
Vol. 29, No. 12JOURNAL OF CLINICAL MICROBIOLOGY, Dec. 1991, p. 2746-2751
0095-1137/91/122746-06$02.00/0
Copyright © 1991, American Society for Microbiology

Detection of Variable DNA Repeats in Diverse Eukaryotic
Microorganisms by a Single Set of Polymerase

Chain Reaction Primers
DONALD E. RILEYl.2* MANSOUR SAMADPOUR,2 AND JOHN N. KRIEGERl*

Department of Urology, School of Medicine,' and Department of Pathobiology, School of Public
Health and Community Medicine,2 University of Washington, Seattle, Washington 98195

Received 28 May 1991/Accepted 6 September 1991

We cloned and sequenced a variable DNA repeat from Trichomonas vaginalis, a flagellated protozoan
parasite. Targeting of this repeat in the polymerase chain reaction resulted in complex and intense product
patterns for a wide variety of eukaryotic microorganisms, including the pathogenic protozoan parasites T.
vaginalis, Giardia lamblia, Leishmania donovani, three species of Trypanosoma, and four species of Acan-
thamoeba; the nonpathogenic protozoans, Paramecium tetraurelia and Tetrahymena thermophilia; and a yeast,
Saccharomyces cerevisiae. Each microorganism exhibited a distinctive pattern of repeats. For example, a
characteristic pattern was exhibited by six clinical T. vaginalis isolates. Eight G. lamblia isolates exhibited either
one of two characteristic pattern types. There was no reaction with human DNA or DNA from the prokaryotes
Ureaplasma urealyticum and Mycoplasma hominis. This approach may facilitate detection of a wide variety of
eukaryotic microorganisms by use of a single primer set and holds promise for the development of typing
schemes for both T. vaginalis and G. lamblia.

Trichomonas vaginalis is a protozoan parasite that afflicts
an estimated 180 million women per year worldwide (15, 24).
The parasite causes vaginitis and possibility cervicitis in
women and urethritis in members of both sexes (21-23).
Wet-mount examination, culture, and direct immunofluores-
cence methods for the diagnosis of T. vaginalis infections
have been compared (10, 24, 26, 37). Culture was considered
the most reliable diagnostic method, but even redundant
culture techniques may miss (i) parasites present in low
numbers, (ii) defective parasites, or (iii) microorganisms that
do not survive the transfer to culture medium. Compared
with culture techniques, polymerase chain reaction (PCR)
methods offer the potential advantages of enhanced sensitiv-
ity and the ability to detect nonviable or defective microor-
ganisms (19, 40).

During development of PCR-based methods for the detec-
tion of T. vaginalis, several repeated and nonrepetitive
genomic T. vaginalis DNA clones were sequenced, primers
were constructed, and PCRs were carried out. A specific,
single-band PCR test for T. vaginalis was developed and will
be reported separately (unpublished data). One of the can-
didate primer sets for T. vaginalis detection proved to be
surprisingly versatile in the detection of variable DNA
repeat patterns in a variety of eukaryotic microorganisms.
Variable DNA repeats are ubiquitous, variable-length, mul-
tiple-copy DNA sequences that have been used in DNA
fingerprinting or typing of microorganisms (7, 8, 36, 38, 43,
47) and in human forensic science (9, 11, 17, 18). This study
focused on PCR detection of characteristic DNA repeat
patterns in T. vaginalis and other eukaryotic microorgan-
isms.

MATERIALS AND METHODS
Cells and cell culture. The organisms used in these studies

included clinical isolates of T. vaginalis from patients in
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Seattle, Wash. (isolates S13, PHS 2J, S981, S1190, S1202,
and S1220); Brooklyn, N.Y. (isolate B34, kindly supplied by
William McCormack); and Charlottesville, Va. (isolate C7,
kindly supplied by Michael Rein). T. vaginalis isolates S13,
PHS 2J, B34, and C7 have been described previously (25)
and were maintained in liquid nitrogen prior to use in the
current studies. Isolates S981, S1190, S1202, and S1220 were
fresh clinical isolates from patients attending the Sexually
Transmitted Diseases Clinic, Harborview Medical Center,
Seattle, and the Prostatitis Clinic, University of Washington
Medical Center, Seattle. Prior to use, each trichomonad
isolate was cloned in agar and was then grown to the mid-log
phase in Diamond's medium at 37°C in 5% C02 (23).
Acanthamoeba castellani, Acanthamoeba rhisodes,

Acanthamoeba hatchetti, and Acanthamoeba culbertsoni
cultures were generous gifts from Thomas Fritche (Depart-
ment of Microbiology, University of Washington, Seattle).
Acanthamoeba cells were washed twice in sterile phosphate-
buffered saline (PBS) and were subsequently treated identi-
cally with T. vaginalis cells.

Giardia lamblia cysts H7 (human, West Virginia), Ki and
Pi (human, Portland, Oreg.), PB1 (human, Portland, Oreg.),
WB1B (human, Afghanistan), BEl (beaver, Canada), BE4
(beaver, Canada), and BE5 (beaver, Canada) and Giardia
muris CuHi were obtained from Jerry E. Ongerth (Depart-
ment of Environmental Health, University of Washington,
Seattle). Trophozoites were cultivated in TYI-S33 medium
(29) with 10% calf serum supplemented with ampicillin (50
tg/ml) and streptomycin (40 ptg/ml).
Tetrahymena thermophilia CU427 DNA was obtained

from Meng Chao Yao (Fred Hutchinson Cancer Research
Center, Seattle, Wash.). Paramecium tetraurelia DNA was
a gift from Robert Hinrichsen (Fred Hutchinson Cancer
Research Center). Saccharomyces cerevisiae DNA was a
gift from Stephan Zweifel and Walton Fangman (Department
of Genetics, University of Washington, Seattle). Escherichia
coli DH5at and Ureaplasma urealyticum UU5 DNAs were
from Marilyn Roberts and George Kenny (Department of
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Pathobiology, University of Washington, Seattle). The fol-
lowing Leishmania donovani DNAs were gifts from Cindy
Tripp and Kenneth Stuart (Seattle Biomedical Research
Institute, Seattle, Wash.) L. donovani DDB (human, India),
L. donovani IS clone 2D (human, Sudan), and L. donovani
D42 (source unknown). Trypanosome DNAs were gifts from
Harvey Eisen (Fred Hutchinson Cancer Research Institute).
Human DNA was isolated by standard methods from a

human lymphocyte culture obtained from Hans Ochs (De-
partment of Pediatrics, University of Washington, Seattle).
DNA isolation. (i) T. vaginalis and Acanthamoeba spp.

DNAs were purified from T. vaginalis and Acanthamoeba
spp. by a recently described method (35). Briefly, mid-log-
phase T. vaginalis or Acanthamoeba cultures (75 to 150 ml)
were harvested by centrifugation at 900 x g for 5 min at 4°C.
The cellular pellet (0.5 ml) was washed twice by centrifuga-
tion in 40 volumes of cold (4°C), sterile PBS (pH 7.4), and the
pellet was suspended in 1 ml of PBS. Diethylpyrocarbonate
(20 ,uI; Sigma, St. Louis, Mo.) was added to the cell
suspension. The cells were subjected to two cycles of
centrifugation (900 x g for 3 min at 4°C) in 1% (vol/vol)
Triton X-100 (Sigma) in reticulocyte standard buffer (10 mM
Tris, 10 mM NaCl, 5 mM MgCl2) which had been treated
with 100 ,ul of diethylpyrocarbonate.
The resulting pellet was suspended in 0.5 ml of 10 mM

EDTA and 0.1% (wt/vol) sodium dodecyl sulfate and was

then incubated at 65°C for 15 min to inactivate the diethyl-
pyrocarbonate. The suspension was then treated with 0.2 mg
of proteinase K (Bethesda Research Laboratories, Gaithers-
burg, Md.) per ml at 37°C for 1 h; this was followed by three
cycles of phenol (Bethesda Research Laboratories)-chloro-
form (Sigma)-isoamyl alcohol (Sigma) (1 vol, 1 vol, 0.02 vol)
extraction, two cycles of chloroform-isoamyl alcohol (1 vol,
0.04 vol) extraction, and then 80% (vol/vol) ethanol precip-
itation. A culture of approximately 107 T. vaginalis or

Acanthamoeba cells typically yielded between 100 and 200
,ug of DNA (by A260 determination).

(ii) Giardia trophozoites. Cultures in the late log phase were

harvested and placed on ice for 30 min followed by centrif-
ugation at 500 x g for 10 min. The cells were washed once in
PBS (pH 7.0), suspended in 400 ,ul of 50 mM Tris (pH 8.0)-S50
mM EDTA, and transferred to an Eppendorf tube. Then, 22
,ul of 20% sodium dodecyl sulfate was added; this was

followed by the addition of 10 ,u of 10 mg of proteinase K
(Bethesda Research Laboratories) per ml. The tubes were
incubated at 37°C for 30 min. This was followed by phenol-
chloroform extraction and ethanol precipitation as described
above.

Agarose gel electrophoresis. Agarose gels consisted of
1.4% (wt/vol) agarose (Fisher Scientific, Fair Lawn, N.J.) in
90 mM Tris buffer (Fisher Scientific), 90 mM boric acid
(Sigma), and 25 mM EDTA (pH 8.3). Each PCR mixture (20
,ul) was combined with 5 pl of 0.5% sodium dodecyl sul-
fate-50 mM EDTA (pH 7.4, adjusted with NaOH)-45%
(vol/vol) glycerol (Sigma)-0.1% (wt/vol) bromphenol blue
(Sigma). Molten gel solutions and electrophoretic running
buffers contained 0.5 ,ug of ethidium bromide (Sigma) per ml
for visualization of nucleic acids under UV illumination.
Electrophoresis was conducted at 100 V for 3.5 h.
Genomic T. vaginalis libraries. Total genomic T. vaginalis

981 DNA was digested to completion with the restriction
enzyme Sau3A (Bethesda Research Laboratories). Enzyme
was removed by phenol-chloroform extraction and ethanol
precipitation as described above. The Sau3A-digested DNA
was used to construct a total genomic DNA library in the
plasmid vector pUC18 as well as a repeat-enriched genomic

a
CTG?!GTCGACGTTATCCAACAACGCACTTCTCGACACACCCGCG TSTC
TCGAGATTCTTCGCTTTCTCAATCAACTCTGCGGCTTCCTTGGGATATTTCTGG
GCTGGGÂ&GAAGATAGCGACACCCTCC&CTQGTGATC*

b
TR7: 5' -CTGTTGTCGLACGTT^TCCA-3'
TRS: 5 ' -G&TCACCAGTG"AGGGTGTC-3'

FIG. 1. (a) Nucleotide sequence of T. vaginalis genomic clone
pTl7rp. Computer-assisted homology searches of the GenBank
international data base (release 63) revealed no significant matches
with known nucleotide sequences. Primer sites are doubly under-
lined. (b) Oligonucleotide primers synthesized for the detection of
genomic T17 sequences.

library. The T. vaginalis-pUC18 recombinants were trans-
formed by the method of Hanahan (12) into E. coli host
JM107 and were plated onto agar medium containing
5-bromo-4-chloro-indolyl-p-D-galactopyranoside isopropyl-
,-D-thiogalactopyranoside (48), and 100 ,ug of ampicillin per
ml. The nucleotide sequences of 12 T. vaginalis genomic
clones were determined. Computer-assisted homology
searches were conducted by comparing newly sequenced T.
vaginalis genomic DNAs with the GenBank data base,
release 63 (Riverside Scientific, Bainbridge Island, Wash.).
Sequence information was used to construct oligonucleotide
primers for the PCRs.

Nucleotide sequencing and PCR. Nucleotide sequencing
was performed in conjunction with a rapid miniprep method
(33). Oligonucleotide primers (see Fig. 1) were synthesized
at the Howard Hughes Research Institute (Seattle, Wash.).
PCR buffer consisted of 10 mM Tris HCl (pH 8.3), 50 mM
KCl, and 1.5 mM MgCl2. MgCl2 concentrations were varied
over the range of 0.5 to 5 mM, with 1.5 mM being optimal.
Taq polymerase (5 U/100 ,ul of reaction; Perkin-Elmer Cetus,
Norwalk, Conn.) or replitherm (Epicenter Technologies,
Madison, Wis.) was used as the thermostable enzyme. The
G. lamblia product patterns were more intense when
replitherm was used, but in general, the two enzymes were
used interchangeably. Thermal cycles for PCR consisted of 7
min at 94°C and then 30 to 40 cycles of sequential variation
between 94, 50, and 72°C for 1 min each; this was followed
by a 7-min extension cycle at 72°C.

RESULTS

Several genomic clones from T. vaginalis isolate S981
were sequenced, including clone pTl7rp (Fig. 1). The se-
quence of pTl7rp was nonhomologous with known se-
quences reported in GenBank and was considered a candi-
date target sequence for PCR detection of T. vaginalis.
Primers TR7 and TR8, which were complementary to clone
pTl7rp, were synthesized and tested in a PCR by using total
genomic T. vaginalis S1202 DNA as the template. Primers
TR7 and TR8 led to multiple product bands, which are
collectively referred to as T17 patterns (Fig. 2, lane 1). We
were surprised to find that other genomic DNAs, originally
intended as negative controls, segregated into two groups:
genomic DNAs from the prokaryotes Mycoplasma hominis
and U. urealyticum (Fig. 3a, lane 1) and also the DNAs of
higher eukaryotes, including human (Fig. 2, lane 10) and
Salmo salar (salmon) DNAs, all gave negative or extremely
weak T17 patterns (for M. hominis and S. salar, data not
shown). In contrast, all of the protozoa and other unicellular
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FIG. 2. Ethidium bromide-stained agarose gel electrophoresis of
amplified T17 PCR products. Lane M, molecular mass size standard
for the upper region of the gel (HindIII-cut lambda DNA mixed with
HaeIII-cut «X174); lanes m, low-molecular-mass size standards
consisting of 123-bp interval ladder fragments (Bethesda Research
Laboratories); lane 1, T17 products from T. vaginalis S1202; lane 2,
A. culbertsoni; lane 3, A. castellani; lane 4, A. hatchetti; lane 5, A.
rhisodes; lane 6, Trypanosoma cruzi; lane 7, Trypanosoma equipar-
itum; lane 8, Trypanosoma herpetomonas; lane 9, S. cerevisiae; lane
10, human DNA; lane 11, P. tetraurelia; lane 12, independent
repetition of T. cruzi.

eukaryotes tested gave intense and complex T17 patterns
(Fig. 2, lanes 4 to 9).

Selectivity of the T17 PCR. Several lines of evidence
indicate that the T17 PCR conditions were selective. First,
the primer annealing temperature of 50°C and the extension
temperature of 72°C (see Materials and Methods) are tem-
peratures that allow specific annealing of other primers with
similar A+T (adenosine plus thymidine) compositions (Fig.

a b
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FIG. 3. General PCR reactivity of T17 PCR-negative genomic
DNAs. (a) Lane 1, U. urealyticum DNA in T17 PCR performed as

described in the legend to Fig. 2 and the text; Jane 2, same as Jane 1,

except that primers UU1 (5'-AGAAGACGTTTAGCTAGAGG-3';
20mer) and UU2 (5'-ACGACGTCCATAAGCAACT-3'; 19mer)
were substituted for TR7 and TR8 (see text). The predicted product

length was 541 bp, from bases 216 through 757 of the U. urealyticum
urease gene sequence (5). (b) Identical to the T17 PCR of human

DNA (Fig. 2, Jane 10), except that primers GK-3 (5'-CTGTGTTA

GACTCCTGTTTT-3') and GK-4 (5'-TTGTCCCTAAAGGTGAAA

TA-3') targeting the human X-finked PGK gene (29) were used. The

predicted product length was 420 bp. Numbers next to the gels are

in base pairs.

FIG. 4. T17 PCR and restriction digest patterns of clinical T.
vaginalis isolates. (a) Lane m, molecular size markers, as described
in the legend to Fig. 2; lane 1, T17 PCR pattern of T. vaginalis
S1190; lane 2, T. vaginalis S981; lane 3, T. vaginalis C7; lane 4, T.
vaginalis S1202; lane 5, T. vaginalis S1220; lane 6, T. vaginalis B34.
The small arrowheads indicate low-intensity products that were
consistently present. (b) Lane M, kilobase-range molecular size
markers (Bethesda Research Laboratories); lane 1, EcoRI digest of
T. vaginalis S981; lane 2, T. vaginalis S1220; lane 3, T. vaginalis C7.

3). Higher annealing temperatures caused the T17 patterns to
fade. More important than the A+T composition was the
actual sequence of the 3'-terminal nucleotides of the prim-
ers, which might cause priming at multiple, short genomic
sequences. Such mispriming should be ubiquitous and, most
likely, should be enhanced in the case of complex genomes.
However, a number of total genomic DNAs (e.g., human
[Fig. 2, lane 10] and U. urealyticum [Fig. 3a, lane 1] DNAs
as well as S. salar and M. hominis DNAs) representing both
more and less complex genomes were negative or weak in
the T17 PCR. Also, while many T17 bands exhibited a higher
intensity than that of the original 146-bp target sequence
(Fig. 4), misprimed sites would be expected to be less
intense. Finally, the T17 patterns, including the low-inten-
sity bands, were highly reproducible.
To determine whether DNAs which were negative or

weak in the T17 PCR were free of Taq polymerase inhibitors,
we targeted the phosphoglycerate kinase (PGK1) gene (34) in
the same human DNA preparation that was found to be
weakly reactive in the T17 PCR. We also targeted the urease
gene (5) in the T17 PCR-negative U. urealyticum DNA. For
these PCRs, the same buffers, thermocycle times, and tem-
peratures as those in the T17 PCRs were used. As shown in
Fig. 3, T17 PCR-negative DNAs were reactive in other
PCRs, demonstrating both a lack of Taq polymerase inhibi-
tion and adequate DNA template quality. These findings
indicate high stringency of the T17 PCR and strongly suggest
selectivity of the reaction for multiple target sequences that
are present in lower eukaryotes but that are not present in
the prokaryotes or higher eukaryotes tested.

Species-specific T17 PCR patterns. The T17 PCR patterns
were similar in appearance to the hypervariable minisatellite
repeat patterns that have often been used to type or finger-
print organisms (9, 11, 17-19, 36, 38, 40, 43, 45-47). We
reasoned that if the T17 patterns obtained by PCR amplifi-
cation were useful for microorganism typing, in a manner
analogous to forensic DNA typing, then various isolates of a
given species should show similar T17 patterns. Figure 4
shows the results of experiments in which the primers TR7
and TR8 were used on a variety of T. vaginalis isolates. The
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FIG. 5. T17 PCR patterns of G. lamblia type 1 (a) and type 2 (b)
isolates. Lanes M, kilobase-range molecular size standards; lane 1,
G. lamblia H7; lane 2, G. lamblia Ki; lane 3, G. lamblia Pi; lane 4,
G. lamblia PB1; lane 5, G. lamblia KL; lane 6, G. lamblia WB1B;
lane 7, G. lamblia BEI; lane 8, G. lamblia BE4; lane 9, G. lamblia
BE5. The L and small arrowheads indicate ladder pattern T17 PCR
products consistent for each pattern type.

patterns of the six T. vaginalis isolates examined were
closely related to one another. Although individual isolates
exhibited variations, a consistent T. vaginalis T17 pattern
was observed. Specifically, PCR-amplified products at 740
and 440 bp and a faint band at 146 bp were present in all of
the T. vaginalis isolates (Fig. 4, arrowheads). Although
slight variations in intensity were noted among isolates, the
general pattern of consistently intense PCR products and, in
addition, several of the less intense bands clearly distin-
guished the T. vaginalis isolates from the other microorgan-
isms examined (see Fig. 2, 4, and 6). Although similar, the
T17 pattern of each T. vaginalis isolate also appeared to have
features unique to the isolate, since repeated determinations
for a given isolate yielded the same pattern (e.g., compare
S981, Fig. 4, lane 2, and Fig. 6, lane 2).
The T17 PCR products of G. lamblia exhibited two

distinct patterns (Fig. 5). The more common pattern (type 1)
consisted of an intense 850-bp PCR product, a medium-
intensity product at 500 bp, and a prominent band at 220 bp.
Type 1 G. lamblia isolates also exhibited a characteristic
evenly spaced ladder of about 11 product bands ranging from
500 to 850 bp (Fig. 5). The type 2 pattern observed for G.
lamblia isolates consisted of prominent bands at 850 and 650
bp, a consistent light band at 1,200 bp, a variable-intensity
band at 220 bp, and a distinctive ladder of medium-intensity
bands from 340 up to 450 bp. After detecting two G. lamblia
types by T17 PCR, we learned that restriction fragment
length polymorphism (RFLP) data also distinguished two
distinct types among G. lamblia isolates (31).
The three isolates of L. donovani examined had two T17

product bands in common at 450 and 650 bp (Fig. 6).
Preliminary data indicate that Leishmania brazeliensis and
Leishmania tarentolae have T17 patterns distinct from those
of L. donovani.

Genus-level comparisons of T17 PCR patterns. In contrast
to species-specific T17 patterns, genus-level comparisons
have thus far revealed no interrelationships among the T17
patterns. For example, the three species examined within
the genus Trypanosoma showed no similarity in their T17
patterns (Fig. 2, lanes 6 to 8). Four species ofAcanthamoeba
had few, if any, common products (Fig. 2, lanes 2 to 5). G.

FIG. 6. G. lamblia and T. vaginalis T17 PCR patterns compared
with the PCR patterns of two additional microorganisms. Lane 1, G.
lamblia WBiB; lane 2, T. vaginalis S981; lane 3, L. donovani K42;
lane 4, L. donovani LSB5201; lane 5, L. donovani DD8; lane 6, T.
thermophilus CU47. T. thermophilus was left out of the gels shown
in Fig. 2. Not surprisingly, T. thermophilus exhibits a pattern
distinct from those of all of the other microorganisms, including P.
tetraurelia, its nearest relative in this study.

muris exhibited a T17 pattern distinct from the two charac-
teristic G. lamblia pattern types described here.

DISCUSSION

The T17 PCR-amplified multiple, variable-length target
sequences present in the genomic DNAs of lower eukary-
otes. Consistent DNA fingerprint patterns were obtained for
six T. vaginalis isolates; for several isolates of G. lamblia, in
which two distinct pattern types were seen; and for three
isolates of L. donovani. The species that are potentially
identifiable by the T17 PCR range from the relatively simple
budding yeast S. cerevisiae through Acanthamoeba spp. and
the ciliated protozoa Paramecium tetraurelia and Tetrahy-
mena thermophilia and to the flagellated protozoan parasites
T. vaginalis, Trypanosoma spp., Leishmania spp., and G.
lamblia. Given the broad spectrum of microorganisms that
produce T17 patterns by use of a single primer set, this
approach holds potential as a generic or universal typing
procedure or as a convenient complement to other typing
procedures.
There exists a wide variety of variable and hypervariable

DNA repeats which have proven to be extremely useful for
the typing or DNA fingerprinting of organism and microor-
ganism species, strains, and even individual humans in
forensic investigations and population studies (9, 11, 17-19,
36, 38, 40, 43, 45-47). There is a spectrum of variability
among repeat DNAs ranging from hypervariable repeats,
which are specific for individuals (9, 11, 17, 18, 45, 46), to
species-specific repeats (13, 27, 28), and there are conserved
repeats (9). With the exception of mitochondrial and ribo-
somal gene typing, the actual function of the DNA repeats
that are used in typing has rarely been determined. There is
evidence that some variable repeats function as hot spots for
recombination (45).
One approach to DNA typing involves restriction enzyme

digestion of the DNA followed by agarose gel electrophore-
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sis and then ethidium bromide staining to reveal character-
istic banding patterns (Fig. 4a) (8, 31, 43). An alternative
approach is to use electrophoresis followed by Southern
blotting and radioactive probe hybridization to detect vari-
able-length restriction fragments (16, 18, 31, 32, 42). Both of
these methods have been referred to as "RFLP analysis."
For example, Hughes et al. (16) accomplished parasite strain
typing using an oligonucleotide probe mixture based on
repeat DNA sequences in Plasmodium falciparum (16).
Giardia duodenalis was typed by using an M13-based probe
(42). Probes derived from rRNA genes have been used to
type trypanosomal stocks and trace the origin of different
strains (13). A large variety of probes have been used for
repeat DNA pattern fingerprinting in humans (9, 11, 17, 18,
45, 46).
A so-called second generation of DNA typing uses PCR.

PCR techniques have been successfully used to type Theil-
eria parva, herpes simplex virus, and human papillomavirus
(4, 19, 40). Hypervariable DNA repeat patterns which are
distinct from the DNA repeat patterns reported here have
been targeted by PCR (6, 30). Previous investigators have
also described cross-species PCR methods. For example,
universal PCR primers are available for amplification of both
prokaryotic and eukaryotic ribosomal genes (27, 28).
We would categorize the T17 repeats as conserved, vari-

able repeats, since the repeats were recognized in diverse
microorganisms, and yet, repeat pattern alterations were
extensive within the genera examined. The term "variable
repeat" distinguishes these repeats from the "hypervariable
repeats" that often exhibit dramatic differences at the indi-
vidual organism level (9, 11, 17, 18, 45, 46).
The TR17 patterns obtained for six T. vaginalis clinical

isolates indicated some genetic variation, but the patterns
were consistent with the assignment of these isolates to a
single species. Previously, T. vaginalis isolates were char-
acterized as expressing both common antigens and isolate-
specific antigens (1-3, 22, 39, 41). It was unclear whether the
frequently observed isolate-specific antigens were due to
genetic variation among isolates or variation at the level of
expression. However, genetic variation among T. vaginalis
isolates was obvious in T17 PCR patterns (e.g., compare
isolate C7 with isolate S1220 in Fig. 4a), which were repro-
ducible for each isolate. Genetic variation was less obvious
in ethidium bromide-stained RFLP patterns (Fig. 4b). The
background smear seen in the restriction digests (Fig. 4b)
obscured minor differences in the RFLP patterns. This
background is caused by heterogeneous nonrepeated DNA
and is typical of the ethidium bromide-RFLP method (e.g.,
see references 8 and 31).

G. lamblia is a flagellated enteric protozoan that, like T.
vaginalis, is adapted to colonization of mucosal surfaces.
This parasite is an important cause of chronic debilitating
diarrhea and diarrhea in travelers (29). G. lamblia exhibited
two T17 PCR patterns. Pattern type 1 was found in isolates
from human hosts from Oregon and Afghanistan. To date,
the type 2 pattern has been seen only in isolates from
beavers (Fig. 5). Previous probe-RFLP studies (31) of G.
lamblia also concluded that there were two main G. lamblia
subtypes, with isolates Pi and BEl characterized as distinct
types, in accord with the results of the present study. G.
lamblia has a wide mammalian host range (31), so that the
pattern types from human and beaver sources observed
here, while reflecting parasite subtypes, are not necessarily
unique to those respective hosts.
Rapid detection and typing methods are also needed for

Leishmania (47) Acanthamoeba (32), and Trypanosoma spe-

cies (20). L. donovani causes visceral infections transmitted
by sand flies, and identification at the species level has
proved to be difficult (47). A. castellani and A. culbertsoni
are pathogens in granulomatous amoebic encephalitis, a
condition that is extremely difficult to diagnose prior to
autopsy (32). Identification at the species level has been
difficult because it has been based on "morphologic features
that are not clear" (44). Each of the four Acanthamoeba
species examined in this study had dramatically different T17
PCR patterns (Fig. 2). We also examined three species of
Trypanosoma. T. cruzi, the etiologic agent of Chagas' dis-
ease, reproducibly exhibited intense T17 PCR products at
1.2, 1.1, and 0.5 kb, a pattern distinct from those of other
Trypanosoma species (Fig. 2).
The T17 PCR also produced detailed product patterns for

microorganisms that are not considered to be pathogenic,
such as P. tetraurelia (Fig. 2), T. thermophilus (Fig. 6), and
S. cerevisiae. Thus far, the only unifying features apparent
in microorganisms detected by the T17 PCR is that they are
all unicellular and eukaryotic. The eubacterium E. coli did
yield a T17 PCR pattern, although it was weak. We have not
tested primitive multicellular organisms, which would be
interesting from an evolutionary standpoint.

In summary, the T17 PCR identified variable DNA repeats
in a spectrum of eukaryotic microorganisms, including a
wide variety of pathogenic protozoa. Using a single set of
primers, we distinguished characteristic banding patterns of
particular species and, in some cases, of subgroups of
organisms within species. This approach holds promise as a
tool for identification of organisms at the species level and
for the development of improved methods for clinical diag-
nosis.

ACKNOWLEDGMENTS
This study was partially supported by grant T01 DK38955 from

the National Institutes of Health.
The generous contributions of cells and DNA by Tom Fritche,

Harvey Eisen, Robert Hinrichsen, Ming Chou Yao, Marilyn Rob-
erts, George Kenney, Cindy Tripp, Kenneth Stuart, Stephan Zwe-
ifel, Walton Fangman, and Hans Ochs are acknowledged. Thanks to
Sharadee Hess and Hui Han for technical assistance.

REFERENCES
1. Ackers, J. P. 1989. Immunologic aspects of human trichomoni-

asis, p. 36-52. In B. M. Honigberg (ed.), Trichomonads, para-
sitic in humans. Springer-Verlag, New York.

2. Alderete, J. F., L. Kasmala, E. Metcalfe, and G. E. Garza. 1986.
Phenotypic variation and diversity among Trichomonas vagina-
lis isolates and correlation of phenotype with trichomonal
virulence determinants. Infect. Immun. 53:285-293.

3. Alderete, J. F., L. Suprun-Brown, and L. Kasmala. 1986.
Monoclonal antibodies to a major surface glycoprotein immu-
nogen differentiates isolates and subpopulations of Trichomonas
vaginalis. Infect. Immun. 52:70-75.

4. Allsopp, B., M. Carrington, H. Baylis, and S. Sohal. 1989.
Improved characterization of Theileria parva isolates using the
polymerase chain reaction and oligonucleotide probes. Mol.
Biochem. Parasitol. 35:137-147.

5. Blanchard, A. 1990. Ureaplasma urealyticum urease genes; use
of a UGA tryptophan codon. Mol. Microbiol. 4:669-676.

6. Boerwinkle, E., W. Xiong, E. Fourest, and L. Chan. 1989. Rapid
typing of tandemly repeated hypervariable loci by the polymer-
ase chain reaction: application to the apolipoprotein B 3'
hypervariable region. Proc. Natl. Acad. Sci. USA 86:212-216.

7. de Bievre, C., C. Dauguet, V. H. Nguyen, and O. Ibrahim-
Granet. 1987. Polymorphism in mitochondrial DNA of several
Trichophyton rubrum isolates from clinical specimens. Ann.
Inst. Pasteur Microbiol. 138:719-727.

8. Denning, D. W., K. V. Clemons, L. H. Hanson, and D. A.

J. CLIN. MICROBIOL.



PCR DETECTION OF UNICELLULAR EUKARYOTES 2751

Stevens. 1990. Restriction endonuclease analysis of total cellular
DNA of Aspergillus fumigatus isolates of geographically and
epidemiologically diverse origin. J. Infect. Dis. 162:1151-1158.

9. Flint, J., A. J. Boyce, J. J. Martinson, and J. B. Clegg. 1989.
Population bottlenecks in Polynesia revealed by minisatellites.
Hum. Genet. 83:257-263.

10. Fouts, A. C., and S. J. Kraus. 1980. Trichomonas vaginalis:
reevaluation of its clinical presentation and laboratory diagno-
sis. J. Infect. Dis. 141:137-143.

11. Gill, P., A. J. Jeffreys, and D. J. Werrett. 1985. Forensic
application of DNA "fingerprints." Nature (London) 318:577-
579.

12. Hanahan, D. 1983. Transformation of E. coli by antibiotic
resistance plasmids. J. Mol. Biol. 166:557-572.

13. Hide, G., P. Cattand, D. LeRay, J. D. Barry, and A. Tait. 1990.
The identification of Trypanosoma brucei subspecies using
repetitive DNA sequences. Mol. Biochem. Parasitol. 39:213-
225.

14. Hill, D. R. 1990. Giardia lamblia, p. 2110-2115. In G. L.
Mandell, R. G. Douglas, and J. E. Bennett (ed.), Principles and
practice of infectious diseases. Churchill Livingstone Inc., New
York.

15. Honigberg, B. M. 1978. Trichomonads of importance in human
medicine, p. 275-454. In J. P. Kreier (ed.), Parasitic protozoa,
vol. 2. Academic Press, Inc., New York.

16. Hughes, M. A., M. Hommel, and J. M. Crampton. 1990. The use
of biotin-labelled, synthetic DNA oligomers for the detection
and identification of Plasmodium falciparum. Parasitology 100:
383-387.

17. Jeffreys, A. J., R. Neumann, and V. Wilson. 1990. Repeat unit
sequence variation in minisatellites: a novel source of DNA
polymorphism for studying variation and mutation by single
molecule analysis. Cell 60:473-485.

18. Jeffreys, A. J., V. Wilson, and S. L. Thein. 1985. Hypervariable
"minisatellite" regions in human DNA. Nature (London) 314:
67-73.

19. Kimura, H., M. Shibata, K. Kuzushima, and K. Nishikawa.
1990. Detection and direct typing of herpes simplex virus by
polymerase chain reaction. Med. Microbiol. Immunol. 179:177-
184.

20. Kirchhoff, L. V. 1990. Trypanosoma species (American trypa-
nosomiasis, Chagas disease): biology of trypanosomes, p. 2077-
2089. In G. L. Mandell, R. G. Douglas, and J. E. Bennett (ed.),
Principles and practice of infectious diseases. Churchill Living-
stone Inc., New York.

21. Kiviat, N. B., J. A. Paryonen, and J. Brockway. 1985. Cytologic
manifestations of cervical and vaginal infections. I. Epithelial
and inflammatory cellular changes. JAMA 253:989-996.

22. Krieger, J., K. Holmes, M. Spence, M. Rein, W. McCormack,
and M. Tam. 1985. Geographic variation among isolates of
Trichomonas vaginalis: demonstration of antigenic heterogene-
ity by using monoclonal antibodies and the indirect immunoflu-
orescence technique. J. Infect. Dis. 152:979-984.

23. Krieger, J., P. Wolner-Hanssen, C. Stevens, and K. Holmes.
1990. Characteristics of Trichomonas vaginalis isolates from
women with and without Colpitis macularis. J. Infect. Dis.
161:307-311.

24. Krieger, J. N. 1981. Urologic aspects of trichomoniasis. Invest.
Urol. 18:411-417.

25. Krieger, J. N., K. K. Holmes, M. R. Spence, M. F. Rein, W. M.
McCormack, and M. R. Tam. 1985. Geographic variation among
isolates of T. vaginalis: demonstration of antigenic heterogene-
ity by using monoclonal antibodies and the indirect immunoflu-
orescence technique. J. Infect. Dis. 152:979-984.

26. Krieger, J. N., M. R. Tam, C. E. Stevens, I. O. Nielsen, J. Hale,
N. B. Kiviat, K. K. Holmes. 1988. Diagnosis of trichomoniasis:
comparison of conventional wet-mount examination with cyto-
logic studies cultures and monoclonal antibody staining of direct
specimens. JAMA 259:1223-1227.

27. Lane, D. J., B. Pace, G. J. Olsen, D. A. Stahl, M. L. Sogin, and
N. R. Pace. 1985. Rapid determination of 16S ribosomal RNA
sequences for phylogenetic analyses. Proc. Natl. Acad. Sci.

USA 82:6955-6959.
28. Medlin, L., H. J. Elwood, S. Stickel, and M. L. Sogin. 1988. The

characterization of enzymatically amplified eukaryotic 16s-like
rRNA-coding regions. Gene 71:491-499.

29. Meyer, E. A., and S. Radulescu. 1984. In vitro cultivation of
Giardia trophozoite, p. 99-109. In S. L. Erlandsen and G. A.
Meyer (ed.), Giardia and giardiasis. Biology, pathogenesis, and
epidemiology. Plenum Press, New York.

30. Mirelman, D., S. Rozenblatt, and L. Garfinkel. 1990. Repetitive
DNA elements characteristic of pathogenic Entamoeba histolyt-
ica strains can also be detected after polymerase chain reaction
in a cloned nonpathogenic strain. Infect. Immun. 58:1660-1663.

31. Nash, T. E., T. McCutchan, D. Keister, J. B. Dame, J. D.
Conrad, and F. D. Gillin. 1985. Restriction-endonuclease anal-
ysis of DNA from 15 Giardia isolates obtained from humans and
animals. J. Infect. Dis. 152:64-73.

32. Petri, W. A., and J. I. Ravdin. 1990. Free-living amebae, p.
2049-2055. In (G. L. Mandell, R. G. Douglas, and J. E. Bennett
(ed.), Principles and practice of infectious diseases. Churchill
Livingstone Inc., New York.

33. Riley, D. E. 1988. Very rapid nucleotide sequence analysis of
improved, double-stranded minipreps. Gene 75:193-196.

34. Riley, D. E., M. A. Goldman, and S. M. Gartder. 1991. Nucle-
otide sequence of the 3' nuclease-sensitive region of the human
phosphoglycerate kinase 1 (PGK1) gene. Genomics 11:212-214.

35. Riley, D. E., and J. N. Krieger. Rapid and practical DNA
isolation from Trichomonas vaginalis and other nuclease rich
protozoans. Mol. Biochem. Parasitol., in press.

36. Ross, B. C., K. Raios, K. Jackson, A. Sievers, and B. Dwyer.
1991. Differentiation of Mycobacterium tuberculosis strains by
use of nonradioactive Southern blot hybridization method. J.
Infect. Dis. 163:904-907.

37. Spence, M. R., D. H. Hollander, J. Smith, et al. 1980. The
clinical and laboratory diagnosis of Trichomonas vaginalis in-
fection. Sex. Transm. Dis. 7:168-171.

38. Stevens, D. A., F. C. Odds, and S. Scherer. 1990. Application of
DNA typing methods to Candida albicans epidemiology and
correlations with phenotype. Rev. Infect. Dis. 12:258-266.

39. Su-Lin, K. E., and B. M. Honigberg. 1983. Antigenic analysis of
Trichomonas vaginalis strains by quantitative fluorescent anti-
body methods. Z. Parasitenkd. 69:162-181.

40. Ting, Y., and M. M. Manos. 1989. Detection and typing of
genital human papillomaviruses, p. 356-367. In M. A. Innis,
D. H. Gelfand, J. J. Sninsky, and T. J. White ed.), PCR
protocols: a guide to methods and applications. Academic
Press, San Diego.

41. Torian, B. E., R. J. Connelly, R. S. Stephens, and H. H. Stibbs.
1984. Specific and common antigens of Trichomonas vaginalis
detected by monoclonal antibodies. Infect. Immun. 43:270-275.

42. Upcroft, P., R. Mitchell, and P. F. Boreham. 1990. DNA
fingerprinting of the intestinal parasite Giardia duodenalis with
the M13 phage genome. Int. J. Parasitol. 20:319-323.

43. Vincent, R. D., R. Goewert, W. E. Goldman, G. S. Kobayashi,
A. M. Lambowitz, and G. Medoff. 1985. Classification of Histo-
plasma capsulatum isolates by restriction fragment polymor-
phisms. J. Bacteriol. 165:813-818.

44. Visvesvara, G. S. 1991. Classification of Acanthamoeba. Rev.
Infect. Dis. 13(Suppl. 5):S369-S372.

45. Wahls, W. P., L. J. Wallace, and P. D. Moore. 1990. Hypervari-
able minisatellite DNA is a hotspot for homologous recombina-
tion in human cells. Cell 60:95-103.

46. Wong, Z., V. Wilson, A. J. Jeffreys, and S. L. Thein. 1986.
Cloning a selected fragment from a human DNA "fingerprint":
isolation of an extremely polymorphic minisatellite. Nucleic
Acids Res. 14:4605-4616.

47. Wostemeyer, J. 1985. Strain-dependent variation in ribosomal
DNA arrangement in Absidia glauca. Eur. J. Biochem. 146:443-
448.

48. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

VOL. 29, 1991


