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Protozoan parasites of the order Kinetoplastida include various
species of the genera Leishmania and Trypanosoma that are
responsible for substantial human morbidity and mortality in
the tropics. Pathogenic Leishmania species cause a diverse
group of diseases, collectively called leishmaniasis, that range
in severity from spontaneously healing skin ulcers to fatal
visceral disease. African and American trypanosomes cause
fatal sleeping sickness and debilitating Chagas disease, respec-
tively. More than a billion people live in areas inhabited by the
insects that transmit these parasites, and millions of people are
newly infected each year.

Organisms of the order Kinetoplastida have a unique or-
ganelle called the kinetoplast, an appendix of their single
mitochondrion located near the basal body of the flagellum
that contains a network of thousands of small interlocking
circular DNAs. Kinetoplastids are among the most ancient
eukaryotes, with rRNA lineages extending farther back than
those of animals, plants, and even fungi (1, 2). As might be
expected of such ancient organisms, the kinetoplast is only one
of their many distinctive features. The top 10 list of funda-
mentally important biological phenomena first discovered in
Leishmania and trypanosomes includes “programmed” anti-
genic variation of surface glycoproteins (3), glycosylphosphati-
dylinositol anchors of membrane proteins (4, 5), expansion/
contraction of telomeric DNA repeats (6), bent DNA helices
(7), eukaryotic polycistronic transcription (8), trans-splicing of
precursor RNAs (9, 10), mitochondrial RNA editing (11),
other unique organelles such as glycosomes (12), and distinc-
tive metabolic pathways (13). Several of these phenomena, first
unearthed because of their prominence in kinetoplastids, have
subsequently been found in higher eukaryotes and have be-
come the focus of intense research interest in those systems. In
addition, the many nefarious mechanisms used by Leishmania
and trypanosomes to thwart immune defenses thrown at them
by their mammalian hosts have led to an enhanced apprecia-
tion of the diversity and complexity of host/parasite interac-
tions (1).

Other surprises likely await the assiduous investigator of
Leishmania and trypanosomes. The most recent surprise
comes from the full DNA sequence of chromosome 1 of
Leishmania major (GenBank accession no. AE001274) re-
ported in this issue of the Proceedings by Myler et al. (14). The
34-Mb haploid genome of this diploid organism is contained
in 36 chromosomes, ranging in size from the 269-kb chromo-
some 1 (exclusive of its telomere repeat regions) to the largest
chromosome of about 2.5 Mb. Previous studies have estab-
lished that 30% of the genome is composed of repeated
elements, about half of which are telomeric/subtelomeric
repeats and the rest of which are dispersed transposons,
repeated genes, and other simple repeated sequences. None of
the protein-encoding genes of Leishmania studied to date
contain introns, simplifying the identification of these genes in
the genomic DNA. Most, if not all, of these genes are initially
transcribed into large polycistronic precursor RNAs of 60 kb
or more in length that are cleaved into monocistronic mRNAs

PNAS is available online at www.pnas.org.

2579

by the action of two intergenic RNA cleavage reactions,
trans-splicing of a 39-nt “spliced leader” to generate the 5’
ends of all mRNAs, and 3’ cleavage/polyadenylation to create
the 3’ ends (15, 16). In contrast to most other eukaryotes, no
consensus 3’ poly(A) sites have been described, but efficient 5’
trans-RNA splicing typically occurs at a short consensus
sequence preceded by a polypyrimidine tract (17). Little is
known about the protein components of the putative trans-
spliceosome, although a number of small nuclear RNAs are
known to participate in the process (18). Because cis-splicing
of introns in yeast/mammals and trans-splicing of the spliced
leader in Leishmania/trypanosomes are mechanistically sim-
ilar, however, it seems likely that similar proteins participate in
these two processes.

The 269-kb chromosome 1 constitutes <1% of the L. major
genome and appears to contain only 79 genes, all without
introns. The organization of these genes is what is surprising
(Fig. 1). Fifty of the genes are lined up one after another on
one strand; the other 29 are densely packed adjacent to each
other on the opposite strand. All of the intergenic regions
contain several tracts of 10 or more pyrimidines that are likely
necessary for processing precursor transcripts into monocis-
tronic mRNAs. The two gene clusters are separated by only 1.6
kb and are transcribed in opposite directions, toward the
telomeres. At first glance, these gene clusters look more like
two giant bacterial operons than eukaryotic genes. There are
several lines of evidence from previous studies of other
Leishmania /trypanosome genes, however, that suggest that
these two gene clusters are not regulated like conventional
bacterial operons. First, unlike most prokaryotic and eukary-
otic organisms, where the regulation of gene expression occurs
primarily at the level of transcription, in Leishmania/
trypanosomes, gene regulation is largely posttranscriptional.
Events and properties such as trans-RNA splicing, polyade-
nylation, mRNA half-lives, protein synthesis, and protein
stabilities control gene expression in these organisms (19).
Second, the two gene clusters of chromosome 1 do not appear
to encode proteins that share a metabolic pathway or protein
complex, as do the structural genes of many bacterial operons.
Instead, more reminiscent of eukaryotic gene organization,
the deduced protein products of these two groups of Leish-
mania genes have apparently unrelated functions, ranging
from signal transduction and fatty acid metabolism to DNA
repair and oxygen-radical defense. It is of interest that one of
the genes encodes an arsenate reductase, because arsenical
drugs have been used to treat leishmaniasis and are still used
in advanced cases of sleeping sickness. Thirty-two of the 79
genes (41%) do not have homologues in the current nucleo-
tide/protein databases, and some of these may be unique to
Leishmania.

Another of the curiosities of Leishmania/trypanosomes is
their apparent lack of promoters for RNA polymerase II, the
enzyme that typically transcribes protein-encoding genes.
Transcription in these organisms is, however, strand-specific
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Fic. 1. Relative locations of the 79 genes in the smaller of the two homologues of chromosome 1 in L. major. The thick black line and black
circles indicate the DNA and telomeres, respectively. The boxes depict the genes and are color-coded according to the potential functions of their
protein products. The “unknown” genes have sequence similarities to genes of unknown function in other organisms. The “novel” genes have no
substantive similarities with other sequences in the databases. The 50 contiguous genes on the top strand, including 5 tandem genes encoding
long-chain fatty acyl CoA synthetases, are transcribed to the right (—); the 29 contiguous genes on the bottom strand are transcribed to the left
(<). The colored vertical lines adjacent to the telomeres indicate telomeric and subtelomeric repeats. The larger of the two chromosome 1
homologues (not shown) has an identical gene organization, but contains an additional 20+ kb of subtelomeric repeats at the right telomere.

Adapted from Myler et al. (14).

and is performed by RNA polymerases with a-amanitin-
sensitivities similar to mammalian RNA polymerases I, II, and
III. Promoters for a-amanitin-resistant RNA polymerase I
activity have been readily detected, as expected, in front of
ribosomal RNA genes and also, quite unexpectedly, in front of
developmentally regulated African trypanosome genes encod-
ing variant surface glycoproteins and procyclins (20). Likewise,
a RNA polymerase III activity with an intermediate a-aman-
itin sensitivity transcribes the small RNA genes classically
recognized by RNA polymerase II1 (21). A typical a-amanitin-
sensitive RNA polymerase II activity has been shown to
transcribe most protein-encoding genes. However, attempts to
utilize promoter-trap plasmids containing reporter genes in
transfections of Leishmania/trypanosomes to identify se-
quences with robust polymerase II promoter activities similar
to those of polymerase I promoters have not been successful.
Knowledge of the sequence of the L. major chromosome 1 will
facilitate the search for polymerase II promoters. The obvious
place to look is in the 1.6-kb segment between the two gene
clusters where bidirectional transcription presumably begins
and proceeds toward the two telomeres. Alternatively, tran-
scription may be initiated at multiple sites within the two
clusters.

One approach for distinguishing between the single and
multiple promoter models of transcription will be to examine
the lengths of the initial transcripts from each cluster by using
the technique of UV irradiation inactivation of transcription,
which circumvents the limitations of promoter-trap plasmids.
This method was first used on Leishmania /trypanosomes more
than a decade ago (8) and is based on the fact that RNA
polymerases cannot traverse pyrimidine dimers generated in
DNA by UV irradiation. Thus, the farther away a gene is from
its promoter, the more sensitive its transcription is to UV
irradiation. An analysis of the transcription of these two
clusters is amenable to this approach because unique se-
quences distributed throughout the clusters can be used as
hybridization targets in Southern blots probed with nuclear
run-on [3?P]RNA. If RNA synthesis begins upstream from the
two clusters, transcription of the distal genes will be more
sensitive to UV irradiation than that of the proximal genes. If
transcription initiation is “willy-nilly,” beginning in a strand-
specific manner at random locations, then transcription of
distal and proximal genes should be about equally affected by
UV irradiation.

Inspection of the 1.6 kb sequence between the two clusters
does not reveal any recognizably distinctive features or sub-
stantive similarities to sequences in the databases. Neverthe-
less, as Myler and coworkers point out (14), in addition to
possibly having bidirectional promoters, this region may also
have a chromosomal centromere and/or an origin of replica-
tion. Nothing is known about such elements in Leishmania/
trypanosomes, but it should be experimentally straightforward
to determine whether sequences in this region contribute
either of these functions. Alternatively, higher order DNA
structures and chromatin-associated protein complexes could
define the centromeric functions and replication origin of the
chromosome (22, 23).

Another interesting question to be addressed is whether the
organization of genes in L. major chromosome 1 is present in
other kinetoplastids. At least one recent report suggests that
this is the case. Baltz and colleagues (24) recently examined the
regions upstream and downstream of a group of genes encod-
ing glucose transporters in Leishmania donovani, Trypanosoma
cruzi, and several species of African trypanosomes. In all of the
organisms studied, these flanking regions contain highly con-
served sequences encoding a kinase, a ribosomal protein, a
DnalJ homologue, and three small G proteins. Because genome
sequencing projects for American and African trypanosomes
are also currently in progress, a detailed comparison of their
genomic organization and gene sequences with those of Leish-
mania should soon be possible. Because these evolutionarily
related organisms have strikingly different life cycles and cause
dramatically dissimilar human diseases, one interesting possi-
bility is that they might share a similar organization of house-
keeping genes but possess species-specific “pathogenicity is-
lands” of genes, similar to those found in various bacterial
pathogens (25).

The complete sequence of a chromosome in a nonkineto-
plastid protozoan parasite of immense public health impor-
tance, the human malaria parasite Plasmodium falciparum, has
also recently been determined (26). Similar to Leishmania, the
Plasmodium genome is about 30 Mb, but a comparison of the
Leishmania and Plasmodium chromosome sequences reveals
that the similarity ends abruptly with genome size. The 947-kb
P. falciparum chromosome 2 (GenBank accession no.
AE001362) is 80% A/T and has a more typical eukaryotic gene
organization than does the Leishmania chromosome. Unlike
Leishmania, >40% of its 209 protein-encoding genes contain
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introns; these coding regions are dispersed on both strands and
not arranged in polycistronic transcription units. In addition,
intergenic regions of some P. falciparum genes have been
shown to contain promoter sequences that can direct expres-
sion of selectable markers and transgenes after both transient
and stable transfection (27), indicating that control of gene
expression in these two protozoan genera may be quite dif-
ferent.

In summary, the genetic organization and gene sequences in
L. major chromosome 1 support the view that the evolution-
arily ancient Leishmania and trypanosomes are ensconced at
the genetic border between prokaryotic and eukaryotic or-
ganisms. They share some features with prokaryotes (genes
without introns, polycistronic transcription), other features
with eukaryotes (pre-mRNA splicing), and have some features
found in neither (protein-encoding genes without promoters).
Mpyler et al. (14) indicate that the third-smallest chromosome
of L. major, chromosome 3, which they have partially se-
quenced, also appears to have two gene clusters. In this case,
however, transcription of the two clusters proceeds toward the
center of the chromosome rather than in the direction of the
telomeres. Thus, the Kinetoplastida surprises continue.
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