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We developed an alternative nested-PCR-restriction fragment length polymorphism (RFLP) protocol for the
detection of Cyclospora cayetanensis in environmental samples that obviates the need for microscopic exami-
nation. The RFLP method, with the restriction enzyme Alul, differentiates the amplified target sequence from
C. cayetanensis from those that may cross-react. This new protocol was used to reexamine a subset (121 of 180)
of surface water samples. Samples previously positive when the CYCF3E and CYCR4B primers (33) and RFLP
with Mnlil (20) were used were also PCR positive with the new primers; however, they were RFLP negative. We
verified, by sequencing these amplicons, that while two were most likely other Cyclospora species, they were not
C. cayetanensis. We can detect as few as one oocyst seeded into an autoclaved pellet flocculated from 10 liters
of surface water. This new protocol should be of great use for environmental microbiologists and public health

laboratories.

Cyclospora cayetanensis is a sporulating parasitic protozoan
first characterized by Ortega et al. (31). It is a human pathogen
that infects epithelial cells of the upper small intestine, usually
the jejunum, and causes gastrointestinal distress and, in some
cases, a low-grade fever (5). The United States and Canada
experienced a number of large foodborne outbreaks in the
1990s (18), and in other developed countries, infection has
been largely linked to international travel (37). In many devel-
oping countries, transmission has been associated with water
(39), soil (4), and uncooked herbs and vegetables (32).

Microscopic detection methods take advantage of the oo-
cyst’s autofluorescence under UV light (31). Under a 365-nm
dichromatic filter, C. cayetanensis oocysts autofluoresce dark
blue, and under a 450- to 490-nm dichromatic filter, they
autofluoresce mint green (31). While a trained microscopist
can easily examine a few low-volume samples, examination of
a large numbers of stool, food, and environmental samples is
difficult and tedious.

Thus, molecular-analysis-based methods have been explored
because of the potential for automation and high throughput.
Ribosomal DNA is the most abundant constituent of nucleic
acids within eukaryotes (45), and the 18S small-subunit ribo-
somal DNA (18S sstDNA) contains highly conserved regions
punctuated by sequences of hypervariability, making it an at-
tractive region on which to focus. The first PCR method for
clinical diagnosis, developed by Relman et al. (33), targeted
this region. The outer primers, CYCF1E and CYCR2B, are
Eukarya specific; the inner primers, CYCF3E and CYCR4B,
were designed to specifically target C. cayetanensis. When it
was noted that the inner primers would also amplify some
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Eimeria species, a restriction fragment length polymorphism
(RFLP) method that uses the restriction enzyme Mnil was
developed by Jinneman et al. (20) to distinguish C. cayetanensis
from Eimeria spp. This nested-PCR-RFLP protocol is com-
monly used to detect this organism in stool (10, 30), foodstuffs
(21, 26), and environmental waters (39; J. M. Shields and B. H.
Olson, Abstr. Gen. Meet. Am. Soc. Microbiol., abstr. Q-92,
1999).

An important issue likely to be troublesome for environmen-
tal microbiologists is the presence of genetically similar micro-
organisms in environmental waters (Shields and Olson, Proc.
Am. Water Works Assoc. 2000 Water Qual. Technol. Conf.)
and soils. Of the 17 known Cyclospora species, sequence data
are available for only 4: C. cayetanensis, C. cercopitheci, C.
colobi, and C. papionis (11). These four species show a high
degree of homology in the inner (CYCF3E and CYCR4B)
PCR product (37). While there are differences in the se-
quences of this region, none of these occur within MnlI sites;
therefore, these four Cyclospora species appear identical by
PCR-RFLP analysis.

During a monitoring study of the Santa Ana River (SAR) in
California, we detected a number of samples that were PCR
(33)-RFLP (20) positive for C. cayetanensis but were unable to
confirm these microscopically because of heavy debris and
large concentrated volumes (5 to 8 ml of packed pellet for
highly turbid waters). When other Cyclospora species se-
quences became available (11), we reexamined the 18S
sstDNA regions of the four available Cyclospora species se-
quences. We identified a hypervariable region and designed a
nested-primer PCR-RFLP protocol that does not need micro-
scopic confirmation. This protocol will be useful to microbiol-
ogists working with environmental samples and foodstuffs that
come into contact with water and soil. Here, we describe the
protocol and the results we obtained.
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MATERIALS AND METHODS

Collection of environmental water samples. Environmental water samples
were collected in sterile 10-liter cubtainers (Fisher Scientific, Pittsburgh, Pa.).
Samples were taken from various sites within the SAR watershed, i.e., SAR at
Van Buren Bridge near Arlington, Calif. (SARVB), SAR at Prado Wetlands
near Corona, Calif. (SARPW), SAR at Featherly Regional Park near Yorba
Linda, Calif. (SARYL), and SAR at Pacific Coast Highway, Huntington Beach,
Calif. (SARHB), and from the San Diego Creek (SDC) at Campus Drive, Irvine,
Calif. The water used for the minimum detection study was collected from the
SARYL site.

Flocculation. The flocculation method used to concentrate the samples was
that of Vesey et al. (43). Resultant pellets from environmental water samples
were divided into three aliquots. One was stored in digestion buffer (6) and kept
at —80°C for long-term storage. The other two were kept at 4°C, one in digestion
buffer for genomic DNA extraction and the other in 2.5% potassium dichromate
for microscopic analysis.

Genomic DNA extraction methods. (i) Digestion and extraction of genomic
DNA from environmental samples. The protocol described by daSilva et al. (6)
for the detection of microsporidial species in stools was modified. The amounts
of digestion buffer and silanized glass beads were adjusted on the basis of the size
and nature of the pellet as follows. A 2:1 ratio of digestion buffer to packed pellet
was generally used, although more buffer was added if the pellet was difficult to
resuspend. An equal weight-to-volume ratio (milligrams per milliliter) of glass
beads was used. In the case of packed pellets with a volume of less than 100 pl,
a minimum of 300 pl of digestion buffer and 50 mg of glass beads was used.

After pellet digestion and overnight incubation, the samples were centrifuged
at 14,000 X g for 1 min to remove debris. Phenol-chloroform was used to remove
proteins. The resultant aqueous layer was precipitated with ethanol-NH, acetate
and washed with cold 70% ethanol. Samples were resuspended in 100 pl of
sterile double-distilled water (ddH,O). Chelex 100 was added at a concentration
of 5%, and the samples were boiled for 2 to 3 min. After centrifugation, the
supernatants were transferred to sterile microcentrifuge tubes.

The samples were further purified by passage through a Pharmacia ion-ex-
change spin column (Amersham Pharmacia Biotech and Science, Piscataway,
N.J.) in accordance with the manufacturer’s instructions. The samples were
resuspended in 100 ul of sterile ddH,O and kept either at —20°C until PCR
analysis or at —80°C for long-term storage.

(ii) Seeding of samples for minimum detection limit with primers CYCAO1,
CYCAI2, and CYCARL. Pellets from flocculated water were divided into 300-mg
fractions, 200 pl of phosphate-buffered saline was added to each, and the sam-
ples were autoclaved for 20 min to destroy the DNA of organisms present in the
samples. The samples were stored in tightly sealed microcentrifuge tubes at 4°C
until seeding and DNA extraction. Approximately 1,500 sporulated C. cayetanen-
sis oocysts from Guatemala and Nepal (courtesy of Michael Arrowood of the
Parasitic Diseases Division, Centers for Disease Control and Prevention, and
Alan Lindquist of the Division of Parasitology, Environmental Protection
Agency, respectively) were seeded into each autoclaved environmental sample.
Unseeded autoclaved samples were also used to ensure that autoclaving had
destroyed the genomic DNA.

(iii) Digestion and extraction of genomic DNA for minimum detection analysis
of primers CYCAO1, CYCAI2, and CYCARI1. The FastDNA kit for soils (Bio
101, Inc., Vista, Calif.) was used to extract and purify genomic DNA from the
seeded sediment, as well as from autoclaved unseeded control samples. The
manufacturer’s instructions were followed, with certain modifications. After ag-
itation in a bead beater, the crude DNA lysate was briefly centrifuged (~6,000 X
g for 30 s), the supernatant was removed, and more buffer and detergent were
added to the pellet. This was repeated for a total of four cycles; the final
centrifugation was at 14,000 X g for 5 min. The crude lysates were pooled, and
crude DNA was precipitated overnight in 5 M ammonium acetate (0.1 volume)
and ethanol (2.2 volumes) at —20°C. The crude DNA samples were then cen-
trifuged (20 min at 14,000 X g), and the resultant pellet was washed with 70%
cold ethanol, air dried, and then resuspended in 500 wl of phosphate buffer for
further purification.

PCR methods. (i) PCR with primers CYCFI1E, CYCR2B, CYCF3E, and
CYCR4B. The PCR primers and cycling protocol used were those described by
Relman et al. (33), with the addition of HotStart (Perkin-Elmer, Boston, Mass.)
and the inclusion of 100 g of nonfat dry milk to prevent PCR inhibition during
amplification of the outer fragment.

(ii) Design of new primers CYCAO1, CYCAI2, and CYCARI. Nested primers
were designed with the 18S ssrDNA sequences from Cyclospora and Eimeria
species found in the National Center for Biotechnology Information GenBank
database. Sequences were aligned with CLUSTAL W version 1.8.1 (40). The
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sequences of the outer fragment primers were 5'-ATAACGAACGAGACCTT
AGCCT (CYCAOLI) and 5'-AAGGATGCAAAAGTCGTAACAC (CYCARLI).
The inner fragment primers were CYCAI2 (5'-CAGGTCTGGGTAATCTTTT
GAG-3') (forward primer) and CYCARI (reverse primer).

(iii) Theoretical determination of new-primer (CYCAO1l, CYCAI2, and
CYCAR1) specificity. The new primers were compared to those species identified
during a BLAST inquiry (1). The 18S ssrDNA sequences of 31 species of Eimeria
(11 complete and 20 partial), Isospora robini (complete), and the four Cyclospora
species (complete) were examined. Tables 1, 2, and 3 list the species identified
and examined (along with their GenBank accession numbers). These tables
include the sequence where the inner primer may bind, the 7, (midpoint tem-
perature in degrees Celsius) calculated as described by Rychlik and Rhoads (34)
[T,, = 649 + (yG + zC — 16.4)/(wA + xT + yG + zC)], the resultant amplicon
size in base pairs (when the complete 18S ssTDNA sequence is available), the
predicted Alul fragments, and other pertinent information.

(iv) PCR with primers CYCAO1, CYCAI2, and CYCARI. The PCR compo-
nents, in a final volume of 50 pl, were 50 mM KCl, 10 mM Tris-HCI (pH 8.3), 200
g of nonfat dry milk, 200 pM each deoxynucleoside triphosphate, 2.0 mM
MgCl,, 0.4 uM each primer, 1 U of AmpliTaq polymerase, and 5 pl of template.
The second PCR (CYCAI2 and CYCARI1) consisted of 2.5 pl from the first
reaction as the template and the same concentrations of PCR components but
without the nonfat dry milk. The cycling protocol for both reactions was the
same, i.e., 94°C for 5 min for initial denaturation; 45 cycles of 94°C for 30 s,
59.5°C for 30 s, and 72°C for 90 s; and a final extension of 72°C for 9 min.

(v) Cloning of positive-control plasmid and isolated PCR fragments. The
outer fragment, with primers CYCAO1 and CYCARI (444 bp), and PCR am-
plicons (310 and 257 bp) were cloned into 3,015-bp plasmids with p-GEM-T
Easy-Vector (Promega, Madison, Wis.) in accordance with the manufacturer’s
instructions. Ligation reaction products were transformed with heat shock into
competent Escherichia coli DH5a cells. Blue-and-white screening was done with
Luria-Bertani agar medium supplemented with 100 wg of ampicillin per ml, 0.5
mM IPTG (isopropyl-B-p-thiogalactopyranoside), and 80 pg of X-Gal (5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside) per ml. Plasmid DNA from individual
white colonies was extracted (Qiagen spin kit; Qiagen) from overnight cultures
and then screened by PCR and digestion with the appropriate restriction en-
zyme.

Analysis of PCR amplicons. (i) Visualization of PCR amplicons. PCR prod-
ucts (10 pl) were visualized on 1.75% agarose gels supplemented with 0.5 pg of
ethidium bromide per ml at constant current in Tris-borate-EDTA buffer. Three
molecular size markers were used: 25- and 50-bp ladders (Promega) and DNA
weight marker VIII (a mixture of pUCBM21 DNA cleaved with Hpall and
pUCBM21 DNA cleaved with Dral and HindIII; Boehringer Mannheim, India-
napolis, Ind.).

(ii) Separation of fragments by denaturing high-performance liquid chroma-
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FIG. 1. RFLP analysis with MnlI (20) of PCR (primers CYCF3E
and CYCR4B 33)-positive samples. Lanes: M, 25-bp ladder; 0, sterile
ddH,O control; 1, SDC sample collected on 21 April 1998; 2 and 3,
SARHB samples collected on 5 June 1998; 4 and 5, SARVB samples
collected on 28 August 1998; 6, SARYL sample collected on 28 Sep-
tember 1998. “Uncut” identifies undigested PCR products.
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FIG. 2. Mnll-digested cloned isolates from PCR (primers CYCF3E and CYCR4B 33)-RFLP (with MniI 20)-positive samples (lanes 1 to 10).
The isolates in lanes 1 to 4 were collected from the SARVB on 28 August 1998, and those in lanes 5 to 10 were collected from the SARYL on
28 September 1998. Lane M is a 50-bp ladder, and lane 0 is a PCR blank.

tography. Because of the probability of multiple similar-size but dissimilar-
sequence products, amplicons from PCR (primers CYCAI2 and CYCAR1) were
separated by denaturing high-performance liquid chromatography (Wave Sys-
tem, Transgenomic, San Jose, Calif.). PCR products were separated by a 46 to
39% gradient of buffers A (0.1 M triethylammonium acetate [pH 7.0]) and B (0.1
M triethylammonium acetate [pH 7.0], 25% acetonitrile) at 60°C. The collected

RFLP methods. (i) Confirmation of PCR products (CYCF3E and CYCR4B) by
RFLP with Mnil. The positive PCR products from the second reaction (10 pl)
were digested as described by Jinneman et al. (20). Fragments were separated on
a 4% NuSieve agarose gel (BioWhittaker Molecular Applications, Rockland,
Maine) at constant current in Tris-borate-EDTA buffer for approximately 1.5 h.
The agarose gels, containing ethidium bromide (0.5 pg/ml), were photographed

fractions were amplified and cloned for sequencing.

(iii) Sequencing and alignment of PCR products. All sequencing was by Davis
Sequencing (Davis, Calif.) with an ABI 377 automated sequencer with m13
(—21) as the forward sequencing primer for all cloned PCR fragments. Se-
quences were aligned with CLUSTAL W, version 1.8.1 (40). Accurate pairwise
alignments were unweighted with TUB/Bestfit with a gap open penalty of 100 and
a gap extra penalty of 10.

under UV light with a gel documentation system (UVP ImageStore 5000; Ultra-
Violet Products Ltd., Cambridge, United Kingdom).

(ii) Confirmation of PCR products (CYCAI2 and CYCAR1) by RFLP with
Alul. The positive PCR products from the second reaction (10 pl) were digested
with 1 U of Alul (New England Biolabs) at 37°C for 2 h. Fragments were
separated, visualized, and photographed as described above.

€97
C. cayetanensis CCTTCCGCGCTTCGCTGCGTGCGTTGGTGTTCCGGAACTTTTACTTTGAGARRAATAGAG

SARVBBZ (1) ZCETTCGCGCTTCGCTGCGTGCGTTGGTGTTCCGGAACTTTTACTTTGAGARARAATAGAG
SARYLDl (2) CCTTCCGCGCTTCGCTGCETGCGTTGGTGTTCCGGAACTTTTACT TTGAGARAAATAGAG
SARVBB3 (6) CCTTCCGCGCTTCGCTGCGTGCGTTGGTGTTCCGGAACT TETACT TTGAGAAAAATAGAG
SARYLCZ (9)

CCTTCCGCGCTTCGCTGCGTGCGTTGETGTTCCGGAACT TTTACTTTGAGAARRATAGAG

C. cayetanensis TGTTTCAAGCAGGCTTGTCGCCCTGAATACTGCAGCATGGAATAATAARGATAGGACCTTG

SARVBB2 (1) TGTTTCAAGCAGGCTTGTCGCCCTGAATACTECAGCATGGAATHATAAGATAGGACCT TG
SARYLD1 (2) TGTTTCARAGCAGGCTTGTCGCCCTGAATAC AGCATGGAATAATAAGATAGGACCTTG
SARVBB3 (6) TGTTTCAAGCAGGCTTGTCGCCCTGAATACTECAGCATGGAATAATAAGATAGGACCTTG
SARYLCZ (9) TGTTTCAAGCAGGCTTGT CGCCCTGAATACTECAGCATGGARTAATARGATAGGACCTTG

C. cayetanensis GTTCTATTTTGTTGGTTTCTAGGACCGAGGTAATGATTAATAGGGACAGTTGGGGGCATT

SARVBBZ (1) GTTCTATTTTGTTGGTTTCTAGGACCGAGGTAATGATTAATAGGGACAGT TGGGGGCATT
SARYLD1 (2) GTTCTATETTGTTGGTT TCTAGGACCGAGGTAATGATTAATAGGGACAGT TGGGGGCATT
SARVBB3 (6) GTTCTATTTTGTTGGTTTCTAGGACCGAGGTAATGATTAATAGGGACAGT TGGGGGCATT
SARYLCZ (9) GTTCTATTTTGTTGGTTTCTAGGACCGAGGTAATGATTAATAGGGACAGT TGGGGGCATT

C. cayetanensis CGTATTTAACTGTCAGAGGTGAAATTCTTAGATTTGT TAAAGACGAACTACTGCGAAAGT

SARVBB2 (1) CGTATTTAACTGTCAGAGGTGAAATTCTTAGAT TTGT TARAGACGAACTACTGCGARAGC
SARYLD1 (2) CGTATTTAACTGTCAGAGGTGAAATTCTTAGATTTGT TARAGACGAACTACTGCGAAAGC
SARVBB3 (6) CGTATTTAACTGTCAGAGGTGAAATTCTTAGAT TTGT TARAGACGAACTACTGCGAAAGC
SARYLC2 (9) CGTATTTAACTGTCAGAGGTGARATTCTTAGATTTGT TAAAGACGAACTACTGCGAARGT

1009
C. cayetanensis ATTTGCCAAGGATGTTTTCATTAATCAAGAACGACAGTAGGGGGTTTGAAGACG

SARVBB2 (1) ATTTGCCRAGGATGTTTTCATTAATCARGAACGACAGTAGGGGGT T TGARGACE
SARYLD1 (2) ATTTGCCARGGATGTTTTCATTAATCAAGAACGACAGTAGGGGGT TTGAAGACG
SARVBB3 (6) ATTTGCCAAGGATGTTTTCATTAATCAAGAACGACAGTAGGGGGTTTGAAGACG
SARYLCZ (9) ATTTGCCAAGGATGTTTTCATTAATCAAGAACGACAGTAGGGGGTTTGRAGACG

D

FIG. 3. CLUSTAL W (version 1.8.1) (40) multiple-sequence alignment of PCR (33)-RFLP (20)-positive environmental samples from the SAR.
Shading indicates sequence differences, underlining indicates Mnll sites, and arrows indicate primer locations and directions. The numbers in
sequence labels are the cloned isolate numbers, and the numbers in parentheses correspond to the lane numbers in Fig. 2.



VoL. 69, 2003

PCR-RFLP METHOD FOR C. CAYETANENSIS DETECTION 4665

TABLE 1. Species amplified with primers CYCAI2 and CYCARI1

Organism(s) (reference) Accession no(s).

Host species

T,, Amplicon

& size (bp) Alu T fragment sizes (bp)

Distribution

Cyclospora and Eimeria spp.”

C. cayetanensis (31) U40261 Human

Worldwide 60.9 256 98, 88, 55, 15

C. cercopitheci (strains 1 and 2) (11) AF111184, Cerocopithecus aethiops Ethiopia 60.9 257 104,98, 55 (strains 1 and 2)
AF111185 (African green or vervet
monkey)
C. colobi (11) AF111186 Colobus guereza (colobus Ethiopia 609 256  104,98,55
monkey)
C. papionis (11) AF111187 Papio anubis (olive baboon) Ethiopia 609 257 159,98
E. necatrix (22) U67119 Chicken Worldwide 609 256 160, 96
E. tenella (42) U40264 Chicken Worldwide 60.9 256 160,96
Isospora robini (27)° AF080612 Robin United States 55.5 255 103,97,55

¢ Calculated as described by Rychlik and Rhoads (34).
® Inner forward primer, CYCAI2.

¢ Inner forward primer, 5'-CAGGTCTAGGTAATCTTTTGAG. In the Isospora robini sequence, there is an A (underlined) rather than the C found in CYCA12.

RESULTS

Environmental samples positive by PCR with primers
CYCF3E and CYCR4B and RFLP with Mnlil. During our initial
SAR monitoring study, we detected five samples that were
PCR-RFLP positive for C. cayetanensis as described by Rel-
man et al. (33) and Jinneman et al. (20). Figure 1 is the RFLP
analysis of these samples. An additional sixth positive sample
was detected in water from the SDC (Irvine, Calif.). Digestion
of these PCR products (primers CYCF3E and CYCR4B) with
the restriction enzyme Mnll resulted in three fragments of
approximately 150, 115, and 50 bp (20). While the presence of
multiple bands seen in the electrophoresis gel may be the
result of incomplete digestion, PCR products from environ-
mental samples are rarely homogeneous and thus may also
indicate the presence of amplicons amplified from other,
closely related organisms, such as Eimeria species, in the DNA
extract.

The PCR products from four of the positive environmental
samples were cloned and screened by RFLP with Mn/I (Fig. 2).
While 4 (lanes 4, 7, 8, and 10) of the total of 10 isolates showed
RFLP banding patterns not consistent with C. cayetanensis, 6
were consistent.

Four isolates (lanes 1, 2, 6, and 9 in Fig. 2) were sequenced
and aligned (Fig. 3). While there are a few base pair differences

among the environmental sample isolates and C. cayetanensis,
the homology patterns are similar to those found among the
available Cyclospora species sequences. In addition, as with
Cyclospora species, none of the differences occur within the
Mnll sites. Since we were unable to microscopically (under
light and epifluorescence illumination) confirm these samples
as C. cayetanensis, we reexamined the 18S ssTDNA region and
identified a hypervariable area between bp 1486 and 1743. We
developed a new nested-primer set and RFLP method.
Theoretical analysis for cross-reactivity of new primers. The
outer forward primer (CYCAOL1) and the reverse primer
(CYCAR1) were identified in all 16 species for which the
entire 18S ssrDNA sequence was available (Tables 1 and 2). As
shown in Table 1, the inner primer (CYCAI2) was found in all
Cyclospora species, Eimeria necatrix, and Eimeria tenella and a
very similar site was seen in Isospora robini. However, RFLP
with Alul showed a distinctly different banding pattern (98-,
88-, 55-, and 15-bp fragments) for C. cayetanensis. Enzyme
digestion of the two Eimeria species produces only two bands,
while that of I. robini results in three. With two of the Cyclo-
spora species, three bands are produced and digestion of C.
papionis generates two. Table 2 lists those organisms that con-
tain a site with high, although not exact, homology to primer
CYCAI2. Since PCR stringency may be inadvertently de-

TABLE 2. Eimeria species that may be amplified with primers CYCAI2 and CYCARI1

. . i . T, Amplicon size Al T

Organism (reference)  Accession no. Host Distribution Inner forward primer (CYCAI2)” o np fragment

€O (bp) sizes (bp)
E. acervulina (42) U67115 Chicken Worldwide CGGGGCTGGGTAATCTTCTGAG  69.4 254 156, 98
E. bovis (23) uU77084 Cattle Worldwide GAAGTCTAGGTAATCTTTTGAG 52.4 253 156, 97
E. brunetti (24) U67116 Chicken Worldwide CGGGGCTGGGTAATCTTGTGGG  73.7 253 155, 98
E. falciformis (35) AF080614  Mus (mouse) NA,” Europe = CAGGTCTAGGTAATCTTTTGAG  55.5 255 159, 96
E. meleagrimitis (41) ~ AF041437  Meleagris United States GCAGTCTAGGTAATCTTTTGAG 55.7 254 159, 95

(turkey)

E. mitis (42) U67118 Chicken Worldwide TGGGCGTGGGTAATCTTGTGAG  69.7 250 157,94
E. mivati (12) U76748 Chicken NA, Europe CGGGGCTGGGTAATCTTGTGAG  70.2 254 158, 96
E. nieschulzi (7) U40263 Rattus (rat) Worldwide CAGGTCTAGGTAATCTTTTGAG 55.5 255 157,98
E. praecox (22) U67120 Chicken Worldwide TGGGGCTGGGTAATCTTGTGAG  68.8 252 158, 94

“ Underlined letters are changes in sequence from CYCAI2.
b Calculated as described by Rychlik and Rhoads (34).
¢NA, North America (includes Canada, the United States, and Mexico).
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FIG. 4. Lanes: M, DNA molecular weight marker VIII; B, unused;
1 and 2, seeded environmental samples; 1, 0.75 oocyst (1.04 ng of
DNA); 2, 7.5 oocysts (10.35 ng of DNA); 3, unseeded environmental
sample inoculated with 260.5 pg of positive-control plasmid; 4, the
same sample with no added positive-control plasmid.

creased through errors during amplification or the presence of
substances in the extract, we calculated 7,, values (degrees
Celsius) (34) at which mismatched primer annealing could
occur. We determined that even if these species were ampli-
fied, Alul digestion would clearly distinguish them from C.
cayetanensis.

Table 3 lists those species containing a sequence similar to
the CYCAI2 primer but whose complete 18S ssrDNA se-
quence was not available. It is impossible to predict that am-
plicons from these species will not contain Alul sites at the
same locations as C. cayetanensis. Since RFLP patterns for the
Eimeria species listed in Tables 1 and 2 resulted in no more
than two bands (155 to 160 bp and 95 to 98 bp), it is unlikely
that those listed in Table 3 will cause confusion in differenti-
ation. However, further sequencing of these species, as well as
other Cyclospora species, would be prudent.

Minimum detection of oocysts and target DNA. Our mini-
mum detection limit, with primers CYCAO1, CYCAI2, and
CYCARI assuming 100% recovery of DNA from the seeded
environmental sample, was 0.75 oocyst (1.04 ng of genomic
DNA as template) (Fig. 4). Since each oocyst contains four
sporozoites and there are generally multiple copies of the 18S
sstDNA, detection of a fraction of an oocyst is reasonable. Our
earlier work (Shields and Olson, Abstr. Gen. Meet. Am. Soc.
Microbiol.) indicated a detection limit of one oocyst per liter of
deionized water with the primers developed by Relman et al.
(33). The first electrophoresis gel of the seeded environmental
sample amplicons showed a considerable amount of smearing
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(data not shown), although a 257-bp band was visible; there-
fore, the second reaction was repeated with a 1:10 dilution of
the first reaction product. No amplification was seen in un-
seeded environmental samples, and the interference assay,
which used DNA extract inoculated with 260.5 pg of positive-
control plasmid, showed little inhibition (Fig. 4).

Application of PCR with primers CYCAO1, CYCAI2, and
CYCARI1 and RFLP with Alul to environmental samples. We
applied our new PCR-RFLP protocol to the previously positive
environmental samples. While these samples appeared positive
with primers CYCF3E and CYCR4B and RFLP with Mnll
(Fig. 1, 2, and 3) and remained PCR positive with primers
CYCAOL1, CYCAI2, and CYCARI, RFLP analysis with A/ul
produced negative results (Fig. 5).

To confirm these results, we isolated selected individual
PCR amplicons and sequenced them. Figure 6 is an alignment
of Cyclospora species and two of the isolates with sequences
most closely related to C. cayetanensis. These amplicons were
isolated from the samples in lanes 2 and 7 (Fig. 5), i.e., SARVB
and SARYL, respectively. Both of these samples had previ-
ously been identified as C. cayetanensis with primers CYCF3E
and CYCR4B (33) and RFLP with MnlI (20), and they corre-
spond to those sequenced isolates shown in Fig. 2. In Fig. 6,
each of these environmental isolate sequences contains one
Alulsite. C. colobi and C. cercopitheci contain two sites, and C.
cayetanensis contains three. Thus, while they are likely Cyclo-
spora species given the sequence similarity, they are clearly not
C. cayetanensis.

M 1 2 3 4 S 6 7 + M
g o
A e
i s
320 bpesss -—
242 bpess . -Uncut pa—
190 bpess p—
147 bp‘u R Sees S R R A s o
124 bp s o
110 bpis - - W W W w98 bp i ™~
88 bp.
67 bp
50 bp
37 bp
15 bp

FIG. 5. RFLP analysis with Alul of PCR (primers CYCAI2 and
CYCART1) amplicons from selected environmental samples. Lanes: M,
DNA molecular weight marker VIII; +, C. cayetanensis oocysts with
clear bands at 98, 88, and 50 bp and a faint band at 15 bp; 1, sample
collected from the SDC on 21 April 1998; 2 to 5, individual water
samples collected from the SARVB on 28 August 1998; 6 and 7,
individual water samples collected from the SARYL on 28 September
1998. The term “Uncut” identifies amplicons that do not contain Alul
sites.
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TABLE 3. Eimeria species that may be amplified with primers CYCAI2 and CYCAR1“

PCR-RFLP METHOD FOR C. CAYETANENSIS DETECTION 4667

Organism (reference) Accession no. Host Distribution Alul T fragment size (bp)
E. adeneodei (28) AF324212 Meleagris (turkey) North America, Europe 98
E. antrozoi (36) AF307876 Antrozous (little brown bat) North America 98
E. arizonensis (25) AF307878 Peromyscus (deer mouse) Western North America 98
E. separata (3) AF311643 Rattus (rat) Worldwide 98
E. pilarensis (36) AF324215 Chiroptera (bat) SW? United States No sites before 95 bp
E. catronensis (36) AF324213 Chiroptera (bat) SW United States; northern No sites before 104 bp
Mexico
E. rioarribaensis (9) AF307877 Chiroptera (bat) SW United States; northern 98
Mexico
E. papillata (15) AF311641 Mus (mouse) Not reported (likely SW United 98
States; Mexico)
E. peromysci (25) AF339492 Peromyscus (deer mouse) SW United States; northern 96
Mexico
E. sevilletensis (25) AF311644 Onychomys (mouse) SW United States No sites before 101 bp
E. albigulae (25) AF307880 Neotoma (wood rat) and Western North America No sites before 124 bp
Chaetodipus (pocket mouse)
E. chaetodipi (16) AF339489 Chaetodipus (pocket mouse) Western United States 98
E. chobotari (14) AF324214 Dipodomys (kangaroo rat) SW United States Mexico 97
E. dipodomysis (25) AF339490 Dipodomys (kangaroo rat) SW United States No sites before 103 bp
E. langebarteli (19) AF311640 Peromyscus (mouse) SW United States, Mexico 98
E. leucopi (44) AF339491 Peromyscus (white-footed mouse) SW United States 98
E. onychomysis (25) AF307879 Onychomys (grasshopper mouse) SW United States 95
E. scholtysecki (13) AF324216 Dipodomys (kangaroo rat) and SW United States; Mexico 98
Chaetodipus (pocket mouse)
E. telekii (38) AF246717 Lemniscomys (striped grass mouse) Kenya 98
E. tropidura (2) AF324217 Tropidurus delanonis (Hood Island Galapagos Islands 99

lizard)

¢ Inner forward primer, * 5" CAGGTCTAGGTAATCTTTTGAG; annealing temp, (7,,,), 55.5°C. In the primer sequence, an A (underlined) replaces the C found
in CYCAI2. Only partial sequences are available. T,, was calculated as described by Rychlik and Rhoads (34).
? SW, southwestern.

1486
SARVB B CTGGGTAATCTTTTGAGTGTGCATCGTGATGGGGATAGATTATTGCAA
SARYL D CTGGG#AATCTTTTGAGTGTGCATCGTGATGGGGATAGAT TATTGCAA
C. papionis TGGCCGGCAGGTCTGGGTAATCTTTTGAGTGTGCATCGTGATGGGGATAGATTATTGCAA
C. colobi TGGCCGGCAGGTCTGGGTAATCTTTTGAGTGTGCATCGTGATGGGGATAGATTATTGCAA
C. cercopitheci TGGCCGGCAGGTCTGGGTAATCTTTTGAGTGTGCATCGTGATGGGGATAGATTATTGCAA
C. cayetanensis TGGCCGGCAGG]CTGGGTAATCTTTTGAGTGTGCATCGTGATGGGGATAGATTATTGCAA
SARVB B TTATTAATCTTCAACGAGGAATGCCTAGTAGGCGCAAGT CAGCAGCTTGCGCCGATTACG
SARYL D TTATTAATCTTCAACGAGGAATGCCTAGTAGGCGCAAGTCAf 'AGCTTGCGCCGATTACG
C. papionis TTATTAATCTTCAACGAGGAATGCCTAGTAGGCGCAAGTCA: AGCTTGCGCCGATTACG
C. colobi TTATTAATCTTCAACGAGGAATGCCTAGTAGGCGCAAGT CABCAGCTTGCGCCGATTACG
C. cercopitheci TTATTAATCTTCAACGAGGAATGCCTAGTAGGCGCAAGTCAL AGCTTGCGCCGATTACG
C. cayetanensis TTATTAATCTTCAACGAGGAATGCCTAGTAGGCGCAAGT CAACAGCTTGCGCCGATTACG
SARVB B TCCCTGCCCCTTgTACACACCGCCCGTCGCTGCAACCGATCGGAGGGTCCTGTGAACTCA
SARYL D TCCCTGCCCCTTGTACACACCGCCCGTCGCTGCAACCGATCGGAGGGTCCTGTGAACTCA
C. papionis TCCCTGCCCCTTGTACACACCGCCCGTCGCTGCAACCGATCGGAGGGTCCTGTGAACTCA
C. colobi TCCCTGCCCCTTGTACACACCGCCCGTCGCTGCAACCGATCGGAGGGTCCTGTGAACTCA
C. cercopitheci TCCCTGCCCCTTGTACACACCGCCCGTCGCTGCAACCGATCGGAGGGTCCTGTGAACTCA
C. cayetanensis TCCCTGCCCCTTGTACACACCGCCCGTCGCTGCAACCGATCGGAGGGTCCTGTGAACTCA
SARVB B CTTCEGCGGAGPTGGTCGGARAGTTGCGTARATAGAGCCCTC
SARYL D T CGGAGETGGTCGGARAGTTGCGTAAATAGAGCCCTC
C. papionis T CGGAGETGGTCGGAAAGTTGCGTAAATAGAGCCCTC
C. colobi T ‘GCGGAGETGGTCGGARAGT TGCGTARATAGAGCCCTC

C. cercopitheci
C. cayetanensis

fo ACTGEGCT TTGCGGAGCT GGTCGGARAGT TGCGTAAATAGAGCCCTC
TTGGACTGACCAGCTNGTCTTC-GCGGAGCTGGTCGGARAGT TGCGTARATAGAGCCCTC
1743

SARVB B TAAAGGATGCAAAAGTCGTAACAC
SARYL D TAAAGGATGCAAAAGTCGTAACAC
C. papionis TAAAGGATGCAAAAGTCGTAACAC
C. colobi TAAAGGATGCAAAAGTCGTAACAC
C. cercopitheci TAAAGGATGCAAAAGTCGTAACAC
C. cayetanensis TAAAGGATGCAAAAGTCGTAACAC

FIG. 6. CLUSTAL W (version 1.8.1) (40) multiple-sequence alignment of Cyclospora species and environmental samples positive by PCR with
primers CYCAI2 and CYCARI1. SARVB B is from lane 2, and SARYL D is from lane 7, Fig. 5. Shading indicates sequence differences, underlining
indicates Alul sites, and arrows indicate primer locations and directions.
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DISCUSSION

Often, methods used to detect pathogens in environmental
samples are modifications of those used for clinical samples.
However, environmental samples present unique challenges to
microbiologists and public health laboratories (Shields and
Olson, Proc. Am. Water Works Assoc. 2000 Water Qual. Tech-
nol. Conf.), such as the presence of nonpathogenic but genet-
ically similar organisms in sample matrices.

While the protocol using PCR with primers CYCF3E and
CYCR4B (33) and RFLP with Mnll (20) is clearly able to
identify C. cayetanensis oocysts in stool samples, it must be
combined with microscopic confirmation to produce reliable
results for environmental samples. Our newly designed primers
and RFLP differentiate C. cayetanensis from Eimeria and other
Cyclospora species, thus allowing researchers and public health
laboratories to confidently identify C. cayetanensis in water and
soil samples without microscopic confirmation, saving them
time and resources.

Most of the cases of cyclosporiasis that have occurred in the
United States and Canada have been linked to imported food
(18); however, there have been sporadic reports of C. cayet-
anensis infection in the United States where no food source or
history of international travel was implicated (17, 29, 46). Lab-
oratory surveys of stool samples (collected during nonoutbreak
periods), conducted in the United States and United Kingdom
between 1992 and 1995, suggested that the prevalence in the
general populations was <0.5% (18). Nevertheless, C. cayet-
anensis infection in developed countries has been viewed as
linked either to travel or to foods imported from developing
countries (37). However, a foodborne outbreak in southwest-
ern Germany in December 2000 (8) suggested that C. cayet-
anensis may be present in the environmental waters and/or
soils of European countries. The sources of this outbreak were
epidemiologically traced to butterhead lettuce from southern
France, mixed lettuce and leafy herbs from southern Italy, and
chives from a greenhouse in Germany. While the implicated
lettuce and herbs were no longer available for microscopic or
molecular analysis, the relative risk associated with the con-
sumption of these foods and illness was 5.0 (confidence inter-
val = 1.4 < relative risk < 204 [P = 0.0045]).

The initial source of contamination of the German outbreak
is still unknown. Possibilities include the soil, use of contami-
nated water for irrigation and pesticide dilution, and the poor
sanitary facilities available to seasonal field workers (8). This
outbreak clearly illustrates the potential for C. cayetanensis to
become endemic in developed countries. As this potential in-
creases, the need for methods, such as the one described in this
paper, that both distinguish among Cyclospora species and
differentiate Cyclospora from other coccidian genera becomes
increasingly important as these organisms can be found in
environmental waters used for irrigation and pesticide dilution.
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