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A B S T R A C T

The ability of the small-subunit ribosomal RNA (SSU rRNA) based nested PCR and Restriction Fragment Length
Polymorphism (PCR-RFLP) to identify and genotype a single Cryptosporidium oocyst isolated from bovine faecal
samples was evaluated in this study. In addition, subtyping was carried out by sequencing the 60 kDa glyco-
protein (gp60) gene from the same single oocyst. Faecal samples were collected from 40 pre-weaned calves (5–20
days old) from 7 dairy farms located in 3 different counties within the Finger Lakes region of Upstate New York.
All the samples were microscopically positive for Cryptosporidium spp. A total of 400 Cryptosporidium oocysts (10
single oocysts from each calf sample) were individually isolated and analyzed using a nested PCR targeting the
SSU rRNA gene. The SSU rRNA gene was amplified in 324 (81%) individual oocysts. All SSU rRNA amplified
individual oocysts DNA was genotyped using PCR-RFLP. C. parvum was the only identified species; 107 single
oocysts generated PCR products from the A gene, 18 generated PCR products from the B gene and 199 generated
PCR products from both. Sequence analysis of the gp60 gene in 99 individual oocysts revealed the presence of
only subtype IIaA15G2R1 with 99.4–100% and 99.1–100% identity of nucleotides and amino acids, respectively.
These sequences were identical (100%) in oocysts from 35 calves and exhibited mutations in the non-repeat
region of the gp60 gene in those of 5 other calves. The examination of DNA from individual oocysts with gen-
otyping and subtyping tools provides methodology to more clearly define the genetic characteristics of
Cryptosporidium spp. on farms and within individual animals.

1. Introduction

Cryptosporidium is an important gastrointestinal protozoan parasite
infecting a wide range of animals as well as humans worldwide. Among
the approximately 100 Cryptosporidium species and genotypes described
in various animals, C. parvum constitutes the most predominant zoo-
notic species that is of importance as an economic and welfare burden
on livestock farming and public health (Feltus et al., 2006; Shirley et al.,
2012; Feng et al., 2018). It is also responsible for about 85% of Cryp-
tosporidium infections in pre-weaned dairy calves and about 1% in post-
weaned ones. Therefore, pre-weaned calves are important reservoirs
and sources for zoonotic cryptosporidiosis in humans (Chalmers and
Katzer, 2013). In newborn calves, the disease is characterized by mild
to severe watery diarrhea. Cryptosporidium infection in im-
munocompetent persons can result in acute self-limiting symptoms in-
cluding diarrhea, nausea, vomiting and weight loss (Ryan et al., 2016).
Moreover, infants and immunocompromised persons can manifest

severe diarrhea, malnutrition, and chronic malabsorption, sometimes
resulting in death (Shrivastava et al., 2017). Contact with infected
calves has been implicated in transmission of zoonotic C. parvum to
humans in the United States, United Kingdom, Ireland and Australia
(Hunter et al., 2004; Roy et al., 2004). The development of molecular
diagnostic tools for genotyping and subtyping of Cryptosporidium spp.
has provided useful means that have aided in understanding host spe-
cificity of the parasite, tracking sources of infections, characterization
of transmission dynamics of cryptosporidiosis and investigating out-
breaks in animal and human communities (Xiao and Ryan, 2008). The
nested PCR targeting the 18S small-subunit ribosomal RNA (SSU rRNA)
gene is a sensitive assay used for detecting Cryptosporidium spp.
PCR–restriction fragment length polymorphism (PCR-RFLP) of the SSU
rRNA gene has been widely used in molecular epidemiology as a dis-
criminatory tool to detect the presence of mixed Cryptosporidium species
in animals and humans, and the semi-conserved and hyper-variable
regions in the SSU rRNA gene provides the basis of genus-specific
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primers that are used in Cryptosporidium genotyping (Xiao et al., 1999,
2001; Jiang and Xiao, 2003; Xiao, 2010). Minor sequence differences
exist among the five copies of the SSU rRNA gene in C. parvum, with
four copies having the A type of sequence and one copy having the B
type sequence (Le Blancq et al., 1997). They can be differentiated from
each other in RFLP analysis of the PCR products using SspI (Xiao et al.,
1999).
The 60-kDa glycoprotein (gp60) gene, also known gp40/15, is

highly polymorphic, and is used as a discriminatory marker for iden-
tifying human, animal and zoonotic C. parvum subtypes in DNA se-
quence analysis. To date, over 20 C. parvum subtype families have been
identified with several subtypes within each family (Feng et al., 2018).
Some of these families appear adapted to humans (IIc), while others are
found in both ruminants and humans (IIa and IId). In industrialized
countries, subtype family IIa, especially the IIaA15G2R1 subtype, is
more prevalent in calves and humans and is considered the primary
cause of zoonotic C. parvum infections in humans in these countries
(Feng et al., 2013, 2018). Conversely, IIa subtypes are rarely seen in
humans in developing countries, where most human infections are
caused by anthroponotic IIc subtypes (Feng et al., 2018).
Controversies exist on within-isolate genetic diversity of

Cryptosporidium spp. Although traditional Sanger sequencing of gp60
PCR products has revealed mostly a single C. parvum subtype in in-
dividual specimens from calves and humans, the analysis of PCR pro-
ducts using next-generation sequencing has shown a common occur-
rence of mixed subtypes in C. parvum specimens (Grinberg et al., 2013;
Zahedi et al., 2017). This, however, does not appear to be the case for
C. hominis isolates either by sequencing of gp60 PCR products or map-
ping of sequence reads to the reference gp60 gene sequence using the
next-generation sequencing technology (Guo et al., 2015; Zahedi et al.,
2017). This difference in observation of intra-isolate subtype diversity
could be due to difference in transmission intensity between C. parvum
and C. hominis.
This is the first report to genetically characterize Cryptosporidium

oocysts from individual animals on farms using DNA isolated from a
single Cryptosporidium oocyst using nested PCR and PCR-RFLP
molecular assays specifically targeting the SSU rRNA and gp60 gene.
This study aimed to address the ability of the nested PCR to amplify the
SSU rRNA and gp60 genes from single Cryptosporidium oocysts isolated
from bovine faecal samples. In addition, genotyping and subtyping of
these oocysts were performed.

2. Material and methods

This study was approved by the Animal Care and Use Committee
(IACUC), College of Veterinary Medicine, Cornell University. The faecal
samples were collected from pre-weaned calves on dairy farms with
informed consent from farm managers. Animal handling was performed
in accordance with the Institutional protocol provisions and guidelines.

2.1. Samples collection and processing

A total of 40 pre-weaned Holstein dairy calves (5–20 days old) from
seven different dairy farms located in three rural counties within the
Finger Lake region of Upstate New York were enrolled in this study.
These calves had neonatal diarrhea and were suspected to have cryp-
tosporidiosis. Faecal samples were collected directly from the rectum of
each animal by a clinician in sterile disposable plastic cups and trans-
ported in an insulated ice box to the laboratory for further processing
and examination. All samples were concentrated and purified using a
centrifugal Sheather’s sugar flotation technique where approximately
1 g of feces was mixed with water, poured through gauze into a dis-
posable 16 x 100mm round-bottom glass centrifuge tube and cen-
trifuged at 800 x g for 1min. The tube was decanted, and the pellet was
mixed and refilled with Sheather's sugar solution [specific gravity=
1.27] and a new coverslip [size= 18mm] was placed on the top of the

reverse meniscus with this tube being centrifuged for 8min at 800 x g.
The coverslip was then removed, placed on a new microscope slide and
examined under the microscope. The resulting microscopic slide and
cover glass containing the partially purified oocysts were washed with
phosphate buffered saline (PBS) into a 1.5ml microfuge tube. The tube
was centrifuged, and the pellet was resuspended in 100–200 μl PBS.

2.2. Isolation of single oocyst

Single oocysts were isolated following similar protocols as described
previously for isolation of single Eimeria oocysts (Shirley and Harvey,
1996; Wang et al., 2014), Isospora oocysts (Matsubar et al., 2017), and
Cryptosporidium andersoni oocysts(Ikarashi et al., 2013) with minor
modifications. Briefly, the purified Cryptosporidium oocyst suspension of
each positive calf sample was serially diluted in a double volume of PBS
to obtain a final concentration of one oocyst per microliter. One mi-
croliter of the final dilution was then transferred to a new glass slide
with 1 μl of Sheather’s sugar solution and examined under Differential
Interference Contrast microscope (Olympus, BX51) to confirm the
presence of single oocyst per microscopic slide. The individual oocyst
from each slide was washed with PBS into a 1.5 ml microfuge tube, then
centrifuged, and the 100 μl pellet was stored at -20ᵒC for further mo-
lecular identification. These processes were repeated ten times for each
calf sample to obtain ten individual slides each containing a single
oocyst. To remove the possibility of cross-study DNA contamination
new supplies were used throughout the entire oocyst collection proce-
dure, including collection sample cups, flotation tubes, slides, cover-
slips, micropipette tips, and microfuge tubes.

2.3. Molecular identification of Cryptosporidium spp

DNA was extracted from a total of 400 individual Cryptosporidium
oocysts (ten single oocysts from each calf) using the QIA-amp DNA mini
kit (Qiagen, Germantown, Maryland, USA) proceeded by 5 cycles of
freezing at −80 °C (10min) and thawing at 56 °C (10min). The SSU
rRNA gene (˜840 bp) was amplified from 2 μl extracted DNA for each
individual oocyst by nested PCR protocol using primers manufactured
by Invitrogen, USA with the following sequences for the primary PCR:
SSU F1: 5´- TTCTAGAGCTAATACATGCG-3´ (Xiao et al., 1999), SSU R1:
5´- CCCATTTCCTTCGAAACAGGA-3´ (Xiao et al., 2001). For the sec-
ondary PCR, the primers were as follows; SSU F2: 5´- GGAAGGGTTG
TATTTATTAGATAAAG-3´ (Xiao et al., 1999), SSU R2: 5´- CTCATAAG
GTGCTGAAGGAGTA-3´ (Jiang et al., 2005). The primary and sec-
ondary PCR reactions and conditions were carried out according to Xiao
and Ryan (2008). The secondary PCR products were examined by
electrophoresis using 2% agarose gels stained with ethidium bromide
and visualized on an ultraviolet trans-illuminator.

2.4. PCR-RFLP genotyping of Cryptosporidium spp

The secondary PCR product of each individual oocyst positive for
the SSU rRNA gene was digested with each of the following enzymes;
20 U of SspI (New England Biolabs, USA) and 20 U of VspI (New
England Biolabs, USA) according to the methods of Xiao et al. (1999);
Xiao and Ryan (2008). The digested products and positive control were
separated on 2.5% agarose gels stained with ethidium bromide and
visualized on an ultraviolet trans-illuminator.

2.5. Subtyping of C. parvum

A nested PCR protocol was performed to amplify the gp60 gene (850
bp) from the same extracted DNA of each individual oocyst positive for
the SSU rRNA gene and confirmed as C. parvum by PCR-RFLP. The
primary PCR primers with the following sequences; AL3531 F1: 5´-
ATAGTCTCCGCTGTATTC-3´ and AL3535 R1: 5´-GGAAGGAACGATGT
ATCT-3´ were used (Peng et al., 2001). The secondary PCR primers
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were AL3532 F2: 5´- TCCGCTGTATTCTCAGCC-3´ and AL3534 R2: 5´-
GCAGAGGAACCAGCATC-3´ (Peng et al., 2001). The primary and the
secondary PCR reaction mixtures were each performed in a total vo-
lume of 100 μl consisted of Gene Amp 10X PCR buffer I (Applied Bio-
system, USA), 200 μM for each of deoxynucleotide triphosphate (In-
vitrogen, Thermo Fisher Scientific, USA), 100 nM for each of forward
and reverse primer (Invitrogen, Thermo Fisher Scientific, USA), 3mM
MgCl2 (Invitrogen, Thermo Fisher Scientific, USA), 5 units Taq poly-
merase (Invitrogen, Thermo Fisher Scientific, USA) and 2 μl of DNA
template. A 400 ng/μl of non-acetylated bovine serum albumin (Sigma,
USA) were only added to the primary PCR reaction to reduce PCR in-
hibitors (Xiao et al., 2007). The reaction conditions for both primary
and secondary reactions were the same and consisted of an initial de-
naturation (95 °C/3min), 35 cycles of denaturation (94 °C/45 s), an-
nealing (50 °C/ 45 s) and extension (72 °C/ 1min), followed by a final
extension (72 °C/ 10min). The amplified PCR products were run on 2%
agarose gel stained with ethidium bromide and visualized on ultraviolet
trans-illuminator.

2.6. Sequence analysis

The amplified gp60 PCR products of 99 genotyped individual C.
parvum oocysts were sequenced (Table 1). The sequencing was done
using an ABI Automated 3730xl DNA Analyzer with forward and re-
verse primers used with the secondary PCR product. An additional se-
quencing primer; 5´-GAGATATATCTTGGTGCG-3´ was also used
(Glaberman et al., 2002). The sequences for each individual oocyst
were first evaluated using SeqMan Pro & MegAlign Pro (DNASTAR
Lasergene 15) to generate a consensus sequence. The consensus nu-
cleotide sequences of gp60 gene were analyzed using BLAST search in
NCBI databases (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and aligned
with reference gp60 gene sequences available in the GenBank using the
Clustal W method implemented in the MegAlign software (DNASTAR
Lasergene 15). The nucleotide, amino acid identities and the deduced
amino acid sequences of the obtained gp60 gene and reference se-
quences retrieved from the GenBank were compared using MegAlign
program software. C. parvum subtypes generated in this study were

Table 1
Molecular genotyping and subtyping profiles of Cryptosporidium single oocysts isolated from dairy cow calves.

Farm No. of
animals

Animal code
(age in days)

No. of isolated
single oocysts
from each animal

No. of SSU
rRNA positive
oocysts

PCR-RFLP genotyping No. oocysts
amplified by
gp60 gene

C.parvum
subtypec

No. of sequenced
gp60 gene
amplicons

GenBank
accession
numbersC. Parvum

A gene B gene A&B

I 2 LE1 (1) 10 9 9 – – 9 IIaA15G2R1 9 MK099816
LE40 (20) 10 10 – – 10 10 IIaA15G2R1 2 MK099855

II 1 HE2 (5) 10 10 – – 10 10 IIaA15G2R1 10 MK099817
III 4 S3 (8) 10 1 1 – – 1 IIaA15G2R1 1 MK099818

S37 (5) 10 10 – 10 – 10 IIaA15G2R1 2 MK099852
S38 (20) 10 10 10 – – 10 IIaA15G2R1d 2 MK099853
S39 (20) 10 10 10 – – 10 IIaA15G2R1e 2 MK099854

IV 10 T4 (7) 10 9 – – 9 9 IIaA15G2R1 2 MK099819
T5 (7) 10 8 – – 8 8 IIaA15G2R1 2 MK099820
T6 (7) 10 8 – – 8 8 IIaA15G2R1 4 MK099821
T7 (7) 10 7 – – 7 7 IIaA15G2R1 2 MK099822
T8 (14) 10 9 – – 9 9 IIaA15G2R1 2 MK099823
T9 (14) 10 10 – – 10 10 IIaA15G2R1 2 MK099824
T10 (14) 10 10 – – 10 10 IIaA15G2R1 2 MK099825
T11 (14) 10 10 – – 10 10 IIaA15G2R1 2 MK099826
T12 (14) 10 8 – – 8 8 IIaA15G2R1 2 MK099827
T13 (14) 10 10 – – 10 10 IIaA15G2R1 2 MK099828

V 4 FL18 (7) 10 3 – – 3 3 IIaA15G2R1 2 MK099833
FL19 (10) 10 4 – – 4 4 IIaA15G2R1 2 MK099834
FL20 (14) 10 6 6 – – 6 IIaA15G2R1 2 MK099835
FL21 (7) 10 7 – – 7 7 IIaA15G2R1 2 MK099836

VI 6 CS22 (14) 10 7 1 – 6 7 IIaA15G2R1 2 MK099837
CS23 (14) 10 9 – – 9 9 IIaA15G2R1 2 MK099838
CS24 (14) 10 10 – – 10 10 IIaA15G2R1 2 MK099839
CS25 (14) 10 10 – – 10 10 IIaA15G2R1 2 MK099840
CS26 (14) 10 10 – – 10 10 IIaA15G2R1 2 MK099841
CS27 (14) 10 10 – – 10 10 IIaA15G2R1 3 MK099842

VII 13 CTD14 (20) 10 4 4 – – 4 IIaA15G2R1 2 MK099829
CTD15 (20) 10 4 – – 4 4 IIaA15G2R1 2 MK099830
CTD16 (14) 10 7 7 – – 7 IIaA15G2R1 2 MK099831
CTD17 (6) 10 7 – 7 – 7 IIaA15G2R1 2 MK099832
CTD28 (20) 10 10 10 – – 10 IIaA15G2R1 4 MK099843
CTD29 (20) 10 9 9 – – 9 IIaA15G2R1 2 MK099844
CTD30 (14) 10 10 10 – – 10 IIaA15G2R1 2 MK099845
CTD31 (10) 10 7 7 – – 7 IIaA15G2R1 2 MK099846
CTD32 (10) 10 7 7 – – 7 IIaA15G2R1a 2 MK099847
CTD33 (7) 10 7 7 – – 7 IIaA15G2R1b 2 MK099848
CTD34 (7) 10 7 7 – – 7 IIaA15G2R1 2 MK099849
CTD35 (5) 10 10 – 1 9 10 IIaA15G2R1c 2 MK099850
CTD36 (5) 10 10 2 – 8 10 IIaA15G2R1 2 MK099851

Total 40 400 324 (81%)a 107 18 199 324 (100 %)b 99

a The percentage was calculated in relation to the number of individual Cryptosporidium spp. oocysts from each animal.
b The percentage was calculated in relation to the number of oocysts amplified by SSURNA gene.
c A consensus nucleotide sequence was generated for gp60 gene of 2 single oocysts from each calf except calf S3 only one oocyst.
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named and designated according to Sulaiman et al. (2005) and sub-
mitted to the GenBank under accession Nos., MK099816-MK099855
(Table 1).

3. Results

The results of this study revealed that all the enrolled calves
(n=40) were positive for Cryptosporidium oocysts upon microscopic
examination and molecular analysis. The SSU rRNA gene was amplified
from 324/400 individual oocysts (81%) (Table 1). The PCR-RFLP
genotyping of all SSU rRNA amplified PCR products from the 324 single
oocysts indicated that all oocysts were of the same species, C. parvum.
Based on the restriction banding patterns of SspI and VspI restriction
enzymes, the SSU rRNA PCR products of C. parvum were differentiated
into type A and type B genes. A total of 107 C. parvum single oocysts
produced type A gene product, 18 produced type B gene product and
199 had both gene products (Table 1). There was a marked difference in
the banding profiles of the type A gene (108, 254 and 449 bp) and the
type B gene (119, 254 and 449 bp) following digestion with the SspI
enzyme (Fig. 1A). The VspI enzyme restriction banding profile for the
type A gene (102, 104 and 628 bp) was nearly identical to the type B
(102, 104 and 625 bp) (Fig. 1B). SspI differentiates both gene types
better than the VspI enzyme (Fig. 1).The gp60 gene was amplified from
all 324 single oocysts (100%) that were confirmed as C. parvum based
on PCR-RFLP analysis of the SSU rRNA gene (Table 1).
Sequence analysis of the gp60 gene products from 99 representative

individual C. parvum oocysts revealed that all sequences were of the
same subtype IIaA15G2R1. This subtype has 15 copies of TCA (A) and 2
copies of TCG (G) trinucleotide repeats that encode for amino acid
serine and one copy of the sequence ACATCA (R1) immediately after
the trinucleotide repeat. The gp60 sequences of C. parvum subtype
IIaA15G2R1 from this study exhibited 99.4–100% nucleotide and
99.1–100% amino acid identities. These sequences were identical
(100%) in 35 calves (animal code: LE1-CTD31, CTD 34, CTD 36, S37
and LE40). Sequences with nucleotide substitutions in the non-repeat
region of the gp60 gene were from 5 of the calves. The latter were
designated as subtype IIaA15G2R1a (code: CTD32), IIaA15G2R1b
(code: CTD33), IIaA15G2R1c (code: CTD35), IIaA15G2R1d (code: S38)
and IIaA15G2R1e (code: S39). Subtype IIaA15G2R1a exhibited a non-
synonymous mutation at position 12 (TTC phenylalanine →leucine
TTG) and synonymous mutation at codon 606 that did not result in an
amino acid substitution (AGA→AGG; both are arginine). Moreover,
non-synonymous mutation was observed in subtype IIaA15G2R1b and
resulted in an amino acid substitution at position 604 (arginine AGA→
glycine GGA) and 625 (AGT serine → GGT glycine). G to A transition at
codon 667 of subtype IIaA15G2R1c resulted in aspartic acid to aspar-
agine substitution (Table 2 & Fig. 2). The gp60 gene sequences of
subtype IIaA15G2R1d showed synonymous mutation at codon 66
(GGC→GGG, both are glycine) and 465 (GTT→GTC, both are valine).

Furthermore, amino acid replacement was observed at codon 302 of
gp60 sequences of subtype IIaA15G2R1e (glutamic acid GAA → valine
GTA). There was 99.7–100% nucleotide and 99.1–100% amino acid
identity between 60 gene sequences of C. parvum subtype IIaA15G2R1
in this study and the same subtype of bovine and human origin re-
trieved from GenBank.

4. Discussion

The ability of the nested PCR and PCR-RFLP to identify and geno-
type a single Cryptosporidium oocyst was evaluated in this study.
Subtyping was done by sequencing the gp60 gene PCR products. The
SSU rRNA gene was amplified from 324/400 individual oocysts purified
from 40 pre-weaned calves (5–20 days old). The lack of amplification of
the 76 remaining oocysts may have been due to the loss of oocysts
during washing and transfer or insufficient DNA from the single oocyst
leading to failure of SSU rRNA gene amplification. The presence of
infection in all investigated calves indicated that the animals were in-
fected immediately after birth, and previous work in this region has
revealed that calf infections are relatively ubiquitous (Fayer et al.,
2006; Santin et al., 2004; Xiao et al., 2007; Szonyi et al., 2010). Others
have also detected Cryptosporidium spp. commonly in 3 days old calves
(Avendaño et al., 2018) and reported the establishment of the infection
during the first 2 weeks of life (Trotz-Williams et al., 2007; Santin et al.,
2008; Avendaño et al., 2018).
There is evidence of mixed species and intra-species genetic di-

versity within Cryptosporidium spp. populations. Genotyping of in-
dividual oocysts or sporozoites can identify these mixed species/geno-
types but this work is technically challenging and rarely reported
(Tanrıverdi et al., 2002; Ikarashi et al., 2013). Based on the results of
PCR-RFLP, all SSU rRNA positive single oocysts were genotyped as C.
parvum. This species was shown to have A and B copies of the SSU rRNA
gene based on SspI restriction patterns, as indicated previously by PCR-
RFLP of the gene using the SspI restriction enzyme (Xiao et al., 1999).

C. parvum has been reported as the most dominant species identified
in pre-weaned calves in the United States (Santin et al., 2004; Xiao
et al., 2007; Santin et al., 2008), Portugal (Alves et al., 2003), Canada
(Trotz-Williams et al., 2006), Spain (Quilez et al., 2008), Argentina
(Tomazic et al., 2013), Brazil (Do Couto et al., 2014), Japan (Wu et al.,
2003; Aita et al., 2015), Poland (Kaupke and Rzeżutka, 2015) and
Colombia (Avendaño et al., 2018), Slovenia (Soba and Logar, 2008).
However, other studies in Egypt (Amer et al., 2010, 2013; Naguib et al.,
2018), Turkey (Taylan-Ozkan et al., 2016) and Italy (Díaz et al., 2018)
have reported the presence of other Cryptosporidium spp. (C. bovis, C.
ryanae and C. andersoni) in pre-weaned calves with predominance being
C. parvum. Conversely, C. bovis is the most prevalent species in pre-
weaned dairy calves in China (Cai et al., 2017) and Western Australia
and New South Wales (Ng et al., 2011).

C. parvum has been also reported as a component of the flora

Fig. 1. PCR-RFLP genotyping of Cryptosporidium single oocysts isolated from calves’ faecal samples after digestion with SspI and VspI restriction enzymes. A: SspI
restriction patterns; lane 1: DNA ladder (50bp), lanes 2, 6, 9, 10, 11, 13: C. parvum A gene (108, 254 and 449bp), lanes 3, 7, 8: C. parvum B gene (119, 254 and
449bp). Lanes 4, 5, 12: C. parvum A and B genes, lane 14: C. parvum positive control. B: VspI restriction patterns; lane1: DNA ladder (50bp), lanes 2–6, 11, 12, 13: C.
parvum A gene (102,104 and 628bp), lanes 7, 8, 9, 10: C. parvum B gene (102, 104 and 625bp) and lane 14: C. parvum positive control.
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associated with neonatal calf diarrhea (Quilez et al., 2008; Ichikawa-
Seki et al., 2015; Meganck et al., 2015). This substantiated the findings
of this investigation; where all studied calves had watery stool and were
infected with C. parvum.
Several epidemiological studies have assessed the importance of

dairy calves as a reservoir for C. parvum and their role in the zoonotic
transmission of cryptosporidiosis using molecular subtyping tools. The
gp60 is the most polymorphic gene marker used for subtyping C. parvum

because of its sequence heterogeneity. It has a tandem trinucleotide
repeat that codes for amino acid serine at the 5´ end of the gene (TCA,
TCG or TCT) which categorizes C. parvum into different subtype fa-
milies with several subtypes within each subtype family (Sulaiman
et al., 2005; Xiao, 2010).
In this study, all sequenced C. parvum individual oocysts were the

same subtype IIaA15G2R1. This subtype is zoonotic and was the only
subtype previously identified in dairy calves in Maryland, USA (Santin

Table 2
Nucleotide and amino acid substitution in the non-repeat regions of gp60 gene sequences of single C. parvum oocysts subtype IIaA15G2R1 isolated from dairy calves
in this study compared with calf and human IIaA15G2R1 subtype in the GenBank. F (phenylalanine), L (leucine), G (Glycine), E (Glutamic acid), V (Valine), R
(Arginine), S (Serine), D (Aspartic acid), N (Asparagine).

C. parvum subtype Codon position

12 66 302 465 604-606 625 667

IIaA15G2R1 (LE1: MK099816) TTC (F) GGC (G) GAA (E) GTT (V) AGA (R) AGT (S) GAT (D)
IIaA15G2R1a (CTD32: MK099847) TTG (L) GGC (G) GAA (E) GTT (V) AGG (R) AGT (S) GAT (D)
IIaA15G2R1b (CTD33: MK099848) TTC (F) GGC (G) GAA (E) GTT (V) GGA (G) GGT (G) GAT (D)
IIaA15G2R1c (CTD35: MK099850) TTC (F) GGC (G) GAA (E) GTT (V) AGA (R) AGT (S) AAT (N)
IIaA15G2R1d (S38: MK099853) TTC (F) GGG (G) GAA (E) GTC (V) AGA (R) AGT (S) GAT (D)
IIaA15G2R1e (S39: MK099854) TTC (F) GGC (G) GTA (V) GTT (V) AGA (R) AGT (S) GAT (D)
IIaA15G2R1(calf Iowa II: XM627480) TTC (F) GGC (G) GAA (E) GTT (V) AGA (R) AGT (S) GAT (D)
IIaA15G2R1(calf: DQ630518) TTC (F) GGC (G) GAA (E) GTT (V) AGA (R) AGT (S) GAT (D)
IIaA15G2R1(calf: AF164495) TTC (F) GGC (G) GAA (E) GTT (V) AGA (R) AGT (S) GAT (D)
IIaA15G2R1(human: AY738190) TTC (F) GGC (G) GAA (E) GTT (V) AGA (R) AGT (S) GAT (D)

Fig. 2. The deduced amino acid sequences of gp60 gene of C. parvum subtype IIaA15G2R1 isolated from calves in this study in comparison with reference gp60 gene
sequences of C. parvum subtype IIaA15G2R1 of bovine and human origin retrieved from the GenBank. Dots indicate amino acid positions that are identical to the
corresponding gp60 gene sequence. Phenylalanine 4, glutamic acid 101, arginine 202, serine 209 and aspartic acid 223 in which mutations occur are indicated by the
solid bars.
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et al., 2008). However, other studies in the United States (Xiao et al.,
2007), Canada (Trotz-Williams et al., 2006), Italy (Díaz et al., 2018),
Slovenia (Soba and Logar, 2008), Portugal (Alves et al., 2003) and
Japan (Wu et al., 2003; Aita et al., 2015) reported the presence of other
C. parvum subtypes in pre-weaned calves with subtype IIaA15G2R1
being the most prevalent. Consequently, human cryptosporidiosis has
been primarily related to the zoonotic C. parvum subtype IIaA15G2R1.
The contribution of calves in the zoonotic transmission of C. parvum
subtype IIaA15G2R1 has been documented in the United States (Peng
et al., 2003; Feltus et al., 2006), Japan (Wu et al., 2003), Portugal
(Alves et al., 2003), Slovenia (Soba and Logar, 2008) and Tunisia
(Rahmouni et al., 2014) by subtyping C. parvum gp60 from calves and
humans. All these studies found the zoonotic subtype IIaA15G2R1 in
both calves and humans in the studied area.
The observed mutation in the gp60 sequences of C. parvum subtype

IIaA15G2R1 in the current study suggested that this locus is under se-
lective pressure (Feng et al., 2013). Synonymous and non-synonymous
mutations in the non-repeat region of the gp60 sequences of C. parvum
belonging to the same subtype has been reported in former studies
(Sulaiman et al., 2005; Amer et al., 2010). There was 99.7–100%
identity between C. parvum subtype IIaA15G2R1 gp60 gene sequences
in this study and IIaA15G2R1 subtype previously identified among pre-
weaned calves in the United States (GenBank accession Nos.:
DQ630518, AF164489 and AF164495), Colombia (GenBank accession
No. MF142042), Egypt (GenBank accession No. AB514090), Australia
(GenBank accession No. MG516788), Canada (GenBank accession No.
DQ192503), Poland (GenBank accession No. KP997149), Portugal
(GenBank accession No. AY166804), Japan (GenBank accession No.
AY167589) and the reference C. parvum subtype IIaA15G2R1 Iowa II
calf isolate (GenBank accession No. XM627480). Interestingly, our gp60
gene sequences shared 99.7–100% identity with subtype IIaA15G2R1
previously identified in humans in United States (GenBank accession
Nos.: AF164496, DQ640630 and JX575582), United Kingdom (Gen-
Bank accession No. HQ005737), Japan (GenBank accession No.
AY167592), Slovenia (GenBank accession No. AM988865), Spain
(GenBank accession No. KY499051), Lebanon (GenBank accession No.
KM215754), Kuwait (GenBank accession No. AY738190) and Mexico
(GenBank accession No. KY990917).

5. Conclusions

This study highlighted that the SSU rRNA based nested PCR and
PCR-RFLP in combination with gp60 sequencing are specific tools for
determining the true distribution of species and subtypes of individual
Cryptosporidium oocysts in the sample. Thereby, these tools are helpful
in epidemiological investigations for elucidating the frequency, dy-
namic and sources of Cryptosporidium infection, as well as transmission
patterns and zoonotic potential in endemic and non-endemic regions.
This study confirmed that pre-weaned calves are an important potential
sources and reservoirs for zoonotic C. parvum, especially the zoonotic
subtype IIaA15G2R1. The similarity between C. parvum subtype
IIaA15G2R1 identified in calves in this study and subtype IIaA15G2R1
previously identified in humans in United States and other different
geographic regions confirms the role of calves in the zoonotic trans-
mission of cryptosporidiosis. Future studies with individual oocysts at
other genetic loci may provide more information about the genetic
structure of Cryptosporidium through the examination of individual
sporozoites recovered from oocysts and through the careful examina-
tion of the oocysts shed by animals and people to understand the po-
tential of genetic recombination in areas where zoonotic transmission
occurs.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Acknowledgments

We would like to thank the veterinarians in the Ambulatory and
Production Medicine, College of Veterinary Medicine, Cornell
University for their assistance in collecting faecal samples.

References

Aita, J., Ichikawa-Seki, M., Kinami, A., Yaita, S., Kumaga, Y., Nishikawa, Y., Itagaki, T.,
2015. Molecular characterization of Cryptosporidium parvum detected in Japanese
black and holstein calves in Iwate prefecture and Tanegashima Island, Kagoshima
Prefecture, Japan. J. Vet. Med. Sci. 77, 997–999.

Alves, M., Xiao, L., Sulaiman, I., Lal, A.A., Matos, O., Antunes, F., 2003. Sub genotype
analysis of Cryptosporidium isolates from humans, cattle and zoo ruminants in
Portugal. J. Clin. Microbiol. 41, 2744–2747.

Amer, S., Honma, H., Ikarashi, M., Tada, C., Fukuda, Y., Suyama, Y., Nakai, Y., 2010.
Cryptosporidium genotypes and subtypes in dairy calves in Egypt. Vet. Parasitol. 169,
382–386.

Amer, S., Zidan, S., Adamu, H., Ye, J., Roellig, D., Xiao, L., Feng, Y., 2013. Prevalence and
characterization of Cryptosporidiumspp. in dairy cattle in Nile River delta provinces,
Egypt. Exp. Parasitol. 135, 518–523.

Avendaño, C., Ramo, A., Vergara-Castiblanco, C., Sánchez-Acedo, C., Quílez, J., 2018.
Genetic uniqueness of Cryptosporidium parvum from dairy calves in Colombia.
Parasitol. Res. 117, 1317–1323.

Cai, M., Guoa, Y., Pan, B., Li, N., Wang, X., Tang, C., Feng, Y., Xiao, L., 2017. Longitudinal
monitoring of Cryptosporidium species in pre-weaned dairy calves on five farms in
Shanghai, China. Vet. Parasitol. 241, 14–19.

Chalmers, R.M., Katzer, F., 2013. Looking for Cryptosporidium: the application of advances
in detection and diagnosis. Trends Parasitol. 29, 237–251.

Díaz, P., Varcasia, A., Pipia, A.P., Tamponi, C., Sanna, G., Prieto, A., Ruiu, A., Spissu, P.,
Díez-Baños, P., Morrondo, P., Scala, A., 2018. Molecular characterisation and risk
factor analysis of Cryptosporidiumspp. in calves from Italy. Parasitol. Res. 117,
3081–3090.

Do Couto, M.C., de Freitas Lima, M., do Bomfim, T.C.B., 2014. New Cryptosporidium
parvum subtypes of IIa subfamily in dairy calves from Brazil. Acta Trop. 130,
117–122.

Fayer, R., Santin, M., Trout, J.M., Greiner, E., 2006. Prevalence of species and genotypes
of Cryptosporidium found in 1–2-year-old dairy cattle in the eastern United States. Vet.
Parasitol. 135, 105–112.

Feltus, D.C., Giddings, C.W., Schneck, B.L., Monson, T., Warshauer, D., McEvoy, J.M.,
2006. Evidence supporting zoonotic transmission of Cryptosporidium spp. In
Wisconsin. J. Clin. Microbiol. 44, 4303–4308.

Feng, Y., Ryan, U.M., Xiao, L., 2018. Genetic diversity and population structure of
Cryptosporidium. Trends Parasitol. 34, 997–1011.

Feng, Y., Torres, E., Li, N., Wang, L., Bowman, D., Xiao, L., 2013. Population genetic
characterization of dominant Cryptosporidium parvum subtype IIaA15G2R1. Int. J.
Parasitol. 43, 1141–1147.

Glaberman, S., Moore, J.E., Lowery, C.J., Chalmers, R.M., Sulaiman, I., Elwin, K., Rooney,
P.J., Millar, B.C., Dooley, J.S.G., Lal, A.A., Xiao, L., 2002. Three drinking water as-
sociated cryptosporidiosis outbreaks, Northern Ireland. Emerg. Infect. Dis. 8,
631–633.

Grinberg, A., Biggs, P.J., Dukkipati, V.S., George, T.T., 2013. Extensive intra-host genetic
diversity uncovered in Cryptosporidium parvum using next generation sequencing.
Infect. Genet. Evol. 15, 18–24.

Guo, Y., Tang, K., Rowe, L.A., Li, N., Roellig, D.M., Knipe, K., Frace, M., Yang, C., Feng, Y.,
Xiao, L., 2015. Comparative genomic analysis reveals occurrence of genetic re-
combination in virulent Cryptosporidium hominis subtypes and telomeric gene dupli-
cations in Cryptosporidium parvum. BMC Genomics 16, 320.

Hunter, P.R., Hughes, S., Woodhouse, S., Syed, Q., Verlander, N.Q., Chalmers, R.M.,
Morgan, K., Nichols, G., Beeching, N., Osborn, K., 2004. Sporadic cryptosporidiosis
case-control study with genotyping. Emerg. Infect. Dis. 10, 1241–1249.

Ichikawa-Seki, M., Aita, J., Masatani, T., Suzuki, M., Nitta, Y., Tamayose, G., Iso, T.,
Suganuma, K., Fujiwara, T., Matsuyama, K., Niikura, T., Yokoyama, N., Suzuki, H.,
Yamakawa, K., Inokuma, H., Itagaki, T., Zakimi, S., Nishikawa, Y., 2015. Molecular
characterization of Cryptosporidium parvum from two different Japanese prefectures,
Okinawa and Hokkaido. Parasitol. Int. 64, 161–166.

Ikarashi, M., Fukuda, Y., Honma, H., Kasai, K., Kaneta, Y., Nakai, Y., 2013. First de-
scription of heterogeneity in 18S rRNA genes in the haploid genome of
Cryptosporidium andersoni Kawatabi type. Vet. Parasitol. 196, 220–224.

Jiang, J., Alderisio, K.A., Xiao, L., 2005. Distribution of Cryptosporidium genotypes in
storm event water samples from three watersheds in New York. Appl. Environ.
Microbiol. 71, 4446–4454.

Jiang, J., Xiao, L., 2003. An evaluation of molecular diagnostic tools for the detection and
differentiation of human pathogenic Cryptosporidium spp. J. Eukaryote. Microbiol. 50,
542–547.

Kaupke, A., Rzeżutka, A., 2015. Emergence of novel subtypes of Cryptosporidium parvum
in calves in Poland. Parasitol. Res. 114, 4709–4716.

Le Blancq, S.M., Khramtsov, N.V., Zamani, F., Upton, S.J., Wu, T.W., 1997. Ribosomal
RNA gene organization in Cryptosporidium parvum. Mol. Biochem. Parasitol. 90,
463–478.

Matsubar, R., Fukuda, Y., Murakoshia, F., Nomurab, O., Suzukic, T., Tadaa, C., Nakaia, Y.,
2017. Detection and molecular status of Isosporasp. from the domestic pigeon
(Columba livia domestica). Parasitol. Int. 66, 588–592.

R.M.A. Gharieb, et al. Veterinary Parasitology 271 (2019) 80–86

85

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=DQ630518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AF164489
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AF164495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=MF142042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AB514090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=MG516788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=DQ192503
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KP997149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AY166804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AY167589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=XM627480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AF164496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=DQ640630
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=JX575582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=HQ005737
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AY167592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AM988865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KY499051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KM215754
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AY738190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KY990917
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0005
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0005
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0005
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0005
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0010
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0010
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0010
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0015
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0015
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0015
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0020
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0020
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0020
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0025
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0025
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0025
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0030
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0030
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0030
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0035
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0035
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0040
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0040
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0040
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0040
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0045
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0045
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0045
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0050
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0050
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0050
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0055
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0055
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0055
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0060
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0060
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0065
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0065
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0065
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0070
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0070
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0070
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0070
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0075
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0075
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0075
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0080
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0080
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0080
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0080
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0085
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0085
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0085
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0090
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0090
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0090
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0090
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0090
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0095
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0095
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0095
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0100
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0100
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0100
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0105
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0105
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0105
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0110
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0110
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0115
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0115
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0115
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0120
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0120
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0120


Meganck, V., Hoflack, G., Piepers, S., Opsomer, G., 2015. Evaluation of a protocol to
reduce the incidence of neonatal calf diarrhea on dairy herds. Prev. Vet. Med. 118,
64–70.

Naguib, D., El-Gohary, A.H., Mohamed, A.A., Roellig, D.M., Arafat, N., Xiao, L., 2018. Age
patterns of Cryptosporidium species and Giardia duodenalis in dairy calves in Egypt.
Parasitol. Int. 67, 736–741.

Ng, J., Yang, R., McCarthy, S., Gordon, C., Hijjawi, N., Ryan, U., 2011. Molecular char-
acterization of Cryptosporidium and Giardia in pre-weaned calves in Western Australia
and New South Wales. Vet. Parasitol. 176, 145–150.

Peng, M.M., Matos, O., Gatei, W., Das, P., Stantic-Pavlinic, M., Bern, C., Sulaiman, I.M.,
Glaberman, S., Lal, A.A., Xiao, L., 2001. A comparison of Cryptosporidium sub geno-
types from several geographic regions. J. Eukaryot. Microbiol. 48, 28S–31S.

Peng, M.M., Wilson, M.L., Holland, R.E., Meshnick, S.R., Lal, A.A., Xiao, L., 2003. Genetic
diversity of Cryptosporidium spp. In cattle in Michigan: implications for understanding
the transmission dynamics. Parasitol. Res. 90, 175–180.

Quilez, J., Torres, E., Chalmers, R.M., Robinson, G., Del Cacho, E., Sanchez-Acedo, C.,
2008. Cryptosporidium species and subtype analysis from dairy calves in Spain.
Parasitol. 135, 1613–1620.

Rahmouni, I., Essid, R., Aoun, K., Bouratbine, A., 2014. Glycoprotein 60 diversity in
Cryptosporidium parvum causing human and cattle cryptosporidiosis in the rural re-
gion of Northern Tunisia. Am. J. Trop. Med. Hyg. 90, 346–350.

Roy, S.L., DeLong, S.M., Stenzel, S.A., Shiferaw, B., Roberts, J.M., Khalakdina, A., Marcus,
R., Segler, S.D., Shah, D.D., Thomas, S., Vugia, D.J., Zansky, S.M., Dietz, V., Beach,
M.J., 2004. Risk factors for sporadic cryptosporidiosis among immunocompetent
persons in the United States from 1999 to 2001. J. Clin. Microbiol. 42, 2944–2951.

Ryan, U., Zahedi, A., Paparini, A., 2016. Cryptosporidium in humans and animals- a one
health approach to prophylaxis. Parasite Immunol. 38, 535–547.

Santin, M., Trout, J.M., Fayer, R., 2008. A longitudinal study of cryptosporidiosis in dairy
cattle from birth to 2 years of age. Vet. Parasitol. 155, 15–23.

Santin, M., Trout, J.M., Xiao, L., Zhou, L., Greiner, E., Fayer, R., 2004. Prevalence and
age-related variation of Cryptosporidium species and genotypes in dairy calves. Vet.
Parasitol. 122, 103–117.

Shirley, D.A., Moonah, S.N., Kotloff, K.L., 2012. Burden of disease from cryptosporidiosis.
Curr. Opin. Infect. Dis. 25, 555–563.

Shirley, M.W., Harvey, D.A., 1996. Eimeria tenella: infection with a single sporocyst gives
a clonal population. Parasitology. 112, 523–528.

Shrivastava, A.K., Kumar, S., Smith, W.A., Sahu, P.S., 2017. Revisiting the global problem
of cryptosporidiosis and recommendations. Trop. Parasitol. 7, 8–17.

Soba, B., Logar, J., 2008. Genetic classification of Cryptosporidium isolates from humans
and calves in Slovenia. Parasitol. 135, 1263–1270.

Sulaiman, I.M., Hira, P.R., Zhou, L., Al -Ali, F.M., Al-Shelahi, F.A., Shweiki, H.M., Iqbal,
J., Khalid, N., Xiao, L., 2005. Unique endemicity of cryptosporidiosis in children in
Kuwait. J. Clin. Microbiol. 43, 2805–2809.

Szonyi, B., Bordonaro, R., Wade, S.E., Mohammed, H.O., 2010. Seasonal variation in the
prevalence and molecular epidemiology of Cryptosporidium infection in dairy cattle in
the New York City Watershed. Parasitol. Res. 107, 317–325.

Tanrıverdi, S., Tanyeli, A., Başlamışlı, F., Köksal, F., Kılınç, Y., Feng, X., Batzer, G.,
Tzipori, S., Widmer, G., 2002. Detection and genotyping of oocysts of Cryptosporidium
parvum by real-time PCR and melting curve analysis. J. Clin. Microbiol. 40,
3237–3244.

Taylan-Ozkan, A., Yasa-Duru, S., Usluca, S., Lysen, C., Ye, J., Roellig, D.M., Feng, Y., Xiao,
L., 2016. Cryptosporidium species and Cryptosporidium parvum subtypes in dairy calves
and goat kids reared under traditional farming systems in Turkey. Exp. Parasitol. 170,
16–20.

Tomazic, M.L., Maidana, J., Dominguez, M., Uriarte, E.L., Galarza, R., Garro, C., Florin-
Christensen, M., Schnittger, L., 2013. Molecular characterization of Cryptosporidium
isolates from calves in Argentina. Vet. Parasitol. 198, 382–386.

Trotz-Williams, L.A., Martin, D.S., Gatei, W., Cama, V., Peregrine, A.S., Martin, S.W.,
Nydam, D.V., Jamieson, F., Xiao, L., 2006. Genotype and subtype analyses of
Cryptosporidium isolates from dairy calves and humans in Ontario. Parasitol. Res. 99,
346–352.

Trotz-Williams, L.A., Wayne Martin, S., Leslie, K.E., Duffield, T., Nydam, D.V., Peregrine,
A.S., 2007. Calf-level risk factors for neonatal diarrhea and shedding of
Cryptosporidium parvum in Ontario dairy calves. Prev. Vet. Med. 82, 12–28.

Wang, Y., Tao, G., Cui, Y., Lv, Q., Xie, L., Li, Y., Suo, X., Qin, Y., Xiao, L., Liu, X., 2014.
Molecular analysis of single oocyst of Eimeria by whole genome amplification (WGA)
based nested PCR. Exp. Parasitol. 144, 96–99.

Wu, Z., Nagano, I., Boonmars, T., Nakada, T., Takahashi, Y., 2003. Intraspecies poly-
morphism of Cryptosporidium parvum revealed by PCR-Restriction Fragment Length
Polymorphism (RFLP) and RFLP–single-strand conformational polymorphism ana-
lyses. Appl. Environ. Microbiol. 69, 4720–4726.

Xiao, L., 2010. Molecular epidemiology of cryptosporidiosis: an update. Exp. Parasitol.
124, 80–89.

Xiao, L., Bern, C., Limor, J., Sulaiman, I., Roberts, J., Checkley, W., Cabrera, L., Gilman,
R.H., Lal, A.A., 2001. Identification of 5 types of Cryptosporidium parasites in children
in Lima, Peru. J. Infect. Dis. 183, 492–497.

Xiao, L., Morgan, U.M., Limor, J., Escalante, A., Arrowood, M., Shulaw, W., Thompson,
R.C.A., Fayer, R., Lal, A.A., 1999. Genetic diversity within Cryptosporidium parvum
and related Cryptosporidium species. Appl. Environ. Microbiol. 65, 3386–3391.

Xiao, L., Ryan, U.M., 2008. Molecular epidemiology. In: Fayer, R., Xiao, L. (Eds.),
Cryptosporidium and Cryptosporidiosis. CRC press, Boca Raton FL, pp. 164–171.

Xiao, L., Zhou, L., Santin, M., Yang, W., Fayer, R., 2007. Distribution of Cryptosporidium
parvum subtypes in calves in eastern United States. Parasitol. Res. 100, 701–706.

Zahedi, A., Gofton, A.W., Jian, F., Paparini, A., Oskam, C., Ball, A., Robertson, I., Ryan,
U., 2017. Next generation sequencing uncovers within-host differences in the genetic
diversity of Cryptosporidium gp60 subtypes. Int. J. Parasitol. 47, 601–607.

R.M.A. Gharieb, et al. Veterinary Parasitology 271 (2019) 80–86

86

http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0125
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0125
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0125
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0130
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0130
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0130
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0135
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0135
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0135
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0140
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0140
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0140
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0145
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0145
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0145
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0150
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0150
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0150
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0155
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0155
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0155
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0160
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0160
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0160
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0160
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0165
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0165
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0170
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0170
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0175
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0175
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0175
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0180
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0180
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0185
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0185
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0190
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0190
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0195
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0195
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0200
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0200
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0200
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0205
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0205
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0205
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0210
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0210
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0210
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0210
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0215
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0215
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0215
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0215
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0220
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0220
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0220
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0225
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0225
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0225
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0225
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0230
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0230
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0230
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0235
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0235
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0235
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0240
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0240
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0240
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0240
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0245
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0245
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0250
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0250
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0250
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0255
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0255
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0255
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0260
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0260
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0265
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0265
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0270
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0270
http://refhub.elsevier.com/S0304-4017(19)30097-4/sbref0270

	Isolation, genotyping and subtyping of single Cryptosporidium oocysts from calves with special reference to zoonotic significance
	Introduction
	Material and methods
	Samples collection and processing
	Isolation of single oocyst
	Molecular identification of Cryptosporidium spp
	PCR-RFLP genotyping of Cryptosporidium spp
	Subtyping of C. parvum
	Sequence analysis

	Results
	Discussion
	Conclusions
	Funding
	Acknowledgments
	References




