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Whole-genome sequencing of Cryptosporidium spp. is hampered by difficulties in obtaining sufficient, highly pure genomic
DNA from clinical specimens. In this study, we developed procedures for the isolation and enrichment of Cryptosporidium
genomic DNA from fecal specimens and verification of DNA purity for whole-genome sequencing. The isolation and enrichment
of genomic DNA were achieved by a combination of three oocyst purification steps and whole-genome amplification (WGA) of
DNA from purified oocysts. Quantitative PCR (qPCR) analysis of WGA products was used as an initial quality assessment of am-
plified genomic DNA. The purity of WGA products was assessed by Sanger sequencing of cloned products. Next-generation se-
quencing tools were used in final evaluations of genome coverage and of the extent of contamination. Altogether, 24 fecal speci-
mens of Cryptosporidium parvum, C. hominis, C. andersoni, C. ubiquitum, C. tyzzeri, and Cryptosporidium chipmunk genotype
I were processed with the procedures. As expected, WGA products with low (<16.0) threshold cycle (CT) values yielded mostly
Cryptosporidium sequences in Sanger sequencing. The cloning-sequencing analysis, however, showed significant contamination
in 5 WGA products (proportion of positive colonies derived from Cryptosporidium genomic DNA, <25%). Following this strat-
egy, 20 WGA products from six Cryptosporidium species or genotypes with low (mostly <14.0) CT values were submitted to
whole-genome sequencing, generating sequence data covering 94.5% to 99.7% of Cryptosporidium genomes, with mostly minor
contamination from bacterial, fungal, and host DNA. These results suggest that the described strategy can be used effectively for
the isolation and enrichment of Cryptosporidium DNA from fecal specimens for whole-genome sequencing.

Cryptosporidium spp. are an important cause of moderate to
severe diarrhea in humans and various animals (1, 2). Over

the past decade, great efforts have been made to understand the
interaction between Cryptosporidium spp. and their hosts. Thus
far, at least 26 species and more than 60 genotypes have been
described (3), most with some host specificity. In contrast to the
expanding knowledge of the taxonomic complexity of the genus
Cryptosporidium, little progress has been made in understanding
the molecular basis of phenotypic traits such as the host specific-
ity. This is mainly due to the lack of whole-genome characteriza-
tion of most Cryptosporidium species and genotypes.

Thus far, the genomes of only four Cryptosporidium isolates
have been sequenced. Sequence data of the whole genomes of C.
parvum and C. hominis, the two species responsible for most hu-
man infections (4), were first published in 2004 (5, 6). Several
years later, the genome of C. muris was sequenced, and data from
the project are available on CryptoDB (http://cryptodb.org).
More recently, the genome of anthroponotic subtype family IIc of
C. parvum has been sequenced using the next-generation se-
quencing (NGS) tools (7). The availability of the whole-genome
sequence data from Cryptosporidium spp. has greatly improved
our understanding of the basic biology of Cryptosporidium spp.
and the development of new intervention strategies (8). The data
have also facilitated the development of high-resolution molecu-
lar typing tools (4, 9). Population genetic characterizations of C.
parvum and C. hominis using these advanced molecular detection
tools have started to improve our understanding of the genetic
determinants for host specificity and virulence (10–12).

One major factor hindering the NGS analysis of genomes of
Cryptosporidium spp. is the difficulty in acquiring sufficient num-

bers of highly purified oocysts because of the lack of effective an-
imal models and in vitro culture systems. This presents a major
obstacle in obtaining DNA in suitable concentrations and purity
for NGS analysis. Currently, the diagnostic procedures used in the
concentration of Cryptosporidium oocysts from fecal specimens
frequently lead to the copurification of contaminating bacteria,
food particles, and even host cells.

Several methods have been developed to recover oocysts from
fecal and environmental specimens, such as sucrose flotation (13),
discontinuous sucrose gradient centrifugation (14), cesium chlo-
ride (CsCl) gradient centrifugation (15), and immunomagnetic
separation (IMS) (16). These methods usually result in significant
oocyst losses, thus generating an insufficient amount of DNA for
NGS analysis. In addition, when used alone, these methods fre-
quently lead to the copurification of objects with similar buoyant-
density characteristics or adhered to the surface of Cryptospo-
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ridium oocysts. As all DNA fragments present in a DNA extraction
are sequenced by the shotgun-based NGS technologies, an abun-
dance of contaminating DNA will reduce the sequence coverage of
the Cryptosporidium genome. This is especially important for the
whole-genome sequencing of Cryptosporidium spp., which have
small (�9-Mb) genomes in comparison to the genomes of the
host cells (�3 Gb) and food particles (mostly �300 Mb). There-
fore, the isolation and enrichment of parasite DNA free of signif-
icant contamination by nontarget organisms are imperative for
successful sequencing of Cryptosporidium genomes.

In this study, we developed a strategy for the isolation and
enrichment of Cryptosporidium DNA and verification of DNA
purity for whole-genome sequencing. The method uses combined
sucrose and cesium chloride density gradient separation and IMS
for purification of oocysts from fecal specimens, DNA extraction
using a commercial kit, whole-genome amplification (WGA) to
increase the quantity of the extracted genomic DNA, quantitative
PCR (qPCR) analysis of WGA products for initial evaluation of
Cryptosporidium DNA quality, cloning-sequencing of WGA prod-
ucts for initial assessment of DNA purity, and NGS analysis of
WGA products for the final evaluation of genome coverage and of
the extent of nontarget contamination. The procedures developed
in this study should make routine whole-genome sequencing of
Cryptosporidium spp. feasible.

MATERIALS AND METHODS
Specimens. Twenty-four fecal specimens of six Cryptosporidium species
or genotypes from mostly naturally infected humans and animals were
used in this study (Table 1). All human specimens were from patients with
diarrhea, whereas the animal specimens were mostly from healthy ani-
mals. All fecal specimens were previously confirmed as being positive for
Cryptosporidium spp. by sequence analysis of the small-subunit rRNA
(ssrRNA) gene (17). They were stored in 2.5% potassium dichromate
(K2Cr2O7) for less than 1 year before being used in oocyst purification.

Oocyst purification. Approximately 5 ml of fecal suspension from
each specimen was transferred to a 20-mesh stainless steel sieve to remove
large debris and washed with 45 ml of 0.85% saline solution. The sieved
fecal suspension was centrifuged at 1,500 � g for 10 min. The pellet was
resuspended in 0.85% saline solution and applied to a discontinuous su-
crose gradient as previously described (14). The oocysts harvested were
purified with a cesium chloride (CsCl) gradient technique (18). The pu-
rified secondary oocysts were further separated from residual contami-
nants by IMS using a Dynabeads anti-Cryptosporidium kit (Invitrogen,
Oslo, Norway) per manufacturer-recommended procedures, except that
twice the recommended volume of beads was used. Finally, the bead-
oocyst suspension was treated on ice with 10% Clorox Regular Bleach
(Oakland, CA) for 10 min to dissolve any bacteria or fungi attached to
oocysts.

DNA extraction and whole-genome amplification. DNA was ex-
tracted from purified oocysts using a QIAamp DNA minikit (Qiagen Sci-
ences, Hilden, Germany). Briefly, 180 �l of the ATL buffer from the kit
was transferred to the bleached treated bead-oocyst complex in a 1.5-ml
tube, and the suspension was subjected to 5 freeze-thaw (�70°C and
56°C) cycles. The suspension was then digested with 20 �l of proteinase K
at 56°C overnight. Genomic DNA was extracted from the oocysts follow-
ing the manufacturer-recommended procedures. WGA was performed
on 5 �l of the extracted DNA using a REPLI-g Midi kit (Qiagen Sciences).
After WGA, 5 �l of each amplified product was analyzed by electropho-
resis on a 1.5% agarose gel. The remaining 45 �l of WGA product was
washed with 60 �l Tris-EDTA (TE) buffer (0.01 M, pH 8.0) by vacuum
filtration using MultiScreen plates (EMD Millipore, Billerica, MA). The
cleaned WGA product was resuspended in 100 �l TE buffer, and the DNA

concentration was measured using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA).

Cryptosporidium DNA analysis by qPCR. The WGA products and
1:100 and 1:1,000 dilutions of them were analyzed by ssrRNA gene-based
qPCR. Each PCR reaction mixture had a final volume of 50 �l and con-
tained 200 �M (each) deoxynucleoside triphosphates (dNTPs), 3 mM
MgCl2, 500 nM (each) primer (primer 18S-qF2, 5=-AAG TAT AAA CCC
CTT TAC AAG TA-3=; primer 18S-qR2, 5=-TAT TAT TCC ATG CTG
GAG TAT TC-3=), 400 ng/�l of nonacetylated bovine serum albumin
(Sigma-Aldrich, St. Louis, MO), 1� GeneAmp PCR buffer (Applied Bio-
systems, Foster City, CA), 2.5 U of GoTaq DNA polymerase (Promega,
Madison, WI), 1� EvaGreen (Biotium, Hayward, CA), and 1 �l of the
DNA template. All reactions were performed on a LightCycler 480 system
(Roche, Mannheim, Germany) for 50 cycles of amplification (95°C for 5 s,
55°C for 10 s, and 72°C for 40 s), with an initial denaturation step (95°C
for 3 min) and a final cooling step (40°C for 30 s). The threshold cycle (CT)
value from the qPCR was used as an indicator of the yield of Cryptospo-
ridium genomic DNA in WGA products.

Assessment of purity of Cryptosporidium genomic DNA in WGA
products by cloning and Sanger sequencing. The purified WGA prod-
ucts were digested with BamHI (Thermo Fisher Scientific, Waltham, MA)
in a 60-�l reaction volume containing 20 �l of purified WGA product.
The digested products were loaded onto a 1.5% agarose gel, and restric-
tion products of between 1,000 and 1,500 bp were cut out and purified
with a QIAquick gel extraction kit (Qiagen Sciences). These products were
cloned into BamHI-linearized pUC19 vectors (Thermo Fisher Scientific)
using a Rapid DNA ligation kit (Thermo Fisher Scientific) in a 20-�l
volume containing 1.5 �l of linear pUC19 vectors, 10 �l of gel-purified
insertion DNA, 4 �l of 5� Rapid ligation buffer, and 1 �l T4 DNA ligase.
Two microliters of ligation products was used to transform JM109 com-
petent cells (Promega). Transformed Escherichia coli cells were plated on
LB plates containing ampicillin, X-Gal (5-bromo-4-chloro-3-indolyl-�-
D-galactopyranoside), and IPTG (isopropyl-�-D-thiogalactopyranoside).
After 16 h of incubation at 37°C, up to 40 white colonies were picked and
boiled in 5 �l of nuclease-free water for 5 min to release plasmid DNA.
They were screened for positive colonies by PCR using universal vector
primers (Forward, 5=-GCCAGGGTTTTCCCAGTCACGA-3=; Reverse,
5=-GAGCGGATAACAATTTCACACAGG-3=). Positive PCR products
were sequenced on an ABI 3130 Genetic Analyzer (Applied Biosystems)
using the forward primer and a BigDye Terminator V3.1 cycle sequencing
kit (Applied Biosystems). The obtained sequences were subjected to
BLAST analysis using the NCBI nucleotide database to determine the
source of the cloned WGA product. The percentage of positive colonies
from Cryptosporidium was determined to assess the extent of contamina-
tion by nontarget organisms.

Assessment of contamination from nontargets and coverage of
Cryptosporidium genomes by NGS. WGA products from five specimens
(30972, 30974, 33496, 33537, and 37035) were sequenced with 454 tech-
nology on a GS-FLX Titanium System (Roche, Branford, CT), using the
standard Roche library protocol, generating 500,000 (specimens 30972,
33496, and 37035) to 1 million (specimens 30974 and 33537) reads of
�350 bp for each specimen, giving an estimated 20- to 40-fold coverage of
the Cryptosporidium genome. The remaining WGA products, except for
three with high CT values, were sequenced using the Illumina TruSeq (v3)
library protocol on an Illumina Genome Analyzer IIx or Illumina HiSeq
2500 system (Illumina, San Diego, CA), giving an estimated 140- to 200-
fold coverage of the Cryptosporidium genome. For Illumina sequencing,
100-by-100-bp paired-end sequencing was used for most WGA products,
except for C. andersoni specimen 38986, C. parvum specimens 34902 and
35090, and Cryptosporidium chipmunk genotype I specimen 37763, for
which only single-end reads were available because of premature termi-
nation of the sequencing run. The sequence reads from each specimen
were assembled using the CLC Genomics Workbench (CLC Bio, Boston,
MA). The contigs generated were mapped to published whole-genome
sequences of C. muris (for C. andersoni genomes) and C. parvum (for
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other Cryptosporidium genomes) using Mauve (http://gel.ahabs.wisc.edu
/mauve/).

Nucleotide sequence accession number. The sequences determined
in this work have been deposited in the Whole Genome Shotgun Project
for C. hominis at DDBJ/EMBL/GenBank under BioProject accession no.
PRJNA252787. Raw sequence reads and assembled contigs for other Cryp-
tosporidium species will be submitted once data analyses are complete.

RESULTS
Efficiency of WGA. After WGA, electrophoresis of the product
showed the presence of a range of DNA amplicons for all speci-
mens, indicating that the amplification was successful. Most of the
WGA products were large molecules located in the top of the gel
(Fig. 1A). The concentrations of purified WGA DNA ranged be-
tween 42.5 ng/�l and 332.8 ng/�l, but most of them were in the
range of 180.9 ng/�l to 332.8 ng/�l (Table 1). To estimate the
abundance of Cryptosporidium genomic DNA within the WGA
products, qPCR analysis was carried out on purified WGA prod-
ucts and their 1:100 and 1:1,000 dilutions using Cryptosporidium-
specific primers (Fig. 1B). Of the 24 WGA products, 19 generated
relatively low CT values ranging from 9.81 to 13.94 for undiluted
WGA products (Table 1 and Fig. 1B), indicating that Cryptospo-
ridium genomic DNA was present in these specimens in high con-
centrations. The CT values of the remaining WGA products from
five specimens (30972, 31636, 35102, 37034, and 37266) were
higher, with two having extremely high CT values (24.01 and
29.12) (Table 1).

Purity of WGA products by Sanger sequencing. The purity of
WGA products was estimated initially by cloning and Sanger se-
quencing of the products. BLAST analysis of 10 to 34 sequences
obtained from each WGA product indicated that most specimens

had low levels of contamination (Table 1). Five specimens, includ-
ing 30972 (C. andersoni), 31636 (C. andersoni), 33583 (C. ander-
soni), 35102 (C. parvum), and 37266 (C. parvum), however, had
very high levels of contamination, with only 0/26, 1/27, 5/23, 0/19,
and 0/20 colonies deriving from Cryptosporidium genomic DNA,
respectively. WGA products of four of the specimens (31636,
33583, 30972, and 37266), however, were generated from IMS-
purified oocysts without bleach treatment prior to DNA extrac-
tion during the early phase of the study. For the remaining
specimens, the percentages of positive colonies derived from
Cryptosporidium ranged from 41.7% to 100% (Table 1).

Purity of WGA products by NGS. The purity of the WGA
products was further assessed by NGS analysis. All WGA products
with low (�16.0) CT values in qPCR and a significant proportion
(�20%) of Cryptosporidium sequences in cloning-Sanger se-
quencing were sequenced by NGS. As a control, one WGA prod-
uct from specimen 30972 with a high CT value (29.12) and no
Cryptosporidium sequence in Sanger sequencing (0/26) was also
sequenced by NGS. Mapping of the assembled NGS contigs to
reference genomes of Cryptosporidium indicated that 10 of the 21
sequenced WGA products had minimal (�2% of the overall con-
tig sequences) contamination by nontarget organisms (Table 1).
Among the remaining 11 WGA products sequenced, 4 had �10%
and 6 had 21.7% to 59.1% contamination with sequences from
nontarget organisms. In contrast, 454 sequencing of the WGA
product from specimen 30972 produced a poor genome assembly
(2,153,082 bp in 1,384 contigs; N50 	 3,922 bp) because of the
generation of mostly (57.25%) nonaligned reads. The assembly
contained only 0.04% Cryptosporidium sequences. Thus, there
was a fairly good agreement in contamination assessments be-

FIG 1 Whole-genome amplification (WGA) of Cryptosporidium ubiquitum DNA extracted from oocysts purified from human fecal specimens 39668 (second
lane), 39725 (third lane), and 39726 (fourth lane) (A) and assessment of the quality of WGA products by qPCR analysis of the Cryptosporidium small-subunit
rRNA gene in undiluted and 1:100 and 1:1,000 dilutions of WGA products (B). See Table 1 for CT values of the qPCR for the three specimens under analysis. Lane
M, molecular marker; Pos, positive; Neg, negative.
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tween Sanger sequencing of cloned WGA products and direct
NGS sequencing; most WGA products showing low levels of con-
taminations in Sanger sequencing produced mostly Cryptospo-
ridium contigs in NGS analysis (Table 1).

As expected, host (especially human) DNA and enteric bacteria
such as Serratia liquefaciens, Escherichia coli, and Delftia acido-
vorans and their mobile elements (phages and plasmids) were ma-
jor contaminants. However, some other Gram-negative bacterial
species such as Stenotrophomonas maltophilia and Pseudomonas
spp. and, occasionally, fungi were also present in WGA products
from some specimens (Table 1). These sequences generally had
more balanced G/C content (�50%) than the sequences from
Cryptosporidium spp. (�30%).

Genome coverage by WGA. Mapping of the assembled NGS
contigs to reference genomes from C. muris (for C. andersoni ge-
nomes) and C. parvum (for genomes of remaining species in the
study) indicated that 94.6% to 99.7% of the Cryptosporidium ge-
nome was covered by NGS analysis of the WGA products from
Cryptosporidium oocysts purified from fecal materials (Table 1;
see Fig. 2 for mapping results for C. parvum specimens). As ex-
pected, the genome coverage of WGA products by 454 sequencing

was lower than that by Illumina, at 94.6% to 97.0% (mean 

standard deviation, 95.32% 
 1.14%) versus 96.3% to 99.7%
(98.57% 
 0.98%), because of the differences in the depth of
sequencing efforts (�20-fold to �40-fold coverage by 454 se-
quencing versus �140-fold to �200-fold coverage by Illumina).
The highest coverage came from WGA of C. parvum and C. homi-
nis genomes by Illumina paired-end sequencing, with most WGA
products yielding sequences covering 98.9% to 99.7% of the ge-
nome. Thus, 77 and 79 contigs covered the entire genomes of C.
parvum specimens 39187 and 39011 (Fig. 2), and 47 and 64 contigs
covered the genomes of C. hominis specimens 30976 and 37999.
Similarly, 35 and 38 contigs covered all genomic sequences of C.
ubiquitum specimens 39726 and 39668 that were mapped to the
complete reference C. parvum genome (data not shown). There
were no obvious differences in genome coverage between human
and animal specimens.

DISCUSSION

In this study, a strategy was developed for the isolation and en-
richment of Cryptosporidium DNA from fecal specimens for NGS
analysis of whole genomes. It uses an integrated approach involv-

FIG 2 Coverage of the Cryptosporidium genome by assembled contigs generated from Illumina sequencing of whole-genome amplified products from Crypto-
sporidium parvum oocysts purified from five fecal specimens. The assembled contigs (bordered by vertical red lines) from each specimen were mapped to the
reference genome of the C. parvum Iowa isolate to show sequence coverage of eight chromosomes (numbered) and contamination with sequences from
nontarget organisms (contigs after the pairs of vertical black boxes). Minimum contamination was seen in WGA from most specimens except for specimen
31727, which has some contigs near the end of the assembly alignment. Better genome coverage is seen with assemblies generated from 100-bp-by-100-bp
paired-end sequencing (for specimens 39187, 39011, and 31727) than with those generated from single-end 100-bp reads (for specimens 34902 and 35090). The
depths of sequencing for specimens 39187, 39011, 31727, 34902, and 35090 are 190-, 170-, 140-, 170-, and 140-fold genome coverage, respectively.
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ing oocyst purification, DNA extraction from purified oocysts,
and WGA of extracted DNA. Sanger sequencing and NGS analysis
of the WGA products indicate that this approach can provide an
adequate quantity of Cryptosporidium DNA for whole-genome
sequencing. Although some contamination from nontarget mi-
crobial and host DNA was seen in WGA products, the high
throughput and deep coverage of the NGS analysis enabled the
acquisition of sequences covering 94.6% to 99.7% of the genomes
of six Cryptosporidium species or genotypes, including four Cryp-
tosporidium species or genotypes sequenced for the first time at the
whole-genome level. Previously, because of the difficulty in in
vitro and in vivo propagation of Cryptosporidium spp., only four
isolates of three Cryptosporidium species had been sequenced.

A critical step in our approach is the reduction of contamina-
tion from nontarget organisms. To achieve this, we have com-
bined two density gradient centrifugation steps with IMS to re-
move food particles and minimize contamination by bacteria,
fungi, and host DNA. The effectiveness of this combined oocyst
purification procedure was demonstrated by the high percentage
of positive colonies derived from Cryptosporidium in traditional
sequencing. Among the 24 WGA products generated, 17 pro-
duced mostly (from 62.5% to 100%) Cryptosporidium sequences
in Sanger sequencing of cloned WGA products. Four of the five
WGA products with significant nontarget contamination in
Sanger sequencing were from oocysts not subjected to bleach
treatment during the early phase of the study, demonstrating the
importance of removing residual contaminants attached to iso-
lated oocysts. The assessment of the purity of WGA was supported
by successful NGS analysis of the WGA products, which docu-
mented the presence of 0.13% to 59.1% contamination by non-
targets in 20 WGA products sequenced successfully by 454 or
Illumina technology.

Although some residual contamination is inevitably present in
most WGA products generated, this contamination can appar-
ently be overcome by the high throughput of NGS analysis. Thus,
three WGA products with significant contamination were se-
quenced successfully by Illumina in this study, yielding sequences
that cover 98.3% to 99.5% of the Cryptosporidium genome. It is
very easy to filter out sequence contigs from contaminants, as they
do not map to reference Cryptosporidium genomes and differ from
unmapped species-specific Cryptosporidium sequences by having
more balanced (�50%) instead of low (�30% for Cryptospo-
ridium spp.) G/C content.

Although the combination of oocyst purification methods can
yield highly pure preparations, the number of organisms isolated
is small. Consequently, the amount of genomic DNA extracted
from the purified oocysts is limited. To increase DNA concentra-
tions for NGS library construction, we have used WGA to amplify
extracted DNA, as already done for archiving Cryptosporidium
DNA from clinical specimens (19). Although the visualization of
genomic DNA of high molecular weight by electrophoresis is a
direct demonstration of successes and failures in genome ampli-
fication, we used ssrRNA gene-based qPCR to assess the quality
and quality of the Cryptosporidium DNA amplified, indicated by
the CT values generated (Fig. 1). In the majority of WGA products
with low (�16.0) CT values in qPCR, NGS analysis of the WGA
products has led to the acquisition of sequences that cover nearly
complete genomes of Cryptosporidium spp. In fact, all but one
(specimen 37034) of the Cryptosporidium genomes sequenced in
this study had WGA products with CT values lower than 14.0. In

contrast, WGA products with high CT values all generated a low
percentage of Cryptosporidium sequences in Sanger sequencing.
Thus, low CT values in qPCR analysis of WGA products can serve
as a proxy for high yield of Cryptosporidium genomic DNA. This
can potentially eliminate the use of the laborious and time-con-
suming cloning-sequencing approach in assessing the quantity
and purity of Cryptosporidium DNA prior to NGS analysis of the
WGA products.

In summary, the procedure developed in this study has been
shown to be effective for the isolation and enrichment of Crypto-
sporidium DNA from fecal specimens and verification of DNA
purity for whole-genome sequencing. The use of this approach
has led to the sequencing of nearly complete genomes of 20 iso-
lates of six Cryptosporidium species. With further refinement, it
can potentially lead to the wide use of comparative genomics in
epidemiological investigations of cryptosporidiosis in humans
and to de novo sequencing of the genomes of other Cryptospo-
ridium species of public health and economic importance.
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