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Cryptosporidium species are a major cause of diarrhea and associated with growth failure. There is currently only limited knowledge of 
the parasite’s genomic variability. We report a genomic analysis of Cryptosporidium parvum isolated from Bangladeshi infants and 
reanalysis of sequences from the United Kingdom. Human isolates from both locations shared 154 variants not present in the cattle- 
derived reference genome, suggesting host-specific adaptation of the parasite. Remarkably 34.6% of single-nucleotide polymorphisms 
unique to human isolates were nonsynonymous and 8.2% of these were in secreted proteins. Linkage disequilibrium decay indicated 
frequent recombination. The genetic diversity of C. parvum has potential implications for vaccine and therapeutic design.
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Cryptosporidium parasites are a leading cause of death and disabil
ity due to diarrheal disease in infants in low- and middle-income 
countries [1–3]. The parasitic members of the eukaryotic single- 
celled Cryptosporidium genus can infect a broad range of hosts. 
While human cryptosporidiosis can be caused by at least 15 dif
ferent species of Cryptosporidium, just 3 species cause the bulk 
of human disease: Cryptosporidium hominis, Cryptosporidium 
meleagridis, and Cryptosporidium parvum [4]. The aim of this 
work was to characterize the genetic diversity in the 
Cryptosporidium parasites infecting humans. No vaccine exists 
to prevent cryptosporidiosis and information on the population 
genetics of the parasite has important implications for the design 
and development of vaccines and therapeutics [5].

Fewer than 10 reference (formally assembled, annotated, and 
publicly available on the parasite database CryptoDB) genome 
sequences exist for these species [6]. Because only C. parvum 
can be cultured in vitro, C. parvum is the focus of many exper
imental models for vaccine and therapeutic development.

In previous work on cryptosporidiosis in Bangladesh and 
Africa, we and others discovered that extensive genomic di
versity exists within C. hominis, including a high rate of sex
ual recombination and single nucleotide polymorphisms 
(SNPs) [7, 8]. Here, we extended this analysis by sequencing 
C. parvum isolates from children in Bangladesh and compar
ing these genome sequences to both the reference genome se
quence, which was from cattle, and isolates collected from 
humans and cattle in the United Kingdom [9, 10]. We high
light the genomic variability among parasites collected in dis
tinct geographic locations and between parasites isolated 
from humans versus cattle, as well as a high rate of recombi
nation. These findings emphasize the need for further delin
eation of the variability in clinically relevant reference 
genome sequences to prioritize antigen selection and identify 
drug targets.

METHODS

Ethical Considerations

The study was approved by the Ethical and Research Review 
Committees of the International Centre for Diarrhoeal 
Disease Research, Bangladesh (icddr, b) and the Institutional 
Review Board of the University of Virginia. Informed written 
consent was obtained from the parents or guardians for the par
ticipation of their child in the study.

Infant Cohort

Starting in June 2014, 250 children born into an urban slum of 
Dhaka (Section 11 of Mirpur Thana) and 258 children from 
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rural Mirzapur were enrolled in the first week after birth into a 
community-based prospective cohort study of enteric infections 
(“Cryptosporidiosis and Enteropathogens in Bangladesh”; 
ClinicalTrials.gov identifier NCT02764918). At the urban loca
tion, an additional 250 children from the same population were 
enrolled in a second companion community-based prospective 
cohort study focused on infant cryptosporidiosis (“Field Studies 
of Cryptosporidiosis and Enteropathogens in Bangladesh”). 
C. parvum was identified in 2% of all cryptosporidia 
infections (n = 3, 2 monoinfections) at the urban site and in 
4% (total n = 4; 3 monoinfections) at the rural location [4]. 
Six of the oocyst isolates collected from both study sites had suf
ficient DNA for sequencing and were included in the analysis 
reported here, including 1 coinfected with C. hominis.

Sampling and Specimen Testing

Diarrheal and monthly surveillance stools were evaluated for the 
presence of the major enteric parasitic pathogens, including 
Cryptosporidium spp. by use of a multiplexed quantitative poly
merase chain reaction (qPCR) assay, which includes a broad- 
range assay that recognizes the common Cryptosporidium 
species that routinely infect humans (C. hominis, C. parvum, 
and C. meleagridis) as well as 2 other clinically relevant protozoan 
parasites (Giardia duodenalis and Entamoeba histolytica) [7, 11].

Genotyping Assay

The polymorphic region within the gp60 gene (cgd6_1080) was 
used to genotype Cryptosporidium-positive samples [12]. If the 
short-read genomic sequences were insufficient to type the re
gion with confidence, a nested PCR reaction was performed as 
previously described and Sanger sequenced [7] (Supplementary 
Table 1). Mixed infections were identified by the presence of 
multiple gp60 genotypes.

Whole-Genome Resequencing and Analysis

The sequences of the Bangladesh isolates were obtained as pre
viously described for C. hominis [7] and are deposited in the 
NCBI’s Sequence Read Archive BioProject PRJEB14327 
(SRA; Supplementary Table 1). Additional genome sequences 
were obtained from the SRA with the following selection crite
ria: availability of fastq files and sample collection methods pre
sented in peer-reviewed publications. Furthermore, only 
samples that were collected from humans and purified to ob
tain oocysts were used, excluding mouse-derived parasites 
and metagenomic sequences. With these selection criteria, 
whole-genome nucleotide sequencing data from 12 isolates col
lected in the United Kingdom were acquired through their ac
cession numbers (Supplementary Table 1) [9, 13]. Of note, 1 
additional genome sequence (from a child in Uganda) passed 
these selection criteria; it was excluded because, with only 1 iso
late, we could not compare multiple Ugandan isolates as we did 
with isolates from the United Kingdom and Bangladesh [7, 9].

For consistency in analysis, all genome sequences were ana
lyzed in parallel and aligned to the Cryptosporidium parvum 
Iowa II reference genome sequence (CryptoDB version 53; 
[6]); the analytic code and additional detail are provided at 
https://github.com/maureencarey/cparvum_genomes_manuscript. 
First, sequences were downloaded from NCBI’s SRA and 
trimmed to remove adaptors and restrict sequence length to 
150 base pairs, and quality filtered with BBTools version 
38.57 [14]. Read quality was evaluated with FastQC version 
0.11.5 and MultiQC version 1.8 [15, 16]. Next, unmerged for
ward and reverse reads were aligned with BWA-mem version 
0.7.17 [17] to the C. parvum Iowa II reference genome (acces
sion number GCA_000165345.1), SAM files were converted 
and sorted to generate BAM files with SAMTools version 1.9 
[18]. The mean depth of genome cover in each isolate was de
termined using (SAMTools; version 1.12) and multiallelic SNPs 
were identified using Freebayes (version 0.9.9) and tabulated 
using bcftools (version 1.9). Duplicate reads were marked 
with Picard version 2.20.6 (https://broadinstitute.github.io/ 
picard). GATK’s HaplotypeCaller (version 4.0.0.0) was then 
used to call SNPs [19]. For the combined population-based 
analyses the individual BAM files were then merged 
(Supplementary Table 1). For SNP analyses, oocyst genome se
quences were treated as tetraploid; however, for linkage dise
quilibrium calculations, these genome sequences were treated 
as diploid for compatibility with available software [20]. 
Lastly, variants were filtered to remove low-quality SNPs using 
GATK’s VariantFiltration (QUAL < 25.0, QD < 15.0, FS >  
12.0, MQ < 58.0, MQRankSum < −3.0, ReadPosRankSum <  
−3.0 [19]); parameters were selected for consistency with our 
previous publication [7]. SnpEff version 4.3 was used to identify 
the variations that resulted in the substitution of a different 
amino acid in the encoded proteins [21].

Linkage disequilibrium and principal component analysis 
(PCA) were performed with PLINK version 1.90b6.16 
[20, 22]. VCF files were analyzed and visualized in R 4.0.3 
[23, 24]. The 32 Bangladesh C. hominis genome sequences [7] 
were rerun through an identical pipeline for comparison and 
randomly subset into groups of 16–18 to determine if the dif
ferences in the squared correlation coefficient between different 
alleles (r2) resulted from sample size bias [25].

RESULTS

Oocysts purified by immunomagnetic separation from stool 
were sequenced to obtain 5 C. parvum genome sequence mono
infections (as determined by unique polymorphic gp60 region 
and only a small number of multiallelic SNPs [0.1% ±  
0.08%]) and the mean depth of cover (DP) and the percentage 
of the reads that mapped to the C. parvum genome (mapped) 
for each isolate calculated (icddr, b 47, DP = 20.6, mapped 
58.85%; icddr, b 63, DP = 32.25, mapped =97.97%; icddr, 
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b 90, DP = 142.259, mapped = 88.74%, icddr, b 93, DP = 83.23, 
mapped = 88.32%; icddr, b 111, DP = 263.126, mapped =  
99.40%). One additional isolate was also obtained from a child 
with a mixed C. parvum and C. hominis infection (icddr, b 29: 
DP = 194, mapped = 98.35%) (Figure 1A, Supplementalry 
Table  1). Parasite genome sequences contained between 
6636 and 32 616 SNPs (total, 43 882) when compared to the ref
erence genome, C. parvum Iowa II obtained from cattle 
(CryptoDB version 53) (Figure 1). No major structural varia
tions (defined as insertions or deletions greater than 200 base 
pairs) were observed (see code, Supplementary Material). 
Only 3097 SNPs were common to all 5 monoinfection isolates 
(Figure 1B). For reference, 12 recently published genome se
quences isolated in the United Kingdom sequenced using sim
ilar technology to a mean coverage of 101.5 reads per locus, 
were analyzed in parallel (Supplementary Figure 1A). In the 
UK isolates, 26 992 SNPs were detected, but only 166 of these 
SNPs were present in all of the UK isolates (Supplementary 
Figure 1B). There were 2945 SNPs found exclusively in the 
Bangladesh isolates (ie, in all Bangladesh isolates and in no 
UK isolates) whereas only 14 SNPs were found exclusively in 
the UK isolates (Figure 1C). There were 152 SNPs found to 
be shared with all of the human isolates, including 60 variants 
that resulted in a change in the amino acid sequences of the en
coded proteins. Despite variability in the total number of SNPs 
and genes affected by SNPs across genome sequences 
(Supplementary Figure 2A and 2B), nonsynonymous variants 
were similarly represented in each genome (Supplementary 
Figure 2C); nonsynonymous SNPs yield functional differences 
in a protein by changing the amino acid sequence or adding or 
removing a stop codon. Such changes in the amino acid se
quence in secreted proteins were of particular interest given 
the potential for interaction with the mammalian host and, 
therefore, these may be under selective pressure. Ninety-five 
genes in the C. parvum genome are predicted to encode secret
ed proteins (2.4% of all genes [6]). We found that the nonsy
nonymous SNPs occurred at a higher frequency in these 
genes (3% of the nonsynonymous SNPs were located in these 
genes) (Supplementary Figure 2C). Five genes encoding secret
ed proteins contained SNPs in all of these human isolates: 
cgd8_1740 (secreted GGC gene family protein), cgd3_10 (un
characterized, SKSR gene family), cgd6_1180 (uncharacterized), 
cgd7_4340 (uncharacterized), cgd7_4500 (uncharacterized), 
and cgd8_3540 (uncharacterized, WYLE gene family). Three 
genes contained SNPs in only the Bangladesh isolates: 
cgd1_1680 (insulinase-like protease), cgd7_3390 (patatin-like 
phospholipase), and cgd8_3670 (uncharacterized); none of 
these proteins are known to trigger a host immune response.

By comparing all SNP variations in each genome using a 
PCA, the full genome sequences clustered by gp60 group 
more so than geographic region (PERMANOVA, location 
P > .5; gp60 P < .04; Figure 2A). gp60 is the most frequently 

used Cryptosporidium genotyping system. The gp60 locus is 
evaluated by identifying individual SNPs to distinguish parasite 
types and the number of repetitions in a highly variable micro
satellite region to identify subtypes [26,27]; the C. parvum gp60 
group IIc is thought to have a strong preference for human 
hosts whereas C. parvum isolates with other gp60 genotypes 
are thought to more commonly infect other mammals [9]. 
The reference genome from C. parvum Iowa II, used in this 
study, belongs to the IIa group and therefore would be expected 
to have a broad range of mammalian hosts (GCA_015245375.1 
VEupath Release 53) [28]. This trend in gp60 group clustering 
via PCA was conserved when focusing on only those nonsy
nonomous SNPs that resulted in changes in the amino acid se
quences of the secreted proteins (Supplementary Figure 3A and 
3B). Because PCA and associated statistical tests can be biased 
by outliers, we also confirmed that this trend was consistent 
when excluding 1 genome from Bangladesh that appeared to 
be an outlier (identifier icddr, b 47). Outlier status was based 
on SNP content after removing biases (base pairs were filtered 
for quality and normalized to read depth and root mean square 
mapping quality over all the reads at the site). The reanalysis via 
PCA of the data minus icddr, b 47 (Supplementary Figure 3C) 
did not alter our initial conclusion based on the number of 
shared SNPs (Figure 1B) or our conclusion after the perfor
mance of the first PCA that the genome sequences belonging 
to the gp60 group IIc in the United Kingdom and Bangladesh 
were more similar to each other than to the group IId genome 
sequences (Figure 2A).

Previous work highlighted the unusually short regions of 
linkage disequilibrium in C. hominis (<300 bp) and, as a result, 
C. hominis genome sequences do not cluster by gp60 genotype 
[7]. In C. parvum the gp60 genotype is, however, routinely used 
to both track outbreaks and as a genetic marker to describe ge
nomic lineages [9, 12]. Its use for this purpose has, however, 
been controversial [29–32]. Thus, we next asked if gp60 was 
more representative of whole-genome C. parvum diversity in 
Bangladesh than in C. hominis because C. parvum has less re
combination. Our results, however, indicated that this is not 
the case. The C. parvum parasites also had a high rate of recom
bination (Figure 2B) similar to that occurring in the Bangladesh 
C. hominis genome sequences [25]. Any differences in observed 
linkage disequilibrium curves are explained by the reduced 
number of genome sequences included in the study when com
pared to the C. hominis study (Supplementary Figure 4) [25].

DISCUSSION

Here, we demonstrate that C. parvum isolates from human in
fections in geographically diverse locations have genetic differ
ences from the reference genome line, isolated from cattle. We 
present high-quality sequence data from 5 C. parvum isolates 
collected from patients in Bangladesh (Figure 1A and 1B), 
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compared them to both the animal-derived reference genome 
(C. parvum Iowa II) and 12 recently published human isolates 
from the United Kingdom, and identified a set of SNPs shared 
by all 17 human isolates (Figure 1C). Over 39% of these SNPs 
specific to Cryptosporidium genome sequences isolated from 
human hosts resulted in functional differences in the encoded 
proteins; these variants highlight key differences between 
human-derived isolates and the animal-derived parasite line 
that was used to generate a reference genome. Importantly, 
3% of all SNPs in the Bangladesh and UK isolates were 
both nonsynonymous and located within the 2.4% of genes 
that encode for secreted proteins, which are potentially under 
selection pressure from the human host (Supplementary 
Figure 2).

With only 2 publicly available C. parvum reference genome 
sequences [6] and fewer than 10 published whole-genome se
quencing studies, this study adds considerably to the field of 
parasite genomics by increasing the number and diversity of 
available genome sequences, specifically those derived from 
human infections. As such, 4 of these novel genome sequences 
obtained from monoinfections were gp60 group IIc, the geno
type group described as the human C. parvum (C. parvum 

anthroponosum; Figure 1B). Importantly, the Bangladesh iso
lates had more total SNPs and more shared SNPs than the 
UK isolates (Figure 1B and Supplementary Figures 1B and 
2A), emphasizing the diversity of parasites in this region [7].

Furthermore, we show that gp60 is somewhat representative of 
full genomic diversity in C. parvum in this set of genome sequenc
es. Genome sequences with the same gp60 genotype are more 
similar than genome sequences from a single geographic location 
(Figure 1B and Figure 2A). The (partial) utility of gp60 genotyp
ing in this species is contrary to what was observed in C. hominis 
[7]. Lastly, we show that this difference between species is not due 
to a significantly decreased rate of recombination in C. parvum 
(Figure 2B). The species difference may be the result of differen
tial selective pressure on the gp60 protein in each species. As the 
function of gp60 is uncharacterized and the host range varies be
tween the 2 parasite species, functional differences across species 
in the protein or in the host’s response to the protein are plausible.

This study has several limitations, most notably the small 
number of C. parvum genome sequences obtained from human 
and cattle samples and the limited geographic range of infec
tion locations sampled. However, the study also has notable 
strengths including the acquisition of the C. parvum genome 

Figure 1. Novel genome sequencing reveals conserved variants and variants associated with geographic location. A, Sequencing depth. Genome-wide sequencing depth 
for each Bangladesh isolate (including the mixed infection); analogous data for UK isolates is available in Supplementary Figure 1. Each box represents the median (inner line), 
25th percentile, and 75th percentile. Upper whiskers extend from the top of the box to the largest value within 1.5 times the interquartile range, and the lower whisker 
extends to the smallest value within 1.5 times the interquartile range. B, Core set of conserved single-nucleotide polymorphisms (SNPs) and SNPs unique to each genome. 
SNPs in each monoinfection isolate from Bangladesh were compared using the UpSet visualization approach. Left barchart represents the total number of SNPs in each 
genome. Top bar chart represents the number of SNPs shared between the different genome sequences (indicated by the filled circles below). The mixed infection is 
not shown. Genome sequences in yellow are IIc (gp60 grouping), genome sequences in blue are IId. The inset Venn diagram is shown to highlight the SNPs shared between 
the genome sequences with the different gp60 genotype. C, SNPs found in all isolates. SNPs found in all Bangladesh isolates or all UK isolates were compared.
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sequences isolated from a Bangladesh population where this 
parasite is endemic and the identification of a core set of 
SNPs apparently unique to human isolates of C. parvum.

CONCLUSIONS

Clinically derived isolates of C. parvum collected in Bangladesh 
were highly divergent from one another with over 30% of SNPs 

in these isolates resulting in changes in protein open reading 
frames. Genetic variability within this population is unexpected 
given the low prevalence of this Cryptosporidium species and 
the homogenous host population [4]. Furthermore, frequent 
recombination also occurred in C. parvum, consistent with a 
previous study on C. hominis. Unlike C. hominis, however, 
the gp60 genotyping system remained representative of 
genomic variation in C. parvum. Bangladeshi human-derived 

Figure 2. Despite the rapid linkage disequilibrium decay observed in the Cryptosporidium parvum genome sequences the whole-genome SNP profile continued to be con
cordant with the gp60 genotype. A, gp60 summarizes genome-wide variation. Principal component (PC) analysis of genome-wide variation (as implemented in Plink 2.0) is 
shown. All quality-filtered single-nucleotide polymorphisms (SNPs) were used. Points represent genome sequences and are color coded by gp60 grouping. Shapes represent 
patient location. The small dot represents the mixed infection from Bangladesh. Significance as determined by a PERMANOVA: location, P > .5; gp60, P < .04; however, this 
statistical test is biased by outliers, and so please see Supplementary Figure 3. B, Similar rate of recombination in C. parvum when compared to Cryptosporidium hominis. 
Comparison between C. parvum (blue) and C. hominis (black) linkage disequilibrium decay, calculated with Plink 2.0. The region of linkage disequilibrium in C. hominis was 
previously calculated as being <300 and 300 bp is indicated by the vertical black line at 300 bp on the x-axis [7]. Although the threshold values were different in C. hominis 
and C. parvum the rate of linkage disequilibrium decay appeared similar. To confirm this observation the data were reanalyzed using comparable genome numbers 
(Supplementary Figure 4).
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isolates share many SNPs with clinically derived isolates from 
the United Kingdom, indicating divergence from the animal- 
derived reference genome and emphasizing the need for high- 
quality reference genome sequences from both human and 
animal infections. The functional significance of these genomic 
changes in the parasite remains to be discovered, but highlights 
that such genetic diversity may need to be accounted for in 
identifying targetable antigens for vaccine development.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy
edited and are the sole responsibility of the authors, so ques
tions or comments should be addressed to the corresponding 
author.
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