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ABSTRACT

In a previous work we showed a remarkable conser-
vation of the general structure of the genome
(chromosome number and synteny) among different
pathogenic species of OIld World Leishmania ,
indicating the absence of major interchromosomal
rearrangements during evolution. In the present
study, we have compared the fine structure of
chromosome 5 among two of these divergent spe-
cies ( Leishmania major and Leishmania infantum ) by
means of physical mapping. Remarkably, the
42 markers jointly mapped on these two chromo-
somes were found in an identical order along the
chromosome. This perfect colinearity of the markers

is in striking contrast to the large genetic distance
that separates these species and suggests that
conservation of the fine-scale organisation of
chromosomes may be critical in  Leishmania . If this
colinearity is confirmed on the whole of the chromo-
some set, the current systematic sequencing
programme of the genome of  L.major should greatly
help in the development of comparative genetics
between different species of Leishmania .

INTRODUCTION

the reference organism selected for this programme was the
Leishmania majoffFriedlin’ strain (2).

The general organisation of the genome is now well
documented for several specieslafishmania It is a small
genome (35 Mb) subdivided in a relatively high number of
chromosomes (3). Recently, by the use of 244 chromosome-
specific markers as probes, it was possible to define synteny
groups corresponding to whole chromosomes and thus to
identify all the chromosomes in the genomes of 11 different
species (3,4). A chromosome nomenclature was then proposed
for this protozoan. Thus, the complete chromosome set (for the
haploid genome) was shown to comprise 36 chromosomes for
all Old World species (3,5), 35 for the New World complex
Leishmania braziliensiend 34 for the New World complex
Leishmania mexicang4). Remarkably, these synteny groups
were found to be highly conserved among species, including
all species with a lower number of chromosomes. This
contrasts with the extensive size polymorphisms exhibited by
homologous chromosomes among strains (3,6,7). Medium
range restriction maps of full-length homologous chromo-
somes of different sizes permitted us to show the role of the
instability of subtelomeric regions in these size variations, as
opposed to less variable central regions (8,9). Subtelomeric
regions are known to contain non-coding repetitive sequences
(10-12), while the central regions seem to consist of long
stretches of densely packed coding sequences (12). Neverthe-
less, the conservation of the order of the genes/markers along
the chromosomes (i.e. of physical linkage as opposed to
synteny) among species had yet to be determined. Here, we

The protozoan parasitesishmanias the causative agent of a Nave physically mapped and compared the fine-scale organis-

wide spectrum of human diseases of which some can be fatal
the absence of drug treatment. Endemic foci are distributed it
97 countries on four continents. These diseases constitute
serious public health problem affecting around 15 million
people around the world (1). The gerusishmaniacomprises

about 15 species complexes infecting mammals; in man, the
can cause widely polymorphic clinical pictures, from fatal

ﬁ{ion of chromosome 5 in two divergent speciesishmania
fantumand L.major, for which no restriction sites are con-
sgrved. Forty-two DNA markers identifying 21 loci previously
mapped along this chromosome.iiinfantumwere found to be
in the same order ir..major. This perfect map colinearity
between two divergent species should promote comparative

genomics studies for this protozoan parasite.

visceral disease to benign cutaneous lesions, depending on the
species as well as the host immune status. In 1994, the WordATERIALS AND METHODS
Health Organisation (WHO) launched a specific programme

for the mapping and sequencing of the genomea$hmania
which was coordinated through theeishmania Genome

Parasite chromosomal DNA preparation
The two cloned strains df.major and L.infantum(‘Friedlin’

Network (LGN) (http://www.ebi.ac.uk/parasites/leish.html ); and LEM1317, respectively) examined in this study have been
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described (2,9). Tha vitro cultivation conditions were as in were then used for the construction of cosmid contigs. In the
Blaineauet al. (7). first place, 191 clones which hybridised with a minimum of
The chromosome nomenclature used here is that proposéwlo probes were retained for primary analysis. These hybrid-
by Winckeret al. (3) and used by the LGN (2). The preparationisation data allowed the integration of these clones into five
of chromosomal DNA in agarose blocks for PFGE and the(sub)contigs. Contig joining and gap closure were achieved by
restriction analysis of the PFGE gel-purified chromosome 3he use of contig end probes (CEPs) obtained by gel purifi-

were as described in Ravet al. (9). cation and radiolabelling of restriction fragments from the
) o cosmid clones located at the ends of the subcontigs. These
Screening of the cosmid library CEPs were hybridised onto Southern blotted restriction

The reference resource for the sequencing programme of tiatterns of the terminal cosmids of each subcontig, allowing
L.major genome is a cosmid library of 9216 cosmid clonesthe assembly of a single chromosomal contig. Moreover, one
constructed in the shuttle vector cLHyg and theoreticallyof the terminal restriction fragments of cosmid L8138 used as
covering nine times the genome (13). High density grids o CEP on high density grids of the library allowed the identifi-
which the whole cosmid library was arrayed (14) werecation of a more distal clone, L9501. Based on the whole of
generously provided by Alasdair Ivens (Imperial College ofthese hybridisation data, a number of redundant clones could
Science, Technology and Medicine, London) through thde removed, and 62 cosmid clones were select_ed for further
LGN. They were hybridised with 81 chromosome 5-specificanalysis. The physical overlap between cosmids was then
anonymous DNA probes (termed st... followed by a figure)@ssessed by RFLP analysis: the double restrictioNdtyand
previously described (9), as well as, occasionally, cosmid enfist. of which some of the sites are close to the polycloning
probes which were purified from agarose gels after enzyméite, allowed the release of the inserts and their fragmentation
restriction. The probes weféP-labelled using random-primed into specific patterns comprising relatively few bands (Fig. 2).
synthesis as described previously (10). All hybridisations werd his revealed a high overlap between certain cosmids
performed in & SSPE (¥ SSPE = 180 mM NacCl, 10 mm (Fig. 2A). The hybridisation of radiolabelled DNA from each
NaH,PO,, 1 mM EDTA, pH 7.5), 1% SDS at 6& overnight, of the selected cosmids onto cosmid restriction patterns
followed by washes at high stringency (8.5SPE, 0.1% (.Flg. 2B) allowed cqnflrmathn of the overlap, as yvellas detec-
SDS). Only cosmids showing clear hybridisation signals werdion of other cosmids showing less overlap, with few or no
retained for further analysis. The selected positive cosmid§agments of the same size.

were then subcloned and the subclones analysed by restricti

: L ©Bnstruction of the restriction map of chromosome 5 of
fingerprinting.

L.major

Cosmid restriction analysis The restriction sites of the rare-cutting enzymfesd, Dral,

For restriction analysis, purified cosmid DNA obtained by SP¢andSspwere mapped in independent experiments, on the
alkaline lysis was restricted witNotl and Pst, separated in a  0N€ hand, on the cosmid clones selected and, on the other hand,
0.7% agarose gel, Southern blotted onto nylon filters (Hybondlirectly on chromosome 5 df. major ‘Friedlin’, according to
N+; Amersham) and hybridised with tHéP-labelled oligo- MapPping strategies previously described (9). These data
nucleotides T7 (5-ATAATACGACTCACTATAGG-3) and allowed the precise positioning of the cosmids in relation to
T3cLHyg (5-TCCTTGCCCTGCAGTTG-3') present on each©n€ anpther as _WeII as alolng the chromlosome. Th_ey were also
side of the polycloning site. Filters were hybridised in 5 useful in detecting chimeric clones, which were discarded. In
SSPE, 1% SDS at 46, then washed at the same temperaturéhe end, the restriction sites mapped on the different cosmids
with 3x SSPE, 0.1% SDS. were concordant for all overlaps and in agreement with the
purified chromosome analysis data. Finally, this medium range
restriction mapping made possible calculation of the position

RESULTS of the contig relative to the ends of the chromosome. By the

. . . _ use of hybridisation of cosmid DNA onto Southern blots of
Construction of a cosmid contig for chromosome 5 in restricted gel-purified chromosome 5, the terminal cosmids
L.major L9501 and L1356 (Fig. 1, line E) could clearly be positioned

In a previous study, 81 DNA probes isolated from chromo-each at ~20 kb from the telomeric ends of the chromosome
some 5 ofL.infantumwere located on 31 restriction fragments (Fig. 3).

5-45 kb in size constituting the full-length physical map of this  This lengthy process of screening and elimination finally led to
chromosome (9; unpublished data). These 81 probes wegelection of a minimum tile set of 24 cosmid clones, covering
hybridised onto high density arrays of a genomic library ofmost of chromosome 5 (Fig. 1, line E).

9216 cosmid clones theoretically covering nine times the . .

genome of the reference strain of the LGNmajor ‘Friedli’ ~ comparative physical maps of chromosome 5 between

(13). Although these were cross-species hybridisations, high-Major and L.infantum

stringencies were used so as to lower the high rate of fals&he compared restriction maps of chromosome 5 franfantum
positive signals (13). First, 39 probes were removed from th€eEM1317 and_.major ‘Friedlin’ are shown in Figure 1 (lines A
analysis: 19 revealing a high number of clones (>60) an@nd F). As expected, the locations of the restriction sites of the
20 giving no signal at all. The 42 remaining probes revealed &ur enzymes used in mapping are not conserved between these
mean of 17 (from 2 to 52) clones per probe. They allowed théwo species. A most remarkable finding is the perfect colinearity
identification of 21 loci out of the 31 loci previously mapped of the DNA markers mapped on both chromosomes: the 21 loci
on chromosome 5 df.infantum(Fig. 1, lines C and D). They were all found in exactly the same order along both chromosomes,
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Figure 1. Comparison of the conserved linkage group on chromosomel5ifdantumLEM1317 (top, line A) and..major ‘Friedlin’ (bottom, line F). Restriction

sites are noted: AAsd; D, Dral; F, SfiNI; P, Spé; S, Ssp; X, Xbal. The locations of 32 out of the 42 (st...) DNA markers retained for the study are shown in line
B below the restriction map df.infantumin line A. The 31 loci identified by these probes are shown as bold horizontal lines (line C). Hybridisation of the 42 DNA
markers allowed the identification of 21 loci on chromosome b.afajor (shown likewise in line D). The correspondence between loci of the two strains/species
is represented as thin oblique lines: the order of the loci along the chromosome is conserved, although inter-loci distances may vary. Theersetiofl til
24 cosmid clones (horizontal lines) selected for DNA sequencing is shown in line E. The T7 end of each cosmid is marked as a small vertical linetidie restr
map of chromosome 5 df.major ‘Friedlin’ is shown in line F, with the corresponding restriction sites on the cosmid clones projected above on line E.

although the inter-loci distances sometimes appeared different. Some of our data are attributable to the nucleotide divergence
Another interesting finding was the size difference of bothrate between the two species. The restriction sites located in the
subtelomeric ends between the two strains/species: based on thaps of both chromosomes are not conserved, which gives a min-
most distant DNA markers shared by the extremities of botlimum divergence rate of >8%. Moreover, a quarter olliefan-
chromosomes (st5138 and st444 for the left and right endgym DNA anonymous probes did not cross-hybridise to high
respectively), the left end of chromosome 5 in ‘Friedlin’ wasdensity filters of thel..major cosmid library. These data are in
found to be 35 kb larger than thatin LEM1317, while its right endagreement with the estimates of 13-25% calculated by Beverley
was 30 kb smaller (Fig. 1, lines A and F). These size differencest al. (15). Based upon this figure, the latter authors estimated the
may be due to the instability of subtelomeric sequences (sesparation between the two species®d million years. This
Discussion). great genetic divergence contrasts with the apparent stability of at
least the central regions of the chromosomes (8,9,12; this study).
DISCUSSION The struc_:tl_JraI consgrvation of genomes varies widely from one
group of living organisms to another, even down to the genus level

The genome of Old World_eishmaniapathogenic species (16). In protozoan parasites, similar studies to ours have been
comprises 36 chromosomal synteny groups which are corcarried out on the genomes of different specie®lasmodium
served among highly divergent species (3,5). Here, we havd7,18). Out of 42 homologous genes analysed anilagmo-
shown that the chromosomal organisation is also conserved alium chabaudiand Plasmodium falciparunfrodent- and man-

the low intrachromosomal scale, with a remarkable conserspecific parasites, respectively), 26 appeared conserved within
vation of the order of the markers along chromosome 50 synteny groups, but these were dispersed on different
between the two speciels,majorandL.infantum The 21 loci chromosomes (18). The authors estimated that >60% of the total
jointly mapped on both chromosomes are distributed omumber of housekeeping genes shared between these two species
average every 25 kb along the chromosome; at this scale, weere likely to be within a conserved synteny. A better conser-
rearrangements of the inversion or translocation type could beation of the synteny groups was observed in an earlier study on
detected. This fine-scale conservation of the chromosomdbur rodent-specific species (17). Our results concerning different
organisation between two species phenotypically widelspecies ofLeishmaniahaving divergent hosts shows a much

distinct is surprising, and the following points can be stricter conservation of the genome, at the level of synteny groups

discussed. (3,4) as well as of the intrachromosomal organisation, where
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Figure 2. Assessment of the cosmid clone overlaps by restriction anakgiand Southern blot analysiB). Cosmid DNA was restricted witNotl andPst and
electrophoresed in an agarose gel (A). The four fragments corresponding to restriction of the cosmid vector cLHyg are indicated by arrowheaid&sand ast
Clones L2072, L6093 and L7138 exhibit a large overlap with >50% of the bands in common. In (B), the same gel was Southern blotted and hybridised with the
total DNA of cosmid L678: four cosmid clones (L2072, L6093, L7138 and L1232) were confirmed as overlapping with L678. The clones which present a large
overlap (e.g. L6093) are not included in the minimum tile path in Figure 1.

linkage appears completely conserved (this study). The complete
sequence of chromosome 1 lofmajor has shown an unusual
distribution of protein coding genes: the first 29 genes are all
encoded on one strand, while the remaining 50 genes are encod: Ase Dn Spe
on the opposite strand (12). Such an organisation might act as
drastic functional constraint which would restrict intrachromo-
somal rearrangement eventualities.

We have shown here that the size of both terminal regions of
chromosome 5 is different among the two strains/species
analysed: the left end in ‘Friedlin’ appears to be 35 kb larger %7
than that in LEM1317, while its right end is 30 kb smaller
(Fig. 1). We have previously demonstrated that the right end o
chromosome 5 inL.infantum exhibits an intraspecific size 20 =
instability which might be linked to the presence of tandemly
repeated sequences of the minisatellite type (LISTIR1 and1e =
Lmet2) (9,10). These repeat sequences may be present i
L.major as either divergent or less abundant sequences ol
chromosome 5 (our unpublished data) and chromosome 1 (12
our unpublished data). More classes of tandem repeats hav TEL. L9501 L1336
been shown to be present inmajor, but they do not cross-
hybridise with Leishmania donovan{11,12). This suggests
that the organisation of these reg.lon'.s might be species SpeCIﬂlg'lgure 3. Positioning of the cosmid contig ends in relation to both telomeric
A chromosomal compartmentalisation has been observed ihgs of chromosome 5 inmajor ‘Friedlin’. PFGE gel-purified chromosome
several species of protozoan parasites (19-21). It consists ®DNA was restricted wittAsd, Dral and Spe and the resulting fragments
unstable subtelomeric regions flanking stable ‘core’ centrateparated by PFGEAJ. The same gel was Southern blotted and hybridised
regions. A functional ol for these unsiable repeated regions J41 8 sonere ebe syt edoibeled D o e subteorers
suspected. IrPlasmodiumthe subtelomeric regions contain _sq kp Asd, Dral and Spé fragments and was also recognised by the
tandem repeats coding for antigens and membrane proteifSomeric probe (closed arrowheads). These three sites are present on or close
(22) and inTrypanosoma brucehey comprise the telomeric to the overlap of L9501 with L8138 (see Fig. 1). Cosmid L1356 hybridised

; ; ; ; to the telomeric 60 kidsd and 25 kbDral fragments (open arrowheads), as
variant surface glyCOprOteln gene expression sites (23)' TH\A%II as onto two subtelomerigpe fragments of 12 and 18 kb, but not onto the

tandemly repeated sequences, whether coding or non-codingiomeric 10 kbSpe fragment. The two clones are therefore each located at
present in these regions lreishmaniamight be involved in ~20 kb from the telomeric ends of the chromosome (see Fig. 1).
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their instability (10), as well as in possible chromatin structure 4. Britto,C., Ravel,C., Bastien,P., Blaineau,C., Pagés,M., Dedet,J.P. and
modifications, as suggested by recent studiesToorucei Winker,P. (1998fGene 222, 107-117.

L . . 1.5. Ravel,C., Macari,F., Bastien,P., Pages,M. and Blaineau,C. (2M@I5)
(24,25). The association of these two mechanisms might™ g -~ Parasitol69, 1..8.

confer on the parasite a rapid adaptative response in geng. pages,M., Bastien,P., Veas,F., Rossi,V., Bellis,M., Winker,P., Rioux,J.A.
expression to changes in external constraints. and Roizes,G. (198ol. Biochem. Parasito).36, 161-168.

With the constant increase in DNA sequence output foreseery- sB(gaTge?uégi Bastien,P. and Pagés,M. (198@). Biochem. Parasito.
in the frame of theL.maJor genome seqyencmg project, the 8] Blaineau,C., Bastien,P., Rioux,J.A., Roizés,G. and Pagés,M. (1991)
result_s prgsented here on the conservation of thg chromc_)soma Mol. Biochem. Parasitol 46, 202—302.
organisation between two divergent pathogenic species 0f. Ravel,C., Wincker,P., Blaineau,C., Britto,C., Bastien,P. and Pagés,M.
Leishmania should greatly help in the development of  (1996)Genomics35, 509-516.
pos|t|0na| C|0n|ng They should promote more studies |n10 Ravel,C., Wincker,P., Bastien,P., Blaineau,C. and PagéS,M(1995)

. . . . . . . Mol. Biochem. Parasito).74, 31-41.
comparative genetics for this parasite with the objective 0f11. Fu,G. and Barker,D.C. (199Bjucleic Acids Res26, 2161-2167.

better understanding the species specificity of gene compor. wyler,p.J., Audieman,L., deVos,T., Hixson,G., Kiser,P., Lemley,C.,

sition and expression. Magness,C., Rickel,E., Sisk,E., Sunkin,S., Swartzell,S., Westlake,T.,
Bastien,P., Fu,G., Ivens,A. and Stuart@oc. Natl Acad. Sci. US/,
2902-2906.
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