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Cryptosporidium parvum TUS02, a genotype 1 isolate of human origin, was passaged through three different
mammalian hosts, including humans, pigs, and calves. It was confirmed to be genotype 1 by PCR-restriction
fragment length polymorphism analysis of the Crypfosporidium oocyst wall protein gene, direct sequencing of
PCR fragments of the small subunit rRNA and (3-tubulin genes, and microsatellite analysis. This isolate was
shown to be genetically stable when passaged through the three mammalian species, with no evidence of the
emergence of new subpopulations as observed by a genotype-specific PCR assay. TU502 oocysts from different
sources failed to infect gamma interferon knockout mice, a characteristic of genotype 1 isolates. The genotypic
and phenotypic characterization of TU502 is significant since it is the isolate selected to sequence the genome
of C. parvum genotype 1 and is currently used in several research projects including human volunteer studies.

The apicomplexan enteric parasite Cryptosporidium sp. in-
fects a broad range of mammals, birds, fish, and reptiles (7, 12,
13, 15, 30). Cryptosporidium parvum, a major cause of diarrheal
illness in humans and calves, has emerged as a serious contrib-
utor to waterborne outbreaks of cryptosporidiosis. Using a
variety of genetic methods, C. parvum isolates are separated
into two genetically distinct subgroups, designated genotype 1
and 2. Genotype 1 is anthroponotic and has so far been asso-
ciated only with human and primate infections (21, 34). Ge-
notype 2 is zoonotic and is found to infect a wide range of
mammals, including humans (2, 10, 11, 16, 23, 31). The ma-
jority of sporadic cases of human cryptosporidiosis, including
recent waterborne outbreaks, generally have one predominant
genotype, but cryptosporidiosis is not restricted to one specific
genotype (9, 10, 16, 18, 37; Tumwine et al., submitted for
publication). Evidence, from animal and human studies in this
laboratory and in others, indicates that genotype 1 and 2 dis-
play several distinct genotypic and phenotypic traits. The most
common genotypic analyses are based on PCR-restriction frag-
ment length polymorphism (PCR-RFLP) analysis and/or se-
quencing of the small subunit (SSU) rRNA (11, 17, 19, 21, 35),
70-kDa heat shock protein (25), B-tubulin (4, 24, 32), Crypto-
sporidium oocyst wall protein (COWP) (17-20, 36), or throm-
bospondin-related adhesive protein Cryptosporidium-1 (TRAP
C1) or TRAP C2 (6, 19, 22, 23) genes. More recently, the
introduction of multilocus microsatellite analysis to differenti-
ate C. parvum isolates was reported (5, 8; A. E. Aiello et al.,
abstract from the 52nd Annual Meeting of the Society of Pro-
tozoologists 1999, J. Eukaryot. Microbiol. 46:46S-47S, 1999).
Phenotypic differences between genotype 1 and 2 isolates, in-
cluding host specificity and severity of clinical symptoms, have
also been observed by our laboratory (34; Tumwine et al.,
submitted; Akiyoshi and Tzipori, unpublished data) and by
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others (13, 37). No evidence of recombination between the two
genotypes has been reported, suggesting the possibility that
these are two separate species (unpublished data).

In this study, we report the genotypic and phenotypic char-
acterization of TUS02, a genotype 1 isolate, and its passage
through animal hosts, including humans, piglets, and calves.
Genotyping methods including PCR-RFLP analysis of the
COWP gene, sequencing of the SSU rRNA and B-tubulin
genes, genotype-specific PCR assay, and microsatellite analy-
ses were used to characterize the oocysts excreted from the
different animal passages. Because of its genetic stability,
TUS502 has been designated our reference genotype 1 isolate,
and its genome is currently being sequenced. This isolate is
also used in several research projects, including challenge stud-
ies in human volunteers.

MATERIALS AND METHODS

Origin of the C. parvum TUS502 genotype 1 isolate. UG502 was originally
isolated from a child with cryptosporidiosis as part of a recent survey conducted
in hospitalized children in Uganda (Tumwine et al., submitted). This genotype 1
isolate was propagated three consecutive times in gnotobiotic piglets (see below)
and was consistently shown to be genetically stable. Consequently, it was selected
for continuous propagation in piglets. From time to time “caught” calves infected
experimentally with oocysts purified from infected piglets were used to produce
larger quantities of oocysts for laboratory investigations (see below). During the
propagations in calves, three laboratory personnel caring for them became ac-
cidentally infected with the calf-propagated UG502 isolate. Oocysts purified
from the last accidentally infected human, designated TU502, were selected for
a comprehensive phenotypic and genotypic characterization study. Isolates
UHPS5 and TPHI1 are the other two human-derived isolates.

Passage of genotype 1 isolates in gnotobiotic pigs. Dichromate-treated oocysts
of the original human UG502 isolate were used to infect gnotobiotic piglets (28,
29). Oocyst shedding was monitored by microscopic examination of fecal smears
stained with modified acid-fast stain. The large intestines were sterilely harvested
in a biological safety hood within a laboratory dedicated to the preparation and
handling of fecal samples and intestinal contents of genotype 1-infected piglets.
The pig intestinal contents were removed and used as inoculum for subsequent
passages. All four genotype 1 human isolates (UG502, UHP5, TPHI1, and
TU502) were similarly propagated in piglets.

Propagation of genotype 1 isolates in calves. To reduce the possibility of
contamination with exogenous genotype 2, only calves caught during birth were
used to propagate genotype 1. Briefly, the calves were caught by a worker
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gowned in sterile apparel as they were delivered and laid on sterile surgical
drapes in a clean stall. The calves were dried and cleaned, and their navels were
dipped in Betadine. The calves were transported from the farm to the university
in a clean van within a few hours after birth. To further reduce the possibility of
contamination, only gnotobiotic-piglet-propagated genotype 1 oocysts were used
to infect these calves.

Mouse infectivity. Gamma interferon knockout mice (Jackson Laboratories,
Bar Harbor, Maine) were orally challenged with 1,000 purified pig-derived oo-
cysts of isolate UG502, UHPS5, or TUS02 (26, 33). Oocyst shedding in feces was
monitored by microscopic examination between days 5 and 20 postinoculation.

Oocyst purification and extraction of DNA from stool samples. Oocysts were
either purified from fecal samples by immunomagnetic separation (Crypto-Scan
IMS; ImmuCell Corp., Portland, Maine) or by a previously described multistep
purification protocol (33). If purified oocysts were used as the source of template
for amplification, they were first heated at 95°C for 7 min. For some samples,
DNA was extracted from stool samples using the protocol described by Buckholt
et al. (3) and the DNA eluted in 50 pl of TE.

PCR-RFLP analysis. COWP PCR amplifications were performed in 25-pl
reaction mixtures containing 1X PCR buffer (10 mM Tris-HCI, pH 8.3; 50 mM
KClI; 1.1 mM MgCl,; and 0.01% gelatin), 0.2 mM deoxynucleoside triphosphates,
0.4 uM forward primer (COWP-F1, 5'-GTAGATAATGGAAGAGATTGTGT
TGC-3"), 0.4 pM reverse primer (cry9) (21), 1.25 U of RedTaq (Sigma-Aldrich,
St. Louis, Mo.), and 1 ul of template DNA. The reaction mixtures were dena-
tured at 94°C for 2 min and then cycled 35 times at 94°C for 30 s, 56°C for 30 s,
and 72°C for 30 s. A final 72°C extension for 5 min completed the PCR program.
For each set of PCRs, two C. parvum-positive controls (genotype 1 and 2) plus
a negative PCR control were included. The resulting 553-bp PCR products were
digested with Rsal and electrophoretically separated on a Tris-borate-EDTA-
15% polyacrylamide gel (Criterion Precast gel; Bio-Rad, Inc., Richmond, Calif.).

5B12 microsatellite analysis. The 5B12 marker is an AT repeat of variable
length within noncoding sequence. PCR amplification of the 5B12 microsatellite
was carried out as previously described (8).

PCR and DNA sequencing of the SSU rRNA and f-tubulin fragments. The
SSU rRNA and B-tubulin fragments from the four human genotype 1 isolates,
UGS502, UHP5, TPHI1, and TUS502, and their calf passages (all except TPHI)
were amplified using the same PCR conditions as that for COWP, except a
mixture of Tag DNA polymerase and proofreading polymerase (Expand High
Fidelity PCR system; Roche Molecular Biochemicals, Indianapolis, Ind.) was
used instead of RedTaq. A 490-bp SSU rRNA fragment was amplified using a
forward primer, cryd4a (5'-TCCTGACACAGGGAGGTAG-3'), and a reverse
primer, cry2a (5'-TCCTTGGCAAATGCTTTCG-3"). A 536-bp B-tubulin PCR
fragment was amplified using the forward primer btub5 and the reverse primer
btub2 (32). The SSU rRNA and B-tubulin PCR fragments were cloned into
pCR4-TOPO (Invitrogen Inc., San Diego, Calif.), and a minimum of four clones
from each isolate and passage were double-strand sequenced. Multiple align-
ments of the DNA sequences were performed using the ClustalW program (27).
GenBank searches against the nonredundant database for SSU rRNA and B-tu-
bulin sequence similarities were performed using the BLAST algorithm (1).

Genotype-specific PCR assay. To assay for the presence of genotype 2 DNA,
a genotype-specific PCR assay was developed using TRAP C1. PCR was per-
formed using a genotype 2-specific forward primer (TRAPCI-F2, 5'-TAAGGG
TGGTGATAATGGCTGTA-3") and a reverse primer (TRAPCI-R¢, 5'-CCTT
CTGATAAAGTTGCATTATACGACC-3") located within a conserved region.
Each sample was also amplified with a genotype 1-specific forward primer
(TRAPCI1-F1, 5'-TAAAAGTGGTGATAACAGATGCG-3") and TRAPCI1-Rc
to ensure there was no inhibition of amplification. PCRs and thermal cycler
conditions were similar to those for COWP, except an annealing temperature of
54°C for 38 cycles was used.

RESULTS

C. parvum genotype 1 isolates. C. parvum genotype 1 isolate
TU502, originally isolated from a child with cryptosporidiosis,
was passaged in piglets and calves. Experimental transmission
of C. parvum in calves carries some risk of accidental infection
of laboratory personnel. Infections with genotype 2 have been
well-contained over the past 10 years, as the Division of Infec-
tious Diseases at Tufts University School of Veterinary Med-
icine has instituted protective procedures to minimize acciden-
tal exposure of personnel. However, the propagation of
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genotype 1 in calves has increased considerably the risk due to,
we believe, the fact that a smaller infectious dose is required
for genotype 1 to cause infection. While caring for the calves,
three laboratory personnel became infected with derivatives of
the UG502 isolate (UHPS, TPH1, and TU502). TU502, one of
the human-derived isolates, has now been passaged in both
piglets and calves and is our laboratory genotype 1 standard
isolate. The UHP5 and TPH1 isolates have also been passaged
in gnotobiotic piglets, and the UHPS isolate has been passaged
in calves. We have serially passaged the UG502, UHPS5, TPHI,
and TUS502 isolates in piglets 12, 1, 2, and 20 times, respec-
tively.

Mouse infectivity. Oocysts from UGS502 pig passages 3 and
6, UHP5 human passage, and TU502 pig passage 12 were
tested for infectivity in gamma interferon knockout mice,
which appear to be susceptible to C. parvum genotype 2 iso-
lates but not to genotype 1 isolates (33). No infection was
detected for any of these isolates, confirming the absence of a
genotype 2 subpopulation or introduction of genotype 2 oo-
cysts during the propagation process. Newborn Mongolian ger-
bils and rats (Sprague Dawley) were also tested for suscepti-
bility to infection with the UG502 isolate. No oocyst shedding
by either rodent species was detected when the rodents were
infected with the UG502 isolate, but shedding was detected
when these rodents were infected with the genotype 2 isolate,
GCHLI1 (data not shown).

COWP PCR-RFLP analysis. Oocysts excreted by the differ-
ent animals infected with the four genotype 1 human isolates,
displayed the typical COWP PCR-RFLP profile of genotype 1
isolates (Fig. 1A), in which Rsal restriction fragments of 34,
106, 129, and 284 bp were observed (21). The three Rsal sites
were confirmed by sequence analysis of this 553-bp COWP
PCR fragment from the UG502 human isolate. The COWP
sequence from the UG502 isolate was identical to two other
genotype 1 COWP sequences (AF266272 and AF266265) (34)
in the GenBank database. PCR-RFLP analysis of the COWP
gene fragment from the UGS502-derived isolates passaged
through the different host species showed no change in the
restriction digest profile, with the genotype 1 profile main-
tained and no evidence of the presence of a genotype 2 sub-
population.

Microsatellite analysis. Microsatellite analysis using the
5B12 marker also confirmed that the UG502 isolate and its
derivatives, when passaged through humans and calves, main-
tained the genotype 1 profile of the UG502 human isolate (Fig.
1B). No additional bands were seen in any of the UG502-
derived isolates (UHP5, TPH1, and TUS502) to indicate the
introduction of a genotype 2 population. The microsatellite
profiles for UG502, UHPS, TPH1, and TU502 were identical
to two other genotype 1 isolates from Uganda and also to the
NEMCTI isolate (8).

Sequence of the SSU rRNA and (3-tubulin PCR fragments.
The sequences of the 490-bp SSU rRNA and 536-bp B-tubulin
PCR fragments from the human, pig, and calf passages of the
four isolates were identical to that of the original UG502
isolate from the Ugandan child. The calf passages represent
the furthest animal passage from its human passage, and if
genetic changes were to have taken place, these would be the
most likely passages for their occurrence. Since the TPH1
isolate was not passaged in calves, DNA from a pig passage was
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FIG. 1. COWP PCR-RFLP (A) and 5B12 microsatellite (B) analyses of oocysts from the four C. parvum genotype 1 isolates passaged through
different host species. (A) UG502 human (lane 2), pig (lane 3), and calf (lane 4) passages; UHP5 human (lane 5), pig (lane 6), and calf (lane 7)
passages; TPH1 human (lane 8) and pig (lane 9) passages; and TU502 human (lane 10), pig (lane 11), and calf (lane 12) passages. A genotype 2
control (lane 14), genotype 1 control (lane 15), uncut PCR product (lane 16), and 100-bp DNA ladder (lanes 1, 13, and 17; Promega Corp.,
Madison, Wis.) are also included. (B) UG502 human passage (lane 1), UG502 calf passage (lane 2), UHPS human passage (lane 3), UHPS pig
passage (lane 4), TPH1 human passage (lane 5), TU502 human passage (lane 6), and TU502 calf passage (lane 7). GCHI (genotype 2) and NEMC1

(genotype 1) controls are shown in lanes 8 and 9, respectively.

sequenced instead. Sequences from a minimum of four clones
for each sample were compared and found to be identical. The
UG502 SSU rRNA sequence was compared to other se-
quences in the nonredundant GenBank database using the
BLAST algorithm (1). Three C. parvum genotype 1 sequences
(AF093489, AF108865, and L16997) were identical to the
UGS502 sequence. Similarly, the B-tubulin sequence from the
UGS502 isolate was compared to other sequences in the non-
redundant GenBank database. The sequence of this 536-bp
PCR fragment was identical to three other genotype 1 B-tu-
bulin sequences (AF323578, AF323579, and AF323580) from
human patients in the United Kingdom. This same fragment
has been cloned and sequenced from 21 genotype 1 isolates
and 13 genotype 2 isolates from other Ugandan children
(Akiyoshi and Tzipori, unpublished data). The UG502 se-
quence of the coding region within this fragment was identical
to those 21 genotype 1 isolates, although minor differences
were observed within the intron sequences.

Genotype-specific PCR assay. The PCR primers TRAPCI-
F1 and TRAPCI-F2 differ by six bases, which is sufficient to
confer genotype specificity. DNAs from each of the four iso-
lates and from different animal passages were separately am-
plified with each primer pair (Fig. 2). No genotype 2-specific
amplification was observed from DNAs isolated from oocysts
excreted by humans and pigs. However, genotype 2-specific
amplifications from three nonsequential calf propagations
(UGS502, calf 2; TUS02, calves 2 and 14) were observed, de-

spite our best efforts to maintain a clean environment for
caught calves.

Nucleotide sequence accession numbers. Nucleotide se-
quences of the UGS502 isolate COWP, B-tubulin and SSU
rRNA sequences were submitted to GenBank and have acces-
sion numbers AF481960, AF481961 and AF481962, respec-
tively.

DISCUSSION

Using molecular genetic tools, including COWP PCR-RFLP
analysis and a TRAP C1 genotype-specific PCR assay, we have
shown that homogeneous genotype 1 isolates of human origin
can be passaged and maintained in gnotobiotic piglets. Ex-
treme care was taken during the propagation of genotype 1
isolates in gnotobiotic piglets to avoid potential contamination
with genotype 2 isolates that are routinely propagated in our
laboratory. Our data clearly show that the UG502 isolate and
its derivatives maintained genotypic profiles consistent with
genotype 1 with the absence of other emerging subpopulations.
DNA extracted from oocysts collected from each infected
piglet, which was analyzed by COWP PCR-RFLP analysis,
showed no changes in the genetic profile from the original
UG502 (data not shown).

We have also successfully propagated four genotype 1 iso-
lates, NEMC1 (34), UG502, UHPS, and TUS02 in calves.
Since caught calves have normal microflora, they may also
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FIG. 2. Genotype-specific PCR analysis of genotype 1 isolates passaged through different host species. (A) Each sample was assayed using the
genotype 1-specific primers to demonstrate the absence of PCR inhibitors. (B) The presence of a genotype 2 subpopulation was assayed using the
TRAP C1 genotype 2-specific primers. Samples are as follows: human isolate UG502 (lane 2), UG502 pig passage 1 (lane 3), UG502 pig passage
9 (lane 4), UG502 isolate from calf 3 (lane 5), UHP5 human (lane 6), UHPS5 pig passage 1 (lane 7), UHPS isolate from calf 1 (lane 8), UHPS isolate
from calf 2 (lane 9), human isolate TPH1 (lane 10), TPH1 pig passage 1 (lane 11), human isolate TU502 (lane 12), TU502 pig passage 1 (lane 13),
TUS502 pig passage 6 (lane 14), TUS502 pig passage 11 (lane 15), TUS02 pig passage 18 (lane 16), TU502 isolate from calf 1 (lane 17), TU502 isolate
from calf 2 (lane 18), TUS502 isolate from calf 3 (lane 19), TU502 isolate from calf 4 (lane 20), TU502 isolate from calf 9 (lane 21), and TUS502
isolates calves 11 and 12 (lane 22). Genotype standards include genotype 1 (lane 23), mixed genotype 1 and 2 (lane 24), and genotype 2 (lane 25).
DNA ladder (100 bp; Promega Corp.) is shown in lanes 1 and 26. A faint band is seen in TUS502 isolate from calf 2 (lane 18) using the genotype

2-specific primers, indicating the presence of genotype 2 parasites.

contain C. parvum genotype 2 oocysts picked up on the farm
during delivery. Consequently, calf-to-calf transmission of ge-
notype 1 was avoided, and animals were therefore challenged
only with oocysts derived from gnotobiotic piglets. To-date,
TUS02 from piglets has been propagated in 14 caught calves,
of which two became contaminated with a genotype 2 popula-
tion. The COWP PCR-RFLP and TRAP C1 genotype-specific
PCR assays detected mixed populations in one of these calves,
but only the TRAP C1 assay detected small amounts of geno-
type 2 oocysts in the second calf. This assay has the sensitivity
of detecting 10 genotype 2 oocysts in a background population
of 10° genotype 1 oocysts (data not shown).

While it has been shown that genotype 1 isolates can infect
other mammals in addition to humans, there have been no
reports of natural genotype 1 infections of other mammals,
except captive monkeys (21; unpublished data). In a recent
survey of Ugandan children with diarrhea, 72.8% of the Cryp-
tosporidium-positive samples were identified as genotype 1,
18.4% were genotype 2, 4.1% were mixed genotype 1 and 2,
and 4.7% were neither genotype 1 nor 2 or were unclassified

(Tumwine et al., submitted). The isolation of a genetically
homogeneous genotype 1 isolate, UG502, from this Ugandan
study and reports from other human outbreaks of cryptospo-
ridiosis suggest a unique mechanism of transmission from hu-
man to human. If genotype 1 isolates are truly anthroponotic,
it is unclear how they are transmitted from human to human
without introduction of genotype 2 isolates, which are ubiqui-
tous in the environment and, from limited observations, appear
to predominate when they occur concurrently with genotype 1
(Akiyoshi and Tzipori, unpublished). The lack of apparent
genetic recombination between the two genotypes, even when
they occur concurrently in the same host, also suggests that
they maintain independent reproductive cycles and may be
regarded as two distinct Cryptosporidium species (9, 13, 19, 21).
Future studies focused on understanding the transmission cy-
cles of the two genotypes and the basic biology of Cryptospo-
ridium will provide these answers.

The identification of a genetically stable genotype 1 isolate is
significant because of the absence of well-characterized Cryp-
tosporidium isolates. There are several genotype 2 isolates in-
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cluding, IOWA, Moredun, and GCH1 (28), which are rou-
tinely used in laboratory investigations. However, these
isolates are passaged in calves obtained from local farms where
they may have been possibly exposed to farm-derived C. par-
vum oocysts. We have propagated UG502 and TU502 in gno-
tobiotic piglets for more than 2 years, from one animal to
another, without exposing the oocysts assigned for further
propagation to potential contamination. This eliminated the
risk of cross-contamination of TU502 with oocysts from other
sources and ensured the purity of the inoculum. Consequently,
the TUS502 isolate shows no trace of genotypic or phenotypic
changes, making TUS502 an excellent reference genotype 1
isolate. TUS502 can be said to be the only currently existing
isolate which is known to be free of potential contamination
with other Cryptosporidium isolates since its initial isolation
from a human patient. Therefore, TU502 has been selected for
the genome sequencing project, challenge studies with human
volunteers (Chappell et al., unpublished data), water treatment
studies, and genetic recombination studies. A number of genes
(partial and complete) from TUS02 have been sequenced, in-
cluding those coding for gp40/15 (14), B-tubulin, SSU rRNA,
COWP, TRAP Cl1, and P23, and several microsatellite loci
have been analyzed by our laboratory.

In conclusion, the piglet-propagated TUS02 is a well-char-
acterized genotype 1 C. parvum isolate and is the only currently
available C. parvum isolate that is known to be free from
contamination with other isolates or genotypes. While oocysts
of genotype 1 can also infect calves, unless gnotobiotic calves
are used, the risk of cross-contamination with genotype 2 elim-
inates calves as a potential animal species for propagation.
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