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Small-subunit (SSU) rRNA-based methods have been commonly used in the differentiation of Cryptospo-
ridium species or genotypes. In order to develop a new tool for confirming the genotypes of Cryptosporidium
species, parts of the 90-kDa heat shock protein (Hsp90) genes of seven Cryptosporidium species and genotypes
known to infect humans (C. hominis, C. parvum, C. meleagridis, C. canis, C. muris, C. suis, and the cervine
genotype), together with one from cattle (C. andersoni), were sequenced and analyzed. With the exception of C.
felis from cats and C. baileyi from birds, the Hsp90 genes of all tested Cryptosporidium species were amplified.
Phylogenetic analysis of the sp90 sequences from all these species is congruent with previous studies in which
the SSU rRNA, 70-kDa heat shock protein, oocyst wall protein, and actin genes were analyzed and showed that
gastric and intestinal parasites segregate into two distinct clades. In this study, the secondary products of
hsp90 produced after PCR-restriction fragment length digestion with Styl and HphlI or with BbsI showed that
parasites within the intestinal or gastric clade could be differentiated from each other. These data confirm the
utility of the Hsp90 gene as a sensitive, specific, and robust molecular tool for differentiating species and/or

genotypes of Cryptosporidium in clinical specimens.

Once an emerging pathogen, Cryptosporidium is now firmly
established as a serious and widespread agent of enteric dis-
eases in humans and other animals that is responsible for
waterborne and food-borne outbreaks, diarrhea in the very
young and elderly, and life-threatening infection in individuals
with an impaired immune system (7). Currently, there are at
least 20 valid species of Cryptosporidium (6, 24). These include
C. hominis (humans); C. parvum (humans and ruminants); C.
muris (rodents); C. andersoni, C. bovis, and C. ryanae (rumi-
nants); C. felis (cats); C. canis (dogs); C. suis (pigs); C. wrairi
(guinea pigs); C. fayeri and C. macropodum (marsupials); C.
meleagridis, C. baileyi, and C. galli (birds); C. serpentis and
C. varanii (previously known as C. saurophilum) (reptiles); C.
fragile (toads); and C. molnari and C. scophthalmi (fish). There
are also over 40 unnamed species in mammals, birds, and
reptiles, which currently have only genotype names. Among
the established species and genotypes, at least eight are known
to infect humans, including C. hominis, C. parvum, C. melea-
gridis, C. felis, C. canis, C. suis, C. muris, and the cervine
genotype (6, 24, 27). Nevertheless, the pathology of these par-
asites in human tissues has been well documented only for C.
hominis and C. parvum (22). Therefore, additional information
will be essential before the pathogenicity of other Cryptospo-
ridium species for humans can be established.

Many genus-specific PCR-restriction fragment length poly-
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morphism (RFLP) techniques have been described for the
differentiation of Cryptosporidium species or genotypes, all of
which are based on the small-subunit (SSU) rRNA gene (3, 4,
11, 13, 14, 17, 18, 23). This is largely due to the fact that
Cryptosporidium species and genotypes are mostly character-
ized at this locus. The SSU rRNA gene has some advantages
over other genes because of the multiple copy number and
presence of conserved regions interspersed with highly poly-
morphic regions, which facilitates the design of PCR primers.
DNA sequences of the 70-kDa heat shock protein (Hsp70),
oocyst wall protein (COWP), and actin genes are also available
for some Cryptosporidium spp. and genotypes (15, 19, 20, 23,
26, 28). Because sequence diversity occurs over the entire
Hsp70, COWP, and actin genes of Cryptosporidium, designing
efficient PCR primers for genotyping using these genes is lim-
iting. Therefore, other gene targets were analyzed for applica-
bility.

One disadvantage of the SSU rRNA gene is that there are
minor sequence differences among different copies of the gene,
which sometimes can lead to variation in RFLP for certain
Cryptosporidium species or genotypes (8, 25). In such situa-
tions, it is very important to differentiate intragenotypic vari-
ations among isolates from sequence variations between dif-
ferent copies of the gene (2) and to have a tool that confirms
the genotype. Although there are other genes available which
can differentiate the two major human-pathogenic species, C.
parvum and C. hominis, these cannot distinguish genetically
divergent species of Cryptosporidium, i.e., C. canis, C. felis, C.
suis, and C. muris, from them (10, 16, 21).

The genome of C. muris (http://msc.jevi.org/c_muris/index
.shtml), which is currently being sequenced, appears to be
highly divergent from those of C. parvum (1) and C. hominis
(29). Therefore, it is thought that any gene sequence conserved
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TABLE 1. RFLP analysis of the Hsp90 genes of various Cryptosporidium specimens in this study

Fragment(s) (bp)*

Species or genotype Isolate(s) Host(s) Location(s) o Hphl Bbsl
PCR StyI digestion digeztion digestion
C. hominis 13029, 13037, 6118 Children and AIDS  Peru 676 42,634 80, 135, 461 676
patient
C. parvum 13033, 13026 Children Peru 676 42,119, 515 46, 215, 415 676
C. meleagridis 9917, 9528 Children Peru 676  42,119,155,360 215, 461 676
C. canis 9502, 10191 Children Peru 670 230, 440 135,165,370 670
Cervine genotype 11689, 8774 Deer mouse, child New York, Ohio 676 208, 230, 238 135, 541 676
C. suis 14290, 14289 Pigs Czech Republic 673 111, 119, 443 43,630 673
C. andersoni 13732, 14237 River water, Cattle Virginia, Czech 685 685 685 32, 87,584
Republic
C. muris 14714 Child Kenya 685 685 685 32,653
C. felis 11747, 14891 Children Peru NA
C. baileyi 11269, 11273 Ducks Peru NA

“ Boldface indicates bands visualized by agarose electrophoresis. NA, no amplification.

among all three of these species might provide a specific tool
for genotyping. When the genomes of C. hominis, C. parvum,
and C. muris were analyzed, the 90-kDa heat shock protein
(Hsp90) gene appeared to provide this type of conserved se-
quence identity. From these data, a genus-specific nested PCR
for hsp90 was developed, which, with the exceptions of C. felis
(cats) and C. baileyi (birds), amplified all Cryptosporidium spe-
cies and genotypes tested. These species and genotypes had
very different 4sp90 sequences, which allowed them to be dif-
ferentiated by RFLP analysis and/or DNA sequencing.

MATERIALS AND METHODS

Genomic DNA. DNA preparations extracted from specimens containing
oocysts of C. hominis, C. parvum, C. meleagridis, C. canis, C. felis, C. suis, C. baileyi,
C. muris, C. andersoni, and the cervine genotype were used in this study. The
number and sources of specimens used for each Cryptosporidium species are
shown in Table 1. They were previously extracted from 0.2-ml fecal pellets (for
most DNA preparations) or from immunomagnetic separation-purified oocysts
(for the C. andersoni river water sample) using the FastDNA Spin kit for soil
(BIO 101, Carlsbad, CA) and were identified to Cryptosporidium species/geno-
types based on PCR-RFLP and sequence analyses of the SSU rRNA gene (26).
The specificity was determined by PCR amplification of the 4sp90 DNA from
each of a selected group of possible confounding parasites, including Cyclospora
cayetanensis, Eimeria papillata, Eimeria tenella, Enterocytozoon bieneusi, Giardia
duodenalis, Isospora (Cystoisospora) felis, Naegleria fowleri, Sarcocystis cruzi, and
Toxoplasma gondii. To determine the sensitivity of the 4sp90 PCR amplification,
five specimens each of DNA extracted from 200 pl of Cryptosporidium-negative
stools that had been seeded with 0, 10, 20, 50, and 100 flow cytometer-sorted
oocysts of the C. parvum Iowa isolate was eluted in 100 pl water, from which 1
microliter of each was removed and amplified.

hsp90 PCR. A nested PCR protocol was used to amplify the partial Hsp90
genes of various Cryptosporidium species, using primers based on the conserved
sequences of C. parvum, C. hominis, and C. muris. The Hsp90 gene was targeted
after BLAST searches of the sequences of the raw C. muris genome against the
C. parvum and C. hominis genomes, which showed high sequence identity at the
hsp90 locus among all three species. PCR products of 835 bp for C. parvum and
C. hominis and 844 bp for C. muris were amplified using primers hsp90-F3
(5'-CTA GTG AAA GCT ACG AGT TCC AA-3") and hsp90-R3 (5'-TCT ATT
TCA CCT TCG GCG GAA AA-3") (Table 2). The PCR mixture consisted of 1
wl of DNA, 200 mM (each) deoxynucleoside triphosphate, 1X PCR buffer
(Perkin-Elmer, Foster City, CA), 3.0 mM MgCl,, 5.0 U of Taq polymerase
(GIBCO BRL, Frederick, MD), 400 ng/pl of nonacetylated bovine serum albu-
min (Sigma-Aldrich, St. Louis, MO), and 100 nM primers in a total volume of
100 wl. The reactions were performed for 35 cycles of 94°C for 45 s, 50°C for 45 s,
and 72°C for 60 s in a GeneAmp PCR 9700 thermocycler (Perkin-Elmer), with
an initial denaturation (94°C for 5 min) and a final extension (72°C for 10 min).
For the secondary PCR, fragments of 676 bp for C. parvum and C. hominis and
685 bp for C. muris were amplified using 2 pl of the primary PCR product and

200 nM primers hsp90-F4 (5'-GGA TAT TAT TAT TAA CTC TCT CTA TTC
TCA GAA-3") and hsp90-R4 (5'-CCA TAT TGC CTT TTC TAC ATT AAC-3")
(Table 2). The conditions and cycle number for the secondary PCR were iden-
tical to those for the primary amplification except that a higher annealing tem-
perature (55°C) was used and no bovine serum albumin was added. The PCR
products were detected by agarose gel electrophoresis and ethidium bromide
staining.

Sequence analysis. After being purified through Montage PCR filters (Milli-
pore, Bedford, MA), the secondary PCR products were directly sequenced using
the ABI BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems,
Foster City, CA) as detailed by the manufacturer. Sequences were read on an
ABI3130 Genetic Analyzer (Applied Biosystems). Sequence accuracy was con-
firmed by two-directional sequencing of at least two PCR products from each
positive specimen. Nucleotide sequences were then aligned with reference Cryp-
tosporidium sequences using the ClustalX 1.81 package (ftp://ftp-igbmc.u-strasbg.fr
/pub/ClustalX/) and the default setting.

To assess phylogenetic relationships among Cryptosporidium species and ge-
notypes, a neighbor-joining analysis was carried out on the aligned sequences
constructed using the TreeCon package (http://www.psb.rug.ac.be/bioinformatics
/psb/Userman/treeconw.html), based on the evolutionary distances calculated by
the Kimura two-parameter model. The tree was rooted with the Asp90 sequence
of Plasmodium falciparum (GenBank accession no. AF030694), and the reliabil-
ity of various clusters was evaluated by bootstrapping 1,000 pseudoreplicates.

TABLE 2. Nucleotide sequence polymorphism in the PCR primer
regions of the Hsp90 gene

Primer and
Cryptosporidium
species

Sequence polymorphism (5" — 3')

hsp90-F3 ..o CTAGTGAAAGCTACGAGTTCCAA
Co PATVUI o e e e e et e e e e
C. hominis

hsp90-R3......cccoeiicas
C. DATVUI o e e et
C. ROMURS coveeeeeceeceee s e e e et e et e e e e e e e
C. MUFIS oveveevcevecvcene s e oo e COUTL T L

hsp90-F4 ....ccoviiiiind GGATATTATTATTAACTCTCTCTATTCTCAGAA
C. parvum .
C. hominis

hsp90-R4.......cccevuenes CCATATTGCCTTTTCTACATTAAC
C. DATVUI o e e e e e e e
Co ROMURIS o e v vt e e e e
C. MUFIS oo o oo o AL C..A........
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The value of 95% was used as the statistically significant value (5); however,
values greater than 70% are reported, since bootstrap values may be conservative
estimates of the reliability of clades (9).

RFLP analysis. To develop an RFLP method for the rapid differentiation of
Cryptosporidium species and genotypes, the Hsp90 gene sequences were exam-
ined using the software BioEdit (www.mbio.ncsu.edu/BioEdit/bioedit.html) for
restriction enzyme sites. After analyzing the restriction maps, Styl or Hphl was
selected for differentiating among intestinal species of Cryptosporidium, whereas
BbsI was used to distinguish C. muris from C. andersoni. Ten microliters of the
secondary PCR products of the Hsp90 gene was digested with Styl, HphlI, or Bbsl
(New England BioLabs, Ipswich, MA) under the conditions suggested by the
manufacturer, and the products were visualized by electrophoresis through a 2%
agarose gel.

Nucleotide sequence accession numbers. The partial Asp90 sequences ob-
tained from this study were deposited in the GenBank database under accession
numbers FJ153249 to FJ153257.

RESULTS

Detection of Cryptosporidium spp. by hsp90 PCR. Among
those intestinal and gastric Cryptosporidium species tested,
PCR amplified the partial Hsp90 genes of DNA extracted from
one to three specimens each of C. parvum, C. hominis, C.
meleagridis, cervine genotype, C. canis, C. suis, C. muris, and C.
andersoni (Table 1) using primers designed in this study (Table
2). Among the Cryptosporidium species/genotypes studied, only
C. felis and C. baileyi failed to generate hsp90 PCR products
(Table 1).

Sequence differences in the Hsp90 gene among Cryptospo-
ridium spp. All hsp90 PCR products were sequenced. The PCR
amplicons varied from 670 to 685 bp, depending on the species
and genotype; the products of C. canis were the shortest,
whereas those of C. muris and C. andersoni were the longest
(Table 1). The differences in length were due to deletions and
insertions near the 3’ ends of the PCR products, with a total of
nine base pair insertions in C. muris and C. andersoni, six base
pair deletions in C. canis, and three base pair deletions in C.
suis. Marked heterogeneity in the Asp90 nucleotide sequences
(1.9% to 38.8%) was noticed among Cryptosporidium spp., with
C. hominis and C. parvum being mostly similar to each other.
The greatest sequence differences were seen between intestinal
and gastric species (34.1 to 38.8%). Among the intestinal Cryp-
tosporidium spp., C. canis was the most divergent, having
>20% sequence differences from other intestinal species.
When analyzed, the sequence differences encompassed the
entire Hsp90 gene (see Fig. S1 and S2 in the supplemental
material, which also include sequences from C. serpentis and
the Cryptosporidium mouse genotype). With the exception of
C. canis, which had four single-nucleotide polymorphisms be-
tween the two specimens sequenced, no intragenotypic se-
quence variation was observed for the species of Cryptospo-
ridium.

Significantly fewer sequence differences were seen among
Cryptosporidium spp. at the amino acid level. For example, the
12 nucleotide differences in the partial Hsp90 gene between C.
parvum and C. hominis were all synonymous, resulting in no
amino acid changes. There were few amino acid sequence
differences in the Hsp90 gene between C. meleagridis or C. suis
and C. hominis or C. parvum (four and two amino acid
changes, respectively) in spite of extensive nucleotide se-
quences differences between the them (35 to 36 bp and 68 to 69
bp, respectively). Likewise, the four single-nucleotide polymor-
phisms between two C. canis specimens were also synonymous.
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FIG. 1. Phylogenetic relationships among Cryptosporidium spp. in-
ferred by a neighboring-joining analysis of 4sp90 nucleotide sequences
(numbers on branches are percent bootstrapping values for 1,000 rep-
licates).

Genetic relatedness of Cryptosporidium spp. Results of the
neighbor-joining analysis showed that the isolates of all species
of Cryptosporidium could be grouped either into an intestinal
clade or a gastric clade (Fig. 1).

Differentiation of Cryptosporidium spp. by RFLP. The Hsp90
gene sequences were mapped for restriction sites, which re-
sulted in the selection of Styl and Hphl or of Bbsl for the
differentiation of intestinal or gastric species of Cryptospo-
ridium, respectively (see Fig. S2 in the supplemental material).
The digestion of the secondary Asp90 PCR products with Styl
resulted in seven restriction patterns (Fig. 2). Because the Styl
site is absent both in C. andersoni and C. muris, these species
possessed the longest restriction fragments (685 bp). In con-
trast, Cryptosporidium from the intestine had one to three Styl
sites, the locations of which varied among species of Crypto-
sporidium to yield species- or genotype-specific fragments.
Thus, C. hominis had one 634-bp visible band, and C. melea-
gridis had three visible bands (119, 155, and 360 bp). Even
though C. parvum, C. suis, C. canis, and the cervine genotype
all generated two visible bands, the sizes of these differed
among species of Cryptosporidium (Table 1).

Similarly, the digestion of the secondary Asp90 PCR prod-
ucts with Hphl resulted in seven restriction pattern polymor-
phisms (Fig. 2). As mentioned above, both gastric species of
Cryptosporidium had the largest restriction fragments because
they lacked the Hphl site. In contrast, a single fragment of 630
bp was present in C. suis, whereas the fragments of C. parvum,
C. meleagridis, and the cervine genotype each had two frag-
ments that distinguished them from one another, i.e., 215 and
415 bp, 215 and 461 bp, and 135 and 541 bp, respectively. On
the other hand, C. hominis and C. canis each had three visible
bands distinguishing them from other species (80, 135, and 461
bp and 135, 165, and 370 bp, respectively).

Furthermore, the gastric parasites C. muris and C. andersoni
could be clearly delineated from all intestinal species because
their amplicons were digested only by BbsI (Fig. 3) to yield
either a single 653-bp fragment or two bands of 87 and 584 bp,
respectively (Table 1). Electrophoresis of the digested prod-
ucts confirmed the predicted restriction patterns (Fig. 2 and 3).
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FIG. 2. Differentiation of intestinal Cryptosporidium spp. by RFLP analysis of 4sp90 PCR gene products using Styl and Hphl. Lanes 1 to 4, C.
parvum; lanes 5 to 9 and 28, C. hominis; lanes 11 to 14, C. canis; lanes 15 and 29, 100-bp molecular markers; lanes 16 to 19, C. meleagridis; lanes
20, 21, 26, and 27, cervine genotype; lanes 22 to 25, C. suis. The upper panel shows Styl digestion products, and the lower panel shows Hphl

digestion products.

Specificity and sensitivity of the hsp90-based PCR. Analysis
of DNA from C. cayetanensis, E. papillata, E. tenella, E. bie-
neusi, G. duodenalis, I. felis, N. fowleri, S. cruzi, and T. gondii
confirmed the specificity of hsp90 for species of Cryptospo-
ridium. Five control stools from humans that were Cryptospo-
ridium negative by microscopy were consistent with those re-
sults in that no products were amplified. Sensitivity was
confirmed by seeding 200 pl negative stool with 100, 50, 20,
and 10 oocysts of the C. parvum Iowa isolate (data not shown).
As expected, after extraction of the DNA, these dilution con-
trols yielded 3/5, 1/5, 2/5, and 0/5 samples positive for Crypto-
sporidium.

DISCUSSION

In this study, partial nucleotide sequences of the Hsp90 gene
were obtained from seven Cryptosporidium species/genotypes
known to infect humans, as well as C. andersoni, the cattle
parasite. The results of sequence and phylogenetic analyses are
congruent with previous analyses using the SSU rRNA, Hsp70,
COWP, and actin genes (15, 19, 20, 23, 26, 28), showing that
species of Cryptosporidium may be grouped into two clades:
those invading the gastric epithelium (C. muris and C. ander-

123 4 56 7 8 910 11

FIG. 3. Differentiation of gastric Cryptosporidium spp. by RFLP
analysis of hsp90 PCR gene products using Bbsl. Lanes 1 and 11,
100-bp molecular markers; lanes 2, 3, 6, 7, and 10, C. muris; lanes 4, 5,
8, and 9, C. andersoni.

soni) and those within the small intestine (C. hominis, C. par-
vum, C. canis, C. meleagridis, C. suis, and the cervine geno-
type). These data suggest that like for other members of the
Apicomplexa and Dinoflagellata (12), the Hsp90 gene may be
a useful molecular tool for dissecting phylogenetic relation-
ships among diverse eukaryotes.

The results of the hsp90 sequence analysis allowed us to
develop a new and confirmative genus-specific diagnostic tool,
which is needed for monitoring the presence of pathogens in
clinical and water samples. The hsp90-based PCR amplified
the sequences of the species of Cryptosporidium, other than C.
hominis and C. parvum, known to infect humans, e.g., C. me-
leagridis, C. canis, C. muris, C. suis, and the cervine genotype.
Among 10 Cryptosporidium species or genotypes tested, only
those infecting cats (C. felis) and birds (C. baileyi) could not be
detected. This was probably due to sequence polymorphism in
the primer regions. Although conserved sequences were se-
lected when the primers were designed, minor sequence poly-
morphism was noted, which might affect the fidelity of the
reaction. Because C. hominis and C. parvum are responsible
for most human infections, the nucleotide sequences eventu-
ally used in primers were based on C. hominis and C. parvum
sequences. Thus, three or four nucleotide mismatches are
present in each primer used to amplify the Hsp90 gene of C.
muris, the gastric species most divergent from these two intes-
tinal species (Table 2).

The intestinal species and genotypes can be identified by
digesting the secondary PCR product with the restriction en-
zyme Styl or Hphl. PCR products of the gastric species can be
easily differentiated from the intestinal species, as they do not
have the Styl or Hphl restriction site. The two common gastric
species in mammals, C. andersoni and C. muris, can be differ-
entiated by restriction analysis with Bbsl. Since the SSU rRNA
PCR product of C. felis (864 bp) is longer than those of other
Cryptosporidium species and genotypes (826 to 838 bp) (26), it
is easier to differentiate C. felis from other Cryptosporidium
species and genotypes by using PCR analysis of the SSU rRNA
gene. Cryptosporidium baileyi was commonly found in birds (6,
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24); it has not been reported in humans. Consequently, the
failure to amplify this species by the 4sp90 method may not be
a major concern from the point of view of public health im-
portance. Therefore, the PCR-RFLP based on the Hsp90 gene
developed in this study could be used as a secondary and
confirmative genotyping tool, especially when the human-
pathogenic species are detected in human, animal, and water
samples.

The results of this study suggest that the Hsp90 gene offers
several advantages over the SSU rRNA gene for the species
and genotype differentiation of Cryptosporidium. Unlike the
SSU rRNA gene, which sometimes has intraspecific or intrage-
notypic variations in RFLP patterns due to sequence variations
among different copies of the gene (8, 25, 26), the consistent
hsp90 RFLP pattern for each Cryptosporidium species/geno-
type facilitates molecular typing. In addition, the greater se-
quence heterogeneity within the Cryptosporidium Hsp90 gene
than observed for SSU rRNA gene indicates that sp90 may be
a more robust tool for genotyping. Unlike those in the SSU
rRNA gene, which restrict nucleotide changes to a certain
region of the gene, mutations in the Hsp90 gene encompass
the entire sequence. Because deletions and insertions are lim-
ited in the Hsp90 gene, the alignment of sequences from di-
verse organisms is also easier. Although Asp90 failed to detect
two species of Cryptosporidium and the sensitivity of this
method may be less than that with SSU rRNA, which occurs in
multiple copies, this gene obviously complements SSU rRNA-
based PCR-RFLP methods and can serve as a new molecular
tool to confirm the genotypes of Cryptosporidium species.
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