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SUMMARY

Five chromosomes and 17 isoenzyme loci were analysed in 4 allopatric populations of Leishmania (Viannia) peruviana, and
molecular distances calculated with 2 estimators, Chromosomal Size Difference Index and Jaccard Distance. Chromosome
and isoenzyme data were in overall concordance: 13/30 isolates clustered similarly on the dendrograms constructed from
the different estimators, and a significant correlation (P < 0-001) was observed between the molecular distances calculated
from the two sets of characters. This indicates an evolutionary association between chromosomal size polymorphism and
isoenzymes. Chromosomes have a faster molecular clock than isoenzymes; twice as many genotypes were identified by
chromosome analysis and significant size differences (for a total of up to 500 kb for 5 chromosomes together) were observed
within a given zymodeme. Chromosomes most likely represent better indicators of genetic drift than isoenzymes, as
suggested by the higher correlation between both estimators of chromosomal size-polymorphism and eco-geography.

Some chromosomes might present an adaptive response to environmental variation.
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INTRODUCTION

Isoenzymes constitute the gold standard for genetic
characterization of many parasites (WHO, 1990) but
other genetic characters have also been analysed by
restriction analysis of KDNA (or schizodeme analy-
sis; Pacheco et al. 1986), RAPD (Tibayrenc et al.
1993), or RFLP (Victoir et al. 1995). These charac-
ters corroborate one another and the resulting
classifications (Tibayrenc & Avyala, 1987; Bafuls,
1993 ; Tibayrenc et al. 1993).

Development of pulsed field electrophoresis
(Schwartz et al. 1983) gave access to another type of
intrinsic characters, the (re-)arrangement of DNA
sequences (further called genomic characters). The
high resolving power of molecular karyotyping
demonstrated an extensive polymorphism among
trypanosomatid populations, and useful epidemio-
logical applications among others (Dujardin et al.
1987, 1993a, b, ¢; Saravia et al. 1990; Blaineau,
Bastien & Pages, 1992; Lighthall & Giannini, 1992).
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A preliminary comparison of genomic and genetic
polymorphism in Trypanosoma cruzi found agree-
ment between karyotype and isoenzyme classification
(Henriksson, Petterson & Solari, 1993). However,
quantitative comparison of both polymorphisms in
trypanosomatids has, to our knowledge, not been
reported. Difficulties have arisen from the lack of a
method for numerical analysis of chromosomal size-
polymorphism. Therefore, we recently introduced
the calculation of the Chromosomal Size Difference
Index (CSDI), a method based on measuring the
absolute size differences among homologous chromo-
somes (Dujardin et al. 1995a). Application of CSDI
to Leishmania (Viannia) peruviana isolates orig-
inating from different Peruvian biogeographical
units (Lamas, 1982) revealed a strong eco-geo-
graphical structuring of populations along a north-
south cline (Dujardin et al. 1993 a, 1995a).

In the present paper, we extended the karyotype
data obtained from the previous analysis of 30
isolates of L. (I.) peruviana and compare them with
results of a parallel study on isoenzyme poly-
morphism (Bafiuls, 1993) both quantitatively and in
relation to the eco-geographical context.
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MATERIALS AND METHODS
Parasites

Thirty parasites previously characterized isoenzy-
matically (Bafiuls, 1993 ; Guerrini, 1993) and karyo-
typically (Dujardin et al. 19935, 19954a) as L. (1))
peruviana were considered in this study (see Table 1
in Dujardin et al. 1993b). These isolates originated
from 4 bio-geographical units (BGUs, according to
the classification of Lamas, 1982) situated along a
North—South transect through the Peruvian Andes:
Huancabamba, Surco-North, Surco-Centre and
Surco-South (Dujardin et al. 1995a). After meas-
uring the geographical distances separating the
different isolation sites, 7 distance classes (0, 150,
482, 621, 632, 771 and 1253 km) were defined.
Promastigotes of each isolate were subcultivated up to
20 times (following isolation) in blood agar medium
(Tobie, Von Brand & Mehlman, 1950) and were
harvested during log phase to prepare samples for
the 2 methods of characterization (Ben Abderrazak et
al. 1993; Dujardin et al. 1993 a, b).

Molecular karyotyping

All procedures are described elsewhere (Dujardin et
al. 1987, 1993 a, b). Karyotype variability was ex-
plored at the level of 5 chromosomes recognized by
random genomic probes isolated from L. (V.)
braziliensis M2904 (Dujardin et al. 1993 a): pLLb-22,
pLb-134Sg, pLb-134Sp (a portion of the gp63 gene
Dujardin et al. 1994), pLLb-168 and pLb-149, the
latter probe was not considered in the previous
report (Dujardin et al. 1995a). Chromosomes were
further named after the number of the probe used to
recognize them. Sizing of chromosomal bands was
performed as described elsewhere (Dujardin et al.

1995 a).

Multilocus enzyme electrophoresis

Fifteen enzyme systems (17 genetic loci) were run in
cellulose acetate electrophoresis (Banuls, 1993),
namely: aconitase (ACON: EC 4.2.1.3), glucose-6-
phosphate dehydrogenase (G6PD: EC 1.1.1.49),
glucose phosphate isomerase (GPI: EC5.3.1.9),

glutamate  oxaloacetate  transaminase (GO'T:
EC2.6.1.1), glutamate pyruvate transaminase
(ALAT: EC2.6.1.2), isocitrate dehydrogenase
(IDH: EC1.1.1.42), malate dehydrogenase
NAD+ (MDH: EC1.1.1.37), malate dehydro-
genase NADP+  or malic enzyme (ME:

EC 1.1.1.40), mannose phosphate isomerase (MPI:
EC 5.3.1.8), nucleoside hydrolases 1 and 2 (NHT1:
EC2.4.2.1 and NH2: EC 2.4.2.%), peptidases 1
and 2 (PEP1 and PEP2: EC3.4.4.11 or 13), 6
phosphogluconate dehydrogenase (6PGD:
EC1.1.1.44), and phosphoglucomutase (PGM:
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EC2.7.5.1). Electrophoresis and staining pro-
cedures were carried out according to Ben Abder-
razak et al. (1993).

Estimators of chromosome and isoenzyme
polymorphism

Two methods were used for quantifying chromo-
somal size-polymorphism. First, the absolute
Chromosomal Size Difference Index (aCSDI) which
considers chromosomes as a continuous variable and
introduces a weighing of size-variation: 2 chromo-
somes showing a 25 kb size-difference are considered
to be genomically more similar than 2 chromosomes
presenting a 200 kb size difference. This index was
calculated with a programme developed previously
(Dujardin et al. 1995a). Secondly, in order to
compare chromosome and isoenzyme polymorphism
with a same method, the Jaccard Distance (Jaccard,
1908) was used: D;; = 1—a/(a+b+c) where a=
number of bands that are common to the stocks 7 and
7; b = number of bands present in the first genotype
and absent in the second; ¢ = number of bands
absent in the first genotype and present in the
second. Jaccard Distance was calculated on dis-
junctively encoded chromosomal data (JDc): there-
fore, size-classes of 25 kb (for chromosomes sizing
from 400 to 800 kb, i.e. those recognized by probes
pLb-134Sp, -134Sg, -149 and -168) or 50 kb (for
chromosomes sizing from 1100 to 1500 kb, those
recognized by probes pLb-22) were defined
(Giannini et al. 1990) and all chromosomes falling in
the same size-class were considered as being similar
sized. In this procedure, chromosomes are consider-
ed as a discrete variable and there is no weighing of
size variation: 2 chromosomes differing by 25 kb
are considered genomically as different as 2 chro-
mosomes differing by 200 kb.

For isoenzyme data, Jaccard distance was cal-
culated from all the 17 loci (Jdiy,) or from the 7
polymorphic ones (Jdi,, excluding (i) monomorphic
loci and (i) enzymatic systems which were im-
possible to reveal for 3 stocks but otherwise mono-
morphic). The latter procedure also allowed us to
avoid possible biases in the comparison between
isoenzymes, loci taken at random and monomorphic
in their majority, and chromosomes, selected for
their polymorphism. Parasites were considered as
belonging to the same zymodeme if they were
identical for the 17 loci considered (Godfrey, 1979).
Jaccard distances and all dendrograms were com-
puted with the program TAXO (E. Serres, Lab-
oratoire d’Ecologie médicale et de Pathologie para-
sitaire, Faculté de Médecine, Montpellier, France).

Correlations

Analysis of the correlation between the molecular
distances described here above and with the ge-
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Fig. 1. Molecular polymorphism in Leishmania (Viannia) peruviana: dendrograms constructed from chromosomal data (A: aCSDI, and B: Jaccard distance, JDc) and

isoenzyme data (C: Jaccard distance on 17 loci, JDi,, and D: 7 polymorphic loci, JDi;). Under the dendrograms are given: the codes of the isolates, their BGU of origin

(a, Huancabamba, b, Surco-North, ¢, Surco-Centre and d, Surco-South), the zymodeme numbers (after Bafiuls, 1993); * and +, 2 sets of isolates clustered together in

the 4 dendrograms. Isolates belonging to a same zymodeme, but chromosomally very different are indicated in bold.
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Fig. 2. Relationship between molecular and geographical distances. Average molecular distance and 95 9, confidence

interval, calculated for N pairs of isolates separated by the respective geographical distance (expressed in km): A,

aCSDI; B, JDc; C, JDi,,; D, JDi..

ography was performed by a non-parametric Mantel
test (Mantel, 1967). Briefly, this test relies on a
Monte Carlo simulation with 10* iterations which
randomly permutes the different cells of one of the
matrices. Contrary to the classical correlation test,
this randomization procedure does not need any
assumption about the number of degrees of freedom.

RESULTS
Dendrograms from chromosome and isoenzyme data

Four estimators of molecular polymorphism were
calculated between all pairs of isolates and dendro-
grams constructed: a CSDI (Fig. 1A) and Jaccard
distance (JDc, Fig. 1 B) were considered for chromo-
somes and, Jaccard distance for 17 (JDi,,, Fig. 1C)
and 7 polymorphic (NH2, G6PD, GOT, IDH,
ME1, PGM and PEP2; ]JDi,, Fig. 1 D) isoenzyme
loci. Analysis of the dendrograms revealed simi-
larities as well as differences.

A relative convergence between chromosome and
isoenzyme data was illustrated by the fact that 13/30
isolates clustered the same way on dendrograms
constructed from the respective estimators. For
instance, most isolates from the Biogeographical
Unit (BGU) of Huancabamba (labelled * on Fig. 1)
were gathered together. Another example was a
group of 5 isolates coming from the BGU of Surco-
South (labelled + on Fig. 1).
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Differences concerned the degree of genetic di-
versity revealed by the 2 sets of markers. On
dendrograms built up from chromosome data pro-
cessed by aCSDI (Fig. 1A) and Jaccard distance
(Fig. 1B), 29 and 27 different genotypes respectively
were individualized. This value was much lower,
when using isoenzyme data, as 11 different genotypes
only were evidenced by the respective dendrograms
(Fig. 1C and D). In addition, some members of the
same zymodeme (indicated in bold, in Fig. 1)
presented important chromosomal size-differences:
for instance an aCSDI value of +500 kb (for 5
chromosomes together) was observed between
LH696 and LLH78 (both zymodeme 7) or between 2
groups of zymodeme 4 (La36, LH249, LCAI11,
LCAQ09 and LCAOS8 on one hand and LH115, .C292
and [LC468 on the other hand, Fig. 1A).

Comparison of distances calculated on chromosome
and isoenzyme data

In order to analyse chromosome and isoenzyme
polymorphism more finely, correlations were cal-
culated by a Mantel test (i) between the 4 previous
molecular distances and, (ii) between the latter and
the geographical distance separating the foci of
origin of the isolates. All correlations were found to
be significant (P < 0-001). However, the degree of
relationship with geography varied strongly from
one distance to the other, being the more regular for
aCSDI (Fig. 2). This was further illustrated by the
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Fig. 3. Size variation of individual chromosomes
according to geography. Average genomic distance
(aCSDI) and 959, confidence interval, calculated for N
pairs of isolates separated by the respective geographical
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149; E, 134Sp.
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Table 1. Size variation of individual chromosomes
(named according to the probe used to recognize
them) and geography: coefficient of linear
correlation (r;,); R-squared value for linear (+%)

and second order polynomial (+}) trend
Chromosome Tiin ri o
134Sg 0473 0-22 0-25
168 0-673 0-45 0-46
22 0732 0-54 0-56
149 0-060 0-0036 0-1479
134Sp —0-139 0-02 0-15

r values on the respective linear regressions, that
ranked as following: aCSDI (0-76) > Jdc (0-44) >
JDi, (0-28) > JDi,, (0-16).

Finally, in order to determine whether size
variation of each chromosome was equally correlated
with geography, a Mantel test was performed
between aCSDI of each of them and geographical
distance. Results were highly significant (P < 0-001)
for each of the 5 chromosomes. However, the type of
relationship differed. Three chromosomes showed a
progressive size increase with geographical distance
(variation in cline: 134Sg, 168 and 22) as shown on
Fig. 3A—C and illustrated by the positive and high
coeflicient of linear correlation (Table 1). In contrast,
such a cline was not observed for chromosomes
134Sp and 149. Indeed, their size first increased
together with geographical distance and then de-
creased (Fig. 3D, E) and followed more closely a
second-order polynomial trend as indicated by a
higher #* for this function than for a linear one

(Table 1).

DISCUSSION

Two types of molecular events are mostly respon-
sible for DNA polymorphism in eukaryotes, in the
absence of genetic exchange: point mutations within
DNA sequences and rearrangement of DNA se-
quences, respectively referred to in present paper as
genetic and genomic variation. Our aim was to
compare quantitatively polymorphism due to these 2
types of events, in 4 allopatric populations of L. (17.)
peruviana, by comparing through different esti-
mators, the polymorphism in size of 5 chromosomes
with the isoenzyme polymorphism at 17 loci.
Similarity was illustrated by 2 observations. First,
13/30 isolates clustered similarly on dendrograms
constructed from the respective estimators. Sec-
ondly, a significant correlation (P < 0-001) was
revealed by a Mantel test (i) between chromosome
and isoenzyme distances and (ii) between chromo-
some and isoenzyme distance on one hand and
geographical distance on the other hand. This
implies that rearrangements responsible for the
chromosome size-polymorphism observed here and
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point mutations associated with isoenzyme poly-
morphism are evolutionarily correlated. Such a con-
gruence between genomic and genetic characters
could be explained by the strong eco-geographical
structuring of the 4 populations under study (Du-
jardin et al. 1993D).

However, further analysis highlighted interesting
differences between chromosome and isoenzyme
polymorphisms. Indeed, there were twice as many
genotypes defined by chromosome analysis than by
isoenzyme analysis, and these chromosomal geno-
types could be very different (up to 500 kb size
difference for 5 chromosomes together, within a
single zymodeme), Such a difference in genetic
diversity was also observed in L. (L.) infantum
(Blaineau et al. 1992). It could be due to difference
in the resolving powers of the 2 characterization
methods, but it likely indicates a faster molecular
clock for the chromosomes under study than for the
isoenzymes. This is supported by previous obser-
vations. Indeed, in unicellular organisms, recorded
point mutation rates/gene/generation range between
107® and 107% (Dobzhansky et al. 1977), while in
Sacharomyces cerevisiae, the frequency of ampli-
fication of ribosomal DNA (leading to chromosome
size polymorphism) was evaluated at about
5x 107%/generation (Szostak & Wu, 1980). Fur-
thermore, size polymorphism of some chromosomes
can already be observed in Leishmania strains
cultivated over a period of 4 years (Dujardin, 19950).

An additional difference between chromosome
and isoenzyme data concerned the relationship
between molecular polymorphism and geographical
distance. Indeed, even if genomic and genetic
distances were significantly correlated with geogra-
phy, this relationship was more pronounced for both
estimators of chromosome polymorphism. This
observation is not unique to Leishmania: contrasts
between geographical patterns of allelic variation at
loci coding for proteins and patterns of chromosomal
variation have been reported in other organisms
(Ayala, Powell & Tracey, 1972; Nevo et al. 1974,
1994). In the leishmanial populations under study,
several factors should be taken into consideration for
interpretation of this phenomenon. First, the type of
molecular distance might play a role. Among
estimators of chromosome dissimilarity, aCSDI
indicated a better relationship to geography than
Jaccard distance did. This confirms previous reports
on the more informative power of estimators that
consider chromosomes as a continuous (like aCSDI,
Dujardin et al. 1995a) rather than a discrete (like
Jaccard’s distance) variable. Secondly, differences
between chromosomes and isoenzymes versus ge-
ography are certainly influenced by the different
molecular clocks mentioned above. Thirdly, dif-
ferences might also come from factors sorting out
molecular polymorphism. A close relationship be-
tween molecular and geographical distances (as here
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observed for chromosomes) may be due to genetic
drift (Tabachnick & Black, 1995). Optimal con-
ditions for genetic drift certainly occur in the present
case: the small size of parasite populations (Nei,
1987) and the insulated nature of the Andean valleys
where L. (V.) peruviana is endemic. Accordingly,
our results suggest that chromosomes, thanks to
their faster molecular clock, show the effect of
genetic drift on L. (V'.) peruviana populations better
than isoenzymes.

Genetic drift, however, is apparently not the only
factor responsible for the chromosomal cline. In-
deed, the type of relationship with geography varied
from one chromosome to the other. A similar
observation in natural populations of Drosophila
melanogaster was explained by the action of selection,
as genetic drift alone would affect all loci similarly
(Singh & Rhomberg, 1987). In the case of L. (V)
peruviana, different selective factors might be iden-
tified: the different eco-geographical origin of the
populations studied (Lamas, 1982), and their trans-
mission by different sandfly vectors all along the
cline (A. Caceres & ].C. Dujardin, unpublished
observations; Perez et al. 1991; Davies et al. 1993;
Villaseca et al. 1993). Intrinsic chromosomal charac-
teristics also support the hypothesis of an adaptative
variation: indeed, the variation of 3 of the chromo-
somes considered here (134Sp, 22 and 149) was
associated with amplification/deletion of essential
repeated genes (respectively coding for (i) gp63
(Dujardin et al. 1994; Victoir et al. 1995) the major
surface glycoprotein of Leishmania involved in
virulence, (i1) rRNA, Inga et al. 1998, and (iii) mini-
exon, unpublished data) with potential phenotypic
and adaptative consequences due to positional effects
or gene dosage. In contrast, isoenzyme variation is
classically considered to reflect neutral mutations
(Nei, 1987) even if contradictory results have been
obtained (Karl & Avise, 1992). In this context, the
difference observed between variation of chromo-
somes and of isoenzymes mightalso reflect differences
in selective pressures on the respective characters.

The hypothesis of adaptative significance of geno-
mic polymorphism is not new nor specific to
Leishmania. Studies on rates of chromosomal, pro-
tein and anatomical evolution in mammals has
already led to the hypothesis that gene rearrange-
ments might be more important than point mu-
tations as sources for evolutionary changes (Wilson,
Sarich & Maxson, 1974). This hypothesis is certainly
worthwhile exploring further in Leishmania and
other parasitic protozoa as it might generate novel
answers to the numerous questions raised by the
phenotypic diversity of these organisms.
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(Contracts T'S3-CT92-0129 and IC18-CT96-0123) and
FGWO (Nationale Loterij, Grants 346/1990 and
9.0024.90). We are grateful to Dr U. d’Alessandro for his
help in data processing.
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