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Abstract The sequencing of Leishmania major Friedlin
chromosome 1 (Chr1), Chr3, and Chr4 has been completed, and several other chromosomes are well underway. The complete genome sequence should be available
by 2003. Over 1,000 full-length new genes have been
identi®ed, with the majority (75%) having unknown
function. Many of these may be Leishmania (or kinetoplastid) speci®c. Most interestingly, the genes are organized into large (>100±500 kb) polycistronic clusters of
adjacent genes on the same DNA strand. Chr1 contains
two such clusters organized in a ``divergent'' manner,
i.e., the mRNAs for the two sets of genes are both
transcribed towards the telomeres. Nuclear run-on
analysis suggests that transcription is initiated in both
directions within the ``divergent'' region. Chr3 and Chr4
contain two ``convergent'' clusters, with a single
``divergent'' gene at one telomere of Chr3. Sequence
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analysis of several genes from the LD1 region of Chr35
indicates a high degree of sequence conservation
between L. major and L. donovani/L. infantum within
protein-coding open reading frames (ORFs), with a
lower degree of conservation within the non-coding
regions. Immunization of mice with recombinant antigen from two of these genes, BT1 (formerly ORFG) and
ORFF, results in signi®cant reduction in parasite burden
following Leishmania challenge. Recombinant ORFF
antigen shows promise as a serodiagnostic. We have also
developed a tetracycline-regulated promoter system,
which allows us to modulate gene expression in
Leishmania.

Genome sequencing
The numerous human-infective Leishmania spp. cause a
spectrum of diseases with pathologies ranging from asymptomatic to lethal, resulting in widespread human
suering and death, as well as substantial economic loss.
The Leishmania genome size is 34 Mb and the chromosomes range in size from 0.3 to 2.8 Mb [1, 23]. The
Leishmania karyotype is conserved among Leishmania
species (albeit with considerable size polymorphism) and
the genes are syntenic [2, 20, 23], except that the Old
Word species have 36 chromosomes [23] and the New
World species have 35 (L. braziliensis complex) or 34
(L. mexicana complex) [2]. The Leishmania Genome
Network (LGN) was set up to initiate a Leishmania genome project using L. major MHOM/IL/81/Friedlin
(LmjF) as the reference strain. A ®rst generation cosmid
contig map of the entire genome was constructed [7], and
cosmid-based genomic sequencing began at Seattle Biomedical Research Institute in the USA, the Sanger
Centre in the UK and several European laboratories as
part of the EuLeish consortium. By the end of 2000,
almost 10 Mb of cosmid and PAC sequence has been
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generated, representing more than 25% of the LmjF
genome. In addition, Genome Survey Sequences (GSS)
from random genomic clones, as well as cosmid and
BAC end-sequences provide another 5 Mb of single pass
sequence. Several chromosomes have been completely
sequenced, revealing a very interesting pattern of gene
organization. The sequence of smallest Leishmania
chromosome (Chr1) was completed in 1998 [17], with
Chr3 and Chr4 being completed within the last year. A
large number of cosmids and PACs from several other
chromosomes (Chr2, Chr5, Chr13, Chr14, Chr19,
Chr21, Chr23 and Chr35) have been sequenced and sequencing of random shotgun clones from several other
chromosomes has begun. Ongoing progress of the LmjF
sequencing project can be followed at http://www.ebi.
ac.uk/parasites/leish.html, http://www.genome.sbri.org/
lmjf, http://www.sanger.ac.uk/Projects/L_major and
http://paradb.cis.upenn.edu/leish/index.html.
At the time of writing, over 1,000 complete and 2,000
incomplete new protein-coding genes have been identi®ed, along with several rRNA, spliced leader (SL) RNA
and tRNA genes. The density of protein-coding genes
appears to be relative constant (one gene per 3.7 kb and
55% coding sequence) throughout the regions sequenced
to date and predicts a total of 8,600 genes for the entire
LmjF genome. The genes do not cluster into prokaryotelike operons of genes with similar function, but some
regions appear to have a higher-than-expected concentration of large genes with no similarity to those in other
organisms. A signi®cant proportion (5±10%) of the
genes occur in more than one copy, often as tandem
duplications, but sometimes as larger interspersed or
scattered gene families. The sequence dierences between members of these gene families is often substantial, suggesting an ancient divergence, perhaps to carry
out related, but distinct, functions. Categorization of the
complete genes into 13 groups according to their predicted function (Table 1) reveals that the vast majority

(75%) remain unclassi®ed. Some of these represent
genes encoding predicted proteins with sequence similarity to proteins of unknown functions in other
organisms, or that contain relatively uninformative
sequence motifs, but many encode proteins with no
identifying features or sequence similarities (other than
to genes in other trypanosomatids). These may represent
genes that have parasite-speci®c functions, or which are
suciently diverged as to have no signi®cant sequence
similarity to their functional homologs in other species.

Chromosomal organization
The 285-kb Chr1 contains a 257-kb ``informational''
region containing the 79 protein-coding genes [17],
¯anked by telomeric and sub-telomeric sequences that
dier in size by 29 kb between Chr1 homologues [21].
Remarkably, the genes are organized into two large
polycistronic units, with the ®rst 29 genes on one DNA
strand and the remaining 50 genes on the other stand,
such that their mRNAs are transcribed in a ``divergent''
manner towards the telomeres. The 385-kb Chr3 contains only small telomeric regions and the 94 proteincoding genes are organized into two large ``convergent''
polycistronic units of 64 and 29 genes that are transcribed away from the telomeres, and a single gene at the
``left'' telomere transcribed toward the telomere in a
``divergent'' manner with the larger of these two units.
The 115 protein-coding genes on Chr4 (408 kb) are organized into two ``convergent'' polycistronic units of 28
and 87 genes. The genes on other chromosomes also
appear to be organized into similar large ``divergent''
and ``convergent'' polycistronic clusters (Fig. 1). This
gene organization is consistent with the previously observed polycistronic transcription of protein-coding

Table 1 Categorization of the complete genes according to their
predicted function
Category
Metabolism
Energy generation
Cell growth, division and
DNA synthesis
Transcription and
RNA processing
Protein synthesis
Protein destination
Transport
Intracellular tracking
Signal transduction
Cellular
organization/biogenesis
Cell rescue, defense and
aging
Structural RNA
Unclassi®ed
Total

SBRI Sanger EuLeish Total

%

24
7
5

6
1
0

10
10
1

40
18
6

4
2
1

8

0

2

10

1

14
23
15
5
6
8

4
6
2
0
2
2

11
10
13
7
11
13

29
39
30
12
19
23

3
4
3
1
2
2

16

0

13

29

3

13
251

0
108

0
427

13
786

1
75

395

131

528

1,054 100

Fig. 1 Gene organization of Leishmania chromosomes. The gene
clusters on Chr1, Chr3, Chr4 and Chr35 are indicated by the thick
lines, with the direction of mRNAs indicated by the arrowheads at
the end of each line. The vertical lines at the ``right'' end of Chr1
denote sub-telomeric repeat sequences. The arrowheads in Chr2
represent SL gene clusters, while the single arrowhead between the
gene clusters on Chr3 represents a tRNA. The gaps in Chr2 and
Chr35 represent regions not yet sequenced, and the relative
orientation of the gene clusters within the internal segments is yet
to be determined
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genes in Leishmania (and other kinetoplastida) and
subsequent processing to form mature mRNAs [18].
Interestingly, in more than one case (e.g., Chr3), one or
more tRNA genes have been found between ``convergent'' units of protein-coding genes. A similar juxtaposition of RNA polymerase (Pol II) and Pol III
transcriptional units has recently been observed in Trypanosoma brucei [11]. Nuclear run-on analyses indicate
that transcription of the protein-coding strand of Chr1 is
signi®cantly greater than the non-coding strand, and the
latter may not be transcribed at all. Experiments using
UV irradiation of the cells before run-on, as well as
RNase protection and primer extension analyses, suggest that transcription is initiated within a small
(<200 bp) region within the region between the ``divergent'' polycistronic units of Chr1. Thus, it appears
that this region contains a Pol II promoter, which has
proven to be an elusive target in trypanosomatids to
date. Statistical analyses of the nucleotide content of
Chr1 reveals a striking, non-random purine bias and GC
skew that is correlated with the two polycistronic units
of protein-coding genes [13]. An explanation for this
®nding is still lacking, but is likely to involve the polypyrimidine tracts within the intergenic regions that
provide the signals for the co-transcriptional processing
of the precursor RNA, which involves coordinated 3'
polyadenylation of the upstream mRNA and the transsplicing of a 39-nt SL (mini-exon) sequence to the 5' end
of the downstream mRNA [9, 12, 22]. No introns have
been discovered to date within any of the Leishmania
protein-coding genes, although the recent discovery of
cis-splicing in other trypanosomatids [10], suggests that
this may not hold true for all Leishmania genes.

Functional genomics
Comparison of the LD1 region near one telomere of
Chr35 shows considerably more sequence conservation
between L. major and L. infantum/L. donovani [14, 15,
16] within the protein-coding open reading frames
(ORFs) (91±96%) than within the non-coding regions
(79±85%). Functional characterization of two genes
from the LD1 region indicated that ORFG encodes a
biopterin transporter (BT1) [8], and the ORFF gene
product is localized within the parasite nucleus [5]. A
serodiagnostic assay developed using puri®ed recombinant ORFF (rORFF) protein was more sensitive than
the total soluble antigen now in common use, and
appeared speci®c for the L. donovani complex [19].
Immunization of mice with rORFF and rORFG
proteins, alone, and in combination, provided a signi®cant degree of protection against subsequent challenge
with L. donovani [4].
We have adapted the prokaryotic tetracyclineresponsive repressor-operator system for studying the
function of essential genes and expression of toxic gene
products in Leishmania. The ®rst generation system in
L. donovani targeted a phleomycin resistance and lucif-

erase fusion gene (BLE-LUC) into the rRNA nontranscribed intergenic region, in the reverse orientation
relative to transcription of the rRNA gene, under the
control of an rRNA promoter containing two copies of
the tetracycline operator (TETO2) sequence. This system
showed background expression levels (i.e., in the absence
of tetracycline) 100-fold lower than expression by
Pol II (tubulin locus) and 5,000-fold lower than expression by Pol I (rRNA locus) and an increase of BLELUC expression by more than 200-fold in the presence
of tetracycline [24]. A second generation of constructs,
featuring marker (HYG) and reporter (LUC) genes in a
``back-to-back'' orientation (i.e., pointing away from
each other on opposite DNA strands) showed very low
background expression and three orders of magnitude
increase on addition of tetracycline. The kinetics of induction were relatively rapid (24 h), but down-regulation was slower (200 h), and the level of expression
was dependent on the tetracycline concentration.

Future perspective
Within the next 2 years, there will be a massive explosion in the number of Leishmania gene sequences
available for study. Already serious eorts are underway
in several laboratories to implement the next stage of
high-throughput genome-wide analyses, such as DNA
microarrays [3] and proteomics [6]. When combined
with new molecular tools (such as the regulatable promoter system) for analyses of Leishmania biology, these
studies will likely cause a paradigm shift in our quest to
understand and control this parasite.
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