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A multilocus microsatellite typing (MLMT) approach based on the analysis of 15 independent loci has been
developed for the discrimination of strains belonging to different Viannia species. Thirteen microsatellite loci
were isolated de novo from microsatellite-enriched libraries for both Leishmania braziliensis and L. guyanensis.
Two previously identified markers, AC01 and AC16, were modified and added to our marker set. Markers were
designed to contain simple dinucleotide repeats flanked by the minimal possible number of nucleotides in order
to allow variations in repeat numbers to be scored as size variations of the PCR products. The 15 markers in
total were amplified for almost all of the strains of Viannia tested; one marker did not amplify from the two L.
peruviana strains included in the study. When 30 strains of L. braziliensis, 21 strains of L. guyanensis, and 2
strains of L. peruviana were tested for polymorphisms, all strains except two strains of L. guyanensis had
individual MLMT types. Distance-based analysis identified three main clusters. All strains except one strain
of L. guyanensis grouped together. Two clusters consisted of strains of L. braziliensis according to their
geographical origins. The two strains of L. peruviana grouped together with strains of L. braziliensis from Peru
and the adjacent Brazilian state of Acre. MLMT has proven capable of individualizing strains even from the
same areas of endemicity and of detecting genetic structures at different levels. MLMT is thus applicable for
epidemiological and population genetic studies of strains within the subgenus Viannia.

Cutaneous leishmaniasis (CL) is a serious but neglected
public health problem that is endemic in 22 countries of Latin
America, with Brazil and Colombia being among the six coun-
tries reporting 90% of the worldwide cases. Species of the
subgenus Viannia cause the majority of cases of CL and mu-
cocutaneous leishmaniasis (MCL) in South America and often
overlap in their distribution (22). The subgenus is subdivided
into species complexes representing Leishmania braziliensis, L.
guyanensis, and L. naiffi (8). The L. guyanensis complex in-
cludes some named species, such as L. panamensis and L.
shawi, which were found to be very similar to each other (7).
On the other hand, L. peruviana was always considered to be
closely related to L. braziliensis (14, 30). L. lainsoni was shown
to be very distinct from the other species (8). In addition,
numerous interspecies hybrids have been reported, such as L.
braziliensis/L. peruviana (26), L. braziliensis/L. guyanensis (10),
L. braziliensis/L. panamensis (4), and L. lainsoni/L. naiffi (35).

Many of the Leishmania (Viannia) species are capable of
producing a wide spectrum of diseases, with the severity vary-
ing from self-limiting CL to severe MCL (9, 15). MCL is

principally caused by L. braziliensis, but less than 5% of pa-
tients with a primary cutaneous lesion will develop metastatic
mucosal involvement during their life course (17, 23, 24).
Other species of the subgenus Leishmania (Viannia), such as
L. guyanensis, may be associated with MCL (34), but the exact
risk and frequency are unknown. Interestingly, L. peruviana,
the species that is the closest to L. braziliensis, has not yet been
reported to cause MCL.

The transmission of leishmaniasis in South America occurs
through sand flies of the genus Lutzomyia, with each Leishma-
nia species usually being transmitted by more than one sand fly
species, and the preferred mammalian hosts also vary accord-
ing to the Leishmania species (15). For some of the Leishmania
(Viannia) species, such as L. guyanensis and L. panamensis, the
patterns of transmission are well understood, but for other
species they are not. Knowledge of the patterns of transmission
are necessary, however, to develop disease control measures
and surveillance activities.

Markers that are able to discriminate Leishmania (Viannia)
organisms to the species and strain levels are needed to resolve
the diversity and structure of Leishmania (Viannia) popula-
tions. Multilocus microsatellite typing (MLMT) has proven
highly discriminatory in the typing of strains (5) and has been
successfully used in population genetic studies of different Old
World species of Leishmania (2, 19, 20, 32). This approach
could be performed directly with clinical materials without
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prior cultivation of the parasites. Its results are reproducible,
can be stored in databases, and can be exchanged between
different laboratories. The first three microsatellite markers for
the subgenus Leishmania (Viannia) were published in 1999
(30). Two of them, AC01 and AC52, were polymorphic in L.
braziliensis, L. peruviana, L. guyanensis, and L. panamensis;
however, marker AC16 was monomorphic for the seven strains
of L. guyanensis analyzed. Marker AC52 had a composite re-
peat and needed to be sequenced because electrophoretic al-
leles of the same size could consist of different repeat compo-
sitions. This marker was also not very reliable when it was used
to type strains of L. braziliensis and L. peruviana from Peru
(26). Recently, an additional eight microsatellites designed by
using genomic libraries of L. braziliensis genome project loci
were found to be polymorphic in L. braziliensis (28). However,
the variation of these markers in other Leishmania (Viannia)
species was not tested.

The study described here aimed to develop an MLMT ap-
proach that could be used for epidemiological and population
studies of different Leishmania (Viannia) species. For this pur-
pose, 13 microsatellite loci were identified by searching mic-
rosatellite-enriched libraries for L. braziliensis and L. guyanen-
sis. Two previously identified markers, AC01 and AC16, were
modified and added to our marker set. Variations in repeat
numbers should be scorable as size variations of the PCR
products. The 15 markers in total were amplified for all Leish-
mania (Viannia) species tested and tested for polymorphisms
in 31 strains of L. braziliensis, 20 strains of L. guyanensis, and 2
strains of L. peruviana.

MATERIALS AND METHODS

Parasite and DNA samples. The sources and geographical origins of the
Leishmania strains used in this study and the clinical manifestations that they
caused are listed in Table 1. These included 31 strains of L. braziliensis from
different endemic foci in Brazil, Paraguay, and Peru; 20 strains of L. guyanensis
from Brazil, Peru, French Guiana, and Suriname; 2 strains of L. peruviana; and
single strains each of L. shawi, L. naiffi, L. lainsoni, and L. panamensis. Most of
the strains were retrieved from the authors’ cryobanks. One strain of L.
braziliensis (strain MHOM/BR/75/M2903) and three strains of L. guyanensis
(strains MHOM/SR/87/TRUUS1, MHOM/SR/87/TRUUS3, and MHOM/SR/
87/TRUUS4) were obtained from the cryobank of the Royal Tropical Institute,
Amsterdam, The Netherlands; and an additional five strains of L. guyanensis
(strains MHOM/FG/1984/H166, MHOM/FG/1985/H197, MHOM/FG/82/H60,
MHOM/FG/87/H298, and MHOM/SR/1987/TRUUS2) were obtained from the
cryobank of the Institute of Tropical Medicine, Antwerp, Belgium.

The parasites were maintained in Novy-Nicolle-McNeal medium and cultured
in Schneider’s Drosophila medium supplemented with 20% fetal calf serum.
Promastigotes were harvested by centrifugation and washed twice in phosphate
saline buffer. DNA was extracted by the phenol-chloroform method described
previously (25), resuspended in Tris-EDTA buffer (pH 7.4), and stored at 4°C.

Microsatellite-enriched library. Isolation of the microsatellite loci was based
on a modification of the method of Bloor et al. (http://www.genomics.liv.ac.uk
/animal/Protocol1.html). First, 60 �g of genomic DNA from L. braziliensis ref-
erence strain MHOM/BR/84/LTB300 was digested with HaeIII, RsaI, and AluI
(Promega) and ligated to a duplex linker (oligonucleotide A [5�-CTCTTGCTT
ACGCGTGGACTA-3�] and oligonucleotide B [5�-PO4-TAGTCCACGCGTAA
GCAAGAGCACA-3�]). DNA fragments between 300 and 750 bp were excised
and extracted from a 1.7% NuSieve GTG agarose gel (FMC Bioproducts).
Enrichment for microsatellite-containing fragments was done by using a biotin-
labeled (GT)12 capture oligonucleotide bound to M280 streptavidin-coated mag-
netic beads (Dynal, Norway). After differential stringency washes, the DNA was
recovered, amplified by PCR, and ligated into plasmid vector pCR 2.1-TOPO
(Invitrogen). Plasmids containing a microsatellite insert were identified by the
presence of two or more amplified products after PCR with the linker and the
(GT)12 oligonucleotides and subsequently by hybridization with a (GT)12 probe
labeled with [32P]ATP by using T4 kinase (Promega). Plasmids positive by both

PCR and hybridization were cycle sequenced by electrophoresis on an ABI 377
or CEQ 2000XL Beckman Coulter apparatus. Second, a library enriched for L.
guyanensis MHOM/SR/87/TRUUS1 was prepared by a modification of the
method described above (27).

Design of microsatellite primers. PCR primers between 17 bp and 22 bp in
length were designed against sequences flanking the microsatellites detected by
the use of Primer3 software (29). Primers were deduced from sequences 1 to 40
nucleotides upstream and downstream of the microsatellite repeats. New primers
were designed for microsatellites AC01 and AC16 published by Russell et al. (30)
in order to avoid long flanking regions. These primers were named AC01R and
AC16R, respectively. A BLAST search was conducted for all markers by using
the nucleotide sequence information assembled by the Leishmania braziliensis
MHOM/BR/1975/M2904 genome project (http://www.sanger.ac.uk/Projects/L
_braziliensis) in order to determine the chromosome on which the amplified
region was localized.

Analysis of microsatellite variation. PCR assays with all primer pairs were
optimized for the annealing temperature and the concentrations of Mg2� used,
and the DNA of the originally cloned strain was used as the template. Finally,
each PCR mixture contained 200 �M of each deoxynucleoside triphosphate, 1 U
AmpliTaq DNA polymerase (Applied Biosystems), and 10 mM Tris-HCl buffer
(pH 8.3) containing 50 mM KCl and 1.5 mM MgCl2, �10 ng template DNA, and
5 pmol of each primer in a volume of 25 �l. All amplification reactions were
performed in Robocycler Gradient 40 apparatus (Stratagene, La Jolla, CA).
After an initial denaturation step of 5 min at 95°C, the samples were processed
through 35 cycles consisting of 30 s at 95°C, 30 s at the annealing temperature
indicated in Table 2, and 1 min at 72°C, followed by a terminal elongation step
of 6 min at 72°C.

Screening of the length variations of the amplified markers was performed by
automated fragment analysis. PCRs were performed with fluorescence-conju-
gated forward primers by using 6-carboxyfluorescein and 6-carboxy-4�,5�-di-
chloro-2�,7�-dimethoxyfluorescein (Sigma-Aldrich Co., St. Louis, MO) as two
different labels. The amplified products were commercially analyzed on an au-
tomated capillary sequencer (SMB Services in Molecular Biology, Berlin, Ger-
many) with an ABI Prism GeneMapper apparatus (Applied Biosystems, Foster
City, CA).

Microsatellite-based genetic distances were calculated with MSA software (12)
and POPULATIONS software (http://www.legs.cnrs-gif.fr/bioinfo/populations)
by applying the Chord distance measure (6). Neighbor-joining trees, which in-
cluded the test for confidence intervals by bootstrapping (100 replicates) and
which were based on the resulting distance matrix, were constructed with the
programs POPULATIONS and MEGA (21).

Nucleotide sequence accession numbers. The nucleotide sequence accession
numbers of the microsatellite markers developed in this study are given in
Table 2.

RESULTS

A total of 74 clones containing microsatellite structures were
obtained from the L. (V.) braziliensis (CA)n-enriched genomic
library. Poor sequences, redundancies, and complex structures
reduced the number of suitable sequences to 24. From the L.
(V.) guyanensis-enriched library, 150 microsatellite-containing
clones were sequenced and primers flanking 17 of the micro-
satellite sequences that were confirmed were designed. Prim-
ers were developed to align closely to the CA/GT repeats for
two reasons: (i) to minimize biases due to additional insertion/
deletion events in the flanking regions and (ii) because size
differences in short PCR products can be detected more easily
if MetaPhor agarose gels are used (27). For the same reasons,
we have also redesigned primers AC01R and AC16R for mi-
crosatellites AC01 and AC16, respectively (30); they then an-
nealed much closer to the CA and TG repeats, respectively.
The 24 microsatellite markers from the L. braziliensis library
and the 17 markers from the L. guyanensis library were ampli-
fied for 9 and 18 strains of the Leishmania (Viannia) subgenus,
respectively, including the strains used for the construction of
the libraries as controls (Table 1). Sixteen of these markers,
eight from each library, yielded PCR products of the expected
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size which were polymorphic in 4% MetaPhor agarose gels
(results not shown) for strains of both L. (V.) braziliensis and L.
(V.) guyanensis. Of these, after automated fragment analysis
was performed, 13 markers (Table 2), in addition to markers
AC01R and AC16R, were finally selected for further analysis.

The 15 markers are located on 13 chromosomes. Markers
CSg46 and 10F are both located on chromosome 18, and mark-
ers CSg53 and 11H are both located on chromosome 21, albeit
far enough apart to be considered independent.

The set of 15 microsatellite markers was tested with 31

TABLE 1. Designation and characteristics of Leishmania (Viannia) strains included in the studya

Species Country Region Clinical
picture ZymodemeZ WHO code

L. shawi Brazil Pará CL Z-26 MCEB/BR/1984/M8408R

L. naiffi Brazil Pará VL Z-36 MDAS/BR/1979/M5533R

L. lainsoni Brazil Pará CL Z-15 MHOM/BR/1981/M6426R

L. panamensis Panama Canal Zone CL Z-21 MHOM/PA/1971/LS94R

L. peruviana Peru ND ND ND MHOM/PE/1984/LC39R

L. peruviana Peru Central CL ND MHOM/PE/2006/LH3667
L. braziliensis Brazil Bahia MCL ND MHOM/BR/2000/LTB300y

Brazil Pará CL Z-27 MHOM/BR/1975/M2903R,y

Brazil Pernambuco CL Z-72 MMES/BR/1999/Sentinela I
Brazil Pernambuco CL Z-105 MHOM/BR/2000/LMG
Brazil Pernambuco CL Z-78 MHOM/BR/2001/TSS
Brazil Bahia MCL Z-27 MHOM/BR/2001/LTCP14183
Brazil Bahia CL Z-27 MHOM/BR/2001/LTCP14214
Brazil Bahia CL Z-27 MHOM/BR/2001/LTCP14182
Brazil Acre CL Z-78 MHOM/BR/2002/NMT-RBO005
Brazil Acre CL Z-83 MHOM/BR/2002/NMT-RBO011
Brazil Acre CL Z-80 MHOM/BR/2002/NMT-RBO018
Paraguay San Pedro CL ND MHOM/PY/1997/L8y

Paraguay San Pedro CL ND MHOM/PY/1997/L16
Paraguay San Pedro CL ND MHOM/PY/2000/SP9
Paraguay Concepcion CL ND MHOM/PY/2000/CO2
Paraguay Kanindeyú CL ND MHOM/PY/2000/KA2
Paraguay Kanindeyú CL ND MHOM/PY/2000/KA11y

Paraguay Kanindeyú CL ND MHOM/PY/2000/KA-13y

Paraguay Kanindeyú CL ND MHOM/PY/2000/KA-32
Paraguay Caaguazu CL ND MHOM/PY/2000/CA2
Paraguay Caaguazu CL ND MHOM/PY/2000/CA4y

Paraguay Caaguazu CL ND MHOM/PY/2000/CA5y

Paraguay Amambay CL ND MHOM/PY/2000/AM1y

Paraguay Presidente Hayes MCL ND MHOM/PY/2000/PH1
Paraguay Central CanL ND MCAN/PY/2000/Rocky
Peru Central MCL ND MHOM/PE/2002/LH2215
Peru Central MCL ND MHOM/PE/2003/LH2920
Peru South CL ND MHOM/PE/1991/LC2177
Peru South CL ND MHOM/PE/2006/CU00176
Peru South MCL ND MHOM/PE/2003/LH2946
Peru South MCL ND MHOM/PE/2002/LH2330

L. guyanensis Suriname ND ND ND MHOM/SR/1987/TRUUS1y

Suriname ND ND ND MHOM/SR/1987/TRUUS3
Suriname ND ND ND MHOM/SR/1987/TRUUS4
Suriname ND ND ND MHOM/SR/1987/TRUUS2y

French Guiana ND ND ND MHOM/FG/1984/H166
French Guiana ND ND ND MHOM/FG/1985/H197y

French Guiana ND ND ND MHOM/FG/1982/H60y

French Guiana ND ND ND MHOM/FG/1987/H298y

Peru Central CL ND MHOM/PE/2006/LH3554
Peru North CL ND MHOM/PE/2006/LH3635
Peru Central CL ND MHOM/PE/2006/LH3640
Peru Central CL ND MHOM/PE/2006/LH3673
Peru Central CL ND MHOM/PE/2006/LH3668
Peru Central Sand fly ND IPRN/PE/1987/LP52
Brazil Para CL Z-23 MHOM/BR/1975/M4147R,y

Brazil Acre CL Z-23 MHOM/BR/2002/NMT-RBO013
Brazil Amazonas CL Z-23 MHOM/BR/1997/249-Py

Brazil Amazonas CL Z-23 MHOM/BR/1997/240-Py

Brazil Amazonas CL Z-23 MHOM/BR/1997/215-P
Brazil Amazonas CL Z-23 MHOM/BR/1997/243-P

a R, reference strain of the respective species; Z, zymodeme system (multilocus enzyme electrophoresis) according to Cupolillo et al. (8); ND, not defined; y, strains
used to test for the presence of size variations in microsatellite sequences; VL, visceral leishmaniasis.

2820 ODDONE ET AL. J. CLIN. MICROBIOL.



strains of L. (V.) braziliensis, 20 strains of L. (V.) guyanensis,
and 2 strains of L. (V.) peruviana from various areas of ende-
micity for CL and MCL in South America. In addition, WHO
reference strains of other species of the subgenus Leishmania
(Viannia) were included, such as L. shawi, L. naiffi, L. lainsoni,
and L. panamensis (Table 1). With the exception of marker
AC16R, which did not amplify the two strains of L. peruviana
investigated in the present study, one or two PCR products of
the expected size were obtained for all strains and markers.
The size of the amplified fragment (and thus the number of
repeats) was always compared to the size of the fragments
from cloned strains MHOM/BR/84/LTB300 and MHOM/SR/
87/TRUUS1. All 15 markers showed polymorphisms within
strains of L. braziliensis as well as strains of L. guyanensis
(Table 3). Strains of L. braziliensis presented more variation in
most of the markers (Fig. 1). Six of the markers differed in
repeat numbers for the two strains of L. peruviana tested.

The genetic diversity within the two main groups of strains,
L. braziliensis and L. guyanensis, was estimated by calculating
the number of alleles per locus and the observed and expected
heterozygosities (Table 3). The number of microsatellite al-
leles ranged from 4 to 23 (mean, 11) for all strains, from 2 to
14 (mean, 7.5) for the strains of L. braziliensis, and from 2 to 12
(mean, 5.6) for the strains of L. guyanensis. The most variable
marker was CSg47, and the least variable one CSg59. The
observed levels of heterozygosity varied between 0.097 and
0.800 for the L. braziliensis strains and 0 and 0.700 for the L.
guyanensis strains, with a clear tendency to heterozygosity for
most microsatellite loci. The levels of heterozygosity expected
under Hardy-Weinberg equilibrium, a measure of genetic di-
versity, were between 0.151 and 0.904 for the L. braziliensis
strains and 0.296 and 0.893 for the L. guyanensis strains and for
all but two markers were higher than the mean observed het-
erozygosity (0.475 for the L. braziliensis strains and 0.320 for
the L. guyanensis strains). This discrepancy can be explained by
the inbreeding of individuals due to deviation from random
mating. The value of the inbreeding coefficient can vary by �1
(all individuals are heterozygous for the same allele pair), 0
(random distribution of alleles), and �1 (all individuals are
homozygous) (11). Here, the mean inbreeding coefficients
were 0.298 and 0.541 for the L. braziliensis and L. guyanensis
strains, respectively, pointing to a predominance of homozy-
gotes, which is in agreement with previous findings (28).

Fifty-six different MLMT profiles comprising the number of
repeats in each of the 15 markers were revealed among the 57
strains analyzed in this study. All profiles except one were
represented by a single strain; only two strains of L. guyanensis
from Suriname (strains MHOM/SR/1987/TRUUS2 and
MHOM/SR/1987/TRUUS3) shared an identical MLMT pro-
file. For the microsatellite genotypes obtained for all 57 strains
included in this study (Table 1) a neighbor-joining phylogram
was constructed on the basis of the Chord distance matrix
obtained (Fig. 2). The phylogram falls into three main clusters:
cluster 1 was the L. guyanensis cluster, which comprised all but
one strain of this species; cluster 2 was the L. braziliensis
cluster, which consisted of all strains from Paraguay and from
the Bahia and Pernambuco areas in Brazil; and cluster 3 was
the L. braziliensis/L. peruviana cluster, which included strains
from Peru and Brazil (state of Acre). Further substructuring
according to the geographical origin of the strains is apparent,
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especially in clusters 1 and 2. The two single strains of L. shawi
and L. panamensis are located on a common branch, together
with L. guyanensis strain MHOM/BR/2002/NMT-RBO013
from Acre, Brazil, and are most closely related to the strains of
L. braziliensis and L. peruviana in cluster 3. The strain of L.
naiffi is found on a separate branch together with L. braziliensis
strain MHOM/BR/1975/M2903 from Pará, Brazil. The strains
of L. lainsoni and L. braziliensis MHOM/BR/2002/NMT-
RBO011 have completely unique positions in the tree.

DISCUSSION

An important impetus for this study was the establishment of
an MLMT protocol for use in future epidemiological and pop-
ulation genetic studies of strains belonging to the subgenus
Leishmania (Viannia). Altogether, 15 hypervariable and inde-
pendent microsatellite markers have been identified, and their
discriminative powers were tested with 57 strains of different
Leishmania (Viannia) species. Of these markers, 13 were iso-
lated de novo from the L. braziliensis and L. guyanensis
genomic libraries and 2 were described previously (30) and
modified for the MLMT approach described here. PCR prod-
ucts were obtained for almost all markers and Leishmania
(Viannia) species tested in the present study. The only excep-
tion was L. peruviana, which did not amplify with marker
AC16R. Size variations were detected for all markers when the
31 strains of L. braziliensis and 20 strains of L. guyanensis were
analyzed, with those for L. braziliensis being more variable. The
latter finding is in congruence with the findings of previous
studies performed in Brazil on the basis of multilocus enzyme
electrophoresis (8) and polymorphisms in the internal tran-
scribed spacer and hsp70 sequences (our unpublished data).
The two strains of L. peruviana included in this study were
polymorphic for six markers. Experiments with more strains of
this species, which have not yet been completed, suggest that

TABLE 3. Characterization of the 15 microsatellite markers developed for population analysis of Viannia speciesa

Marker Species No. of
isolates Repeat array Fragment

size (bp) A He Ho FIS

CSg46 L. braziliensis 31 (AC) 10–20 79–99 9 0.783 0.419 0.468
L. guyanensis 20 (AC) 10–16 79–91 5 0.719 0.400 0.450

CSg47 L. braziliensis 31 (TG) 7–31 85–133 14 0.887 0.710 0.203
L. guyanensis 20 (TG) 3–16 77–103 11 0.893 0.700 0.221

CSg48 L. braziliensis 31 (TG) 4–8 70–78 4 0.524 0.167 0.685
L. guyanensis 20 (TG) 5–9 72–80 4 0.568 0.150 0.741

CSg53 L. braziliensis 31 (AC) 7–15 84–100 5 0.668 0.387 0.425
L. guyanensis 20 (AC) 7–15 84–100 4 0.706 0.250 0.652

CSg55 L. braziliensis 31 (TG) 11,15 93–101 2 0.151 0.097 0.362
L. guyanensis 20 (TG) 11–24 93–119 12 0.876 0.600 0.320

CSg59 L. braziliensis 31 (TC) 6–9 94–100 4 0.591 0.548 0.073
L. guyanensis 20 (TC) 6–8 94–98 3 0.656 0 1.000

7GN L. braziliensis 31 (AC) 7–19 92–116 10 0.736 0.387 0.478
L. guyanensis 20 (AC) 5–10 88–98 5 0.786 0.150 0.813

11H L. braziliensis 31 (GT) 7–12 86–96 6 0.637 0.323 0.498
L. guyanensis 20 (GT) 7–15 86–102 8 0.788 0.250 0.688

11C L. braziliensis 31 (TG) 5–11 90–102 7 0.742 0.645 0.133
L. guyanensis 20 (TG) 6–8 92–96 3 0.376 0.250 0.340

6F L. braziliensis 31 (AC) 10–22 89–113 8 0.779 0.613 0.216
L. guyanensis 20 (AC) 6–16 81–101 8 0.824 0.250 0.702

10F L. braziliensis 31 (CA) 12–21 91–109 8 0.818 0.581 0.294
L. guyanensis 20 (CA) 12–21 91–109 2 0.296 0.150 0.500

B6F L. braziliensis 31 (AC) 6–20 79–107 12 0.904 0.800 0.117
L. guyanensis 20 (AC) 8–11 83–89 4 0.744 0.350 0.536

B3H L. braziliensis 31 (AC) 5–19 61–89 11 0.877 0.710 0.194
L. guyanensis 20 (AC) 7–12 65–75 5 0.681 0.450 0.345

AC01R L. braziliensis 31 (CA) 7–11 97–105 4 0.290 0.258 0.111
L. guyanensis 20 (CA) 7–16 97–115 5 0.718 0.550 0.239

AC16R L. braziliensis 31 (TG) 8–24 83–115 9 0.721 0.484 0.333
L. guyanensis 20 (TG) 11–15 89–97 5 0.673 0.300 0.561

Mean All strainsb 57 11.0 0.786 0.401 0.492
L. braziliensis 31 7.5 0.674 0.475 0.298
L. guyanensis 20 5.6 0.687 0.320 0.541

a A, number of alleles; He, expected heterozygosity; Ho, observed heterozygosity; FIS, inbreeding coefficient.
b Including the two strains of L. peruviana and the single strains of L. shawi, L. naiffi, L. lainsoni, and L. panamensis.

FIG. 1. Numbers of alleles calculated for the 15 microsatellite
markers and the 31 strains of L. braziliensis (BRA) and 20 strains of L.
guyanensis (GUA) tested in this study.
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the MLMT approach described here is also able to differenti-
ate strains of L. peruviana (data not shown). In order to elu-
cidate their degrees of microsatellite variation, more strains of
L. panamensis, L. shawi, L. naiffi, and L. lainsoni need to be

analyzed because only reference strains have been investigated
so far. Individual microsatellite patterns were observed for all
strains tested except two strains of L. guyanensis that shared a
common pattern. MLMT thus offers a possible means of dif-

FIG. 2. Neighbor-joining tree (rooted at the midpoint) inferred from the Chord distances calculated for the microsatellite data for 57 strains
of Viannia species. The three populations consisted of one population of strains of only L. guyanensis, another one of strains of L. braziliensis from
Paraguay and Brazil, and the last of strains of L. Braziliensis and L. peruviana. Reference strains of L. lainsoni, L. naiffi, L. panamensis, and L. shawi
are found on separate branches. The origins of the strains are indicated by colored circles, rectangles, and triangles.
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ferentiating strains, at least those of L. braziliensis and L.
guyanensis, and investigating the population dynamics of these
species.

Distance-based analysis identified three main clusters within
the 57 strains typed in this study. In the first cluster, all strains
of L. guyanensis except one grouped together. The other two
clusters consisted of strains of L. braziliensis that grouped ac-
cording to their geographical origins. Of these, one cluster
comprised strains from Paraguay and strains isolated in eastern
Brazil; and the other cluster comprised strains from Peru, the
adjacent Brazilian state of Acre, and the two strains of L.
peruviana. The latter had been identified by using a multilocus
PCR-restriction fragment length polymorphism approach and
were found to be the most closely related to the strains of L.
braziliensis analyzed in that study (14). The three main clusters
in the phylogram were further subdivided according to the
geographical origins of the strains, especially the clusters
formed by strains of L. guyanensis and Paraguayan and Brazil-
ian strains of L. braziliensis. A hierarchical population struc-
ture of Leishmania (Viannia) possibly exists in the study area,
and populations that are further divided into subpopulations
may exist. This needs to be verified by analyzing larger sets of
samples from the different areas and by comparing the findings
of distance-based analyses of MLMT data with the findings of
analyses based on Bayesian statistics. The topologies of mic-
rosatellite distance trees always suffer from poor statistical
support; however, in previous studies, the main clusters were
always confirmed when a Bayesian model-based clustering
method for inferring population structure was used (2, 19, 20,
32). In order to evaluate the discriminatory power of our
MLMT approach, we used only a limited number of Leishma-
nia (Viannia) strains of different species and from different
areas of endemicity. The application of MLMT to this re-
stricted sample set nevertheless demonstrated the great poten-
tial of this approach for the differentiation of strains, with the
yield being individual profiles for strains within regions of
endemicity, and for population genetic studies of the subgenus
Leishmania (Viannia).

As in other studies of microsatellite variation in Old World
and New World Leishmania strains (2, 19, 20, 26, 28, 32),
double bands indicating the heterozygosity of the locus were
often seen in our study. Because the strains tested were not
cloned, the possibility that there were mixtures of strains can-
not be excluded. Since no loci presented three or four peaks,
aneuploidy is not likely for the loci used in our MLMT ap-
proach. The homozygote excess indicated by the inbreeding
coefficient measures probably results from a population sub-
structure (the Wahlund effect), as can be assumed from the
neighbor-joining tree shown in Fig. 2. More strains of L. bra-
ziliensis and L. guyanensis from different foci should be ana-
lyzed in the future in order to get insights into the population
genetics of these parasites.

A high number of independent microsatellite markers de-
veloped by us and other authors (28, 30) are now available for
microsatellite typing of strains belonging to different Leishma-
nia (Viannia) species. More microsatellite markers for L. bra-
ziliensis can be developed by using a searchable database of
microsatellite loci within the genome at http://www.genomics
.liv.ac.uk/tryps/Microsatellites.V1.html (13). Microsatellite se-
quence variation resulting from the gain and the loss of single

repeat units can be screened by polyacrylamide gel electro-
phoresis and MetaPhor gel electrophoresis, automated se-
quencing, and automated fragment analysis. All these methods
were shown to produce comparable and reproducible results
(27). Sequencing is, however, indispensable for the analysis of
fragments containing more than one microsatellite, as de-
scribed by Russell et al. (30) and Rougeron et al. (28).

The significance of microsatellite typing is influenced by the
number of loci tested (18). Microsatellite sequences, in gen-
eral, tend to gain repeat units. Natural selection, however, acts
against the formation of very long repeats, which will result in
homoplasy caused by alleles identical in size but not by descent
(33). To minimize the effect on homoplasy, it is recommended
that a panel of 10 to 20 unlinked microsatellite markers should
be used. The fewer microsatellite loci that are analyzed, the
more that the differences estimated between the strains de-
pend upon the markers selected. Consequently, whether the
analysis of more loci will improve the discriminatory power of
MLMT significantly always needs to be examined (18). The 15
markers developed in this study individualized all but two of
the strains tested and indicated the existence of genetic struc-
tures at different levels. Thus, MLMT with these markers is
potentially useful for epidemiological and population genetic
studies of strains within the subgenus Leishmania (Viannia) in
order to investigate the structure and dynamics of the corre-
sponding natural foci. It will also help to answer specific clin-
ical questions, such as the role of parasite persistence after
subclinical infection; whether endogenous versus exogenous
reinfection is associated with immunosuppression; and
whether transmission is vector independent, such as via blood
transfusion or organ transplantation. In Leishmania species,
microsatellite markers are specific at the species or species
complex level (16, 31). When DNA from other species of
Leishmania is used, in most cases no PCR product is obtained
or the products differ significantly in size. Therefore, the in-
fecting agents first need to be identified, at least to the Viannia
versus non-Viannia level in this study, before they are typed by
MLMT. The ability to amplify microsatellite markers directly
from clinical samples containing small amounts of parasites, as
shown by an MLMT approach that differentiates strains of the
L. donovani complex (1, 3), will be of added value for these
studies.
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