
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2003, p. 4806–4813 Vol. 69, No. 8
0099-2240/03/$08.00�0 DOI: 10.1128/AEM.69.8.4806–4813.2003

Targeting Single-Nucleotide Polymorphisms in the 18S rRNA Gene To
Differentiate Cyclospora Species from Eimeria Species

by Multiplex PCR
Palmer A. Orlandi,1* Laurenda Carter,1 Anna Marie Brinker,1 Alexandre J. da Silva,2

Dan-My Chu,3 Keith A. Lampel,1 and Steven R. Monday3

Division of Virulence Assessment1 and Division of Microbiological Studies,3 Center for Food Safety and Applied Nutrition,
Food and Drug Administration, Washington, D.C. 20204, and Division of Parasitic Diseases, National Center

for Infectious Diseases, Centers for Disease Control and Prevention, Atlanta, Georgia 303412

Received 24 January 2003/Accepted 9 May 2003

Cyclospora cayetanensis is a coccidian parasite that causes protracted diarrheal illness in humans. C.
cayetanensis is the only species of this genus thus far associated with human illness, although Cyclospora species
from other primates have been named. The current method to detect the parasite uses a nested PCR assay to
amplify a 294-bp region of the small subunit rRNA gene, followed by restriction fragment length polymorphism
(RFLP) or DNA sequence analysis. Since the amplicons generated from C. cayetanensis and Eimeria species are
the same size, the latter step is required to distinguish between these different species. The current PCR-RFLP
protocol, however, cannot distinguish between C. cayetanensis and these new isolates. The differential identi-
fication of such pathogenic and nonpathogenic parasites is essential in assessing the risks to human health
from microorganisms that may be potential contaminants in food and water sources. Therefore, to expand the
utility of PCR to detect and identify these parasites in a multiplex assay, a series of genus- and species-specific
forward primers were designed that are able to distinguish sites of limited sequence heterogeneity in the target
gene. The most effective of these unique primers were those that identified single-nucleotide polymorphisms
(SNPs) at the 3� end of the primer. Under more stringent annealing and elongation conditions, these SNP
primers were able to differentiate between C. cayetanensis, nonhuman primate species of Cyclospora, and
Eimeria species. As a diagnostic tool, the SNP PCR protocol described here presents a more rapid and sensitive
alternative to the currently available PCR-RFLP detection method. In addition, the specificity of these
diagnostic primers removes the uncertainty that can be associated with analyses of foods or environmental
sources suspected of harboring potential human parasitic pathogens.

Cyclospora cayetanensis is a rapidly emerging human para-
sitic pathogen that causes diarrheal illness (23, 24). Whereas
several types of foods have been implicated in outbreaks of
human illness (1, 2, 7–10, 13, 15), evidence suggests that con-
taminated water sources are the primary vehicle for transmis-
sion (27–29). Molecular detection of this microorganism from
environmental samples, clinical specimens, and foods has re-
lied on a nested-PCR assay that amplifies a 294-bp fragment of
the small subunit rRNA (SSU-rRNA) gene (26, 32). The same
size product, however, is also amplified from species of the
genus Eimeria, a closely related coccidian parasite that infects
nonhuman vertebrate hosts (11). In the past, differential iden-
tification of C. cayetanensis and Eimeria species has relied on
additional procedures such as either restriction fragment
length polymorphism (RFLP) analysis (11) or oligonucleotide
ligation assay (12). Both types of analyses are based on the
limited sequence heterogeneity within the 294-bp amplified
region.

Studies designed to examine the origins of C. cayetanensis
and its possible host reservoirs have resulted in the discovery
and description of several new primate-derived Cyclospora-like

species (5, 16). Comparisons of SSU-rRNA sequence identities
between the human isolate and baboon, colobus monkey, and
green monkey isolates were found to be 98.9, 98.7, and 98.4%
identical, respectively (5). As expected, a 294-bp PCR ampli-
con is produced by conventional nested-PCR method.

Although it is unclear whether the primate-derived Cyclo-
spora species cause human illness, their presence in the envi-
ronment is nonetheless a public health concern. With their
potential as contaminants in water and food sources and the
uncertainty of their human pathogenicity, an accurate and
timely diagnosis is critical. Traditional microscopic identifica-
tion that uses size and morphology to distinguish among these
species is neither timely nor specific. Likewise, the lack of
substantial sequence heterogeneity within the SSU-rRNA gene
does not provide a means of distinguishing between human-
and primate-derived Cyclospora species by the current nested-
PCR–RFLP method. This becomes an increasingly important
factor when the capability of a diagnostic molecular method to
detect multiple infections or mixed contaminants in any sample
is being considered.

Allele-specific PCR is a technique that has previously been
used to differentially amplify allelic sequences that differ by at
least a single base pair (6, 17–19, 30). Through the use of
primers that contain defined mismatches at the 3� end, pref-
erential amplification of one allele relative to another can be
accomplished. Using a modification of this premise, Cha et al.
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(3) developed a mismatch amplification mutation assay
(MAMA) capable of finding a single-base-pair mutation from
100,000 copies of a wild-type allele. Manipulating conventional
PCR variables of annealing and extension temperatures and
time further enhanced the specificity of amplification.

In the present study, we incorporated the concepts of
MAMA PCR and the conventional nested-PCR protocol for
Cyclospora or Eimeria detection to develop a multiplex PCR
assay to differentiate between Cyclospora and Eimeria species.
By searching and comparing sequences for species-specific sin-
gle-nucleotide polymorphisms (SNPs) within the SSU-rRNA
gene, we designed a series of forward primers that contained
the SNP at the 3� end and would, upon specific amplification,
yield a size-specific amplicon, depending upon the source of
the DNA. When DNA templates were amplified under greater
reaction stringencies with these SNP primers and a common
reverse primer, this mismatch PCR protocol differentiated C.
cayetanensis from all other species of Cyclospora and Eimeria
without the need for further post-PCR analyses. In addition,
we demonstrated the utility of this new PCR protocol to rap-
idly and successfully identify and differentiate among these
related parasitic microorganisms in clinical and environmental
samples.

MATERIALS AND METHODS

Parasites and parasite DNA. C. cayetanensis oocysts were provided by J. H.
Cross, Uniformed Services University of the Health Sciences, Bethesda, Md. All
Eimeria oocysts were provided by R. Fayer (U.S. Department of Agriculture
[BARC-East], Beltsville, Md.). The Eimeria mitis-E. mivati sample was a mixture
of both species. All oocysts were stored in 2% potassium dichromate at 4°C.
Oocysts of C. papionis sp.n., C. colobi sp.n., and C. cercopitheci sp.n. were
provided by M. L. Eberhard (Centers for Disease Control, Atlanta, Ga.).

DNA template preparation. DNA templates from parasite isolates (C. cayet-
anensis and Eimeria spp.) were prepared by applying 100 to 1,000 oocysts onto
FTA filters (Fitzco, Inc., Maple Plain, Minn.) in volumes ranging from 2 to 10 �l.
FTA filters were then processed as previously described and used directly as the
source of DNA template for PCR (14, 21). DNA templates for C. cercopitheci, C.
colobi, and C. papionis were prepared according to the protocol of Da Silva et al.
(4). The approximate oocyst equivalent for these Cyclospora species was 1,000
oocysts/�l.

Conventional nested primers and PCR conditions. Conventional PCR detec-
tion of Cyclospora species and Eimeria species was as described by Yoder et al.
(32) with the nested primer pairs F1E-R2B (primary amplification) and F3E-
R4B (secondary amplification) (Invitrogen Corp., Carlsbad, Calif.). For C. cay-
etanensis and Eimeria species, the primary amplification with primer pair F1E-
R2B was performed by using prepared FTA disks as a template in a 100-�l
reaction volume with HotStarTaq Master Mix (Qiagen, Valencia, Calif.) con-
taining 200 �M concentrations each of dATP, dCTP, dGTP, and dTTP. The
reaction mixture had an adjusted final concentration of 2 mM MgCl2 and 0.2 �M
concentrations of primers F1E (5�-TACCCAATGAAAACAGTTT-3�) and R2B
(5�-CAGGAGAAGCCAAGGTAGG-3�). For C. cercopitheci, C. colobi, and C.
papionis, 2 �l of purified DNA was used as a template in a 100-�l reaction
volume. All PCR amplifications were performed in a PTC-200 DNA Engine (MJ
Research, Waltham, Mass.). The amplification program began with a 15 min,
95°C activation step. The cycling program consisted of 35 cycles of denaturation
at 94°C for 30 s, annealing at 53°C for 30 s, and primer extension at 72°C for 90 s.
A final extension cycle at 72°C for 10 min was followed by soaking at 4°C. The
expected size of the primary amplicon is 636 bp. The second, nested PCR was
conducted in a reaction volume of 50 �l with 1 �l of the primary amplicon as
a template and primer pair F3E (5�-CCTTCCGCGCTTCGCTGCGT-3�) and
R4B (5�-CGTCTTCAAACCCCCTACTG-3�). The cycling parameters were
identical to first-round amplification with the exception of the annealing tem-
perature, which was raised to 60°C. This primer pair generated a 294-bp ampli-
con.

RFLP analysis. Nested PCR products obtained by using conventional primers
were digested with the restriction endonuclease MnlI (11). Briefly, 20 �l of the
nested reaction product was digested with 2 U of MnlI (New England Biolabs,

Beverly, Mass.) in a 25-�l reaction volume for 2 h at 37°C. Digestion products
were separated by gel electrophoresis with 5% NuSieve 3:1 agarose (BioWhit-
taker Molecular Applications, Rockland, Maine) containing ethidium bromide
(0.2 �g/ml).

Species-specific primer design and multiplex PCR conditions. Species-specific
primers were designed by direct comparison of published SSU-rRNA gene
sequences. These sequences were obtained from the GenBank database with
the following accession numbers: C. cayetanensis, AF111183; C. cercopitheci,
AF111184; C. colobi, AF111186; C. papionis, AF111187; E. acervulina, U67115;
E. bovis, U77084; E. brunetti, U67116; E. maxima, U67117, E. mitis, U40262; E.
mivati, U76748; E. necatrix, U67119; E. nieschulzi, U40263; E. praecox, U67120;
and E. tenella, U40264. Regions of microheterogeneity within the 636-bp primary
amplicon generated by using primer pair F1E and R2B (C. cayetanensis nucle-
otide positions 439 to 1074) were considered for nested, genus- and species-
specific SNP primers (Table 1). Multiplex PCR analysis was performed by using
1 �l of the primary PCR product as a template in a 50-�l reaction volume with
the same regents as described above with a 0.2 �M concentration of the common
reverse primer CRP999 and 0.2 �M concentrations of each of the species-specific
forward primers (Table 2). The amplification program began with an initial
activation step at 95°C for 15 min, followed by a 25-cycle program of 94°C for 15 s
and 66°C for 15 s. All PCR products were separated by agarose (1.5%) gel
electrophoresis containing ethidium bromide (0.2 �g/ml) and then visualized on
a UV transilluminator.

RESULTS

Identification of Cyclospora and Eimeria spp. by conven-
tional PCR and RFLP analysis. DNA templates from four
Cyclospora species (C. cayetanensis, C. cercopitheci, C. colobi,
and C. papionis) and four Eimeria species (E. acervulina, E.
maxima, E. mivati, and E. tenella) were amplified by the con-
ventional nested-PCR protocol with the primer pairs F1E-R2B
and F3E-R4B. As expected, gel electrophoresis showed that
the size of all PCR amplicons from all species were identical
(Fig. 1A). Only additional analysis by RFLP differentiated
between Cyclospora and Eimeria species. However, this
method was unable to differentiate among the four Cyclospora
species (Fig. 1B).

SNP primers to differentially identify C. cayetanensis. DNA
templates were prepared from C. cayetanensis, C. colobi, C. cer-
copitheci, C. papionis, and the Eimeria species and were amplified
with the conventional primer pair F1E-R2B. A multiplex reaction
followed with the mismatch primers listed in Table 2. Figure 2
illustrates the selective amplification that resulted when nested
reactions were performed. Individual SNP primers tested sepa-
rately in the presence of primary amplicons from C. cayetanensis,
C. cercopitheci, and E. tenella yielded amplicons of the expected
size only when the matched DNA template and specific primer
were both present (Fig. 2A). As shown, only primer pair CC719-
CRP999 produced an amplicon with a C. cayetanensis-derived
template. Similarly, only primer pair PDCL661-CRP999 pro-
duced an amplicon with a C. cercopitheci-derived template, and
the primer pair ESSP841-CRP999 produced an amplicon with
E. tenella.

As exhibited in Fig. 2B, no apparent cross-reactivity was
observed as a consequence of template amplification by prim-
ers not specific for that target. Multiplex reactions that con-
tained the complete set of SNP primers (CC719, PDCL661,
ESSP841, and CRP999) and one of the individual DNA tem-
plates resulted in only one product at the predicted size for
that particular organism (Fig. 2B, lanes a to d), whereas a
multiplex reaction that contained DNA templates from C. cay-
etanensis, C. cercopitheci, and E. tenella and all three SNP
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primers resulted in the amplification of all three expected
products (Fig. 2B, lane e).

A comparison of the sensitivity of each of the species-spe-
cific SNPs in the multiplex format (as judged by its ability to
produce a detectable amplicon with decreasing amounts of
their respective templates) resulted in similar levels of oocyst
detection (Fig. 2C). For illustrative purposes, DNA templates
from C. colobi and E. acervulina were used here to demon-
strate that within a grouping (i.e., human, nonhuman primate

derived, or Eimeria spp.), SNP primers would yield the ex-
pected PCR amplicon. Similar results were also obtained with
C. papionis and the remaining Eimeria species listed in Table 1.
As shown, the use of the SNP primers did not sacrifice assay
sensitivity for the ability to differentiate Cyclospora and Eime-
ria spp. The SNP multiplex primer set and amplification pro-
tocol provided a detection sensitivity of the same order of
magnitude as that previously demonstrated with the FTA fil-
ter-based template preparation and conventional nested-PCR

TABLE 1. Sequence comparison between Cyclospora species and Eimeria species along selected regions of the SSU-rRNA gene

Organism GenBank
accession no.

Locus sequencea (bp position)

Nonhuman primate-
derived Cyclospora spp. C. cayetanensis Eimeria spp.

Cyclospora spp.
C. cayetanensis AF111183 CGGCCT T GCCCGT

(653–665)
CGCTTC G CTGCGT
(713–725)

AGGACC G AGGTAA
(845–857)

C. cercopitheci AF111184 CGGCCG C GCCCGT
(655–667)

CGCTTC A GTGCGT
(715–727)

AGGACC G AGGTAA
(848–860)

C. colobi AF111186 CGGCCG C GCCCGT
(653–665)

CGCTTC A CTGCGT
(713–725)

AGGACC G AGGTAA
(845–857)

C. papionis AF111187 CGGCCG C GCCCGT
(653–665)

CGCTTC A CTGCGT
(713–725)

AGGACC G AGGTAA
(845–857)

Baboon 22 AF061566 CGGCCG C GCCCGT
(634–648)

CGCTTC A CTGCGT
(694–706)

AGGACC G AGGTAA
(827–839)

Baboon 34 AF061567 CGGCCG C GCCCGT
(634–648)

CGCTTC A CTGCGT
(694–706)

AGGACC G AGGTAA
(827–839)

Baboon 40 AF061568 CGGCCG C GCCCGT
(632–644)

CGCTTC A CTGCGT
(692–704)

AGGACC G AGGTAA
(825–837)

Eimeria spp.
E. acervulina U67115 CTGCGC T GCCCGT

(637–649)
CGCTTA A TTGCGT
(698–710)

AGGACC A AGGTAA
(831–843)

E. bovis U77084 CGGTAC C GCCCGT
(633–645)

CGCTTA A TTGCTG
(693–705)

AGGACC A AGGTAA
(831–843)

E. brunetti U67116 CTGCGC T GCCCGT
(635–647)

CTCTTA A TTGCGT
(696–708)

AGGACC A AGGTAA
(829–841)

E. maxima U67117 TTGCGC T GCCCGT
(639–651)

GCGTTA A TTGCGT
(699–711)

AGGACC A AGGTAA
(833–845)

E. mitis U40262 CTGTGC T GCCCGT
(636–648)

CGCTTC A CTGCGT
(695–707)

AGGACC A AGGTAA
(827–839)

E. mivati U76748 CTGCGC T GCCCGT
(637–649)

CGCTTC A TTGCGT
(698–710)

AGGACC A AGGTAA
(831–843)

E. necatrix U67119 CGGCGC C GCCCGT
(641–653)

CGCTTA A TTGCGT
(702–714)

AGGACC A AGGTAA
(835–847)

E. nieschulzi U40263 CGGTTC C GCCCGT
(654–666)

CGCTTC A TTGCGT
(715–727)

GGGACT A AGGTAA
(848–860)

E. praecox U67120 CTGCGC T GCCCGT
(636–648)

CGCTTT A TTGCGT
(697–709)

AGGACC A AGGTAA
(830–842)

E. tenella U40264 CGGCGT C GCCCGT
(641–653)

CGCTTA A TTGCTG
(702–714)

AGGACC A AGGTAA
(835–847)

a A 3�-SNP used in primer design is indicated in boldface.

TABLE 2. Mismatch PCR parameters for the differentiation of Cyclospora spp. and Eimeria spp.

Species-specific
primer Primer specificity Selective mismatch primer sequence

Approximate
amplicon
size (bp)

Nucleotide positions
(GenBank no.)

CC719 C. cayetanensis 5�-GTAGCCTTCCGCGCTTCG-3� 298 711–728 (AF111183)
PDCL661 C. cercopitheci, C. colobi,

C. papionis
5�-CTGTCGTGGTCATC*TGTCCGC-3�a 361 641–661 (AF111184)

ESSP841 Eimeria spp. 5�-GTTCTATTTTGTTGGTTTCTAGGACCA-3� 174 815–841 (U40264)
CRP999 Common reverse primer 5�-CGTCTTCAAACCCCCTACTGTCG-3� 977–999 (AF111183)

a C. papionis has a substitution at the position indicated by an asterisk of G for C.
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primers (21). The observable difference in the lower limits of
detection for C. cercopitheci compared to C. cayetanensis and
E. tenella may be attributed to means by which the initial DNA
template was prepared. Whereas FTA filters were used as a
source of DNA template for the primary amplification of C.
cayetanensis and E. tenella, nonhuman primate-derived tem-
plates (C. colobi, C. cercopitheci, and C. papionis) were pre-
pared from oocyst lysates. More importantly, there was no
indication that the presence of higher concentrations of a mis-
matched target gave rise to an amplicon expected for another
target, i.e., high levels of a C. cayetanensis template yielding a
361- and/or 174-bp product in addition to the expected 298-bp
amplicon). Multiplex reactions with one template derived from
ca. 104 oocyst equivalents produced an amplicon specific only
for the DNA template present.

Utility of the SNP multiplex PCR protocol with clinical and
environmental samples. A clinical isolate and an environmen-
tal sample were used to evaluate the specificity of the SNP
primers and the utility of the multiplex protocol. In the first
instance, a fecal specimen was obtained from a patient that had
been diagnosed with active cyclosporiasis by microscopy. Fig-
ure 3A illustrates the tentative identification of the pathogen
as C. cayetanensis by its morphological and autofluorescence
characteristics. This was confirmed by SNP multiplex PCR
(Fig. 3B). In comparison, conventional PCR and RFLP anal-
ysis could only tentatively identify the suspected pathogen as
Cyclospora but was unable to distinguish C. cayetanensis from
any of the primate-derived Cyclospora species (Fig. 3C and D).

The reliability of the multiplexing capability of this protocol
and the specificity of the SNP primers is shown in Fig. 4.

FIG. 1. Molecular identification of Cyclospora and Eimeria species. (A) Conventional nested-PCR amplification. Partially purified oocysts (100
to 1,000) were spotted onto FTA filters that were used as a PCR template. For the primate-derived Cyclospora-like organisms, 2 �l of purified DNA
was used as a template. A primary amplicon (636 bp [not shown]) was generated from each of these templates with the F1E-R2B primer pair, and
1 �l of this product was used in a nested amplification with the F3E-R4B primer pair to generate the 294-bp amplicon shown. (B) RFLP analysis
of nested-PCR amplicons. Nested-PCR amplicons were digested with MnlI and analyzed by gel electrophoresis with 5% NuSieve 3:1 agarose
containing ethidium bromide (0.2 �g/ml).
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Chicken feces obtained as a ground sample from an endemic
region of Nepal was analyzed by both the SNP multiplex PCR
protocol and by microscopy. PCR results indicated the pres-
ence of both C. cayetanensis and an Eimeria spp. This was later
confirmed by extensive examination of the sample by micros-
copy (Fig. 4B and C). Although a greater proportion of the
oocysts present were identified as C. cayetanensis (as judged by
microscopy and as suggested by the PCR results), neither a
specific count and ratio nor the species of Eimeria was deter-
mined.

DISCUSSION

C. cayetanensis is an emerging human parasitic pathogen
that has been associated with food-borne illness since the mid
1990s. Ongoing field studies have also detected C. cayetanensis
in a number of environmental samples collected worldwide
(data not shown) that extend beyond the previously identified
endemic regions of Peru, Nepal, and the Caribbean islands (22,
27, 31). Since it is now regarded as a water-borne contaminant
related to food-borne illness (28), this protozoan highlights the

intricately intertwined relationship that exists between itself
and environmental conditions, agricultural practices, food and
water safety, personal hygiene, public health, and economic
consequences. Research efforts to further our understanding
of the environmental biology of this and other related proto-
zoan parasites by the U.S. Food and Drug Administration, the
Centers for Disease Control and Prevention, and the Environ-
mental Protection Agency are therefore necessitated by the
potential impact these pathogens may have on both public
health and economic concerns.

The continued development and refinement of molecular
detection methods for C. cayetanensis, such as that presented
in the present study, is a major component of this effort. Here
we describe the utility and selectivity of SNP primers to detect
and differentiate between Cyclospora species and Eimeria spe-
cies in a rapid, multiplex PCR assay. Although SSU-rRNA
gene sequences among Cyclospora and Eimeria species are
highly conserved, sequence comparisons within the region am-
plified by the primary primer pair F1E-R2B display several
sites of microheterogeneity in which SNPs can be used to

FIG. 2. Differential detection of Cyclospora and Eimeria species by using SNP primers. (A) Evaluation of SNP primer specificity. Primary PCR
amplicons from C. cayetanensis, C. cercopitheci, and E. tenella were generated with the F1E-R2B primer pair. Portions (1 �l) of these products were
subjected to nested-amplification reactions with their respective SNP primers as follows: lane a, SNP primer CC719; lane b, SNP primer PDCL661;
and lane c, SNP primer ESSP841. (B) Multiplex PCR amplification with SNP primers to differentially detect Cyclospora and Eimeria species.
Portions (1 �l) of the primary amplicons from C. cayetanensis, C. cercopitheci, and E. tenella were used as a template in a multiplex amplification
reaction containing all of the SNP primers listed in Table 2 as follows: lane b, C. cayetanensis; lane c, C. cercopitheci; lane d, E. tenella; and lane
e, all templates. Lane a is a standard 100-bp DNA ladder. (C) Detection sensitivity of the SNP multiplex PCR protocol. Primary PCR amplicons
were prepared with the primer pair F1E-R2B. DNA templates were prepared from C. cayetanensis, C. colobi, and E. acervulina by using either
intact oocysts spotted onto FTA filters (C. cayetanensis and E. acervulina) or the equivalent amount of lysate (C. colobi). Portions (3 �l) of the
primary amplicons were used as a template in a multiplex amplification reaction containing all of the SNP primers as described in panel B.
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distinguish between these genera. Additionally, the SNP anal-
ysis also differentiated C. cayetanensis from primate-derived
Cyclospora-like organisms (Table 1). From these loci, we de-
signed a series of genus- and species-specific, nested primers
(Table 2) and incorporated them into a multiplex PCR proto-
col. The basic design of these forward SNP primers contains a
1- to 2-bp mismatch at the penultimate and terminal bases at
the 3� end. These were subsequently used in a rapid two-step
thermal cycling program that included template denaturation
and a single, optimized annealing and elongation temperature
(Table 2) that imposed further stringency on the amplification
process. The rigor of such parameters in conjunction with the
SNP primers contributed to the rapid and highly selective
amplification of desired species-specific sequences. The sensi-
tivity achieved with the SNP primers was similar to that pre-
viously reported with FTA filters for DNA template prepara-
tion and the conventional nested primers (21). In addition, we

have demonstrated that this protocol can reliably detect a
mixed population of pathogens in a complex sample matrix
such as feces.

Several other molecular methods have also been reported
that will distinguish C. cayetanensis from Eimeria species based
upon sequence heterogeneity within the SSU-rRNA gene (11,
12). These methods require further analysis of the conven-
tional nested PCR amplicon either by an RFLP or an oligoli-
gation assay. Oliver et al. have reported another PCR method
for the detection of C. cayetanensis (20). In examining se-
quence variability within the first internal transcribed spacer
region (i.e., ITS-1) among Cyclospora species, these research-
ers designed unique DNA primers that detected the presence
or absence of C. cayetanensis by PCR without any additional
analyses. A direct comparison of the utility of these methods
and that presented in the present study has not been done;
however, the present protocol provides several distinct advan-

FIG. 3. Analysis of a human fecal specimen by multiplex PCR amplification by using SNP primers to diagnose a C. cayetanensis infection. Raw
fecal material (10 �l) was spotted onto an FTA filter and prepared for PCR. A primary amplicon was generated with the F1E-R2B primer pair
by conventional PCR and then used in subsequent nested amplifications. (A) Microscopic identification (1000x) of C. cayetanensis by using
Differential interference contrast (left panel) and UV autofluorescence (right panel) images. Magnification, �800. (B) Multiplex PCR amplifi-
cation with SNP primers. Lane a, 100-bp DNA ladder; lane b, SNP multiplex PCR amplicon standards from C. cercopitheci (360 bp), C. cayetanensis
(300 bp), and E. tenella (173 bp); lane c, patient specimen. (C) Conventional nested-PCR amplification. Lanes a and f, 100-bp DNA ladder; lane
b, C. cayetanensis; lane c, C. cercopitheci; lane d, E. tenella; lane e, patient specimen. (D) RFLP analysis of nested-PCR amplicons. Nested
amplicons obtained in panel B were digested with MnlI. Lanes a and f, 20-bp DNA ladders; lane b, C. cayetanensis; lane c, C. cercopitheci; lane
d, E. tenella; lane e, patient specimen.
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tages for the examination of such diverse and complex matrices
as foods, water sources, environmental samples, and clinical
5qolates. When coupled with the advances reported on the
utility of FTA filters for the detection of human pathogens by
PCR (14, 21), the use of SNP primers in a multiplex PCR
protocol provides timeliness, sensitivity, and selectivity, all of
which are paramount considerations in the detection of human
pathogens. In a single assay, this approach also provides a
means to detect and differentiate among mixed populations of
similar but distinct species of microorganisms such as the
closely related protozoan parasites presented here. This is an
attractive component to be included in any environmental sur-
vey or epidemiological study. Likewise, this type of PCR pro-
tocol is applicable to programs designed to limit or prevent
public exposure to human pathogens in fresh foods and water
supplies. This is particularly important for select segments of
the population that are more susceptible to infections, includ-
ing the immunocompromised, the elderly, and the young.
From an economic point of view, agricultural producers must
receive reassurances that methods employed in routine or pe-
riodic surveillance programs are accurate and reliable. Where-
as outbreaks of illness attributed to food- or water-borne
contamination can be disastrous, unreliable and imprecise
methodologies can have equally devastating economic conse-
quences.

To conclude, the value of the present investigation and its
results are best illustrated by what little is currently known
about C. cayetanensis. Phylogenetically, Cyclospora spp. and
Eimeria spp. are closely related (25, 26); however, they differ
vastly in their ability to cause human disease. Whereas both
genera require time and direct exposure to environmental el-
ements to sporulate, only C. cayetanensis is known to be infec-
tious for humans (25); at present, no information is available
concerning the human pathogenicity of recently described non-
human-primate-derived Cyclospora species. These factors all
contribute, therefore, to the need for a rapid, sensitive, and

accurate means not only to detect these parasites in diverse
matrices (e.g., environmental samples, water sources, and fresh
produce) but also to differentiate among those that pose a risk
to human health. This PCR application fulfills these require-
ments.
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