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Short Communication
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DNA amplification is ubiquitous in the biological
world [1]: programmed amplification of genes occurs
during development [2], and selection for DNA amplification can underlie cancerous growth [3], as well as
drug resistance [4,5]. In Leishmania, protozoan parasites of humans, the frequency of DNA amplification
events gave rise to the concept of genome plasticity
[6 – 9]. Selection, for instance, enriches for Leishmania
with amplifications of genes that encode drug targets,
transporters or metabolic enzymes, such as R DNA
(DHFR-TS), G DNA (NAGT), and H DNA (PTR1
and PGPA) [6,8,10,11]. However, DNA amplifications
have been found even in Leishmania strains that do not
appear to have undergone selection [12 – 14]. The products of amplification in Leishmania are generally small
episomal linear or circular molecules, often organized
Abbre6iations: bp, base pair; Chr1, chromosome 1; Chr3, chromosome 3; Chr27, chromosome 27; Chr35, chromosome 35; kb, kilobase
pair; LdoK, L. dono6ani MHOM/SD/00/Khartoum; LinI, L. infantum
MHOM/BL/67/ITMAP263clone10;
LmjF,
Leishmania
major
MHOM/IL/81/Friedlin; NIMA, never-in-mitosis gene A.

Note: Nucleotide sequence data reported in this paper are available in GenBank™ under the accession numbers AC005801 (LmjF
cosmid 511), AC005804 (LmjF cosmid 611), L27052 (LinI), U35460
(LinI), L25643 (LinI), U35461 (LdoK), U02459 (LdoK), and L38571
(LdoK)
* Corresponding author. Tel.: + 1-206-2848846; fax: + 1-2062840313.
E-mail address: mylerpj@sbri.org (P.J. Myler).

as inverted repeat dimers [6–9,11], however, the mechanism by which they are formed remains unclear.
One genomic region in Leishmania that is prone to
numerous types of amplification is Leishmania DNA 1
(LD1). LD1 has been defined as the 27.2-kb DNA
sequence derived from Chr35 which occurs as an
inverted repeat on the multicopy 54.5-kb circular
episomal element in L. infantum MHOM/BL/67/
ITMAP263clone10 (LSB-7.1) [15] and other strains
[14,16,17]. Comparative studies have identified stable
linear minichromosomes ranging in size from 180 to
550 kb in L. major, L. dono6ani, L. braziliensis, and L.
mexicana, that contain inverted repeats of LD1
[9,14,16,18–21].
LD1 amplification in the absence of intentional selection is quite frequent: circular or linear LD1 amplicons
have been detected and stably maintained in 15% of
all Leishmania isolates tested [9,14]. The prevalence of
LD1 amplification in Leishmania suggests that strains
containing these amplified sequences have a selective
advantage. Indeed, it has been recently demonstrated
that the amplification and consequent overexpression of
one of the genes encoded by LD1, BT1, confers a
significant growth advantage in both naturally isolated
and recombinant cell lines [22,23]. Also consistent with
selection for LD1 amplification is the observation that
in L. tarentolae, minichromosomes containing LD1 can
appear after nutrient stress or subcloning cultures [19].
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As part of our effort to understand the biological
significance of LD1 amplification, we have undertaken
a detailed comparison of this locus in L. dono6ani
LSB-51.1 (LdoK), L. infantum LSB-7.1 (LinI), and L.
major MHOM/IL/81/Friedlin (LSB-132.1) (LmjF), the
strain chosen for the Leishmania genome sequencing
project. We previously reported the cloning and sequence analysis of 16 kb of LD1 from the circular
amplified element in LinI [15,24 – 26]. We show in this
study that there is a high degree of sequence conservation in the protein-coding (91 – 96%) and non-coding
(79 – 85%) regions of LD1 and that sequences previously implicated in LD1 amplification [9,27] are highly
conserved.
For this study, we completed the sequence of the
circular LD1 molecule from LinI and sequenced selected portions of LD1 and flanking regions from
LdoK (Fig. 1). DNA sequence analysis revealed that
the LD1 region (both coding and non-coding) from
LdoK and LinI are \ 99% identical and that the
majority of nucleotide differences in the coding regions
occur as silent changes. This is similar to the nucleo-

tide identity seen between genes in L. dono6ani and
L. infantum outside the LD1 locus, including
genes encoding S-adenosylmethionine decarboxylase
(ADOMETDC), putative mitogen-activated protein
MAP kinase (MKK), DNA polymerase a (POLA) [28],
S-adenosylmethionine synthase (METK), and heat
shock protein 70 (HSP70 ) [29].
As part of the Leishmania Genome Network, we are
currently sequencing LmjF Chr35, from one end of
which LD1 is derived (Fig. 1) [8]. From our analyses of
Chr35, we were able to obtain the sequence of the LD1
region by shotgun sequencing two cosmids (511 and
611) identified from a L. major MHOM/IL/81/
FriedlinVI cLHYG library [30] by hybridization with
the BT1 gene [25,31]. The sequences obtained from
both cosmids were assembled into a consensus sequence
of 67,038-bp containing LD1 and its flanking region
(Fig. 1), which was validated by Southern analysis (data
not shown). Analysis of the sequence from cosmid 511
and 611 with the GCG program TESTCODE [32] and
the gene-finding program Glimmer [33] revealed 21
putative protein-coding genes. All of the 21 putative

Fig. 1. Gene organization of the LD1 region in Leishmania. The location and coding strand of the 21 putative protein-coding ORFs in L. major
Friedlin cosmid 511 and 611 are indicated by boxes. All are predicted to be encoded by the same DNA strand and to be transcribed from left
to right. A legend for the gene classification is shown below the figure. The telomere is indicated by a circle on the right end [8]. The regions
previously implicated in the amplification of LD1 are marked (M230, M210, CD1, M180, and rRNA) [9,27,46,47]. The area originally described
as LD1 (511.4 – 611.1 ) is shown below the boxes. The regions sequenced from LdoK and LinI are indicated (accession numbers: L27052, U35460,
L25643, U35461, U02459, and L38571). For LdoK, low-pass sequenced regions are shown by dashed lines. The extent of DNA contained in
cosmid 511 and 611 is indicated in the bottom two lines. Intact cosmid DNA was prepared, ligated to M13mp18 RF DNA, and sequenced as
previously described [37]. Generally, 600–1000 sequencing reactions were performed during the shotgun phase before assembly using the
PHRED/PHRAP/CONSED software suite [49]. Repeats within this region are indicated by the following symbols: 559-bp ( ); 6-bp (); 515-bp ( );
306-bp (). Scale is in 10-kb increments and indicates the putative distance from the telomere.
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genes are flanked by the pyrimidine-rich tracts common
to kinetoplastid intergenic regions, which provide part
of the processing signals for trans-splicing of the 39-bp
5% spliced-leader sequence and polyadenylation [34–36].
Overall, the gene density (one gene per 3.2 kb) within
cosmid 511 and 611 is nearly identical to that of LmjF
Chr1 (one gene per 3.3 kb) [37], and higher than that
reported in Plasmodium falciparum (one gene per 4.8 kb)
[38] and Caenorhabditis elegans (one gene per 5.0 kb)
[39]. Within these cosmids, however, DNA that encodes
proteins is unevenly distributed: 49% of LD1 is
protein-coding (similar to the amount (  55%) of
protein-coding information on Chr1 [37]), while the
region flanking LD1 is only 35% coding. This lowerthan-usual gene density may be due, in part, to the
presence of repetitive DNA sequences flanking LD1 (as
described below). In addition, the frequent amplification
of LD1 may have influenced the evolution of its DNA
sequence. Similar to gene clusters found on Chr1, Chr3,
and Chr4 [37,40], all of the 21 genes in this region are
on the same DNA strand (Fig. 1). This organization is
consistent with polycistronic transcription and indeed, it
has been shown previously that numerous transcripts
containing genes in the LD1 region include RNA from
adjacent genes [25– 27].
A combination of database searches and proteinsequence analyses were used to assign the 21 genes
identified from cosmid 511 and 611 into categories based
on their putative biological function (Table 1). Four
genes encode proteins which could be assigned specific
functional roles: PolyA Binding protein 1 (PAB1 ) [41],
Ribosomal Protein L37 (RPL37 ) [24], Biopterin Transporter 1 (BT1) [25,31], and Leishmania NIMA-related
Kinase 1 (LNK1 ) [42]. 511.3 (ORFh), 511.8 (ORFC)
[26], 611.1 (ORFI) [25], 611.9, and 611.11 encode predicted proteins with sequence similarity to prokaryotic
and eukaryotic proteins without ascribed functions;
while the proteins predicted from 511.3 (ORFh), 511.6
(ORFA), 511.8 (ORFC), 511.9 (ORFD), 511.11 (ORFF),
611.1 (ORFI), 611.2 (ORFi) [21], 611.8, and 611.12
contained motifs or domains that were not informative
enough to indicate a precise function. The remaining six
genes (511.2, 511.4, 511.5, 511.10, 611.3, and 611.10 )
have no identifying features or similarities. A search of
the Kinetoplastida sequence databases revealed orthologues in Trypanosoma brucei for 11 of the 21 genes, of
which five also showed orthologues in T. cruzi (Table 1).
The amino acid identity for the T. brucei orthologues
ranges from 35% (BT1 ) to 97% (RPL37 ) and from 40%
(LNK1 ) to 94% (RPL37 ) in T. cruzi (Table 2), although
in most cases the T. brucei and T. cruzi sequences did not
represent the entire gene, being predicted from GSS and
EST sequences. The lack of orthologues in the current
Kinetoplastida databases for the remaining genes is
difficult to interpret and may simply reflect the incomplete nature of these databases.
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Table 1
Classification of gene products from LmjF Chr35 cosmids 511 and
611a
Category
Protein synthesis
PolyA binding protein 1 (PAB1 )Tb (AQ648923)
Ribosomal protein L37 (RPL37 /ORFB)*Tb (AQ660139), Tc (AA874771)
Transport
Biopterin Transporter 1 (BT1 /ORFG)*Tb (X73565), Tc (AI080876)
Signal transduction
Leishmania NIMA-related kinase 1 (LNK1 /ORFl)Tb
(AI110486)

(L03778), Tc

Similarity to proteins of unknown function
Hypothetical proteins in Scb, Cec, and Spd (511.3 /ORFh)†
Hypothetical protein in several organisms (511.8 /ORFC)*g Tb
(AQ643840)
Hypothetical protein in Phe and Mjf (611.1 /ORFI)*g
Hypothetical proteins in several organisms (611.9 )g Tb (AQ657512),
Tc (AI717789)
Hypothetical protein in Ce2 (611.11 )g Tb (AQ640674)
Contain inconclusi6e motifs or domains
Bipartite nuclear localization signal (511.6 /ORFA)*Tb (AQ660388), Tc
(AA676106)
Proline-rich motif (511.9 /ORFD)*Tb (AQ650956)
SAM-dependent methyltransferase motif (511.11 /ORFF)*
ATP/GTP-binding site motif A (611.2 /ORFi)
Zinc finger domain (611.8 )
Aldehyde dehydrogenase cysteine active site (611.12 )
No similarity or motifs
511.2, 511.4 (ORF2 )*, 511.5 (ORF10 )*,
511.10 (ORFE)* Tb (AQ658937), 611.3 (ORFk)Tb (AQ657513), 611.10
a Tb

, Orthologue identified in T. brucei with GenBank™ accession
number; Tc, orthologue identified in T. cruzi with GenBank™ accession number; *, denotes gene located in LD1.
b
Saccharomyces cere6isiae.
c
Caenorhabditis elegans.
d
Schizosaccharomyces pombe.
e
Pyrococcus horikoshii.
f
Methanococcus jannaschii.
g
Also contain inconclusive motifs or domains.

In addition to protein-coding genes, cosmid 511 and
611 contain repetitive DNA (Fig. 1). Thirty-nine copies
of an imperfect tandem repeat of 6-bp are located
between LNK1 and 611.8, forming part of the
polypyrimidine tracts. Two copies of an interspersed
repeat of 515-bp are also found in this region, flanking
611.8. Located between 611.8 and 611.12 are two copies
of a 306-bp repeat. Three copies of an  559-bp repeat
are positioned between 511.2 and 511.6, with an additional copy located upstream of PAB1 (data not shown).
In addition to direct repeats, a 14-bp inverted repeat
separated by eight nucleotides (AGACCGCAACGCGCacacacgcGCGCGTTGCGGTCT) is located upstream
of 511.3.
With the complete sequencing of the LD1 region from
LmjF, this part of Chr35 can now be compared to the
corresponding DNA in LdoK and LinI. Since the
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sequences from LdoK and LinI are essentially identical,
when a percentage identity is noted, it refers to that
between LmjF and either of the other two species. The
nucleotide identity in the LD1 protein-coding ORFs
between these Leishmania species ranges from 93%
(BT1 ) to 96% (511.4 and RPL37 ) (Table 2). Proteincoding ORFs outside this genomic region, including
those for MKK, POLA [28], HSP70 [29], HSP100 [43],
and b-tubulin, between L. major and L. dono6ani or L.
infantum share a similar level of nucleotide identity,
 93%. ORFH, one of the previously identified putative
genes in LD1 [25], is only 84% conserved between LmjF
and LinI, contains a frame-shift within the LmjF sequence, and both TESTCODE and Glimmer fail to
predict this ORF as protein-coding. Thus, we feel that
it is unlikely that this ORF has protein-coding function,
despite the apparent presence of a stable transcript
from this region in LinI [25]. Contributing to the nucleotide identity in the LD1 region is the lack of size
variation between the genes. Only 511.3 (ORFa), BT1,
and LNK1 are predicted to be 54, 12, and 30 nucleotides larger respectively in LmjF, as compared to the
same genes in the other two species (Table 2). As
expected, the deduced amino acid identity is quite high
for the 14 gene products listed in Table 2, ranging from
90 (511.8 and BT1 ) to 100% (RPL37 ). It is interesting
to note that in many instances, the amino acid identity
was lower than the nucleotide identity, suggesting that
constraints on amino acid sequence conservation may
not be particularly severe. BT1 has also been sequenced
from L. mexicana [44], and 611.2 and 611.3 from L.
braziliensis [21]. The nucleotide (87%) and amino
acid ( 82%) identities between these genes and their
respective gene products in LmjF are somewhat lower
than the identity seen between LmjF and LdoK/LinI.

This is consistent with the greater evolutionary distance
between L. major and L. mexicana or L. braziliensis, as
compared to that for L. major and L. dono6ani or L.
infantum. Surprisingly, the DNA sequence from a
PAB1 gene from LmjF reported by others [41] is different at several nucleotide positions from that of PAB1
from cosmid 511. These differences may reflect sequence variability between the Chr35 homologues, sequencing errors, or the mechanism(s) responsible for
the frequent amplification of this genomic region.
There is less conservation in the non-coding regions
compared to the protein-coding ORFs, with nucleotide
identities ranging from 79% to 85% (Table 3) with the
greater identity in the larger non-coding regions (85%)
than in the smaller ones (79%). In addition, the sizes of
the non-coding regions are more variable than those of
the coding regions, with four and nine non-coding
regions smaller and larger respectively in LmjF as
compared to non-coding regions from LdoK/LinI
(Table 3). The greatest size variability, 119 nucleotides,
was found for the 611.3 –LNK1 non-coding region.
From limited analyses of non-coding regions outside of
the LD1 region, ( 500-bp of sequence immediately
flanking HSP100 and HSP70 ), the nucleotide identity
is 87% and 95% between L. major and L. dono6ani, and
L. major and L. infantum respectively.
In addition to analyzing the overall conservation of
the coding and non-coding regions of LD1, we examined the specific sequences previously implicated in the
generation of various LD1 amplicons (Fig. 1). The 8-bp
sequence CCACCTCC, for instance, has been linked to
the formation of the circular molecule CD1 from L.
mexicana [9,45]. This sequence is located in identical
positions in 511.9 (ORFD) and 611.1 (ORFI) in LmjF,
LdoK/LinI, and L. mexicana. The two 13-bp sequences

Table 2
Nucleotide and amino acid identity of the LD1 region between Leishmania and Trypanosoma speciesa
Gene
Range

Predicted
amino acids

Nucleotide
identity (%)
91–96%

Leishmania amino acid
identity (%)
90–100%

T. brucei amino acid
identity (%)
35–97%

T. cruzi amino acid
identity (%)
40–94%

511.3 (ORFh)
511.4 (ORF2 )*
511.5 (ORF10 )*
511.6 (ORFA)*
RPL37 (ORFB)*
511.8 (ORFC)*
511.9 (ORFD)*
511.10 (ORFE)*
511.11 (ORFF)*
BT1 (ORFG)*
611.1 (ORFI)*
611.2 (ORFi)
611.3 (ORFk)
LNK1 (ORFl)

522
168
171
584
83
741
720
370
327
631
306
416
637
477

91
96
95
95
96
94
95
94
95
93
94
95
95
93

91
99
95
94
100
90
94
92
91
90
93
91
92
98

–
–
–
46
97
61
42
37
–
35
–
–
43
39

–
–
–
48
94
–
–
–
–
46
–
–
–
40

a
The columns indicate the gene, the number of amino acid residues predicted from the LmjF ORF, and the nucleotide and amino acid identity
of the ORF between LmjF and LdoK or LinI, and LmjF and T. brucei and T. cruzi. *, Denotes gene located in LD1.
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Table 3
Length and sequence variation in non-coding regionsa
Non-coding region
Range

Nucleotide identity (%)
79–85%

LmjF size

LdoK/LinI size

Size difference
−82 to +119

511.3–511.4
511.4–511.5
511.5–511.6
511.6–RPL37
RPL37–511.8
511.8–511.9
511.9–511.10
511.10–511.11
511.11–BT1
BT1–611.1
611.1–611.2
611.2–611.3
611.3–LNK1

82
84
81
84
85
82
81
82
82
84
85
79
82

1955
3653
2082
748
916
612
977
1090
346
2764
1725
878
2546

1950
3599
2054
722
921
586
923
1058
362
2846
1712
884
2427

5
54
28
26
−5
26
54
32
−16
−82
13
−6
119

a

The non-coding region is defined as the region between the putative stop codon of the upstream gene and the putative start codon of the
downstream gene. The size difference column shows the difference in size relative to LmjF. For example, 5 and −5 for 511.3−511.4 and
511.7−511.8 indicates that the LmjF non-coding region is five nucleotides larger and five nucleotides shorter, respectively, than the non-coding
region in LdoK or LinI. Length of LmjF and LdoK/LinI non-coding regions is in bp.

associated with the translocation of 511.11 (ORFF) and
BT1 to Chr27 in LdoK are conserved in LmjF with 12
and 11 nucleotides, respectively, matching in the 5%
boundary and internal deletion sites [27]. The sequences
thought to mediate the generation of L. major LV-561
minichromosomes (M180, M210, and M230) that contain LD1 are also conserved [9,17,46,47]. For M180, a
26-bp A/T-rich region and 62-bp putative stem loop
structure are conserved in LdoK/LinI with 96% and
92% nucleotide identity respectively. For M210, a 21-bp
A/T-rich region is also present in LinI. For M230, the
9-bp sequence GGATGGCGC is located in similar
positions (downstream of 511.4, 511.5, and 611.2 ) in
LdoK/LinI.
In summary, every DNA sequence implicated in the
generation of specific LD1 amplicons is well conserved
in the Leishmania species examined. This suggests that
any of the various observed LD1 amplicons can be
generated in any Leishmania species. For example, if
the conserved sequence CCACCTCC is specifically involved in the generation of the circular CD1 molecule
in L. mexicana, then this amplicon also could be generated in LmjF and LdoK/LinI. To date, however, only
other types of LD1 amplicons have been found in these
latter species. As a further complication, different LD1
amplicons are found in subclones derived from the
same strain (L. mexicana M379 can have either a
210-kb minichromosome or a 53-kb circular element
[45], and L. major LV-561 has three different mini-chromosomes: M180, M210, and M230 [9,17,46,47]). These
observations suggest that the DNA sequence itself is
not sufficient to determine which LD1 amplicon will be
found in a particular Leishmania species or strain.
Individual LD1 amplicons may be generated when
environmental stress leads to aberrant DNA replica-

tion, as has been shown to occur in the SV40 in vitro
system [48]. In cells under such stress, the DNA polymerase could stall at various positions in the LD1
region, then switch DNA strands, utilizing the newly
synthesized strand as its template, resulting in the generation of an inverted repeat. Individual LD1 amplicon
variation could be dependent on the region where the
DNA polymerase pauses. Consistent with this mechanism, nearly all of the LD1 amplicons contain an
inverted repeat of LD1 [9,17,21].
The reason that particular amplicons are found in
Leishmania strains may be explained by selection. Because of the function of the genes in LD1, as yet largely
unknown, strains in which this region is amplified may
be selected, with different amplicons favored based on
environmental conditions as well as strain genetic background. Variability in gene copy number, gene content,
and nucleotide polymorphisms, which may effect
protein function and expression, may contribute to
strain differences in pathogenicity. In the case of the
LD1 region, there are only minor differences in the
protein-coding genes in Leishmania, but extensive variability in gene copy number depending on the presence
of a particular LD1 amplicon in a given strain, but it is
unclear whether these differences have functional significance. Additional analyses may lead to clues about
which genetic factor(s) contribute to the variability in
Leishmania pathogenesis.
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