indicate that they 
are not specific for meiosis. Eight genes were identified as female-specific from 

the previous list and were designated as meiosis genes. Further examination of 
female-specific genes (Supplementary Table 9) revealed three additional 
meiosis genes not included in the previously published list. UMAPs show their 
normalized expression levels in blue.



Extended Data Fig. 7 | Male gametes lack gliding and invasion machinery 
but exclusively express genes of the GGC exported protein family.  
a-c, Signature scores were obtained for glideosome8(a), rhoptry14 (b), and 
microneme14 (c) genes and were painted onto the UMAP in green. Note that 
following successful fertilization and meiosis, in vivo females form sporozoites 
which are indistinguishable from merozoites with respect to their motility 
machinery. Late in vivo females therefore exhibit expression of glideosome 
genes. d, UMAPs show the normalized expression levels (in blue) of four 
paralogous GGC proteins. e, GGC1 (cgd7_5500) was epitope tagged and 

visualized in immunofluorescence assays after 54 h of growth in culture. 
Tagged GGC1 was stained with an antibody to HA, shown in green, while the 
male nucleus was stained with DAPI in blue. Males were stained with alpha 
tubulin, shown in magenta, and females were stained with DMC1, also shown in 
magenta, in two separate assays. GGC1 localizes to the periphery of the 8 N 
male gamont, surrounding the nuclei, and then localizes to the apical end of 
mature male gametes. It is not expressed in females (scale bar = 2 µm, data 
representative of two experiments).
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Extended Data Fig. 8 | Expression of AP2 transcription factors across the C. parvum life cycle. A heatmap shows the normalized expression of 16 AP2 
transcription factors across the C. parvum transcriptome. AP2s are largely stage- and sex-specific. Male and female expressed AP2s are shown in bold.



Extended Data Fig. 9 | Myb-M is the earliest male transcription factor and 
the locus is refractory to disruption. a, UMAPs show the normalized 
expression levels (in blue) of male- and female-specific transcription factors. 
Myb-M is expressed the earliest of all factors with female AP2s expressed 
particularly late in female developmental progression. b, c, Myb-M was targeted 
for deletion at the predicted N-terminal DNA binding domains (b) or after for 
C-terminal truncation (832 base pairs into the coding sequence, c) by CRISPR/
Cas9 mediated marker insertions. Myb-M-HA was used as a control in parallel. 

Sporozoites transfected with a Cas9+gRNA plasmid and homology repair 
template (see Extended Data Fig. 1 for design) were given to mice via oral gavage. 
Oocyst shedding was monitored by faecal luminescence measurements.  
Data is represented as the mean of three technical replicates. Note that while 
epitope tagged mutants are readily recovered, no viable transgenics were 
isolated using the deletion and truncation constructs, suggesting that the gene 
is likely essential.
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Extended Data Fig. 10 | Ectopic expression of Myb-M drives parasites to a 
male fate. a, Diagram showing conditional Myb-M overexpression AP2-M 
reporter strain. b, c, Infected cultures were treated with vehicle or Shield-1 at 
12 h, fixed at 18 h, and AP2-M was detected with an antibody to Myc (scale bar = 
2 µm) and quantified in 8 N parasites (c). Error bars represent the standard 
deviation of the mean from three biological replicates (**P = 0.0018, two-tailed 
unpaired t-test with Welch’s correction). d, Infected cultures were treated  
with vehicle or Shield-1 at 24 h, fixed at 28 h, and AP2-M was quantified as in c 
(**P = 0.0044, two-tailed unpaired t-test with Welch’s correction). e, Schematic 
comparing the conditional Myb-M-HA and Myb-M∆-HA overexpression 
constructs. The conserved DNA-binding domains predicted by AlphaFold are 
marked in green, with the amino acid sequence annotated above. 315 nucleotides 

were deleted from conditional Myb-M∆-HA, and the resulting open reading 
frame is shown indicating the amino acid sequence of the deletion. f, Inducible 
Myb-M-HA and Myb-M∆-HA parasites were treated with Shield-1 and scored for 
HA staining. Error bars represent the standard deviation of the mean from three 
biological replicates. Significance was evaluated by a two-tailed Welch’s t-test. 
g, h, HCT-8 cultures infected with the inducible Myb-M-HA strain were treated 
with vehicle or Shield−1 at either 12 h (g) or 36 h (h). RNA was harvested at 18 h 
(g) or 48 h (h) and representative constitutive (grey), asexual (green), male 
(blue), or female (pink) transcripts were measured by qPCR. The log2 fold 
change is relative to the 18S rRNA control and vehicle-treated samples. Data is 
representative of two independent biological repeats and is plotted as the mean.
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