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The orotidine monophosphate pyrophosphorylase (OMPPase) gene locus of the DNA of 13 Cryptococcus
neoformans var. neoformans strains, including 10 recent clinical isolates, was studied by using restriction
fragment length polymorphisms and nucleotide sequence analysis. The OMPPase locus (URA45) is highly
polymorphic, and at least six alleles were identified. The nucleotide sequences of some alleles differed by up to
5%. The majority of the nucleotide polymorphisms in the protein-coding region occurred at the third codon
position and were silent. The low frequency of replacement nucleotide substitutions relative to silent nucleotide
substitutions implied that there is strong selection against amino acid changes in OMPPase. The allelic
variation suggested that there is extensive genomic diversity among C. neoformans clinical isolates from one
geographic area. The various alleles are potentially useful markers in the study of the population structure,
epidemiology, and pathogenesis of C. neoformans strains.

Approximately 5 to 10% of patients with AIDS suffer
life-threatening infections with Cryptococcus neofonnans, a
basidiomycetous yeast which has been divided into two
varieties known as C. neoformans var. neoformans and C.
neoformans var. gattii (1, 5, 13-15, 26). In the United States,
cryptococcal infections are caused primarily by C. neofor-
mans var. neofornans strains (6, 19), but C. neoformans
var. gattii strains are more common in other countries (8, 9).

Despite the medical importance of C. neoformans, rela-
tively little is known about the genetic variation of clinical
isolates. Restriction fragment length polymorphism (RFLP)
analysis of mitochondrial DNA from 20 strains of C. neofor-
mans showed that there is extensive heterogeneity among
isolates (22). However, RFLP analysis of polymerase chain
reaction (PCR)-amplified segments of the rRNA gene locus
from 19 strains revealed no differences (23).
The aim of this work was to study the genetic variation

among clinical strains and to develop molecular tools for
classifying C. neoformans strains. C. neoformans is a fungus
that reproduces sexually, and genetic exchange can occur in
its natural habitat. This information is critical for under-
standing the population structure of clinical isolates. In
addition, genetic markers are necessary for addressing such
clinically important issues as whether relapse of cryptococ-
cal meningitis is the result of new infection versus recrudes-
cence of the original infection or whether patients are
infected with more than one strain. The orotidine monophos-
phate pyrophosphorylase (OMPPase) (URA5) gene was cho-
sen for study because it is present in a single copy and its
sequence was available (7). Results of our study indicated
that there is a surprising degree of allelic variation among 10
clinical strains from New York City.

MATERIALS AND METHODS

C. neoformans strains. The strains from the American
Type Culture Collection (ATCC; Rockville, Md.) used in
this study were ATCC 24064 (serotype A) and ATCC 24067

* Corresponding author.

and ATCC 52817 (serotype D). Strain GH was isolated from
a patient with AIDS at the Bronx Municipal Hospital Center
(Bronx, N.Y.) in 1989 (4). Strain R was isolated at the Rikers
Island Prison in New York City and was the kind gift of Eran
Bellin. Strain W was isolated from a patient with AIDS at the
Weiler Hospital of the Albert Einstein College of Medicine.
Strains Jl, J2, J3, J4, J5, J6, and J7 were sequential isolates
of C. neofonnans from the Bronx Municipal Hospital Center
obtained in February, March, and April of 1991. Each isolate
came from a different patient. With the exception of the GH
strain, which was streaked once to obtain a single colony, all
clinical strains were streaked twice to obtain single colonies.
Clinical isolates were identified as C. neoformans by the
hospital microbiology laboratories by using standard crite-
ria. Strains were maintained in Sabouraud agar at 4°C. All
clinical isolates belonged to the C. neoformans var. neofor-
mans group on the basis of their susceptibilities to L-canava-
nine (17).
DNA isolation. C. neoformans genomic DNA was made by

using a modification of existing protocols (18, 22). Briefly,
stationary-phase C. neoformans was washed two times in
CPE (40 mM citric acid, 120 mM sodium phosphate, 50 mM
EDTA [pH 6.0]) buffer and was then resuspended in 1.2 M
sorbitol in CPE buffer. NovoZym 234 (Novo Biolabs,
Bagsvaerd, Denmark) was added to a concentration of 10
mg/ml, and the suspension was incubated at 30°C for 1 h.
The protoplasts were harvested, washed once with 1.2 M
sorbitol in CPE buffer, resuspended in 0.1 M sodium cit-
rate-10 mM EDTA (pH 5.8), and then lysed by adding
sodium dodecyl sulfate to a concentration of 2% (wt/vol).
After 1 h at 37°C, the lysate was heated to 65°C for 10 min.
After pelleting the cell debris, the lysate was extracted three
times with a chloroform-isoamyl alcohol (24:1) solution.
DNA was precipitated by the addition of 0.1 volume of 3 M
sodium acetate and 2.5 volumes of ethyl alcohol. The DNA
was then resuspended in 0.01 M Tris-hydrochloride-0.001 M
EDTA (pH 8.1), and the DNA was further purified by using
a size exclusion column packed with Ultrogel AcA 22
(Pharmacia LKB, Piscataway, N.J.).
PCR. The OMPPase gene was amplified by using a thermal

cycler (Perkin-Elmer Cetus, Norwalk, Conn.) by using as
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B-3501 ATG TCC TCC CAA GOC CTC GAC T GCC AAA GT GCC rCC ATC GAL CTGCC ArC GAA CAT GGC GTG CMT CTT 72
24067 -a - ---- --- --- --- --- --- --- --- ---

24064 -t --a- --a --- --- --c --- --- --- ---
J2 --t --a- --a --- --- --c --- --- --- ---
J3 --t --a- --a --- --- --c

Hae II
B-3501 TTC GOC AAC m ACC TTG AAG TCC oGC cggtgagccatattgcagcgcttcacagtccaatcgaatctgacatgtgttcagc CAA 157
24067 t24064 --- --- --- --- --- --- --- --- --- -------------c- ---aa----t----.--------------------c---t ---J2 --- --- --- --- --- --- --- --- --- -------------c- ---aa----t------------------------c---t ---
J3 --- --- --- --- --- --- --- --- -----------------c- ---aa----t------------------------c---t---

Dde I
B-3501 TCC CCr TAC TTC TC AAT GCC GGT CMC CTT TAC TCr TCA TCG CMT CMC TCA ACT ACC GCT CAG GCT TAC GCC 229
24067
24064 --- --- --- --- --- --- --- --- --- --- --t - --a --- --- --- --- --cg--c --- --- --- ---
J2 --t --a - -g --c --- --- --- ---
J3 -----------------------t --- --- --a------ ----g --c --- --- --- ---

B-3501 AAG GTA CIT TCC TCT TCr AGG ATT CCT GAC TTT GAC GTC CTC TTC GGC CCA OCT TAC AAG GGT ATC TCC TO 301
24067 --- T-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---
24064- c t t
J2 c- t t-
J3 --- ------ -- --- --- --c-- c --- --- --- --- --_ --t --_ t -_ _ ___

B-3501 GCT GCT GTC TCC GCT GTA AGC CTT TAT CAG CAA ACC GOC AAA GAT ATC GGC TAC TOC TAC AAC AGO AAG GAG 373
24067
24064 -c g--t-
J2 c --g- - t-
J3 c- --g-t-

B-3501 AAr; AAG GAC gtgagtctgtcctaaccagtgcgacagcgatgagcetcataagccagtag CAC GGT GAG GGC GOT ACT ATI GrC 455
24067
24064 --- --
J2
J3 ___ _.

---~~~~~~~~---- ------

-- --- --a----------g-----------------t------- ------c-- --t --- --- --- --- --- --- ---

*-- --- --a----------g-----------------t------- ------c-- --t --- --- --- --- --- --- ---

*-- --- --a----------g-----------------t------- ------c-- --t --- --- --- --- --- --- --t

B-3501 GOT GOM CaT CTC AAG GGA CGA ATC GCC AWT AMC GAC GAT GMT CTC ACC TCT GC AAG GCC ATC CUT GA GOCT 527
24067
24064 ----a --- --- --- --- --- --- --- --- --- --t --- -- -- --- --- --- --- --- --t --- --- ---
J2 ----a --- --- --- --- --- --- --- --- --- --t --- --- --- --- --- --- --- --- --t --- --- ---

J3 ----a --- --- --- --- --- --- --- --- --- --t --- --- --- --- --- --- --- --- --t --- --- ---

HindI II
B-3501 ATT GQC ATT CTIC AAG GOC TCC CCr GAkA GOG AAG MrT GTC GGA ATT GTC CAG CTT GTC GAC AGA CAA GAG AAA 599

24064--7t

24064 - t -- -c - t --

J2 -t c t
J3 --- --- --- --- --- --- --t --- --- --- --- --c -t ------------- --- --- --- --- ---

B-3501 GGC CAG AGC GOT AO OCtAAGAGT ACCGM A CAIG GAG OTT GAG GAA GAG TCG GT GM CCT GTC GAG CTrATO 671

24067

24064-- -- c c
J2-t .---t -c
J3 --- --- -- c c

Fb}c I Dde I
B-3501 AGO CGGT TTG OAC GC ATTGTC AAG TAC TTA GAA AGC T GGCAAO IM GAO AtG GAG CT CAA GAO GTC ATG 743
24067 -X - --X_ X_
24064 --- --- --- --t --t -c -- --- --- --g ___ __-_ t --- --- --- _-- _-__ ___ __ ______
J2 - -t -t -g - t --
J3 - -t - t c - t -

B-3501 AAC TAC AX3G GMG GAG TAC GOTGIT:r CA1; AGG TCr TAA 767
24067
24064.----

J2

FIG. 1. Nucleotide sequence of the OMPPase gene from strains B-3501 (7), ATCC 24067, ATCC 24064, J2, and 3. A hyphen indicates that
the base is identical to that in B-3501. A space implies that the base was not present in that allele. An X indicates an uncertain base. Only one
replacement base change was found (position 233 in the sequence of strain ATCC 24067) and is indicated by a capital letter. Silent base changes
are shown as lowercase letters. The sequences corresponding to the oligonucleotides primers used in this study are underlined. Sequences near
the two amplification primers were not readable when these primers were used for sequencing. The restriction sites for restriction enzymes Ddel,
HaeII, and Hindlll in strains B-3501 and ATCC 24067 are shown. These sites were not present in the ATCC 24064, J2, and J3 gene sequences
because of base changes. The Fokl site was present in the ATCC 24067, J2, and J3 gene sequences but not in that of B-3501 or ATCC 24067.

primers the oligonucleotides TTAAGACCTCTGAACACC bands were confirmed by blotting the gels (see below) and
and ATGTCCTCCCAAGCCCTC, which were designed probing these blots with a [_Y_3'P]dATP-labeled oligonucleo-
from the published sequence (7). Oligonucleotides were tide (TCGTCCCTTGAGTGGCGC) complemefitary to an
made in the DNA synthesis facility of the Albert Einstein internal OMPPase sequence. Low stringency (35°C) condi-
Cancer Center. Standard conditions for PCR were 92°C for 1 tions were used to detect PCR products containing sequence
min, 42°C for 1 min, and 72°C for 1.5 min; this was polymorphisms.
performed for 35 cycles. PCR products were analyzed by Southern blots. Restriction enzyme fragments were sepa-
agarose gel clectrophoresis. The identities of the amplified rated in 0.8 to 1.0% agarose gels and transferred to modified
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nylon membranes by using 1Ox SSC (lx SSC is a 0.15 M
NaCI plus 0.015 M sodium citrate solution). Blots were
hybridized in a solution of denatured salmon sperm DNA
(0.5 to 1.0 mg/ml) in 5x SSC-7% sodium dodecyl sulfate-
1Ox Denhardt's reagent-10% dextran sulfate in 20 mM
phosphate buffer (pH 7.2). Blots were probed with
[_y-32P]dATP-labeled oligonucleotides. The genomic DNA
blot was probed with the gene from the strain ATCC 24064
PCR fragment in the pCR 1000 vector (see below) labeled
with [32P]dCTP by using random primers. Restriction en-
zymes, the nylon membranes, and the random primer kit
were obtained from Boehringer Mannheim (Indianapolis,
Ind.).
DNA sequencing. PCR-amplified OMPPase DNAs from

strains ATCC 24064 and ATCC 24067 and clinical isolates J2
and J3 were sequenced after the PCR product was cloned
into the pCR 1000 vector by using the TA cloning system
(Invitrogen, San Diego, Calif.). DNA was sequenced by the
dideoxynucleotide-chain termination method by using the
Sequenase version 2.0 kit (United States Biochemical,
Cleveland, Ohio).

DdeI

7/

B
9

S.

C

45C0C

DdeI
5 ----

RESULTS

The OMPPase genes of 10 clinical isolates (Jl to J7, GH,
W, R) and three ATCC strains (ATCC 24064, ATCC 24067,
and ATCC 52817) were studied. All strains were C. neofor-
mans var. neoformans. The OMPPase gene is required to
synthesize uracil, and cryptococci defective in this gene fail
to grow on minimal salts (SD) medium lacking uracil (7). All
10 clinical isolates grew on SD medium lacking uracil, and
therefore, all clinical isolates made a functional enzyme. For
all the strains, PCR amplification of the OMPPase gene
yielded a single band with the expected size of about 0.8 kb.

Figure 1 shows sequence data for the OMPPase genes
from strains ATCC 24064, ATCC 24067, J2, J3, and B-3501
(7). The data revealed the existence of at least three alleles
for this gene corresponding to those in B-3501 (7), ATCC
24064 (J2 and J3), and ATCC 24067. The gene from strain
ATCC 24067 differed by four bases from that from strain
B-3501 (7), of which only one resulted in a replacement
substitution at amino acid 60 (valine to leucine). However,
the genes from strains ATCC 24064, J2, and J3 had many
base differences from that of B-3501 (and ATCC 24067),
amounting to 5% of the determined sequence. The strain J2
sequence was identical to that of strain ATCC 24064 but
differed by one silent base change from that of strain J3. All
the base differences between strains B-3501 and ATCC
24064 in the protein-coding region occurred in the third
position of the codon, and all were silent substitutions.
Therefore, the primary OMPPase structures deduced from
the B-3501, ATCC 24064, J2, and J3 DNA sequences are
identical, indicating conservation of the enzyme structure,
despite DNA sequence divergence.

Analysis of these five OMPPase gene sequences indicated
restriction enzyme site differences. Specifically, there were
two DdeI, one HaeII, and one HindIlI site present in the
B-3501 and ATCC 24067 genes; those sites were absent from
the ATCC 24064, J2, and J3 genes (Fig. 1); in addition, the
ATCC 24064, J2, and J3 genes had a FokI site which was not
present in the B-3501 and ATCC 24067 genes (Fig. 1). The
presence of these predicted restriction sites was confirmed
by digestions of PCR products. The OMPPase PCR products
from the 10 clinical isolates (Jl to J7, GH, R, W) were

subjected to RFLP analysis with the enzymes DdeI, HaeII,
HindIll, and FokI. Restriction digests of the PCR products

J

0.1 kb
FIG. 2. DdeI analysis of OMPPases from strains ATCC 24064 (A),

ATCC 24067 (DI), ATCC 52817 (D2), and 10 clinical isolates. The
restriction map of B-3501 (7) and ATCC 24067, as predicted by their
sequences. (A) A 1.2% agarose gel containing the DdeI digest of PCR
products from the various strains after staining with ethidium bro-
mide. Only the OMPPases from strains ATCC 24067 (D1), ATCC
52817 (D2), J6, GH, and R were cut by DdeI. The fragments from
strains ATCC 24067 (D,), ATCC 52817 (D2), and J6 are consistent
with the presence of both restriction sites. The OMPPases from
strains GH and R lack the 3' site. As predicted by their DNA
sequences (Fig. 1), the OMPPases from strains ATCC 24064 (A), J2,
and J3 were not cut by DdeI. The OMPPases from strains Jl, J4, J5,
J7 and W also lack DdeI sites. Panels B (35°C) and C (45°C) show
blots of the gels probed at different temperatures with the oligonucle-
otide TCGTCCCTTGAGTGGCGC, which is complementary to an
internal sequence of the strain ATCC 24067 gene but which has a 1-bp
difference (G to A at position 460) from that of the ATCC 24064, J2,
and J3 genes (see Fig. 1). This base difference allows binding to
strains ATCC 24064, J2, and J3 at low stringency (35°C) but not at
higher stringency (45°C). At 45°C, only ATCC 24067 (D1), ATCC
52817 (D2), and J6 bound the oligonucleotide, indicating sequence
polymorphisms in this segment in strains Jl to J5, J7, GH, R, and W.

were probed with three internal oligonucleotides (Fig. 1) to
ascertain the correct assignment of restriction sites. Figure 2
shows the data for the DdeI analysis (data for HaeI, HindIll,
and FokI analyses are not shown). As predicted from the
DNA sequences, DdeI did not cut the PCR product from
ATCC 24064, since that strain lacks DdeI sites; in contrast,
the PCR products of both strains ATCC 24067 and ATCC
52817 were cut into fragments consistent with the presence

of two DdeI sites. Of the 10 clinical strains, strains Jl to J5,
J7, and W were not cut by DdeI; strain J6 contained two
DdeI sites; and strains GH and R each had one DdeI site. To
confirm the sequence polymorphisms for codon 119 (G to A
change at nucleotide 460) in the B-3501 and ATCC 24064
sequences (Fig. 1) and to investigate the presence of poly-
morphisms in the other genes, a blot containing the DdeI
restriction fragments of the 10 isolates was probed with an

oligonucleotide complementary to that region in strain
ATCC 24067 (Fig. 2). At 45°C, the oligonucleotide did not

- c%J M:

kb
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350C

DdeI
3'
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Strain
24064 (A)
J1-J5 }

GH

R

24067 (D)
3501 (D)

J6
52817 (D)

FokI
,w ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I

DdeI FokI
l

I I

DdeI HindiI FokI
I I I

Haell DdeI HindIll DdeI
II _ I I I

Haell DdeI FokI HindIII DdeI
,I I I I I

0

0.1 Kb
FIG. 3. Restriction map of enzymes DdeI, HaeII, HindIII, and FokI for the various strains. The map was constructed by using agarose gel,

DNA sequence, and oligonucleotide hybridization data. The heavy lines indicate the protein-coding regions, and the thin lines correspond to the
introns. Part of the data for the DdeI analysis are shown in Fig. 2. The data for HaeII, HindIll, and FokI are not shown. The ATCC 52817 allele
may have a second FokI site near the 3' end of the gene. The map for strain B-3501 was deduced from its published sequence (7).

hybridize to the PCR products of strains ATCC 24064, Jl to
J5, J7, GH, W, or R, confirming sequence polymorphisms
for these strains relative to those for ATCC 24067, ATCC
52817, and J6 in this region.

Figure 3 shows the restriction map for the enzymes DdeI,
HaeII, HindIII, and FokI of the OMPPase genes analyzed in
this study. Five different restriction patterns are evident,
indicating that there are at least five distinct alleles. Strains
assigned to a given group on the basis of RFLPs do not
necessarily share the same allele. For example, the nucleo-
tide sequences of the B-3501 (7) and ATCC 24067 genes
differed by four bases, yet their restriction enzyme sites for
these four enzymes were identical. The nucleotide sequence
differences for strain B-3501 relative to the sequence of
strain ATCC 24067 indicated a sixth allele for the OMPPase
locus (Fig. 1). The significance of the single-base difference
between strains J2 and J3 is uncertain. It could represent
another allele of this gene, but the possibility of a Taq
polymerase error cannot be excluded (see below).

Southern blot analysis of HindIll genomic DNA digests
revealed additional sequence polymorphisms in the OMP-
Pase gene-flanking sequences. For all strains except strain
R, a single band was observed for the OMPPase gene. The
size of the band was as follows: for strains ATCC 24067,
ATCC 52817, and J6, 5.5 kb; for strains ATCC 24064, Jl, J2,
J4, J5, and GH, 5.0 kb; for strains J3, J7, and W, 4.0 kb; and
for strain R, two bands of 2.7 and 2.0 kb. For strain R, the
second band could be a second allele (as would occur in rare
diploid strains [25]) or a HindIII polymorphism. Given that
some strains have an intragenic HindIII site, one might
expect the occurrence of two hybridizing bands; however,
the presence of a HindIII site immediately 3' of the gene (7)
results in a small restriction fragment which was not present
in our blots. For all strains except strain R, the occurrence of
a single band strongly suggests that there is one type of
OMPPase allele per strain. This is to be expected since the
predominant C. neoformans yeast form arises from haploid
basidiospores (14) and the overwhelming majority of clinical
isolates are yeast forms of the ot mating type (16).

DISCUSSION

The 10 C. neofornans clinical isolates were C. neofor-
mans var. neoformans. This is consistent with reports that
C. neofonnans var. neofonnans strains are responsible for
the majority of infections in the United States (6, 19). Allelic
variation at the OMPPase locus was detected by analysis of
the nucleotide sequence and RFLP analysis of the PCR-
amplified gene product and genomic DNA. Since the se-
quence data were obtained from PCR-amplified DNA, the
possibility of sequence variation being an artifact of a Taq
polymerase error must be a concern. However, four lines of
evidence lead us to conclude that most, if not all, base
differences are indeed genuine. First, in all cases where
nucleotide differences were predicted to result in RFLPs for
the enzymes used, the RFLPs were subsequently confirmed.
Second, the nucleotide sequence variation found between
the B-3501 (7), ATCC 24064, and ATCC 24067 genes was
much greater than that expected from a Taq polymerase
error, which is approximately 10-4 per nucleotide (10).
Third, all except one of the base changes in the exons
occurred at the third position in the codon and were silent
mutations, and hence, they were unlikely to be random.
Fourth, most of the base changes were shared by more than
one gene (since each allele was amplified and cloned inde-
pendently, the likelihood of a shared Taq polymerase error
was remote). Although we cannot rule out the possibility
that some base changes result from a Taq polymerase error,
the conclusion that the OMPPase locus is highly polymor-
phic can be made on the basis of RFLP analysis of PCR-
amplified genes alone.
We identified at least six alleles for the OMPPase-coding

region on the basis of nucleotide differences. Flanking
genomic DNA OMPPase RFLPs revealed additional differ-
ences between strains that were grouped together on the
basis of their intragenic restriction patterns (such as strains
Jl and J2). The OMPPase locus polymorphism contrasts
with the absence of RFLPs reported for the ribosomal DNA
genes (which were not sequenced) (23). This difference may
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be explained either by the fact that there is a high degree of
conservation in the ribosomal DNA loci or by the use of
restriction enzymes, which did not reveal differences in
those loci. Indeed, we were able to choose enzymes which
had a high likelihood of revealing allelic differences only by
comparison of the nucleotide sequences of several distinct
alleles (Fig. 1). The intragenic sequence diversity for some
alleles amounted to 5%. This degree of sequence variation
was similar to that observed for alleles in gram-negative
bacterial (2, 3) and Drosophila (12) populations. Despite
significant nucleotide diversity between alleles, only one
base difference which would result in an amino acid substi-
tution (valine to leucine) was identified. The low frequency
of replacement substitutions relative to the frequency of
silent substitutions implies that there is strong selection
against amino acid changes in the OMPPase protein.

C. neofonnans can reproduce sexually (11, 13, 24). The
issue of sexual versus clonal reproduction of pathogens is of
medical interest because sexual reproduction has the poten-
tial for generating rapid genetic variation as a result of
segregation and recombination. Virtually all environmental
and clinical C. neoformans isolates are capable of mating
(16). Recently, it has been suggested that C. neoformans
may have a clonal population structure (21) on the basis of
isoenzyme electrophoresis data (20). However, electropho-
retic motility has limited sensitivity for detecting protein
differences (3). Our data indicate that the OMPPase locus is
highly polymorphic at the DNA level. Since we analyzed
only one locus, we cannot make conclusions regarding the
population structure of C. neofornans strains. However, the
polymorphism of the OMPPase locus and the earlier mito-
chondrial DNA RFLP analysis provide evidence in favor of
great diversity among C. neoformans strains.
The extensive allelic variation of the OMPPase locus

provides another tool for studying the epidemiology of C.
neofonnans infections. One could use the variation of this
locus to investigate whether patients are infected with more
than one strain, to determine whether clinical relapses are a
result of relapse of infection with the original strain or a new
infection, and to investigate the relationship between envi-
ronmental and clinical isolates.
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