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Glycoprotein 63 (gp63) genes show gene conversion and reveal
the evolution of Old World Leishmania
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Abstract

Species of the subgenus Leishmania (Leishmania) cause the debilitating disease leishmaniasis on four continents. Species grouped with-
in the Leishmania donovani complex cause visceral leishmaniasis, a life-threatening disease, often associated with poverty, and affecting
some 0.5 million people each year. The Leishmania glycoprotein GP63, or major surface protease, is a metalloprotease involved in para-
site survival, infectivity and virulence. Here, we show that evolution of the gp63 multigene family is influenced by mosaic or fragmental
gene conversion. This is a major evolutionary force for both homogenisation and for generating diversity, even in the absence of sexual
reproduction. We propose here that the high GC content at the third codon position in the gp63 family of Old World Leishmania may be
higher in multicopy regions, under the biased gene conversion model, because increased copy numbers may lead to increased rates of
recombination. We confirm that one class of gp63 genes with an extended 3 0end signal, gp63EXT, reveals genetic groups within the com-
plex and gives insights into evolution and host associations. Gp63EXT genes can also provide the basis for rapid and reliable genotyping of
strains in the L. donovani complex. Our results confirmed that a more stringent definition of Leishmania infantum is required and that the
species Leishmania archibaldi should be suppressed.
� 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Leishmaniasis is caused by the genus Leishmania, which
comprises intracellular parasites of macrophages in the
mammalian host, transmitted by the bite of sandflies. Most
species of the subgenus Leishmania (Leishmania) cause
cutaneous leishmaniasis (CL) in the Old World (OW;
Leishmania major, Leishmania tropica and Leishmania

aethiopica) and in the New World (NW; Leishmania mexi-

cana and Leishmania amazonensis). Some OW species
(Leishmania arabica, Leishmania gerbilli and Leishmania

turanica) have never been found in humans. The remaining
species cause visceral leishmaniasis (VL), with an estimated

0.5 million new cases annually worldwide (WHO, 1990),
and belong to the Leishmania donovani complex: L. dono-

vani (syn. Leishmania archibaldi) in Sudan (Ibrahim and
Barker, 2001; Mauricio et al., 2001, 2006; Jamjoom et al.,
2004; Zemanova et al., 2004; Kuhls et al., 2005), and
Leishmania infantum (syn. Leishmania chagasi) in the NW
(Mauricio et al., 2000).

Leishmania glycoprotein GP63 is a surface metallopro-
tease, also called leishmanolysin or major surface protease
(MSP), encoded by a multigene family in chromosome 10
of L. major and its homologues in L. infantum and Leish-

mania braziliensis. GP63 is an important antigen with a role
in internalization of the parasite into the macrophage
(Chakrabarty et al., 1996; Brittingham et al., 1999; Puentes
et al., 1999; Chen et al., 2000) and in avoidance of the host’s
complement mediated lysis (Joshi et al., 1998). The subgenus
L. (Leishmania) has two main classes of gp63 genes.
One, gp63SHORT, has a clear glycosylphosphatidylinositol
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(GPI) anchor signal (Medina-Acosta et al., 1993). The
other, gp63EXT, has a longer 3 0end, which encodes a
hydrophobic tail without a recognizable GPI anchor
attachment signal. Gp63EXT seems to be single copy in
L. infantum, mspC (Ramamoorthy et al., 1992) or gp63-4

(in the L. infantum genome sequence) and in L. major,
gp63-6 (Voth et al., 1998) or gp63-3 (in the L. major genome
sequence). The L. infantum genome sequence (www.gened-
b.org) has, so far, only identified four different gp63SHORT

genes in contrast with the initial description of the organi-
zation of gp63 genes in South American strains of this
species (Ramamoorthy et al., 1992), in which several copies
had been identified of two classes of gp63SHORT: mspS and
mspL. In the L. infantum genome sequence, one of the
gp63SHORT genes has a truncated 5 0end (LinJ10.0800),
whereas another has an extended 5 0end and a truncated
3 0end (LinJ10.0820). It is not clear whether these are
accurate gene sequences, as the L. infantum genome is
not yet complete and there are no equivalents in L. major.

Similarly, seven genes have been described for L. major

(Voth et al., 1998), whereas only five have been reported
in the genome sequence. The genome organization of these
genes differs between the two species. In L. major, all genes
are located on the same DNA strand, whereas in L. infan-

tum gp63-1 to 3 are in opposite strands to gp63-4 to 5.
Other putative gp63 copies have been identified in the gen-
omes of L. infantum and L. major, on chromosomes 28
(LinJ28.0580, LinJ28.3180 and LmjF28.0570) and 31
(LinJ31.2360 and LmjF31.2000). However, these genes
have very low homology with the tandemly repeated genes
on chromosome 10. It is thus not clear if they are true gp63

genes and they are not analysed here. Mosaic gene conver-
sion, or homologous recombination, in gp63 genes has pre-
viously been proposed (Medina-Acosta et al., 1993; Victoir
et al., 2003), based on the finding that the phylogeny of the
carboxyl terminus differs from that of the amino terminus.

Here we exploit gp63EXT to investigate the genetic struc-
ture and evolution of the L. donovani complex and other
OW Leishmania. We found that gp63EXT was an excellent
target to analyse putative mosaic/fragmental gene conver-
sion processes, and to explore host associations of gp63EXT

diversity.

2. Materials and methods

Thirty-three strains of the L. donovani complex of
diverse origins and zymodemes (multilocus enzyme electro-
phoretic variants) were used as representatives of the natu-
ral diversity inherent within the group, with reference
strains of other OW Leishmania (Table 1) and published
sequences for gp63EXT of L. major (AF039721) and L. mex-

icana (X64394). Gp63SHORT published sequences used here
were: L. amazonensis (L46798), L. donovani complex
(L19562-3, M60048, M80669, M80672, U48798, Z83677),
Leishmania guyanensis (M85203, L16776-9), L. major
(Y00647) and Leishmania panamensis (AF037165-6). These
genes were compared with those obtained from the genome

sequences of L. major (gp63EXT LmjF10.0470, gp63SHORT

LmjF10.0460, LmjF10.0465 and LmjF10.0480), L. infan-

tum (gp63EXT LinJ10.0810, gp63SHORT LinJ10.0780 and
LinJ10.0790) and L. braziliensis (LbrM10_V2.0470-610,
LbrM10_V2.01540-1590 and LbrM10_V2.01610-1720). In
the analyses we used mainly the non-genome sequences
available for L. infantum and L. major because they had
been used in the initial comparisons and were equivalent
to the genome sequences.

Genomic DNA was prepared as previously described
(Kelly, 1993). Specific amplification of the entire gp63EXT

coding sequence was done with primers C1F (5 0gcg cct
gca gag cca tg3 0) and C8R, as previously described (Mau-
ricio et al., 1999) but with an annealing temperature of
65 �C and 2.5 min extension. Direct sequencing used the
PCR primers and internal primers (information available
from the authors) with BigDye� Terminator Cycle
Sequencing V2 or V3.1 (ABI PRISM� Applied Biosystems)
in ABI PRISM� 377 or 3730 DNA sequencers (Applied
Biosystems). Consensus sequences were obtained, from
both strands, with Bioedit (Hall, 1999) and Clustal W
(Thompson et al., 1994). The sequences were aligned so
that gaps (all multiples of three) corresponded to amino
acids. Sites with such gaps were manually removed from
all alignments prior to phylogenetic analyses.

Phylogenetic trees were generated from the entire DNA
sequence. In addition, and in order to test the robustness of
the phylogeny, trees were built from the protein sequence,
from non-degenerate and degenerate nucleotide sites and
from all codon positions in the DNA sequence. The trees
were built with Neighbor-joining and maximum parsimony
in the MEGA version 2.1 (Kumar et al., 2001) and with
maximum likelihood (DNAML and PROTML) in the
PHYLIP package [Felsenstein, J., 1993. PHYLIP (Phylog-
eny Inference Package). Seattle, Distributed by the author.
Department of Genetics, University of Washington]. In
PHYLIP, all tests randomised the input order of sequences
(10 replicates), with global rearrangements and the most
thorough search option. Bootstrap tests were done for
1,000 replicates (Neighbor-joining) or 100 for maximum
parsimony and maximum likelihood. Two maximum likeli-
hood (ML) analyses were performed, one using an optimi-
zation of conditions, with empirical transition/transversion
(ts/tv) ratios and base frequencies, and constant rate of
variation among sites. The second ML method estimated
ts/tv and the alpha parameter of the gamma distribution
using a reiterative heuristic search (PAUP*4.0), these being
ts/tv = 1.29 and � = 0.31, respectively. The gamma distri-
bution models mutation rate heterogeneity across a locus.
Taking into account that gp63 are highly GC rich, we also
produced a Neighbor-joining tree with LogDet trans-
formed distances.

Recombination domains identified visually were tested
statistically by measuring the phylogenetic correlation
between different gene sequences with the programme
PhylPro (Phylogenetic Profiles for Win32 PhylPro (beta)
Version 0.90) (Weiller, 1998). This programme determines
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the pairwise distances of all sequences in a series of sliding-
windows along the sequence and evaluates, for each
sequence, the degree to which the patterns of distances
agree. Windows with low agreement, or low phylogenetic
correlation, are indicative of boundaries between recombi-

nant and non-recombinant regions. Gp63EXT sequences
were compared with different classes of gp63SHORT. For
further confirmation, analyses were also performed with
Recombinant Detection Program (RDP2; Martin et al.,
2005), with the following recombination detection methods

Table 1
Leishmania donovani complex strains

WHO code Zymodeme MONa mspC group Sequence code

Leishmania aethiopica

MHOM/ET/1972/L100b 14 – AJ532831
Leishmania arabica

MPSM/SA/1983/JISH220b (64) – AJ532830
Leishmania tropica AJ495008

MHOM/SU/1974/K27b 60 – AJ495009
Leishmania turanica

MRHO/SU/1983/MARZ-051 (81) – AJ495010

L. donovani

IMAR/KE/1962/LRC-L57 37 A AJ290774
MCAN/KE/0000/D2 36 A AJ290776
MHOM/ET/0000/Ayele8 (56) A AJ290777
MHOM/KE/1967/MRC(L)3 37 A AJ010238e

MHOM/KE/1973/MRC74 2 A AJ010239e

MHOM/KE/1980/Ndandu 4A (44) A AJ290770
MHOM/KE/1975/Mutinga H9 32 A AJ290780
MHOM/KE/0000/Neal-R1 (56) A AJ495002
MHOM/KE/1954/LRC-L53 36 A AJ495003

MHOM/IN/1980/DD8b 2 B AJ010235e

MHOM/IN/1977/Chowdhury-X (41) B AJ290783
MHOM/IN/1982/Patna 1 (41) B AJ010236e

MHOM/IN/1979/STL1-79 (41) B AJ290784

MHOM/ET/1967/HU3 (LV9)b 18 C AJ010237e

MHOM/ET/1972/Gebre 1c 82 C AJ290778
MHOM/SD/1982/Gilanid 30 C AJ290781
MHOM/LB/1984/Salti 4 (46) C AJ290771
MHOM/SD/0000/Khartoum 18 C AJ290772
MHOM/SD/1985/A22 (48) C AJ290773
MCAN/IT/1976/Dora (50) C AJ290775
MHOM/PT/1992/IMT 180 18 C AJ290782

MHOM/ET/0000/Hussen 31 E AJ290769
MHOM/ET/1984/Addis 164 83 E AJ290779
MHOM/ET/0000/Ayele 5 (52) E AJ290768
MHOM/SA/1987/VL29 (42/52) E AF267730

MHOM/CN/0000/Wangjie 1 35 F AJ495004

MCAN/IQ/1981/SUKKAR2 3 G AJ495005
MHOM/IQ/1977/BUMM3 (43) G AJ495006

MHOM/SU/1984/MARZ-KRIM 73 H AJ495007

Leishmania infantum ss

MHOM/TU/1980/IPT-1b 1 D AJ010234e

MHOM/MT/1985/Buck 78 D AJ290785
IARI/PT/1989/IMT 171 24 D AJ010240e

MHOM/CN/1980/Strain A 24 D AJ010241e

In italics are partial sequences. Key to WHO codes: host/country/year/strain name. Hosts: IARI – Phlebotomus ariasi, IMAR – Phlebotomus martini,
MCAN – Canis familiaris, MHOM – Homo sapiens, MPSA – Psammomys obesus, MRHO – Rhombomys opimus. Countries: CN, China; ET, Ethiopia; IN,
India; IQ, Iraq; IT, Italy; KE, Kenya; LB, Lebanon; MT, Malta; PT, Portugal; SA, Saudi Arabia; SD, Sudan; SU, former Soviet Union; TU, Tunisia.
0000 is unknown year.

a Zymodemes are MLEE profiles; in parenthesis are LON zymodemes shown where MON zymodemes are not available.
b WHO reference strains.
c A strain previously classified as L. archibaldi.
d A strain previously classified as L. infantum.
e Completed or longer versions of partial sequences obtained previously (Mauricio et al., 1999).
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used in an automated search: RDP, GENECONV (Padi-
dam et al., 1999), Bootscan (Salminen et al., 1995), MaxChi
and Chimaera (Maynard-Smith, 1992; Posada and Crand-
all, 2001) and SiScan (Gibbs et al., 2000).

Given that GP63 is an antigenic protein, it could be
expected to be under selective pressure by the host. We thus
tested neutrality of evolution in this gene using a codon-
based Z-test (Nei and Kumar, 2000) in MEGA (Kumar
et al., 2001). We chose this test because it is based on the
relative frequencies of synonymous and non-synonymous
mutations and our sample was not population based. It
tests the null hypothesis (H0) that H0: dN = dS, where
the number of non-synonymous substitutions per non-syn-
onymous site (dN) is equal to the number of synonymous
substitutions per synonymous site (dS), using a Z-test
where Z = (dN � dS)/

p
(r2(dS) + r2(dN)) (r2 = variance).

Neutrality was rejected if P < 0.05. In addition, refined
ML analysis of positive selection was performed by split-
ting the data set into two separate alignments for non-re-
combining domains and the conserved, recombining
domains. The phylogeny for each alignment was performed
using a LogDet Neighbor-joining method. Each region was
then subject to ML positive selection analysis using a
codon model (PAML) and two estimates of site specific
selection, firstly, by modelling variability of dN/dS per site,
hereafter referred to as x, by comparing a one-ratio model
(M0 – PAML) against a site heterogeneity model (M3 –
PAML) and secondly, by examining directly if x > 1 for
each specific site incorporating the beta distribution, viz.
beta versus beta x. The significance between the models
was determined using a likelihood ratio test (Yang, 2001).

3. Results

3.1. Subgenus L. (Leishmania) gp63EXT genes

Gp63EXT was fully sequenced for 25 Leishmania strains
and for reference L. (Leishmania) strains for which the
gene could be amplified using primers C1F and C8R (Table
1). No specific band was amplified for L. amazonensis

(MHOM/BR/1973/M2269), L. gerbilli (MRHO/CN/
1960/Gerbilli), L. major (MHOM/SU/1973/5-ASKH),
L. mexicana (MHOM/BZ/1982/BEL21) and Leishmania

venezuelensis (MHOM/VE/1974/PM-H3) reference strains.
The gp63EXT open reading frame varied in size between

groups of species (Fig. 1a). Two Stop codons were identi-
fied, the first having been lost in both L. tropica and
L. aethiopica, thus extending the open reading frame in
these species. Putative in-frame deletions and insertions
were found in all OW Leishmania sequences (Fig. 1a), par-
ticularly in the 5 0end, but including one allele in L. tropica

with a deletion of 16 codons in the 3 0end. Average DNA
sequence diversity varied from 1.4% (2.3% for amino acids)
within L. donovani to 12.4% (21% for amino acids) between
L. mexicana and OW Leishmania (Table 1, Supplementary
data), which was associated with high genetic diversity at
the first and second codon positions.

3.2. Gene conversion in gp63 genes

Visual inspection of gp63EXT alignments revealed clus-
ters of single nucleotide polymorphisms (SNPs) in some
L. donovani complex sequences (Fig. 2). Some of these clus-
ters were found in a number of strains to be virtually iden-
tical to the corresponding regions in the published
sequences of gp63SHORT, which, in the remaining strains,
were otherwise clearly distinct from those of gp63EXT. All
further analyses of the data suggested that these regions
have probably been acquired by gp63EXT in some strains
by gene conversion from gp63SHORT (see below), although
the reverse might also be possible. The regions involved are
here named as REC1 at 583–606 nucleotides, REC2 at
1204–1230 nucleotides and REC3 at 1693–1716 nucleotides
in gp63EXT (Fig. 1b and 2, and full alignment in Fig. 3 of
Supplementary data). As a consequence, we hypothesised
that gene conversion had a role in maintaining identity of
the regions that are similar across classes of genes in the
L. donovani complex (LdConv). This is in contrast with
the regions that are different across gene classes (LdNon-
Conv) (Fig. 1b). We investigated if these regions had differ-
ent characteristics that would support the hypothesis.

First, a phylogenetic correlation analysis (PhylPro)
showed valleys of low correlation (indicative of recombina-
tion) flanking REC1-3 and, to some extent, also LdConv
(Fig. 3). In further analyses, RDP2 GENECONV and
Bootscan supported these findings and independently
confirmed the gp63SHORT origin of REC regions (Table 2,
Supplementary data). Second, the phylogenies of LdConv
and LdNon-Conv domains for all gp63 gene classes were
distinct in an analysis with all available Leishmania species.

Fig. 1. Schematic representations of subgenus Leishmania (Leishmania)
gp63EXT DNA sequences. (a) Distribution and size of gaps in the
nucleotide alignment in the different species. The grey area in the 3 0end of
the Leishmania tropica clade sequence is a deletion present in only one
allele. Vertical lines are gaps, which are all multiples of three and
correspond to codons. Insert 1 is an extension from three to five serines in
the L. tropica and Leishmania aethiopica protein sequences. Del 1 is a
probable deletion in the Leishmania donovani complex, as it is present in
all other species. Del 2-3 may have been deletions in the ancestor of all Old
World Leishmania or insertions in the ancestor of Leishmania mexicana.
(b) Distribution of putative L. donovani gp63EXT gene conversion domains
(in grey) and of group specific gene conversion domains, REC1-3 (in
black). Most of the 5 0end is putatively recombinant and most of the 3 0end
is non-recombinant.

568 I.L. Mauricio et al. / International Journal for Parasitology 37 (2007) 565–576
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Specifically, sequences clustered according to species in
LdConv, showing concerted evolution of the different gene
classes, and to gene class in LdNon-Conv (Fig. 4). Third, a
preliminary sequence analysis of the sequences of
gp63SHORT in strains selected to represent REC regions 1

and 2 (LV9 and IPT-1) or their absence (MRC(L)3)
showed that the large majority of SNPs in LdConv regions
across the L. donovani complex are present in both classes
of gp63 in the same strain (approximately 90%). As expect-
ed, all other regions had much lower agreement: namely
polymorphic regions, REC or otherwise, had only about
30% shared SNPs, whereas the two double nucleotide poly-
morphisms (GC) had about 60% (data not shown). Fourth,
this preliminary analysis has shown that REC sequences
are present in all studied gp63SHORT genes. Fifth, in
L. donovani LdConv had much higher GC3 content than
LdNon-Conv (Fig. 5), as expected for recombinant regions
under the biased gene conversion model (Birdsell, 2002).
Furthermore, GC3 and GC1 content in LdNon-Conv were
higher in gp63SHORT than in gp63EXT, which has a lower
copy number and has thus lower chances to recombine.
Sixth, we found different putative regions of gene conver-
sion within the L. donovani complex and within other
OW Leishmania species (Fig. 3, Supplementary data). Sev-
enth, we found that neutrality could not be statistically
ruled out against purifying selection in LdConv, showing
that selection does not explain sequence conservation
across these regions. Instead, we found some evidence for
positive selection (see Section 3.4). Finally, most deletions
and insertions were found in repeat regions and are thus
consistent with alignment errors during gene conversion.

3.3. Phylogenies and taxonomy

The gp63EXT gene produced robust phylogenies of
L. donovani and L. (Leishmania), which were congruent

Fig. 2. Alignments of gp63 sequences showing REC regions. In the boxes are comparisons of sequences for gp63EXT and gp63SHORT for the same strain.
The latter includes preliminary DNA sequence data for MRC(L)3, LV9 and IPT-1, obtained by direct sequencing of gp63SHORT PCR products. These
sequences show that gp63SHORT in the same strain have REC sequences for the relevant strains. Standard codes are used for ambiguous bases.

Fig. 3. Phylogenetic correlation profile generated by PhylPro with a
sliding window of six differences for all Leishmania donovani gp63EXT.
Only variable sites are shown for clarity and space-saving purposes. Low
correlation valleys (<0) indicate putative recombination sites, marked by
vertical lines, and flank putative gene conversion domains. Leishmania

gp63SHORT sequences (M60048, M80669, M80672, U48798, and Z83677)
used as references are not shown. LdConv have the strongest recombi-
nation signals at REC domains. Phylogenetic correlation is very close to 1
in the regions not shown in the figure.

I.L. Mauricio et al. / International Journal for Parasitology 37 (2007) 565–576 569
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even using different methods and data types, including the
use of GC corrected distances and accommodating for dif-
ferent rates amongst sites (see Section 2) (bootstrap sup-
port >75%) (Fig. 6; and data not shown).

Three main clades were identified in OW Leishmania:
the L. donovani clade, a second clade with L. tropica and
L. aethiopica (L. tropica clade) and a third with L. major,
L. turanica and L. arabica (L. major clade; Fig. 6). Deletion
and insertion events were diagnostic for each of these
clades (Fig. 6).

The L. donovani clade had a total of eight robust
sub-clades (>75% bootstrap support with at least one

phylogenetic method), which were here named as groups
A–H (Table 1, Fig. 6). LdConv REC1-3 in gp63EXT were
diagnostic, respectively, of clades BCGH, DEF and EF
(Fig. 6). Eighteen candidate group-specific SNPs were iden-
tified within the L. donovani complex, covering all groups
but F (Table 2).

Leishmania donovani groups correlated with geographi-
cal distribution and isoenzyme type, or zymodeme (Table
1). Group D (L. infantum) did not form a lineage separated
from L. donovani. Zymodemes MON-30 (‘‘L. infantum’’),
MON-82 (‘‘L. archibaldi’’) and MON-18 (L. donovani)
formed a single clade.

3.4. Gp63EXT and selection pressure

GP63 are immunogenic proteins with a role in cell inva-
sion and complement avoidance in the mammalian host, so
gp63 genes would be expected to be under selective pres-
sure. However, neutrality was not rejected against positive
selection by the codon based test of selection. Instead, there
was evidence for purifying selection only for regions unique
to gp63EXT (LdNon-Conv) and, for L. donovani, only in
group A. Therefore, we analysed selection at individual
sites. In both data sets comprising LdNon-Conv and
LdConv, highly significant between-site heterogeneity was
observed for x (dN/dS per site), viz. 2DL = 27.8,
P > 0.0001 (v2) at 4 df (degrees of freedom) LdNon-Conv
and 2DL = 89.1, P > 0.0001 (v2) at 4 df for LdConv.
Using the beta models of identifying positive selection at
given sites, however, LdNon-Conv was equivocal, viz.
2DL = 7.8 P = 0.02 (v2) at 2 df, x = 2.9, and whilst 11 sites
showed x > 1, only 1 site was marginally significant
(P = 0.96). In contrast, LdConv showed strong, highly
significant site specific selection, viz. 2DL = 34.3,
Pn 0.0001, x = 4.0, with 44 nucleotide sites showing
x > 1 with two sites showing highly significant selection

Fig. 4. Phylogenetic trees for putative (a) LdConv and (b) LdNon-Conv domains (and their equivalent in other species and gene classes), built with
Neighbor-joining from Kimura-2 parameter distances with 1,000 bootstrap replicates (values above 50% shown) and complete deletion option. The trees
were rooted by Crithidia fasciculata and some branches were collapsed for clarity of presentation. The LdConv tree was built from an alignment of 1,329
sites, of which 1,214 were used to build the tree and 306 were parsimony-informative sites. The LdNon-Conv tree was built from 447 sites, of which 424
were used in the tree and 272 were parsimony-informative. The LdConv tree shows the phylogeny of Leishmania, whilst the LdNon-Conv tree shows the
phylogeny of the genes.

Fig. 5. Comparison of GC content per codon position in Leishmania

donovani gp63 genes according to class of gene and type of domain. GC3
and GC1 are higher in LdConv than in LdNon-Conv domains, and GC1
are higher in gp63SHORT than in gp63EXT genes. SD bars are shown.
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(P > 0.99) and three additional sites showing significant
selection (P > 0.95). There was no apparent association
between any of these sites and function or location, except
for one located in the active site (see below). Overall, the
average global dN/dS was also higher for LdConv; for
example, using the beta x models, this was 0.54 for
LdNon-Conv compared with 0.94 for LdConv. In summa-
ry there appeared to be far greater selection pressure on
LdConv than LdNon-Conv.

In addition, we investigated regions of known functional
significance, starting with those involved in GP63 protease
activity. The zinc binding domain (HEMAH) was con-
served throughout all L. (Leishmania) gp63EXT genes.
However, the proposed active site (Morales et al., 1997)
was polymorphic. Its putative ancestral sequence was
CNESE and only the CN motif was conserved throughout
the subgenus (CNENE in group ED, CNESV in group H,
CNVSV in groups ABCG, CNERE in L. major and L. tur-

anica). Only two amino acid changes were not charge con-
servative (S to R and E to V). In fact, the fourth site (with
variations of S/N/R) had a highly significant score
(P > 0.99) for positive selection and another site, three ami-
no acids downstream scored significantly (P > 0.95). These
are located within REC1.

We further investigated regions of gp63 genes that are
known to be involved in interaction with the mammalian
host. Internalization domains identified in L. guyanensis

(subgenus Viannia) (Puentes et al., 1999) and the macro-
phage internalization domain SRYD (Soteriadou et al.,
1992) were conserved in gp63EXT. However, the putative
fibronectin binding site was EYLEV in the L. major clade
(Brittingham et al., 1999) but EYLEI for L. donovani and
L. tropica, and DYLEI for L. aethiopica, without charge
alterations. Immunodominant domains located between
positions 459 amino acids and 517 amino acids of L. dono-

vani gp63EXT were polymorphic but the number of poly-
morphic amino acid sites (8%) was similar to the gene
average (8.2%); these domains were conserved within clade
DEF and groups A and B (Fig. 1, Supplementary data).

4. Discussion

4.1. Comparison of gp63EXT genes

As far as we are aware, this study is amongst the most
comprehensive analyses of L. donovani and of OW Leish-

mania using a coding sequence, and of the intra-specific
and intra-subgeneric diversity of a class of gp63 genes. This
complements the ribosomal internal transcribed spacer
study of OW Leishmania (Berzunza-Cruz et al., 2002),
the studies on the intergenic regions of gp63 (Mauricio
et al., 2001), ITS (Kuhls et al., 2005), ITS with mini-exon
(Mauricio et al., 2004), cytochrome oxidase II (Ibrahim

Fig. 6. Rooted Neighbor-joining tree of gp63EXT DNA coding sequences with MEGA, Kimura-2-parameter, for all gp63EXT of the subgenus Leishmania

(Leishmania). Alignment of 1,911 bp with 227 informative sites. Bootstrap values >70% from, respectively, 100 (maximum likelihood and parsimony –
MEGA) or 1,000 replicates (Neighbor-joining with Kimura-2 parameter and LogDet distances) are shown. Significant evolutionary events are depicted:
insertion, deletions and acquisition of REC domains, as in Fig. 1, and loss of a stop codon in the first position. Shaded arrows show hypothesised parasite-
host co-evolution. Leishmania mexicana was used here as an outgroup to Old World Leishmania.
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and Barker, 2001) and enzyme coding genes (Mauricio
et al., 2006).

Gp63EXT genes varied in size due to a combination of
different mechanisms: in frame deletions and insertions
and a SNP that changed the first stop codon site in the
L. tropica clade. Most gaps lay within the signal peptide
and thus may have some effect on expression of this pro-
tein. The deletion and extension of the carboxyl terminus
in L. tropica may alter protein attachment, if this region
is a trans-membrane domain as proposed (Voth et al.,
1998).

4.2. Gene conversion in gp63 genes

Mosaic gene conversion was identified between
gp63EXT and gp63SHORT, as suggested previously but not
studied in detail (Medina-Acosta et al., 1993; Steinkraus
et al., 1993; Alvarez-Valin et al., 2000; Victoir and Dujar-
din, 2002). Here, we identified putative recombinant
domains in the L. donovani complex gp63EXT by compar-
ison with L. infantum and L. donovani gp63SHORT genes.
Despite the small number of L. donovani strains with
gp63SHORT gene sequences available, the comparatively
low number of SNPs suggested that they provide a good
representation of the genetic diversity for this gene class
in L. donovani. This was confirmed by analysis of the
L. infantum genome and in a preliminary analysis of
gp63SHORT in selected strains (MRC(L)3, HU3 and IPT-
1; data not shown), which also showed that REC regions
1 and 2 are present throughout the gp63 gene family and
are thus more likely to have been acquired by gene con-
version than by sexual recombination events, which are
considered to be rarer in Leishmania. We have excluded
the possibility that the gene conversion regions are arte-
facts produced by formation of chimeras during PCR,
because we have directly sequenced the PCR products
and have not cloned them. Furthermore, we have found
the same inserts in strains shown to be related by other
methods and targets (Ibrahim and Barker, 2001; Mauricio
et al., 2001, 2006; Jamjoom et al., 2004; Zemanova et al.,
2004; Kuhls et al., 2005).

Evidence for gene conversion was considerable. It
appeared particularly strong in REC domains, as identified
by several recombination detection methods. For example,
with PhylPro, REC domains as well as some LdConv
regions were flanked by regions of low phylogenetic corre-
lation, indicating recombination sites. There was no evi-
dence for negative selection in maintaining conservation
at LdConv domains. In contrast, sites with statistically sig-
nificant results for positive selection were more frequent in
LdConv than in LdNon-Conv domains. Further investiga-
tion is required to minimise the recombination signal from
the sites identified as being positively selected before a clear
understanding is obtained. However, an association
between gene conversion and positive selection may be cre-
ating genetic diversity at surface domains that are exposed
to strong selection pressure.T
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In addition, we have shown that gene classes evolved in a
concerted fashion in each lineage at LdConv domains,
whilst evolving independently at LdNon-Conv. We have
also uncovered preliminary evidence that in LdConv
regions the different classes of genes are more similar in
the same strain than between strains. Furthermore, the rates
of synonymous and non-synonymous substitutions were of
the same order of magnitude, only 20–50% higher depend-
ing on the method used. This is a more likely effect of gene
conversion rather than a ‘‘birth-and-death’’ model of evolu-
tion, such as has been detected in human MHC and Ig loci
(Rooney et al., 2002), in which mutations spread through-
out a gene family by gene duplication and deletion.

As indirect evidence of gene conversion, the highest GC3
content was found in LdConv and in regions in gp63SHORT

that are in the same relative locations as gp63EXT LdNon-
Conv, as expected under the biased gene conversion
(BGC) model (Birdsell, 2002). Regions in gp63SHORT that
are equivalent to gp63EXT LdNon-Conv are conserved
amongst gp63SHORT, and are thus also likely to be affected
by gene conversion. The BGC model proposes that allele
recombination causes high synonymous GC content
because mismatches produced by recombination are mostly
corrected to C or G rather than to A or T, particularly in
organisms with GC bias, such as Leishmania. The heteroge-
neity of GC3 content within the same gene cannot be
explained by higher expression levels, as shown for differ-
ences between genes in Trypanosoma sp. (Alvarez et al.,
1994). This was further supported by our observations that
non-translated regions (NTR) of the gp63 tandem repeat
with the highest copy number, such as all 5 0NTR and mspL

3 0NTR, also had higher GC content than domains with
lower copy number such as mspC 3 0NTR (data not shown).
We thus propose that a high GC3 content signature may
also be generated by gene conversion in Leishmania, which
is more frequent in regions with high copy number.

In the genome sequences of L. major, L. infantum and
L. braziliensis, gp63-like genes are reported on two different
chromosomes (31 and 28). These genes have markedly dif-
ferent sequences from the typical gp63 genes studied here
and so were not analysed, but they are conserved between
species and are probably active genes. However, they are
not likely to be involved in gene conversion with gp63EXT

and gp63SHORT as there are no large regions of similarity
and their GC3 content is relatively low (<77% in all three
species). It is possible that these genes moved to different
parts of the genome early in Leishmania evolution and
due to lack of physical proximity had less chance to recom-
bine with the clustered gp63 genes. Alternatively, they may
be cases of convergent evolution.

Alvarez-Valin et al. (2001) have found a pattern of
strong co-variance of synonymous and non-synonymous
substitutions, which can normally be attributed to gene
conversion. However, they discarded this explanation of
their data on the assumption that repeated gene conversion
would be required in the same region of the gene, in distinct
lineages. Here, gene conversion in gp63 does seem to occur

repeatedly in the same low divergence regions, and thus
may be a factor in maintaining co-variance of synonymous
and non-synonymous substitutions in regions where diver-
gence is fuelled primarily by mutation. Indeed, as predicted
by these authors, we found different patches of divergence
(from putative rare gene conversion events) between dis-
tinct L. donovani complex lineages and other OW Leishmania.

We have searched for regions, eg. CCTCCCT and
CCCCACCCC (Hellenthal and Stephens, 2006), involved
in homologous recombination, but did not find any. Gene
conversion in these genes is likely to be driven by large
homology regions (Papadopoulou and Dumas, 1997),
instead of specific signals. It is, however, possible that the
short repeats found at the 5 0end may facilitate recombina-
tion. We have also investigated LdConv and LdNon-Conv
for correlation with function or location. As expected,
functional regions, such as the Zinc binding site, the fibro-
nectin binding site and the macrophage internalization site
were located in LdConv regions. However, part of the
active site was located in a REC region, thus creating dif-
ferences within the same species. The immunodominant
region (Fig. 1, Supplementary data) is located largely in a
LdNon-Conv region, which may create a different immune
signature for the two classes of gene. LdNon-Conv regions
concentrate in three regions exposed to the surface, which
may be important for exposure to the immune system.
However, most of the protein surface is made up by
LdConv regions (Fig. 2 and movies 1 and 2, Supplementa-
ry data). Similarly, REC regions were present in a mix of
surface and interior domains.

Mosaic gene conversion in Leishmania has been pro-
posed (Victoir and Dujardin, 2002) to have adaptive effects
that are similar to sexual recombination, particularly in
multigene families, by creating diversity and by spreading
advantageous mutations across alleles. This study of
gp63EXT confirms this idea, as errors in gene conversion
are likely to have produced the observed deletions and
insertions and to have introduced clusters of polymorphic
sites in some lineages. However, here we have also found
that gene conversion may have an additional or alternative
effect in gp63 as a cause of homogeneity between alleles and
classes of genes. Gene conversion may cause the observed
high homozygosity level of gp63EXT in L. donovani by
spreading or eliminating mutations. This is further sup-
ported by the higher level of heterozygosity found in
enzyme coding genes (Mauricio et al., 2006), which are
single copy and thus less likely to suffer gene conversion.

4.3. Phylogenies and taxonomy

Gp63EXT was an excellent target for phylogenetics of
L. donovani and OW Leishmania because it is polymorphic
within genetic groups and produced robust phylogenies.
The recombinant regions did not alter the phylogenetic sig-
nal in gp63EXT, as they evolve in concert within the gene
family. This is in apparent contradiction with the observa-
tion that LdConv and LdNon-Conv domains produce
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distinct phylogenies for all available Leishmania gp63

sequences (respectively, by species and by gene class). How-
ever, in the LdNon-Conv tree the species phylogenies are
evident within each gene class (Fig. 4).

Phylogenetic analyses of this gene confirmed and added
to our previous independent findings on genetic diversity of
the L. donovani complex (Mauricio et al., 2001, 2004,
2006). Specifically, clades A–F corresponded to groups 1–
6 described from restriction analysis of gp63 intergenic
regions, ITS and mini-exon, and to the groups ‘‘Kenya’’,
‘‘India’’, ‘‘Sudan’’, L. infantum sensu stricto, ‘‘Saudi Ara-
bia/other’’ and ‘‘China’’ of multilocus sequence typing
(MLST). Here we further confirmed that zymodemes
MON-18, -30 and -82 form a single clade (‘‘Sudan’’), that
‘‘L. archibaldi’’ is not a valid species and that Sudanese
‘‘L. infantum’’ is one of many genetic groups of the L. dono-

vani complex (Ibrahim and Barker, 2001; Mauricio et al.,
2001, 2006; Jamjoom et al., 2004; Zemanova et al., 2004;
Kuhls et al., 2005). This is in contradiction to the published
phylogenies based on MLEE (Rioux et al., 1990; Pratlong
et al., 2001) that show Sudanese L. donovani, ‘‘L. infantum’’

and ‘‘L. archibaldi’’ as clearly separate species. Instead, the
gp63EXT phylogeny is consistent with that produced by
MLST of five genes for enzymes used in MLEE (Mauricio
et al., 2006). We can thus conclude that the MLEE data
and gp63 data are compatible, but that the current MLEE
based phylogenies are not reliable. The exception to the
agreement between MLST and gp63 phylogenies were
strains here separated into groups E and G, which were
not distinguished by MLST. It is possible that the MLST
genes were not sufficiently discriminatory, or that the
gp63EXT phylogeny reflects recombination between the
ancestors of genetic groups E and D or G and BCH; a sim-
ilar phenomenon was found for some genes used in MLST.

The phylogeny of OW Leishmania also differed some-
what from that inferred from isoenzymes (Rioux et al.,
1990), which had a L. donovani complex/L. tropica clade.
However, it was similar to the ribosomal internal tran-
scribed spacer based phylogeny (Berzunza-Cruz et al.,
2002): L. aethiopica and L. tropica were in the same clade,
whereas the L. donovani complex was an independent
lineage from other OW Leishmania.

Due to the high number of polymorphic sites and
robustness of the genetic groups, the gp63EXT gene is par-
ticularly suitable for genetic typing of L. donovani complex
groups and of OW Leishmania. We have successfully used
this gene for identification of the L. donovani complex
strains (Sharma et al., 2005). The identified putative
group-specific diagnostic sites could be applied to rapid
identification of strains.

4.4. Gp63EXT and selection pressure

The enzyme GP63 is important in the relationship
between Leishmania and the host. Function related
domains, such as macrophage internalisation domains
and the zinc cation binding domain (HEMAH), were

conserved throughout the subgenus Leishmania. The
SNPs in the putative fibronectin binding site (Britting-
ham et al., 1999) did not alter the protein charge and
did not correlate with host preference. However, we have
found an apparent association between recombination
and positive selection at LdConv domains, which may
have a functional basis and should be investigated fur-
ther. It is likely that selection acts to maintain GP63 epi-
topes that allow Leishmania to manipulate the immune
system to its own advantage, rather than evading it,
which is supported by experimental evidence of the activ-
ity of GP63 in the mammalian host (Joshi et al., 1998).
Surprisingly, the catalytic site was polymorphic, involving
charge changes that may affect substrate specificity or
enzyme activity (e.g. at different pH) and thus possibly
survival or virulence within the host. It is remarkable
that a REC region affects part of the active site, with
one of its most polymorphic amino acids scoring as
highly significant for positive selection.

GP63 may be either a marker or a factor for host
preference. All main clades of OW Leishmania included
human pathogens, and species or clades vary from zoo-
notic to anthroponotic. The L. major clade is known to
be associated with gerbils (Rodentia, Muridae, Gerbilli-
nae). Within the L. tropica clade, L. aethiopica is associ-
ated with hyraxes (Hyracoidea, Procaviidae), in which
strains of L. tropica have also been found (Jacobson
et al., 2003; Jaffe et al., 2004), despite being anthroponot-
ic throughout most of its range. So, we propose an asso-
ciation between hyraxes and the initial differentiation of
the L. tropica/L. aethiopica lineage from the L. major

clade (Schonian et al., 2001; Berzunza-Cruz et al.,
2002). The L. donovani group D (L. infantum ss) is asso-
ciated with canids (Carnivora, Canidae), in which group
C has also been found. However, if there is another main
host associated with evolution of the L. donovani com-
plex it is still a mystery, although rodents and a later
association with canids cannot be excluded. Anthropo-
notic behaviour must be a derived character in OW
Leishmania, as it is present only in a few lineages, most
L. tropica and ‘‘Indian’’ L. donovani.

We have presented here the gp63EXT gene as an excel-
lent marker for phylogenetics and genotyping of OW
Leishmania, in particular for the L. donovani complex.
Our evidence supports a role of GP63 in using the host
immune system, rather than evasion through antigenic
variability. We have also shown that gene conversion,
between different alleles of the same gp63 gene class and
also between different members of this gene family, is a
determinant factor in generating genetic diversity, but also
in maintaining homozygosity and homogeneity between
genes in the gp63 family.
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